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Deposition of carbon films from plasma of a secondary discharge supported by 
RF discharge 
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The work includes the results of researches of the plasma parameters of the secondary discharge supported 

by the RF discharge in argon and mixture of molecular and hydrocarbon gases; the deposition of carbon 

films in plasmachemical systems with RF discharge; the deposition of carbon films on an anode and a 

cathode of the secondary discharge supported by the RF discharge; the electronic and emission properties of 

carbon films. 

Probe technique was used for the definition of parameters of plasma. Spectroscopy analysis of electron 

energy loss and Raman spectroscopy were used for the analyses of properties of carbon films.  

 



Plasma destruction of persistence organic pollution in water 
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The creation principles of non-equilibrium plasmachemical technology for destruction of the high active 
chemical multicomponent agents will be considered. The plasma method will be shown with conversion of 
phenol and 1,1 –di(4- chlorphenol)-2,2,2-threechlorethane  (DDT) in water solution. 
The work includes the results of researches: The toxicity of plasma destroys of DDT in water solution with 
added of organic solvent; the influence of plasma creation gas (an air, a water vapour and mixture of an air 
with aerosol of treating solution), of the "liquid" electrode polarity, the material of electrodes and the 
concentration of the initial toxic organic agent in a water solution on effectiveness of destruction stimulated 
by plasma of a secondary discharge in a plasma stream with a liquid electrode. 
The absorption and Raman spectroscopies and reagent methods were used for the analyses of destruction of 
the organic agents. Vegetable tests for investigation of toxicity of plasma destroys products were used. The 
efficiency of plasma systems for water cleaning with secondary discharges is compared with effectiveness of 
water treatment by ozone. 



Varnished SiO2 films PECVD deposited on OT 59 brass as anti-corrosion layers 
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Specimens of an industrial brass substrate (BS) (OT 59; diameter: 8 cm) were treated in a cylindrical process 
chamber at 0.1 mbar with O2 and hexamethyldisiloxane (HMDSO) with a 13.56 MHz radio frequency source 
and at about 35°C. Varying the PECVD deposition time, different layer thicknesses were obtained. One half 
of the obtained PECVD treated (PT) specimens were varnished with an industrial powder paint and the 
different specimens were evaluated from the corrosion point of view in a standard medium: (aerated 1 N 
sulphuric acid at 25°C from 1 to 168 h). 
Secondary Ion Mass Spectrometry (SIMS) technique was used to evaluate the element profiles and the 
coating obtained thickness, while DC (Tafel curves) and AC techniques (Electrochemical Impedance 
Spectroscopy - EIS) were used on BS, PT and painted PT specimens to examine their corrosion performance. 
The polarization curves (DC data) obtained at the different immersion times for the painted PT and PT 
specimens respectively yielded very small exchange current densities and more noble potentials than those 
observed for the bare BS both in the short (24h) and long time (168h) tests. This was confirmed by AC data. 
EIS measurements were interpolated by means of an equivalent circuit model proposed by Kendig et al [1] in 
which high frequency and low frequency contributes to the impedance spectra are distinguished in order to 
separately evaluate the variation of coating properties over time (168h tests) [2]. 
The obtained data was used to tune the process parameters to industrially apply an appropriate PECVD SiO2 
layer to objects whose life-time had to be at least 5-10 years corrosion resistant for quality motivations. 
Some of these varnished PT objects, undergone to the ASTM B117/97 protocol tests, resisted until 1000h 
(and more) of salt spray (fog) chamber time. 
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Two-dimensional pattern formation in Dielectric-Barrier Discharge 
A. Chirokov1, A. Gutsol1, A. Fridman1, 

K. D. Sieber2, J. M. Grace2, K. S. Robinson2 
1Drexel University, College of Engineering, Drexel Plasma Institute 

2Eastman Kodak Company 
 

Abstract: 
 Formation of regular pattern by filaments in dielectric-barrier discharge at atmospheric pressure was 
studied. Innovative micro-discharge interaction model in dielectric-barrier discharge was proposed.  Monte-
Carlo simulation of microdischarge interaction in discharge gap was developed on the basis of proposed 
model. Analysis and comparison between modeled and experimental patterns was performed by several 
methods: 2D correlation function, Voronoi Polyhedra and Fourier transform. 
 
Introduction: 
 Dielectric-barrier discharge (DBD), also referred to as silent discharge, have found a number of 
interesting industrial applications in addition to the well know ozone generation. In particular, DBD is very 
effective in plasma treatment of polymer surfaces to promote wettability, printability and adhesion [1, 2]. 
Such discharge is an extremely non-equilibrium and usually operates at atmospheric pressure with ambient 
temperature, and this makes it advantageous for industry. The silent discharge is a good generator of atoms, 
free radicals and chemically active species, such as O, N, O3 and OH. Most of physical and chemical 
processes occur within the microdischarges. In our case we study a silent discharge system for polymer web 
treatment. A thin polymer web moves with 5 m/sec speed on the surface of one electrode and is treated by 
filaments to activate the surface of the web and further to cover it by an emulsion. The goal of our study was 
to investigate the conditions when the surface treatment is more efficient. Surface treatment efficiency may 
depend on different parameters such as specific power, driving voltage amplitude, waveform and frequency. 
It was noticed experimentally that changes in these parameters lead to different pattern formations, i.e. a 
different efficiency results. In this paper we limit ourselves by detailed description of proposed discharge 
model and comparison of it with experimental results. We also introduce the numerical approach for 
examination of micro-discharge patterns, means of analyzing and interpreting time-averaged microdischarge 
patterns.  
 
Experimental Setup and Results  
 A humid air (N2/O2/H2O) with room temperature 300K and variable flow rate flows between two 
parallel electrodes, which connected to the altering power supply with the following parameters: power W= 
20-150 Watt, frequency f = 10-40 kHz. Upper electrode is made of titanium and lower electrode is made of 
aluminum. Aluminum electrode is covered by dielectric (quartz glass) with thickness of 1 mm. The distance 
between upper electrode and dielectric (discharge gap) d = 0.89 mm. The system operates at atmospheric 
pressure (p = 1 atm). The Figure 1 shows the 8-bit image of a dielectric barrier discharge in air obtained from 
the experimental setup. The real discharge area was 5×5 cm. The image was taken using a storage phosphor 
screen that was placed on the surface of the isolator in the discharge gap. Note, that imaging plate was 
exposed directly to the discharge (as opposed to most other methods such as Lichtenberg figures). The 
storage phosphor screen was an unovercoated SO-390 storage phosphor screen and the image was scanned 
using a Molecular Dynamic Storage Imager with Molecular Dynamics Image Quant software. Discharge 
image presented in Fig. 2 was obtained using one excitation cycle at 20.4 kHz. Digital oscilloscope traces 
from the secondary side of the transformer indicate that the high voltage transformer shows some ringing 
after the initial amplified waveform is applied to the primary side. There were actually 20 half cycles of 
voltage occurring during the discharge used to make this image. The SO-390 storage phosphor screen 
employs a complex barium fluorohalide storage phosphor that is sensitive to both electron bombardment as 
well as UV photons. The minimum excitation required to form an imaginable center in the phosphor system 
is defined by the energy required to form an excitation. This energy is around 4.5 eV and sets the lower limit 
of energy sensitivity for this imaging system. In Figure 1 the sharper black points corresponds to more 
intense treatment. The existence of micro-discharge pattern is obvious. As a result, the surface treatment is 
not uniform. More importantly, we found that the different discharge conditions such as driving voltage 
frequency and amplitude result in different microdischarge patterns.   



 

 
Figure 1: The top-view image of filaments in dielectric barrier discharge gap in air obtained from experimental setup 

using 20 excitation cycles at 20.9 kHz. 

Multiple Streamer Interaction Model  
 As streamers are the main causers of plasma chemical processes in DBD, so it is extremely 
important to understand the nature of an individual streamer. The general streamer description is based on 
the consideration of multiple avalanches formation and propagation (Fig. 4, left side). Within the framework 
of avalanche propagation, the simplest set of equations containing the basic physics necessary for description 
of streamer propagation was considered [3, 4, 5]. This consideration, taking into account gas composition, 
pressure, power and current, gives us the main characteristics of the streamer, the first Townsend coefficient, 
electron concentration and temperature profiles in channel volume. Average characteristics of the streamer 
are: propagation time – 10 ns; the charge transferred by streamer – about 10-10 C; diameter of the plasma 
channel formed by streamer – about 0.1 mm; initial electron concentration in the plasma channel – about 
1014cm-3; time of channel disappearance due to diffusion and ion mobility – 10-3 s. Streamer formation 
depends only on the local value of the electric field and the discharge gap. 
 In this paper, the innovative Monte-Carlo model of multiple streamer interactions is introduced. The 
assumption is based on a fact that space charge in the microdischarge channel decreases electric field and 
prevents streamer formation in vicinity of this space charge (Fig. 4, right side). The next discharge won’t be 
expected in this region. Formation of streamer also decreases the average voltage drop in the discharge gap 
and consequently prevents formation of the next streamer just after the previous one. Consider two types of 
applied voltage in DBD: unipolar voltage and alternative voltage. In first type, one of the electrodes keeps 
positive and another negative. The streamer always moves in one direction, so that another streamer has 
small probability to break through in the same place until the first one gets enough dispersal. The totally 
different picture appears in case of alternative voltage. There is no need to wait until first streamer gets 
enough dispersal, instead, when the voltage is switched the probability of appearance of the second streamer 
in that place increases. After the voltage is switched, the electric field of the space charge increases the 
strength of the applied electric field giving the opportunity for streamer to strike. As a result, the most 
streamers break through the channels (or their vicinity) formed before voltage switching. In literature, this 
effect is called memory effect [6]. Each of these two types of voltage leads to the different pattern pictures. 
The difference in pattern pictures is visible from our simulation results and is presented and discussed below. 
In both cases filaments will stay separated by distance corresponding to the length scale of the field 
inhomogeneity. All simulation results as well as experimental correspond to alternative voltage type. For 
given applied voltage amplitude, adjacent filaments can get close enough that no additional filaments can 
squeeze between them. If the applied electric field is high enough, it will cause streamers to develop in all 
the untaken spaces, so that the gap becomes filled from end to end.  



 
Figure 2: Streamer formation and interaction due to electric field distortion. 

For present modeling, the probability driven cellular automata (CA) was used [10]. A cellular automation 
consist of  

• A lattice of cells; this lattice can be any dimensional and have arbitrary size. At each time cell can be 
in one state. 

• Local rules of transformation from one state to another, which depend on state of transformed cell as 
well as states of neighbor cells.   

In this work, a two dimensional stochastic CA was employed. Space between electrodes in DBD was divided 
into cells. Thus, lets define Si,j as an array of states of the cellular automata. We used so-called extended 
form of CA, in which not only the discrete states of CA, but also some data about real physical values 
(charge density, electric field, energy release, random fluctuations, etc) were kept in each cell. CA 
transformation rules define a new state of cell at the next time step using not only data on the states of the 
CA but also external to CA information such as driving voltage wave. It was assumed that the probability of 
next streamer to occur depends only on the local value of the electric field. We determine the position of 
microdischarge strike based on a Monte-Carlo decision for given probability values in each automata cell. 
However, since streamers could appear randomly in time as well as in space, additional Monte Carlo 
simulation to decide whenever streamer will occur this time or not was employed. Figure 3 shows the flow 
chart for this procedure. 
 

 
Figure 3: Flow chart for the space and time coupled Monte Carlo simulation. 

Simulation and Results 
 The simulation code of CA was developed in C++ and works with arbitrary voltage form. The input 
parameters to the program are the simulation time (number of periods with period length given for the case 



of AC voltage), driving voltage waveform, size of CA and geometry of the discharge gap. The charge 
transferred by the streamer is not specified as an input parameter instead it dynamically calculated during 
simulation based on local electric field strength. The charge transferred by individual streamer decreases 
electric field inside the micro discharge channel because it creates local electric field opposites to the outer 
electric field. We assume that the total charge transferred by the streamer is the charge that decreases the 
local electric field to zero (electric current through the channel exists until the electric field drops to zero). 
Probability of streamer to strike in CA is calculated from local electric field by the following formula (1). 
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Where E-electric field in the cell, E0-critical electric field necessary for streamer formation from Meek 
condition, S-is DBD’s ability to accumulate memory about previous streamers. In case of large S, memory 
effect has negligible effect on operation of DBD, thus probability function will be step function that 
represents Meek’s condition for streamer formation [11]. In case of small S, memory effect significantly 
affects probability of streamer formation. Streamer could be formed in the weaker electric fields that 
required by Meek’s law in the presence of ions and metastables in the gap. Value of S represents the 
cumulative memory effect and should be determined from the experiment. We used experimental data [12] to 
estimate value S for our system. High operation frequencies tend to decrease value of S as well as other 
factors that increase memory effect.  The output parameters from the program represented in the density map 
of streamer activity on the surface of the web. For given voltage the model can calculate the dependence of 
current on time. Typical result of simulation obtained for the end of 20th period is shown on Figure 4, this 
particular simulation was performed on CA size of 50×50, DBD cell was driving by sine voltage with 4.5kV 
amplitude and 20 kHz. The darker the point, the more streamers strike this point. It is possible to see that 
streamers strike non-uniformly: some regions are well treated by streamers and some are not treated at all. 
This uniformity is the result of interactions between streamers and micro discharge channels. 
 

 
Figure 4: Simulation result on CA size 50×50. This matrix represents the number of streamers strike recorded in CA. 

Total number of streamers recorded is 17462 (left). Simulation result with added noise for visual comparison with 
experimental data (right). 

 
Most of the cells in CA were not treated by streamers at all while some cells were treated by more than 20 
times. Results of simulation as well as experimental results show non-evenly treatment in DBD. 



Comparative analysis of experimental and simulated patterns  
        In order to describe the multiple streamer patterns and compare them with patterns obtained 
experimentally, three methods of analysis were used: 2D correlation function of the pattern averaged over 
the observed space [7], Voronoi Polyhedron approach [8] and Fourier transformation (FFT) [9].  
       Voronoi Polyhedra analysis of experimental data (Figure 5a) shows that most of the cells in pattern have 
six angles. The same result we have for the image obtained during simulation (Figure 5b). Comparison of 
these results with random dot distribution (Figure 6) shows that the distribution of experimentally obtained 
pattern looks very similar to simulated pattern, but not to the random one.  
     The correlation function, which is widely used for post processing in crystallography, gives us idea about 
an order in pattern, for example, if one can construct the correlation function of gas as a material where the 
position of centers are random, it would looks like in Figure 7(c), so the function would not have a periodic 
oscillations. The correlation function for the liquids with the local forces looks like on Figure 7(a), the 
oscillations exists only at the beginning, because there is no long-range order. For ideal crystal, this function 
has the oscillations up to infinity, Figure 7(b). From experiment, the pattern behaves, as a liquid (Fig. 7(a)) 
and the oscillations are smoothed by the noise. In simulation obtained image (Fig. 7(b)), the oscillations are 
more pronounced, but have the same liquid characteristic. From the above facts, one can conclude, the DBD 
pattern is of liquid type, this validates by experiment and modeling. 
      Two-dimensional Fourier transform was computed on the simulated pattern with added noise (Figure 4b) 
to make a fair comparison with experimental one. The FFT power spectrum images (Figure 8) of both 
experimental and simulated image are similar and have a “donut” in the center. The power spectrum image 
of random distribution is totally differing from experimental and simulated ones. “Donut” in power spectrum 
means a local order caused by streamer interactions [9].  Donut in experimental power spectrum is bigger 
because of the noise presence.   
 
Conclusion 
 In this article we made the first attempt in modeling of DBD memory effect and multiple streamer 
interaction. The memory effect and multiple streamer interaction result in a streamers pattern formation. The 
compatible analysis made above verified the validation of our model of multiple streamer interaction, and 
this model is ready for the further investigations. 
 

 
Figure 5: Voronoi Polyhedra analysis of the simulated microdischarge locations from image shown on Figure 4 (a) 

(left) and for the experimentally obtained microdischarge locations from image shown on Figure 1 (b) (right). 
Polyhedra cells are angle colored. The cells on both images obtained in simulation are mainly six-sides cells. 

(a) (b) 



 
Figure 6: Distribution of Voronoi-cell angles. The experimental data (Figure 5a), simulation data (Figure 5b) and data 

from random-point distribution are shown for comparison. 

 
Figure 7: 2D correlation functions: (a) of experimental image from Figure 1; (b) of simulation data from Figure 4a; (c) 

of data form random-point distribution (shown for comparison). 

 
Figure 8: 2D Fourier transforms: (a) of experimental data from image in Figure 1; (b) of simulation data from Figure 4a; 

(c) of data from random-point distribution (shown for comparison). 
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Abstract 

The numerical studies of plasma-chemical processes in the mixtures containing NF3/CF4/ 
C2F6/N2/O2/Ar were performed using CHEMKIN gas-phase libraries. The NF3 decomposition is almost 100 
% in all cases considered and this gas is preferable to CF4 and C2F6 ones. But, due to the fact that NF3 is 
expensive gas, we considered the ways for its partial or total replacement on another gases such as CF4, 
C2F6. The presence of O2 in discharges is found to be very important. 
  
Introduction 

In the production of integrated circuits the cleaning of treatment chambers is the very time consuming 
operation because deposits of silicon oxides are difficult to remove from surfaces of treatment chamber. The 
cleaning is usually achieved by etching chamber surfaces by active particles, among which atomic fluorine 
is the most effective one. Atomic fluorine can be conveniently produced from stock gases as NF3, CF4, C2F6 
and SF6 in low temperature discharge plasma. Chemical Downstream Etch (CDE) used in the integrated 
circuits manufacture is a system that generates etching atoms in a remote plasma chamber. The typical CDE 
system can be divided in three parts: plasma reactor, transport tube and deposition chamber (DC). 

We have developed kinetic model to describe the atomic fluorine production from NF3, CF4, C2F6 in 
ICP plasma source and provided comparison of effectiveness in decomposition of these parent molecules. 
Dilution of each fluorine-based molecules with O2 is also studied and found to be very important. The 
presence of O2 in discharges (NF3 and CxFy) gives the various effects that in different plasma parameters can 
be treated differently. The reaction mechanism containing 216 reactions includes reactions of neutrals, 
ionization, dissociation, excitation, relaxation, electron-ion recombination, ion-ion recombination, 
dissociative attachment and ion-molecular reactions. To estimate the rate constants of electron-neutral 
reactions, the electron energy distribution function (EEDF) must be found. The Boltzman equation for 
EEDF was solved in [1], and the obtained data for the rate constants were presented in the Arrhenius 
expressions as a function of the electron temperature, while for neutral-neutral reactions the dependence on 
gas temperature is only considered. 

 
Simulation Results 

The focus of this part of the work was on analyzing of several aspects of plasma source operation 
including destruction of SiF4 in NF3/O2 plasma, influence of O2 on fluorine production and NOx formation, 
the efficiency of CF4 and C2F6 in comparison with NF3 in DC cleaning. The performance measures 
emphasized are the dissociation efficiency of the parent molecule in the discharge. 

We have used a plug flow reactor model. Gas residence time in plasma source is 0.5 sec and the gas 
temperature is supposed equal to 300K. In this model the nature of the discharge is taken into account in 
calculation of electron temperature and concentration. The electron temperature (Te = 3 eV) and electron 
concentration were computed from simplified equation of energy consumption: 

VnnkW eeV ⋅⋅⋅⋅= 00 ε  
 

Where W is power of the source, V  - plasma volume, ne - electron concentration, n0 - gas concentration, ε0  ≈ 
0.1 eV - characteristic value of energy transfer from electron to molecule in one collision, ,  keV  ≈ 3×10-8 
cm3/sec - rate coefficient of the electron-vibrational relaxation. 

The dissociation efficiency in pure NF3 gas is presented in Fig.1. The atomic fluorine yield in this case 
is 0.4. Dissociation of NF3 in a discharge approaches 100%, resulting in higher F atom concentrations and 
higher etch rates in comparison with fluorocarbon gases. 

 
 



 
 

Figure 1.  Numerical simulation of NF3 dissociation in discharge. Time dependence of the main species concentration. 
 

As one can see from Fig. 2, O-atoms enhance production of atomic fluorine but the concentration of F 
is not increased as O2 added because of dilution effect. This effect can be explained in terms of the reactions. 
In the absence of O2, the NFx daughter species recombine according to: 

                    NF+NF⇒N2+2F              (1) 
                   NF+NF2⇒N2+F2+F          (2) 

 
The recombination mechanism of the NFx is different in the presence of O. Oxygen atoms react quickly with 
NFx species: 

O+NF2⇒NF+OF 
O+NF⇒NO+F 

 
which leads to a reduced NF density. OF is very reactive and is lost in the discharge immediately to O2 and 
F: 

2OF⇒2F+ O2 
O+OF⇒ O2+F 

 
Therefore, in the presence of oxygen atoms in the discharge the occurrence of the recombination reactions 
(1) and (2) is reduced, the concentration of their products N2 and F2 is smaller, and production of atomic 
fluorine is enhanced by O atoms. 
 The dissociations of CF4 and C2F6 in gas discharge in presence of oxygen are shown on Fig.3-4. The 
discharges of fluorocarbon gases produce significant amounts of molecules and radicals that do not 
contribute to etching reactions and even cause fluorocarbon deposition, such as CF3, COF2, and larger 



carbon chain molecules like C2F6. The O2 addition into CF4 discharge plays the significant role [2]. It 
increases the atomic fluorine concentration due to the oxidation of CFx molecules. The dissociation of C2F6 
is less dependent on the O2 but more dependent on power consumption. Also, CF4 molecule dissociates 
faster then the C2F6 because of shorter lifetime in discharge. Such tendency is observed in the systems with 
the high-energy input (200 J/cm3) [2]. Our modeling was performed for low energy input (60 J/cm3). It can 
explain why the dissociation degree of C2F6 is smaller then observed in our simulation results, see Fig.3-4. 
 

 
Figure 2.  Numerical simulation of NF3/N2/O2 plasma chemistry. Time dependence of the main species concentration. 

 
 

The summary of F yield in discharge for different parent molecules is placed in Table 1. The F 
yields for different parent molecules were calculated as following: 

 
 
 
 
 
 
 
 
 
 
Results in Table 1 shows that nitrogen trifluoride is environmentally preferable to CF4 and C2F6 because it 
has a shorter atmospheric lifetime and also it can approach 100% dissociation, resulting in higher F atom 
concentrations and higher etch yields as compared to fluorocarbon gases. 
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Table 1. F-yield in discharges with different parent molecules. 
 
 
 
 
 
 
 

 
 

Figure 3.  Numerical simulation of CF4/O2 plasma chemistry. Time dependence of the main species concentration. 
 
 
Summary 

The important issues of the plasma source performance and major species balance has been addressed 
in this study. We found that NF3 decomposition is complete in all cases considered. The NF3 is preferable to 
CF4 and C2F6 gases. The presence of O2 in discharges (NF3 and CxFy) gives the various effects that in 
different plasma parameters can be treated differently. 
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 NF3 CF4 C2F6 
Ar / N2 0.4 0.27 0.1 

Ar / N2 / O2 0.68 0.34 0.15 



 
 

 
 
Figure 4.  Numerical simulation of C2F6/O2 plasma chemistry. Time dependence of the main species concentration. 
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Fig 1. Electrical scheme of the DC Gliding Arc. 
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Abstract: 
The gliding arc (GA) is an intermediate system between thermal and non-thermal discharges, and is 

able to provide simultaneously high plasma density, power and operating pressure with high level of non-
equilibrium, high electron temperature, low gas temperature and possibility of stimulation selective chemical 
processes without any quenching. The main peculiarities of GA are the “memory effect” and essential 
influence of convective heat and mass transfer on plasma properties and the space/time arc evolution.  

 
1. Introduction 
 One of the critical challenges of modern plasma chemistry is to unite the advantages of thermal and 
non-thermal plasma systems by developing powerful and high-pressure discharges generating non-
equilibrium cold plasma, which can be applied in particular for large scale exhaust gas cleaning, pollution 
control, fuel conversion, hydrogen production and surface treatment. One of the possible ways to create such 
hybrid plasma is to use the transient type of arc – the gliding arc (GA) discharge [1 - 3]. The non-equilibrium 
gliding arc is a very sophisticated physical phenomenon: this transitional quasi-equilibrium/non-equilibrium 
discharge is essentially non-uniform in time and in space, and includes “mysterious” internal transition from 
thermal to non-thermal mechanism of ionization. Although some success in practical application is already 
achieved, the wide-range application of the discharge requires deeper understanding of its physics and 
chemistry, particularly of the “memory effect” and heat/mass transfer in the transitional regime.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Photo image of the Gliding Arc in the Parallel flow reactor. 
 
 
The conventional gliding arc (GA, Fig. 1) starts in a narrow gap between two or more diverging electrodes in 
a gas flow, when the electric field in this gap reaches approximately 3 kV/mm in air [4], the arc current 



increases very fast and the voltage on the arc drops. If the gas flow is strong enough, it forces the arc to move 
along the diverging electrodes and to elongate. The growing arc demands more power to sustain itself. At the 
moment when its resistance becomes equal to the total external resistance, the discharge consumes one-half 
of the power delivered by the source. This is the maximum power that can be transferred to the arc from the 
constant-voltage power supply. Next, the length continues increasing, but the supplied power is insufficient 
to balance energy losses of the thermal plasma to the surrounding gas. The arc cools down and either 
extinguishes or changes ionization mechanism to non-thermal one - if electric field is sufficient for that. The 
non-thermal plasma channel formed after the “equilibrium/non-equilibrium” transition keeps growing until 
extinguishing anyway closing a cycle. The next cycle starts immediately after the voltage reaches the 
breakdown value, usually just after the fading of the previous arc. A typical repetition rate of the arc is in the 
range of 10 Hz to 100 Hz and changes with the gas flow rate: the higher is the flow rate, the higher is the 
frequency. Due to high repetition rate of the arc discharge it is visually observed as a quasi-uniform plasma 
layer (Fig. 2).  
  
2. New experimental and theoretical results  
 2.1. We have studied experimentally the gas temperature variation during the GA evolution in 
parallel air flow. The experimental set-up included a parallel flow Gliding Arc reactor operating at 
atmospheric pressure and flow rates 2-l0 l/s. Maximal voltage of the low-ripple (0.1%) power supply 
(Universal Voltronics, Inc.) operating in a voltage stabilized mode was 10 kV. The maximal current was 
limited by external resistor bank and in different regimes was 0.05-0.15A. The spectroscopic system 
included Acton Research SpectraPro 500i monochromator with a focal length of 0.5m and a 1200 
grooves/mm grating. Photo detection was accomplished with a Princeton Instruments camera with a 512 x 
512 matrix CCD array. Light emitted by the Gliding Arc was focused using a quartz lens on the entrance slit 
(width = 10µm) of the monochromator in such way that spatially resolved (in the direction of arc 
propagation) spectra could be obtained.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two different spectral groups were observed: one corresponding to UV OH band (transition A2Σ, 
ν=0→X2Π, ν’=0) in the region 306-312 nm and another corresponding to N2 molecule in wide region 330-
390 nm (having 3 subgroups corresponding to transitions between different vibrational levels). Most of 
results reported here were obtained using UV OH band and in one regime both spectral groups yielded 
similar results. Unfortunately in most of operating regimes N2 spectra were not satisfactory due to low signal 
and high noise levels. Obtained OH radical spectra were treated according to well known technique [5, 6]. 
First, the intensities of separate spectral lines in the region 306-310nm were computed at different 
temperatures using approach described in the above publications and the data from [7]. Then these lines were 

Fig. 3. Variation of the OH-radical rotational temperature in the parallel flow GA 
reactor with 5 l/s air flow rate and the maximal current of 0.1 A. 



convoluted with different apparatus functions to get the best agreement with experimentally observed spectra 
Thus, obtained model spectra were then used to get the calibration graph, on which the ratio of intensities of 
two distinct spectral peaks was plotted versus temperature. Finally the peaks ratio was calculated for 
experimental spectra and the temperature was found using the calibration graph. Typical results are shown in 
Fig. 3. It is possible to see that in the case of temperature measurement inside the parallel flow GA reactor 
the overall GA temperature decrease with the GA length growth is not monotonic. This is a simple 
appearance of the “memory effect”:  GA propagates through the air preheated by the discharge and its 
temperature raises while the current and power drop. 
 2.2. The traditional microwave technique to determine electron densities is based on measurement of 
the MW radiation absorption and phase shift [8]. This method works only when characteristic length of 
plasma is much greater than the wavelength of probing microwave radiation. In the case of Gliding Arc the 
diameter of plasma column is 2-5mm and the wave length should be considerably less than the GA radius. In 
that case we should work already with IR radiation. The electron density in the GA was expected on the 
order of 1011 - 1012cm-3. In that case the expected phase shift along the GA diameter should be very small for 
measuring with any reasonable accuracy. More over, hardware for this technique in the mentioned wave 
length rage is very expensive. 
 We have used another method described in a number of old publications [9, 10] (Fig. 4). The idea of 
this old method is very simple: transmitting and receiving antennas are immersed into plasma (Fig. 4b) and 
the amount of microwave power transmitted through plasma is measured. At the frequency equal to the 
plasma frequency (directly depended on electron density) resonant absorption is observed. As mentioned 
above in the case of Gliding Arc the electron density is expected on the order of 1011 - 1012 cm-3 
corresponding to the electron plasma frequency in the range of 3 - 10GHz (wavelengths 3 - 10cm).  
 
 
 
 
 
 
 

Fig. 4. Scheme of MW diagnostics: 
a) general scheme; b) plasma area enlarged 

 
 
 
 
 
Serious experimental difficulty was caused by very high electric potential (1-5kV) of the plasma with respect 
to ground. So, it was not possible to use commercially available coaxial cables and connectors for 
microwave signal transmission due to the fact that the central conductor of the cable would have very high 
potential of the arc thus applying this potential to Synthesized Sweep Generator (Anritsu 68169B 10MHz – 
40 GHz) and detector, and due to the possibility of breakdown in the cable or connector. This difficulty was 
overcome by breaking the central conductor of 
the coaxial cable. As soon as it’s broken some or 
the most part of transmitted microwave power is 
lost due to parasitic reflections. We succeeded to 
construct a special coaxial connector with 
transmission about 30 - 50%, which is high 
enough to get a measurable signal (Fig. 5).  
 
Fig. 5. Oscilloscope screen image in the case of MW 
diagnostics: RF modulated MW signal passes from 
transmitting antenna to receiving one. Width of the 
gray band in the screen corresponds to the amplitude 
of RF signal from the MW detector. White pikes 
correspond to absorption of the MW signal by the GA 
plasma passing between the antennas. 
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Fig. 6. NOx generation in the flat GA reactor for different 
power consumption levels. 

 Results obtained using this method ne = (1 – 3)·1011 cm-3 are in good agreement with the estimations 
based on voltage-current data and plasma volume measurements made with the help of shot exposition photo 
images of the GA.  
 2.3. We found that NOx generation in the conventional GA strongly depends on the GA current. We 
made a series of measurements of NOx generation in Gliding Arc. Some changes were made to the 
experimental set-up to include NOx analyzer. High voltage power supply was operated in the regulated 
current regime. In this regime the current in the beginning stages of gliding arc development is limited by the 
power supply, the arc starts with the preset current value, which is lower than if it would be restricted only 
by the external resistance. In this case changing the restricting current we could vary power supplied to the 
GA and study the dependence of NOx generation on GA power consumption. The experimental results are 
shown in Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  2.4. A linear stability analysis of the low-current gliding arc discharge in the transitional regime was 
performed in [11, 12]. It was shown that the transitional GA remains stable even after the maximal discharge 
power point (“overshooting” effect) and gradually transforms during the evolution into a more non-

equilibrium discharge. Analytical and 
numerical solutions explain the general 
behavior of the low-current gliding arc and 
are in a good agreement with our 
preliminary experiments [3] (Fig. 7).  
 
 
 
   
Fig. 7. Calculated power-current dependence of 
the gliding arc. The results are in a very good 
agreement with experimental results [13]. A 
stable solution exists beyond the point of the 
maximal power Pmax.  
 

 2.5. Analysis of the kinetic balance of the transient regime shows that during the transition, 
translational and electron temperatures are strongly coupled and changes together but in a small range, which 
is in good agreement with our temperature measurements.  
 Since spectral diagnostics using OH and N2 spectra showed very small change in gas temperature 
during the evolution of GA we conclude that gas and electron temperatures are stabilized at the level of 
about 3000 K and 10000-15000 K respectively. This result confirms our assumption that we have transition 
regime in which both direct electron impact ionization (sensitive to electric field) and thermal ionization 
(sensitive to gas temperature) play significant role. To describe this regime we will write balance equation 
for electron concentration ne. Electron concentration is affected in two types of processes: ionization and 
attachment. Ionization rate coefficient must be proportional to the concentration of excited neutral atoms n* 
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Fig. 8. Dependence of the reduced electric field 
on temperature: kinetic balance analysis 
(curve) and experimental data for the 
transitional GA (points). 
 

and electron concentration ne: ei nnk *~ . We assume that the concentration of excited atoms and electron 
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In the extreme case of ∞→E  (glow discharge) our formula must give the temperature equal to the glow 
discharge temperature, which is on the order of a room temperature, and we find C = (Troom)-1 and glowEE ≈'  
(here Eglow is a parameter on the order of the field of a glow discharge).  
In the case of low electric field 0→E  (arc) we should make a small correction to the denominator and 

the formula becomes 
roomarc

glow

T
T

EE
EE

=
+

+
. Earc here is some parameter on the order of the field in the arc 

discharge, Earc<<Eglow, so that at 0=E we have 
room

arc

arc

glow

T
T

E
E

=  . Taking into account that Troom≈300K, Tarc 

≅ 10000K we find that Eglow/Earc ≅ 30.  
 Fig. 8 shows the calculated E vs. T dependence in the range where it’s valid (Earc<<E<<Eglow, solid 
line) and a typical behavior in the ranges of thermal arc and glow discharge (dashed line). As expected the 
electric field decreases with increasing temperature.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3.6. Better understanding of the GA phenomenon permitted us to 
enhance the non-equilibrium plasma parameters using the newest GA design – 
Tornado GA (Fig. 9). Details regarding this design are presented in another 
paper [14].  
 
3. Conclusion 
 Basic understanding of the non-equilibrium gliding arc achieved today 
determines the following three steps of the GA investigations. First of all, the 
GA “memory effect”, which is responsible for high density of charged and 
excited species after transition to strong non-equilibrium phase, should be 
clarified. Second, the non-equilibrium GA behavior during the long transitional 
period results in essential influence of convective heat and mass transfer on the 
space/time non-stationary arc evolution. This strong effect was already 
observed experimentally and should be investigated to understand the non-
equilibrium GA plasma local interaction with gas flow. Last but not the least, - 
optimization of macroscopic gas flow interaction with the GA plasma requires 
investigation of different organization of the discharge geometry. Preliminary 
analysis brings us to a spiral GA organization in the reverse vortex flow, where 
a rotating gliding arc is trapped inside of “the tornado”. Such “non-equilibrium 
GA-Tornado”, demonstrated excellent results in preliminary experiments, 
providing good plasma/gas contact and keeping most of generated active 
species in the flow for further effective plasma-chemical reactions. 
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Abstract: 
Properties of the electrical discharges in the Reverse Vortex Flows (Tornado Discharges - TD) differ 

significantly from the prosperities of discharges in the flows of conventional geometries. This difference is 
the most considerable for the non-equilibrium discharges. The reason of the difference is an intensive 
convective cooling of the discharge zone and a perfect thermal insulation of the discharge zone from the 
walls. This difference makes TD very attractive for many applications.  
 
1. Introduction 

It is relatively easy to realize the Reverse Vortex Flow (RVF), which is very similar to the natural 
tornado, in the cylindrical volume. It is necessary to direct an outlet of the flow from the volume along the 
axis to the swirl generator side, and the diameter of the outlet should be considerably less than that of the 
cylindrical vessel (Fig. 1).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Reverse Vortex (“Tornado”) flow in a cylindrical reactor. 
 

Several kinds of atmospheric pressure electrical discharges were already realized in the RVF: 
microwave (MW) discharge [1 - 6], RF ICP [6 - 9], arc and gliding arc. Gaseous flame, which could be also 
considered as low temperature plasma, was also realized in tornado geometry [5, 10 - 14]. In the cases of 
MW and RF ICP plasma generators and gas combustion chamber, the RVF have been compared 
experimentally (calorimetric investigations) and numerically with conventional “forward” vortex flow 
(FVF). Here we present some new results regarding simulation of RF ICP generator and experiments with 
arc and gliding arc in RVF, and discuss all obtained results from the unified point of view. 
 
2. Self-consistent simulation of RF ICP generator with Reverse Vortex Flow  
 Argon ICP generator with RVF was studied experimentally earlier [7 - 9]. Also we have published 
already the results of simplified simulation of this generator [6 - 8], where gas-dynamic problem was solved 
in assumption about place and size of energy release zone. Today we have and present results of self-
consistent modeling. Plasma is assumed to be in local temperature equilibrium and optical thin. 
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Electromagnetic field calculation was based on a current loop method. Consider a cylindrical loop of radius 

R carrying a current I, as shown on a Fig.1. The vector potential will be equal to )(
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K and E are the complete elliptic integrals. 
 

Therefore, the electromagnetic field can be calculated 
from these equations: 

 

 
 
These equations were solved by successive iterations to get real and imaginary part of vector potential. 
Lorenz force, F, and local energy dissipation rate, P, were calculated using vector potential [15]. We 
assumed radiation losses are the function of the local temperature [16]. Gas flow coupled together with 
electromagnetic field equations was solved by FLUENT (Version 6) in axially symmetric 2D case. Build-in 
Reynolds Stress turbulence model was employed. The coupling scheme is shown on a Fig.2. 
 

 

 

 

 

 

 

 

 
Figure 2: Coupling framework 

 
Results of simulation are in a good agreement with experimental data obtained previously (Fig. 3). If 

we compare the results of self-consistent simulation with the results of simplified simulation of this 
generator [6 - 8], it is possible to see that the main difference is larger diameter of the energy release zone 
(heating zone). Convergence of self-consistent simulation was obtained with plasma only for the cases with 
low efficiency (Fig. 4, the temperature fields for the cases marked by red circles in Fig. 3), where the 
recirculation zone near the closed end of the generator still exists. This recirculation zone formed because of 
Ampere force, results in formation of the central plasma “tail” (Fig. 3a) of disturbance of the temperature 
field (Fig.3b). Attempts to simulate more efficient regimes (with lower power or higher flow rates) results in 
going out of plasma (temperature of the plasma drops, consequently conductivity drops and power 
absorption drops too). It was possible to improve the situation by assuming that conductivity depends not 
only on gas temperature but on electric field also (assumption of non-equilibrium). This assumption results 
in better agreement with the experiments but permits to move into the higher flow rates very little, then 
plasma goes out again. We suppose that in experiments we have diffusion of electrons to the outer layer of 
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plasma, and there conductivity is much higher then that in assumption of equilibrium or temperature 
dependence. Probably it is possible to simulate this in two-liquid assumption (electron gas and argon should 
be considered separately along with ambipolar diffusion). Such simulation is in our plans for future. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Comparison between the experimental data [9] and simulation for three levels of argon flow rate 1.4, 2.3 and 

3.2 g/s. Red circles mark the points presented in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Temperature field for two simulated cases marked by red circles in Fig. 3: (A) – 1.4 g/s of argon and 28 kW of 

plasma power; (B) – 2.3 g/s of argon and 25 kW of plasma power. 
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3. Experiments with arc and gliding arc in Reverse Vortex Flow 
Conventional gliding arc is a high-pressure gas non-stationary discharge [17, 18]. The arc starts in a 

narrow gap between two or more diverging electrodes in a gas flow, after breakdown when the electric field 
in this gap reaches approximately 3 kV/mm in air. The arc current increases very fast and the voltage on the 
arc drops. If gas flow is strong enough, it forces the arc to move along the diverging electrodes and elongate. 
The growing arc demands more power to sustain itself. It continues to elongate till the power supply can no 
longer compensate the energy lost in heat transfer to the surrounding gas. The arc cools down and finally 
extinguishes. The next cycle starts immediately after the voltage reaches the breakdown value, usually just 
after fading of the previous arc. 

The gliding arc can operate in non-equilibrium regimes and have relatively low gas temperatures 
[17, 18]. Previously gliding arc has been reported for applications in the field of plasma-catalytic conversion 
of organic compounds, etc [19, 20]. Gliding arc requires velocities high enough to move the discharge along 
diverging electrodes but plasma catalytic conversions require high residence time for higher degree of 
completion of chemical reactions. Specific power delivered remains low in case of non-equilibrium regime 
and conventional (flat, in the case of two electrodes) geometry. Also a large amount of gas passes around the 
arc resulting in no residence in the discharge zone. Thus the gliding arc looks to have potentially a number of 
application and attractive for plasma-catalytic conversions but unable to give expected results. That is why 
we use a new approach to get gliding in circular geometry in the reverse vortex flow.  

Gliding Arc in Tornado works in a Reverse Vortex Flow setup in a cylindrical volume (φ 40mm; 
L=150mm) (Fig. 5). A circular and spiral electrode is placed in the plane of the flow near the cylinder walls. 
The flow conditions and the characteristics of the power supply determine the shape of the spiral electrode. 
Based on experimental flow visualization and numerical modeling of the flow conditions the spiral shape 
and characteristics are determined. The voltage, 10 kV, from Voltronics power supply gives power as high as 
2.5 kW per discharge in laboratory experiments.  

 
 

Figure 5: Tornado Gliding Arc (TGA),  a – schematic of TGA reactor; b - photo image of gliding arc with normal 
exposition time; c - photo image of gliding arc with shot exposition time (1/1000 s). 

 
The reactor as shown in the figure 5a essential consists of a cylindrical volume, with metal flange at the 
outlet. This metal flange at the outlet also acts as anode and is connected to the ground terminal. The flange 
also houses 4 tangential inlets into the cylindrical tube. Gas enters through these tangential inlets (2mm x 
2mm) into the tube generating a strong reverse vortex inside. Typical inlet velocities vary from 10m/s to 
50m/s. An additional axial inlet is provided to add more gas flow for additions of reactants in case of plasma-
catalytic conversions. The spiral electrode is connected axially in the tube and acts as the cathode. The end of 
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the spiral turns to form a ring smaller in diameter than the spiral itself. In fact the diameter of the spiral goes 
on decreasing as it moves away from the anode. 

When high potential is applies across the electrodes (about 3kV/mm in air) electrical breakdown 
ignites the gliding arc. The strong vortex flow forces this arc to move around the tube axis. The arc thus 
elongates along the spiral. Eventually the elongated arc reaches the ring shaped end of the spiral electrode 
(Fig. 5b and Fig 6. In the second case the discharge was formed by elongating the distance between two 
electrodes). Now the arc is in the central zone of the reactor, this zone has relatively less disturbances. This is 
the central discharge zone or the center column. 

Figure 6: Tornado Gliding Arc (TGA) between circular 
electrode and flange (flat circular electrode).  

 
The discharge zone has very intensive 

convective cooling due to the vortex flow around it 
and the central flow through it. At the same time this 
discharge zone because of the same vortex flow is in 
perfect thermal insulation form the reactor wall (Fig. 
6). Very fast movement of the electrode spots results 
in no electrode erosion or deterioration. The 
elongation of the arc in this case is not due to the 
shape of the electrodes, instead the arc moves on two 
parallel electrodes. This elongation is due to the 
different velocities of the gas flowing near the 
electrodes (Fig. 7). Due to this the arc elongates and 
finally reaches a point where the thermal losses due to 
elongation of the arc can no longer be compensated 
by the power supply. At this point the plasma 
supported re-ignition of the arc is observed. This is 
possible because of the circular geometry.  

 
Figure 8: Tornado Gliding Arc (left) may transform to the 
high voltage atmospheric pressure discharge inside the 
Reverse Vortex Flow (right). 
 
 
It is also possible to stabilize the ordinary arc in RVF. 
Fig. 8 demonstrates transformation of the TGA to the 
high voltage atmospheric pressure discharge inside 
RVF.  
 
4. Discussion and Conclusion 
 Perfect thermal insulation properties of RVF 
were emphasized earlier [1 - 14]. Here we’d like to 
emphasize the influence of convective cooling of the 
central zone on the plasma properties. Between 
thermal plasmas (arcs, ICP) and cold plasmas (DBD, 
corona) of atmospheric pressure it is a range where 
relatively hot non-equilibrium (transitional) plasmas 
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exist. Such kind of plasmas can be realized in the case of microwave discharge or gliding arc [21]. In 
transitional plasmas electric field is relatively strong, translational and electron temperatures are strongly 
coupled and changes together [12]. Decrease of translational temperature results in increase of plasma 
electric field and electron temperature, and plasma becomes more non-equilibrium. This effect can be easily 
realized in the reverse vortex flows because of intensive convective cooling of central zone by turbulence 
and axial flow (see Fig. 4B for example). The first example of such effect is the temperature drop (at least 
according to simulation) in the Reverse Vortex Stabilized microwave discharge [2 - 5]. Gliding Arc and 
High Voltage atmospheric Pressure Discharge in RVF is another example. In RVF gliding arc exists in 
conditions corresponded to extremely elongated gliding arc between two divergent electrodes, means in the 
most non-equilibrium state [18, 21]. In contrast to conventional thermal and non-thermal discharges, the 
transitional discharges are able to provide simultaneously high plasma density, power and operating pressure 
(typical for thermal systems) with high level of non-equilibrium, high electron temperature, low gas 
temperature and possibility of stimulation selective chemical processes without any quenching (typical for 
non-thermal systems). That is why transitional discharges in the Reverse Vortex Flows and Tornado Gliding 
Arc particularly, combining high extent of non-equilibrium with high residence time, are very attractive for 
many applications. 
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The results of the thermodynamic analysis plasmachemical process of reception from solutions of fluoride 
aqueous-saline metals in conditions of air, inert and reducing plasma are submitted. These solutions are 
formed as processing of less-common and refractory metals as industrial toxic waste.  
The common plasmachemical processing of liquid industrial toxic waste is carried out by thermal 
decomposition. As a result the metal oxides are formed. We offer to use reaction of plasmachemical 
hydrolysis for treatment of fluoride salts solutions. The water  vapour from solution, and water contained in 
crystals should participate in the given reaction.  
We carried out thermodynamic accounts of equilibrium compositions of plasmachemical process of 
reception nanopowder and acids from a mix of loosened fluoride aqueous-saline solutions. The account of 
equilibrium compositions was carried out on the computer at various pressure, temperatures, initial 
proportions of solution and plasma thermofor. The initial concentration of metals salts in researched system 
were varied. 
The method, offered us, allows to reduce amount of technological operations, response time and decrease 
total power inputs in comparison with traditional technologies of nanopowder reception. Received 
nanopowder are reduce temperature and time of fine ceramics. It allows to remove losses of oxides from 
sintered weight and to improve ecological compatibility of production.  
The carried out theoretical and practical researches show perspectivity to use the thermodynamic analysis for 
plasmachemical process of reception nanopowder from fluoride of aqueous-saline metals in conditions of air, 
inert and reducing plasma. 
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Abstract 
 
This paper investigates dc plasma spraying processes by addressing the influence of 
plasma temperature fluctuations on particle heating in atmospheric plasma spraying. 
Previous works have considered the effect of plasma velocity fluctuations on particle 
trajectories and have concluded that dispersion of particle trajectories is most significant 
for small particles. The effect of temperature fluctuation on particle temperature has not 
yet been considered, although this could be as significant as dispersion of particle 
trajectories. 
 
We calculated particle temperature distribution by implementing a two-dimensional 
mathematical/numerical turbulent model. In addition to average flow properties, the 
model calculates the variance of the plasma temperature field. Particle trajectory and 
temperature field was calculated by a Lagrangian model. Effect of plasma temperature 
fluctuation on particle temperature was considered by a stochastic model.  
 
Computations were carried out for a standard APS system with nickel and alumina 
particles. Dispersion of particle temperature was shown to be significant; e.g., for 80-
micron nickel particles, temperature dispersion could be more than 500 K. This is 
significant as it increases the possibility of more unmelted particles at the spraying point. 
 
Introduction 

Thermal spray deposition is a process that combines particle melting, quenching, 
and solidification in a single operation. Two techniques commonly used in industry to 
form coatings are plasma spraying and High Velocity Oxy-Fuel (HVOF) spraying. 
Plasma jets are created by heating an inert gas in an electric arc confined within a water-
cooled nozzle. HVOF jets are produced by reacting fuel and oxygen in a high pressure 
combustion chamber, with the combustion products being accelerated through a 
constricting nozzle. Coatings are produced by injecting powders (metallic, ceramic, or a 
mixture) into the high temperature jet, where particles rapidly melt while being 
accelerated towards the workpiece. Molten droplets undergo rapid solidification when 
they impact on the substrate, with cooling rates of typically 106 to 108 K/s, producing 
deposits with fine grained (~0.5 µm) homogeneous microstructures. Thermal sprayed 
deposits have been used as protective coatings in corrosion and wear applications and as 
thermal barriers. Deposits have also been used for building up worn bearing surfaces, and 



for making free-standing relatively thin-walled structures such as refractory rocket 
nozzles. 
 
Conventional thermal spraying is normally carried out at atmospheric pressure. Typical 
metallic deposits include some oxides, and also have some porosity due to incomplete 
melting, wetting, or fusing of deposited particles. The production of dense, high strength 
thermal sprayed deposits requires that: a) injected powder particles be heated sufficiently 
to melt them before they impinge on the substrate; b) particles have high enough 
velocities so that they spread out and flow into the irregular surface of the previously 
deposited layer; and c) strong inter-particle or particle/substrate bonds be formed. 
 
Sophisticated mathematical models have been developed to predict the thermal history of 
injected particles in a dc plasma jet. In particular, the pioneering works of Lee and 
Pfender [1-2] are of great importance in this regard. They developed a turbulent model of 
dc plasma spraying and considered turbulence dispersion effects on particle trajectories. 
Lee and Pfender accounted for fluctuations in plasma density, velocity, and temperature 
fluctuations using a Favre-averaged k-ε model. While the effect of velocity fluctuations 
on particle trajectories were considered, the effect of temperature fluctuations on particle 
thermal history were not. The objective of the present work is to include such an effect 
and study its effect on particle heating. 
 
Mathematical Model 
 
The dc plasma jet is assumed to be quasi-steady, axi-symmetric and turbulent. 
Furthermore, the plasma is in local thermodynamic equilibrium, optically thin, with 
negligible viscous dissipation. The presence of particles may affect plasma fields as they 
exchange momentum and energy with each other. The governing equations for the 
conservation of mass, momentum, and energy along with the turbulence model is 
described in [1, 2] and will not be repeated here. We note that in order to account for the 
effect of plasma temperature fluctuations on particle heating, we must also calculate 
plasma temperature variance 2"~T  as well and its dissipation rate εT as described in [1-3].  
 
Particle trajectories and thermal histories are calculated using the well-known Lagrangian 
approach [1-2]. In order to consider the effect of temperature fluctuations on particle 
heating, a stochastic approach is employed. 
 
The solutions provided by the governing equations of the plasma flow include 
temperature variance profile 2"~T  and the mass weighted average plasma 
temperatureT~ . Assuming a normal plasma temperature distribution and employing a 
Monte Carlo model, at each time step, the instantaneous plasma temperature can be 
calculated.  
 
In order to separate the effect of temperature fluctuations on particle temperature from 
the effect of flow turbulence, turbulent dispersion effect on particle trajectories were not 
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considered. In addition, since the particle sizes considered are equal to or greater than 40 
µm, trajectory dispersion is not strong. 
 
Results and Discussion 
 
Computations were carried out for two particle types; metallic (nickel (Ni)) and ceramic 
(alumina (Al2O3)), for different sizes 40, 60, 80, and 100 µm, also for different Argon 
flow rates 50, 80, and 120 cf/hour. These cases were modeled for a constant torch power 
input of 10.5KW (35Volts, 300Amps) with 50% efficiency. Powder feed rate was of the 

order of 16g/min. Figure 1 shows a schematic of the computational domain. Due to the 
limitations on the length of this paper, we will only discuss the results for nickel. 
 
Predicted particles average temperature and trajectories are shown in Figure 2. Particles 
smaller than 80 µm reach boiling point temperature and partially evaporate. The ratio of 
the predicted standard deviation in particle temperature to the mean particle temperature 
is a reflection of the fluctuations in temperature fluctuations of the particles. The results, 
shown in Figure 3, indicate a maximum of 4% in normalized standard deviation. Each 
graph in Figure 3 has two parts: the first represents the heating zone where solid particle 
temperature increases to the melting temperature, while the second is the superheating of 
the melted particle up to its boiling point. The gap between the two parts indicates the 
melting zone where particle melting temperature is constant. In the melting zone, plasma 
temperature fluctuations will only influence the melting speed, not the particle 
temperature. For smaller particles (40 and 60 µm) particle temperature will reach the 
evaporation stage and the curves drop to zero. Note that according to these results, 
standard deviation peaks in the superheating zone are larger than the one in the heating 
zone. Smaller particles have a higher value of standard deviation over the mean 
temperature. We may conclude that – as was the case for particle trajectories - smaller 
particles are more influenced by plasma temperature fluctuations than larger particles. 



This effect is evident in Figure 4 where distribution of nickel particles temperature for a 
sample of 2000 particles is depicted. The profile is broadened as particle size is reduced. 
 
Conclusions 
 
It is shown that fluctuations in plasma temperature may result in a broad distribution of 
particle temperatures. The broadening is stronger for smaller particles.  
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Figure 2 Particle Trajectories and Mean Temperature in K (Ni, 50cf/hour ~ 25 liter/min) 
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Abstract : 
 The is paper is devoted to the simulation of the electrical RF discharge behaviour in the case of N2O, 
He and N2O/He under different gas pressures and applied voltages. This is based on a particle model using a 
Monte Carlo technique for the collision treatment and a Poisson equation solution for electric field 
determination. The power densities calculated for various conditions (pressure, voltage and gas composition) 
show a quite good agreement with measurements. The effects of He addition in N2O are also analysed.   
 
 
1. Introduction : 

The RF discharges studied in the framework of this paper can be used to deposit SiO2 thin films 
which are very useful for the microelectronic industry. In the present case, the RF reactor already described 
elsewhere  [1,2] is filled with a ternary gas mixture involving a small fraction of SiH4 with N2O as the 
oxygen donor and He in order to improve the film homogeneity in comparison the  
N2O-SiH4 case.  

The optimisation of such a reactor needs more particularly a better knowledge of the electric, 
energetic, hydrodynamic and mass transfer processes and phenomena. The first step of our work is to 
perform the modelling and the simulation of the electric and energetic phenomena occurring in the RF 
reactor because the formation of the deposition precursors are completely conditioned by this discharge 
behaviour. Furthermore, it is expected that the electric behaviour of the RF reactor is certainly dominated by 
the more important gas component of the mixture. This is why the present work has been devoted to the 
electric modelling of an N2O-He reactor. This mixture choice allows us also to complete and validate the 
numerous basic data not available in the literature on the electrons and ions transport and reaction in the case 
of N2O-He. In fact in order to complete progressively the needed basic data, we have started first of all with 
studying discharges in a pure N2O and then in pure He before the case of binary mixture N2O-He discharges. 
The electric model results are partly validated from the measurements of the dissipated RF power density of 
our simulated RF reactor in N2O, He and N2O-He mixtures.  

The next section is devoted to a short description of the simulated reactor followed by information 
about the used electric discharge model and the associated electron and ion basic data. Then, we first show 
some comparisons between calculated and measured RF power density. This is followed by several results 
on the electric characteristics of our RF reactor in  pure gas (N2O and He) and also N2O-He mixtures in order 
to show the effect of He addition on the electrical behaviour of the RF reactor. 
 
 
2. Discharge model and basic data: 
 
 2.1 RF power  measurements: 
 The simulated reactor is already described elsewhere [1]. The inter-electrode distance is 3.95 cm and 
the electrode length is 25.6 cm. The gas temperature inside the reactor is about 503 K. For the different 
filling gases (N2O or He or N2O/He mixtures) and the chosen gas pressures (about from 0.4 Torr up to 1 
Torr), the RF power dissipated in the discharge is measured by a classical subtractive method [2]. Then, the 
power density (in mW/cm2) is obtained from the real power injected by dividing this later by the mean 
electrode area recovered by the plasma discharge.  
 
 



  2.2 Discharge model: 
A powerful particle model based on Monte Carlo method coupled with Poisson equation [1],[2] is used in the 
present work. Monte Carlo method is used for the treatment of the collisions between the various considered 
charged particles (electrons and ions) and neutral atoms and molecules of the gas. Between the successive 
collisions, the different charged particles are accelerated by the electric field which is calculated from the 
solution of Poisson equation in order to take into account the high charge space effect. Our particle model 
involves several optimisation techniques (variable pseudo-particle, null collision, etc.) which hugely reduce 
the computation time. 

 
2.3 Basic data: 
The basic data needed in our discharge model are the collision cross sections for the different 

particles interacting with the neutral gas. The considered particles are the electrons, the main ions in N2O gas 
(i.e. N2O+, O- and NO-), in He gas (i.e. He+) ion and also the metastable state of He (i.e. Hem). Each of these 
particles can undergo collisions with either N2O or with He gas during the simulation of RF discharge in the 
case of our N2O/He mixture. The different interactions taken into account in the present work are 
summarized in the following.  
Electron gas interactions: 

e + N2O → e + N2O     elastic collision 
e + N2O → N2* + O + e   inelastic collisions 
e + N2O → N2 + O + e   dissociation 
e + N2O → NO + N + e   dissociation 
e + N2O → N2O* + e   excitation 
e + N2O → N2(A3Σu

+) + O(3P) + e dissociative excitation 
e + N2O → N2 + O* + e   dissociative excitation 
e + N2O → N2(X1Σg

+) + O(1S) + e dissociative excitation 
e + N2O → N2O(1≤ v ≤3) + e  vibrational excitation 
e + N2O → O-(2P) + N2( X1Σg

+)   attachment 
e + N2O → N2O+ + 2e   ionization 
 
e + He → e + He   elastic collision 
e + He → e + Hem   metastable formation   
e + He → e + He*   excitation  
e + He → 2e + He+   ionization 
e + Hem → 2e + He+   ionization stepwise 
 

Ion gas interactions 
O- + N2O → O- + N2O   elastic collision 
O- + N2O → NO- + NO   NO- formation 
O- + N2O → O2

- + N2   ion conversion 
O- + He → O-  + He    elastic collision 
O- + He → O + He + e   detachment  
 
NO- + N2O → NO- + N2O  elastic collision 
NO- + N2O → N2O- + NO  ion conversion  
NO- + N2O → O- +N2 + NO  O- formation  
NO- + N2O → N2O + NO + e  detachment 
NO- + He → NO- + He   elastic collision 
NO- + He → NO + He + e  detachment 
  
N2O+ + N2O → N2O+  + N2O  elastic collision  

N2O+ + N2O → N2O + N2O+  charge transfer  
N2O+ + He → N2O+ + He  elastic collision 



  
He++ He → He++ He   elastic collision 
He++ He → He + He+   charge transfer  
He++ N2O → He++ N2O   elastic collision 
He++ N2O → He +  N2O+  charge transfer 
 

Penning ionizations: 
 Hem

 + N2O → He +  N2O+ + e 
 Hem  + Hem → He +  He + e 
 

The collision cross section of electron-N2O and electron-He systems are quite well known even 
though it has been necessary to solve some problems concerning the bad knowledge of for example electron 
attachment and dissociation in N2O and also stepwise ionisation in He (see figure 1 showing the stepwise 
ionisation cross section for e-Hem impacts). Collision cross sections are mainly taken from previous works 
(e.g. Radouane [3] for electron-N2O) and completed in the present work. 

10 100 1000
0

1

2

3

4

5

6

7

8

C
ro

ss
 s

ec
tio

n 
(1

0-1
6 cm

2 )

Electron energy (eV)
0,01 0,1 1 10

1

10

100

1000

C
ro

ss
 s

ec
tio

n 
(1

0-1
6 cm

2 )

Energy (eV)

 
Figure 1: Stepwise ionisation collision cross section  Figure 2: Penning and associative ionisation for  
for e-Hem impact from [4]     the reaction Hem + Hem from [6] 

 
 However, the ion-neutral case is much more problematic because the collision cross sections for the 

main ions  formed by electron impacts on N2O or He (i.e. N2O+, NO-, O- and He+) and interacting either with 
N2O or with He in the mixture case are not well known. Therefore, a specific method [5] has been used to 
obtain the missed collision cross sections in our different ion-neutral systems involved in the N2O/He reactor 
and previously listed. Noting that Penning ionisations are also considered in our model (see e.g. Penning 
ionisation cross section for Hem+Hem reaction in figure 2 taken from reference [6]).  
 

Collision cross sections for N2O+, NO- and O- ions interacting with N2O are taken from [3] while 
those of He+/He system are taken from [7]. He+ ion interacting with N2O and N2O+ ion interacting with He 
are completed in the frame of this work with the help of Hennad [8].  

 
3. Results: 

Calculations of the electrical discharge characteristics have been undertaken from our particle model 
using the previous basic data.  The simulation conditions of our 13.56 MHz RF reactor are an electrode 
separation of 3.95 cm, applied voltages varying from about 40 up to 160 Volts and two gas pressures (0.5 
and 1 Torr). Calculations are performed for N2O, He and N2O/He mixtures at a gas temperature of 503 K 
[9]. The RF voltage is defined by: VRF (t) = Vmax cos (ωRF t), Vmax being the input voltage, ωRF  the angular 
frequency in rad s-1 and t the time. 

 



The calculated electrical characteristics are the space charge electric field, the charged particle 
densities and current densities, the electron and ion mean energies, the electron and ion reaction rates (for 
ionisation, dissociation, detachment, etc.), the electron and ion distribution functions and also the RF power 
density. 

Figures 3a and 3b show the total RF power density as a function of the applied voltage in the case of 
respectively N2O and He for two gas pressures (0.5 and  Torr).  
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Figure 3: Power density dissipated in the reactor as a function of the RF voltage for two pressure cases (0.5 and 1 Torr): 
Lines: Calculation, Symbols: measurements: (a) N2O case, (b) He case 
 

Figure 4 shows the power density for two RF voltages as a function of proportion of He in N2O.  
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Figure 4: Power density dissipated in the reactor as a function     Figure 5: Mean electron density at 1 Torr and 80 Volts 
of the proportion of He in N2O for two  RF voltages  
(80 and 100 Volts) at 1 Torr 
 
 

First of all, we can observe in these figures (Fig. 3 and 4) that the calculated power densities are in a 
quite good agreement with the measured ones. This coherence can be considered as a confirmation of our 
choice and determination of the different electron and ion basic data. As already shown in reference [2] 
power density is directly and mainly proportional to then electron density. So according to [2],  results of 



figure 3a in pure N2O can be explained in terms of ionisation, attachment, ion conversion and detachment 
processes, i.e.: 
e + N2O → N2O+ + 2e, e + N2O → O- + N2,  O- + N2O → NO- + NO and NO- + N2O → N2O + NO + e 
Indeed at 0.5 Torr, power density mainly depends on ionization and attachment processes while at 1 Torr 
NO- formation becomes quite large leading to a great role of electron detachment from NO- which contribute 
to reinforce the power density so that this later at 1 Torr becomes larger than the power density at 0.5 Torr 
from about 110 Volts for the RF voltage (see Fig. 3a). In the case of pure He, the electron density are mainly 
due to ionization processes (direct and stepwise) which are more important at lower pressure because 
electrons are more energetic and therefore have a larger ionization efficiency. Penning ionization between 
metastable of He does not really  play an important role under our discharge conditions.  
 Figure 4 shows the power density as a function of proportion of He in N2O for two RF voltages. The 
maximum of the power density observed in both cases around respectively 60% of He and 65% of He are 
due here also to a balance of the processes of creation and loss of electrons. Indeed as the proportion of He in 
N2O increase, this automatically leads to a reduction of the weight of the numerous excitation (vibrational, 
optical and dissociation) processes which therefore allow to the electron to gain more energy from the field 
between successive collisions. Under these conditions, the ionization efficiency of electron is more large and 
in the same time the attachment efficiency can decrease due to the lower N2O concentration in the mixture. 
So, the conjunction of these two phenomena leads to a rise of the power density with the rise of He 
proportion. Then above a certain proportion of He, when the effect of N2O becomes weak due to its low 
concentration, the discharge is mainly dominated by the processes in He gas in which the electron creation 
processes need further electronic energy to ionizes atoms (24.6 eV in He rather than 12.6 eV in N2O). The 
behavior is confirmed by the mean electron density shown in figure 5. This is a mean density because it is 
integrated over all the RF cycles. We observe in  figure 5 that the electron density first increases as a 
function of He proportion and then decreases above a certain proportion of He in N2O (e.g. about 65% at 80 
Volts). Figure 6 confirms also the tendency of electrons to have larger energy because the reduced electric 
field (E/N) increases in the sheath region (near the electrodes) as a function of the He proportion up to about 
65% before to observe its decrease in the case of the pure He. 
 

We observe in  the same time in figure 7 showing the dissociation rate of N2O in the case of 
N2O/He mixtures, that this dissociation rate increases up to 65 % of He and then it decreases. The 
dissociation rate is defined as the product of the collision frequency and the electron density. The rise up to 
65 % of He is explained by the rise of the electron density. Such a result also shows that the addition of He in 
N2O does not affect the efficiency of the deposit precursor formation which directly depends on the N2O 
dissociation rates as is shown in reference [3].  
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Figure 6 : Mean reduced electric field as a function of gap  Figure 7: Dissociation rate of N2O for different  
distance  for different proportions of He in N2O at 80 Volts.    proportions of He in N2O at 80 Volts. 
 

The next step of this work is to study the ternary mixture case (N2O, He and SiH4) using the data 
already obtained in the present work. This study will also concern the hydrodynamic and mass transfer 
phenomena. 
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Abstract  
Non transferred arc plasma torches are often used as plasma sources for the treatment of toxic and hazardous 
halogenated substances. At the IFP-CNR in Milan, a research program has been carried out for the 
development of some types of plasma torches with integrated waste injection systems. In this paper the 
electrical characterization of the Hollow Cathode Plasma Torch is studied. 
 
1. Introduction 
The main purpose for the development of a non transferred arc plasma torch, with an integrated waste 
injection system, is to maximize the plasma-waste interaction and to transfer the maximum electrical power 
to the plasma. The thermal efficiency κeff is the parameter which gives information about the real power 
transferred to the plasma. This work has been addressed to identify the operative conditions in which the 
thermal efficiency of the torch device is optimized. 
The designed non-transferred plasma torch [1] is a direct current type, water cooled, with nominal power of 
50 kW. The controllable parameters of the torch are the electrical current, the cooling water and the carrier 
gas flow rate. The hollow cathode is made by a copper rod with an insertion of a tungsten cone on the top. 
The anode is made by a conical shaped copper protected by a hollow cylinder of tungsten of 6 mm of inner 
diameter as shown in Fig. 1. Both the electrodes are cooled by a single close circuit of forced deionised 
water. The distance between the electrodes is variable with a minimum of 1.2 mm. The carrier gas is argon 
injected by a swirl system. Table 1 shows the main experimental conditions.  
 

Table 1    
Torch power 0-25 kW 
Water flow rate 15 l/min 
Water flow rate temperature 18°C 
Argon flow rate 30-50 l/min 
Arc currents 150-700 A 

 
Fig. 1: Torch layout 



2. Experimental results  

Current-Voltage Characteristics 
In order to define the torch thermal efficiency, the current-voltage characteristics must be investigated. Only 
a few reports are available in literature [2;3] on the I-V characteristics of DC plasma torches and, in any case, 
they are limited to arc current ranges lower than 400 A. The present paper reports values until 700 A, as a 
result of experimental measurements carried out in our institute. 
Fig. 2 shows the variation of arc voltage as a function of arc current for different argon flow rates. Two types 
of analysis can be developed: 

   A) for a fixed flow rate 
   B) for a fixed current 

A) For a fixed flow rate the arc voltage decreases with increasing in arc current for arc current less than 
about 450 A and then increases with increasing of arc current. The relationship connecting the arc voltage V 
and the arc current I is approximately parabolic. The value 450 A is characteristic for the Hollow Cathode 
Plasma Torch and can shift to lower or higher arc currents depending on the structural features of the torch. 
In order to explain the behaviour of the I-V characteristics in the first range of current it must take the 
increase of electric conductivity with gas temperature into account. It’s well known that the analytical form 
for the electrical conductivity is given by [4]: 
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where ne, n0 are the the electrons and neutral particle number densities rispectively and σe0 the electron-
neutral collision cross section. The ratio ne/n0 can be determined by Saha equation. In consequence the 
behaviour of σe with temperature is given by : 

( )KTeEKTTe 2exp)()( 43 −∝σ      (1.2) 
where E is the ionization potential of atoms. 
In the particular case of argon plasma [4] σe is negligibile for T < 5000 K and then increases steeply until 
reaching values of about 104 A/Vm for T ≥ 17000 K,  keeping around this value also for higher temperatures. 
The growth of σe with increasing in current is resposible for the voltage falling trend in the plasma torch. 
In order to explain the rise of voltage at currents larger than 450 A, it is necessary to consider the 
magnetohydrodynamics (MHD), according to which, as a result of an increase in current density, a larger 
J x B body force acts on the plasma arc. The Lorentz force F = J x B = -µ0Jz

2r r̂  is radially inward, tending 
to pinch the arc to a smaller diameter. The decreasing of the section of the arc brings about a smaller 
electrical conductance. Moreover, at arc currents larger than 450 A, phenomena of turbolence and instability 
[5] reduce the conductivity of plasma resulting in an increase in arc voltage. A critical kinetic Reynolds 
number can be introduced in order to distinguish between the range of the low arc current in which the 
plasma is in a laminar flow state and the range of the high arc current in which phenomena of turbulence 
occur. Reynolds number Re can be defined as: 
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where M is the argon molar mass, F the volumetric flow rate p⋅ dV/dt, η the argon viscosity, d the arc 
diameter, R the universal constant of gases and T the average temperature in the torch. From experimental 
measurements [6]  it is possible estimate that T increases from 10000 K to 15000 K when the arc current 
increases from 200 A to 600 A. In this range of temperature and at atmospheric pressure the argon viscosity 
decreases from 2.7 x 10-4 Pa⋅s to 5.7 x 10-5 Pa⋅s [7]. With regard to this range of current and temperature and 
at a fixed flow rate dV/dt = 40 l/m, that is 6.7 x 10-4 m3 s-1 in SI units, pressure increases from its nominal 
value 3 x 105 Pa to 6 x 105 Pa, as it has been taken in previous experimental measurement carried out in our 
institute. The values so calculated for Reynolds number are the following:  

Re = 454   at T 10000 K    (I = 200 A) 
Re = 1433 at T 15000 K    (I = 600 A) 

where it has been assumed d = 2 x 10-3 m (this number has been reasonably estimated by the anode inner 
diameter that, as mentioned in the introduction, is of 6 mm). 



In general a gas is considered in a laminar flow state when Re ≤ 1200 and in a turbulent flow state when Re ≥ 
2200 while for 1200 ≤ Re ≤ 2200 the features of the two types of flow coexist. Therefore for arc current of 
about 200 A the argon flow inside the torch is surely laminar but for arc current of 600 A the torch works in 
an intermediate regime in which laminar and turbulent behaviours coexist. This change of flow regime 
together with the possible decreasing of the size of the arc induced by magnetic effects explains the different 
trend of the I-V characteristics at low and high arc currents.  
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Fig. 2: Variation of arc voltage as a function of arc current for different flow rates of carrier gas 

 
B) For a fixed current the arc voltage grows as the argon flow rate grows (Fig. 3) [8].This behaviour can be 
attributed to the decrease of the electrical conductivity as a result of the temperature decrease and to the 
lengthening of the arc column. 
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Fig. 3: Arc voltage as a function of argon flow rate at different currents 

 
Thermal efficiency 
The thermal efficiency κeff % of the torch has been determined by a calorimetric method, that requires the 
evaluation of the power transferred to the arc plasma (Qpl) and of the power supplied (Parc = VarcI) to the 
torch. The arc power Parc is converted into heat and goes into heating the cathode (QC), the anode (QA) and 
the plasma column, according to the equilibrium equation: 

pltorchplACarcarc QQQQQIVP +=++==     (1.4) 
The thermal efficiency is defined by the equation: 
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and Qtorch can be calculated as: 
( )wfwipwtorch TTCGQ −=       (1.6) 



where Cp is the water specific heat at constant pressure, Gw the flow rate of the cooling water, and Twi, Twf  its 
initial and  final temperatures respectively. 
Fig. 4 shows the thermal efficiency as a function of  the power supplied to the torch for different argon flow 
rates. The curves exhibit a maximum that shifts to higher values of the input power with increasing of argon 
flow rate. The decrease of the thermal efficiency at high input powers due to high energy losses is in 
accordance to the temperature dipendence of the thermal conductivity [4] that, for an argon plasma in the 
temperature range from 5000 to 15000 K, rises to 2.3 W/m⋅K in consequence of the increasing of ionization 
and of the high translational energy of the electrons. Vice versa the low thermal efficiency at low input 
powers can be attributed to different interaction conditions between the gas and the electric arc. In general, at 
very low current the electric arc interacts only partially with the process gas due to its reduced dimensions 
and to instability phenomena.  
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Fig. 4: Variation of thermal efficiency as a function of input power for different flow rates of argon 

 
3. Conclusions 
In this work the I-V characteristics and the thermal efficiency of a d.c. non trasferred arc plasma torch have 
been investigated. Every torch has a range of optimal thermal efficiency depending on the operative 
conditions and on the structural parameters of the torch. In the case of the Hollow Cathode Plasma Torch 
used in these experimental measurements the highest thermal efficiency is around 9 kW for argon flow rates 
of 40 or 50 l/min and around 7 kW for argon flow rates of 30 l/min. 
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Abstract  
 

A 1D mass transfer model for the post discharge phase, including radial diffusion, gas 
temperature variation and chemical kinetics, is developed to follow the spatio-temporal evolution of 
the main chemical species in a pulsed corona discharge used for NO pollution control in a typical 
flue gas (76% N2, 12%CO2, 6% O2, 6% H2O). The obtained results shows that the classical 
simplified models (i.e. 0D models) neglecting thermal and transport phenomena induced by the 
discharge leads necessary to an overestimation of the NO removal in the discharge channel.  
 
1. Introduction  

The pulsed corona discharge is one of the nonthermal plasma technique which can be used to remove 
toxic oxides (such as NOx or SOx or VOC) from the polluted industrial flue gases [1]. In this technique, the 
harmful oxides can react with primary radicals (such as O, N, OH) created during the discharge phase (i.e. 
streamer formation and propagation) by electron-molecule and ion-molecule impacts. Then during the post 
discharge phase, reactions involving secondary radicals (HO2 or O3, etc.) can lead to NOx removal, acid 
formation (e.g. HNO3 which can be transformed into salt by adding a base) and other harmless atoms and 
molecules. During the pollution control process, the time needed to remove oxides by reactions with radicals 
is larger than the diffusion time of the main chemical species. This means that the chemical kinetics is 
therefore necessary affected by the radial expansion of the gas mixture in the discharge channel ([2],[3]). 
Furthermore, a fraction of the dissipated power in the plasma channel relaxes into a thermal form. The 
resulting gas temperature rise induces also a significant perturbation on the chemical kinetics and the 
diffusion phenomena ([2],[3],[4]). In fact, this means more generally that the electric, energetic, 
hydrodynamics and chemical processes and phenomena occurring inside the reactor are very dependant and 
strongly coupled.  

In the present work the reactive gas model is a 1D mass transfer model including radial diffusion, 
gas temperature variation and chemical kinetics. It is used in order to follow the spatio-temporal evolution of 
the main neutral chemical species in a pulsed corona discharge used for NOx pollution control from a typical 
flue gas (76%N2, 12% CO2, 6%H2O, 6%O2) at the atmospheric pressure and ambient temperature (300 K) 
with an initial NO concentration of 400ppm. Concerning the present model, it is important to notice that the 
temperature variations take into account the vibrational energy relaxation into the random thermal energy. 
The initial concentration of each reactive species as well as the power dissipated in the flue gas by the 
discharge are obtained from a 1.5D streamer model coupled to the chemical kinetics model which also 
includes the charged species ([3]). The article is organized as follow: section 2 is devoted to a rapid 
description of our modelling of the discharge phase and the post-discharge phase including radial diffusion 
and gas temperature variation. In section 3, we describe our simulation conditions and then in section 4, 
some obtained results are shown and discussed before giving our concluding remarks.   
 
2. Electrical discharge and reactive gas dynamics models 

The discharge phase dynamics is analyzed from a 1.5D electrical model for the simulation of the 
positive streamer formation and propagation coupled with a chemical kinetics model in order to follow for 
example the radical and metastable species formation. The formalism and the physical assumptions for the 
streamer dynamics are already detailed elsewhere [3]. The 1.5D model means that the transport equations are 
solved along the discharge propagation axis while the electric field is calculated for a 2D cylindrical 



geometry in order to take into account the space-charge effect due to the filamentary structure of the corona 
discharge. The radial shape of  the charged particle densities in the streamer channel is assumed gaussian 
with a constant radius. The charged particle transport equations are solved with the help of a powerful 
numerical method which is a space and time second order MUSCL method [5] while Poisson equation for 
the charge space electric field calculation is solved by using a fast Fourier transform analysis along the 
propagation axis and a cyclic reduction method along the radial direction [6].  

The 1D fluid model used to follow the reactive gas dynamics during the post-discharge phase is  
detailed in reference [3]. This model allows us to analyse the radial expansion (i.e. in the direction transverse 
to the discharge channel) of the main neutral chemical species during the post discharge phase after the 
streamer propagation. The model takes into account the radial mass diffusion of each neutral chimical 
species and the gas temperature variation. It is assumed that there is no initial convective flow and that the 
gas pressure remains constant. The modelling of the gas temperature variation includes the relaxation of 
electronic and vibration excitation energy into a random thermal energy. The reactive gas transport equations 
are integrated in a one-dimensional cylindrical geometry along the radial direction r and solved by a second 
order space and time algorithm. The diffusive flux is corrected by the MUSCL superbee scheme [5] in order 
to limit the numerical diffusion. 
 
3. Simulation conditions 
 

In this work, the electrical discharge modeling has been carried out in the case of a wire-to-plane 
electrode configuration close to the conditions of the non thermal pollution control devices [1]. We consider 
a typical flue gas (76% N2, 12%CO2, 6%O2,  6%H2O) at atmospheric pressure and ambiant temperature 
polluted by 400ppm of NO. The distance between the anode (wire) and the cathode (plane) is 0.55 cm, the 
anode curvature is 500µm, and the applied voltage is 18kV. The streamer radius is choosen as 200µm 
according to, for example, the results of Babaeva and al [7] under similar simulation conditions. The 
discharge phase model involves 17 positive and negative charged species (e, O-, O2

-, N+, N2
+, N4

+, NO+, 
NO2

+, H+, H2
+, H2O+, O+, O2

+, O4
+, OH+, CO2

+, CO+) and  26 neutral species (atoms H, N, O, molecules N2, 
O2, CO2, H2O, OH, H2, HO2, O3, NO, NO2, NO3, N2O, N2O5, N2O4, HNO, HNO2, HNO3, HO2, H2O2, O(1D), 
N2(A3Σu

+), N2(a’1Σu
-), O2(a1∆g) ) reacting following 147 selected chimical reactions. The electron swarm 

data needed for the electrical discharge model (mobility and diffusion coefficients, ionization, attachment 
and dissociative frequencies) as well as the fractions of the energy transferred from charged to neutral 
particles via elastic and inelastic processes are given from a Boltzmann equation solution  [8]. 

The post-discharge reactive gas dynamics model takes into account the previous 26 neutral chemical 
species reacting following 70 selected chemical reactions. The discharge model gives the density of each 
considered species along the propagation axis z while the reactive gas dynamics model needs the initial 
radial profile i.e in the direction perpendicular to the discharge channel. Therefore it has been assumed, as in 
the case of charged particles, a radial gaussian shape with a radius of 200µm for each neutral particle. The 
thermal conductivity of the flue gas was calculated using a relation already given in reference [4]. The 
Lennard-Jones parameters values used to calculate the binary diffusion coefficients of all species in 
the mixture were taken from [9] and [10]. Finally, the vibration relaxation time is chosen equal to 
50µs according to reference [11] while the electronic excitated radiative levels are assumed to relax 
instantaneously into thermal form.  
 
 
4. Results and discussion 
 

4.1 Discharge phase results 
 

Figures 1(a), 1(b), 1(c) and 1(d) show respectively the reduced electric field E/n (where E is the 
electrical filed and n the gas density) , some positive and negative charged species densities and certain 
neutral radical densities along the discharge propagation axis. The reduced electric field exhibits the classical 
shape of an cathode directed streamer (see figure 1a) with a quite high electric field on the streamer head 
(more than 2000Td at 8ns). This electrical field is partly responsible of the high electron and ion densities 
along the discharge propagation axis (see figure 1b and figure 1c). In fact, during the streamer propagation, 



the different ions (N2
+, CO2

+, H2O+, O2
+, N+, O+ and CO+) are mainly created in the streamer head by the 

energetic electrons during direct ionization  (dissociative or not) of the dominant gas molecules (N2, CO2, O2, 
and H2O). For example, due to the high proportion of N2 (76%) in the flue gas, N2

+ and electron densities 
reach a maximum value of around 1015cm-3 in the streamer head (see figure 1b and 1c) following the reaction 
(5) e+N2

+→2e+N2
+ . Hovewer, just after the streamer head crossing, N4

+ ion play an leading role in the 
evolution of the main positive ions. In fact, the three body reaction (97) N2

++2N2→N4
++N2 enhance the N4

+ 
ion density up to 1015cm-3 just behind the streamer head to the detriment of N2

+ ion concentration which fall 
down rapidly in the ionized channel (see the corresponding curves figure 1b). Then, due to the efficiency of 
reactions (99) N4

++CO2→2N2+CO2
+ and (100) N4

++H2O→2N2+H2O+, the CO2
+ and H2O+ ion densities 

increase in the ionized channel as long as the N4
+ ion concentration remain high enough. Hovewer, the 

creation of CO2
+ by reaction (99) is balanced by the ion conversion reaction (60) CO2

++H2O→ CO2+H2O+ 
which contributes also to enhance the H2O+ ion concentration. Finally, the reactions (116) N2(A3Σu

+)+H2O→ 
OH+H+N2, (25) e+H2O+→H+OH and (27) e+H2O+→2H+O favor the formation of OH and H radicals in the 
ionized channel while the reaction e+O2

+→2O maintains the O radical formation. All the previous radicals as 
well as the N radical are first created in the streamer head by dissociative reactions on the main molecule 
such as reactions (7) e+O2→ O+O, (13) e+H2O→e+H+OH or (3) e+N2→e+2N.  
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Figure 1 : Spatial variation from anode (z=0) towards the cathode (z=0.55cm) of (a) reduced electric field at time 
t=0,2,4, 6 and 8ns, (b)  some positive charged species at t=8ns, (c)  some negative charged species at t=8ns and (d) 
some  radical species at t=8ns. 
 
 

4.2 Post discharge phase results 
 

In the post-discharge phase, the radial gas expansion is analysed from 10ns up to 10ms at a fixed 
position of the discharge axis (i.e. z= 0.25cm). This peculiar position is chosen far enough from the anode to 
neglect the convective phenomena and close enough to the anode to have a non negligible gas temperature 
effect. The shape of the initial radial profile of each neutral species is assumed gaussian with a half width of 
200µm. The maximum value of the density  on the axis is determined from  the discharge model.  
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Figure 2: Radial evolution of NO at 0.25 cm from the anode (a) without the gas dynamics consideration and (b) with the 
gas dynamics consideration. (c) Time evolution of the NO density with (dashed curve) and without (solid curve) the gas 
dynamics consideration on the discharge axis and at 0.25 cm from the anode. (d) NO normalized reaction efficiency 
without the gaz dynamics consideration on the axis at 0.25cm from the anode. The numbers are associated to the 
following reactions : (4) N2(a’1Σu

-)+NO→N2+N+O, (28) HO2+NO→NO2+OH, (41) O+NO+O2→ NO2+O2, 
(42)O+NO+N2→NO2+N2 ,(43) O+NO2→NO+O2, (47) O3+NO→O2+NO2, (52) OH+NO+N2→HNO2+N2, (59) N+NO 
→N2+O , (63) N2O4+N2→NO2+N2, (64) NO+NO3→2NO2 ,(67) 2NO2+N2→N2O4+N2   
 
 

In order to clearly show the gas dynamics effects, two distinct simulations have been undertaken. 
The first one (i.e. 0D model) takes into account only the gas reactivity while the second one (based on the 
reactive gas dynamics model) includes in addition both the mass diffusion phenomena and the gas 
temperature variations.  

The gas temperature on the axis at 0.25 from the anode is 320°K at t=10ns (i.e after the streamer gap 
crossing). The gas temperature increase is confined inside the ionised channel and extends up to r=200µm. 
The enhance of the temperature during the discharge phase results from the direct Joule heating and from the 
relaxation of electronic excitated state into thermal form. The gas temperature reaches its maximum value 
(330°K) on the discharge axis around 50µs. The corresponding thermal energy is then  brought by the 
relaxation of the vibration excitation states created in the ionised channel during the discharge phase. After 
50µs, the gas temperature on the axis decreases because of the thermal diffusion which also enlarges the 
radial gas temperature profile. 
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Figure 3: Radial evolution of NO2 at 0.25 cm from the anode (a) without the gas dynamics consideration and (b) with 
the gas dynamics consideration. (c) Time evolution of the NO density with (dashed curve) and without (solid curve) the 
gas dynamics consideration on the discharge axis at 0.25 cm from the anode. (d) NO normalized reaction efficiency 
without the gaz dynamics consideration on the axis and at 0.25cm from the anode. The numbers are associated to the 
following reactions : (4) N2(a’1Σu

-)+NO→N2+N+O, (28) HO2+NO→NO2+OH, (41) O+NO+O2→ NO2+O2, 
(42)O+NO+N2→NO2+N2 ,(43) O+NO2→NO+O2, (47) O3+NO→O2+NO2, (52) OH+NO+N2→HNO2+N2, (59) N+NO 
→N2+O , (63) N2O4+N2→NO2+N2, (64) NO+NO3→2NO2 ,(67) 2NO2+N2→N2O4+N2   
 

 
The diffusive mass transport and the gas temperature variations quite affect the gas evolution in the 

ionized channel as is shown by comparing for example figures 2a and 2b for NO and figures 3a and 3b for 
NO2. However, the efficiency of the main reactions (shown in figures 2d and 3d) is rather similar under our 
simulation conditions with or without the gas dynamics consideration untill 10ms. The diffusion phenomena 
become sensitive after a delay time of 10µs as it can be observed from the comparison of the density 
expansion shown in figures 2a and 2b for NO or figures 3a and 3b for NO2. In the case of  NO oxide, the 
density evolution before 1µs is mainly governed by reaction (59) N+NO→N2+O (see figures 2d) whose the 
efficiency is not altered by the gas temperature rise.  

After 10µs, NO and NO2 species progressively diffuse from the high density region to the low 
density region as shown in figures 2b and 3b. The expansion of these oxide and radical species inside and 
outside the ionized channel limits the maximum value of their concentration. For example, the density 
maximum reached for NO2 is of 20ppm at 100µs with the gas dynamics consideration while it is more than 
45ppm at 10ms without (see figure 3c). With the gas dynamics consideration  (even if the NO density 

(a) (b) 

(c) 
(d) 



considerably increases in the ionised channel due to the diffusion phenomena), reactions (42) 
O+NO+N2→NO2+N2 and (47) O3+NO→O2+NO2 are not able to locally compensate the NO2 decay due to 
the diffusion transport. In fact, the densities of the main radicals (O, N, OH, H, HO2, O3) after 100µs become 
lower then 0.1ppm. Finally, the present results show (see for example figures 2b and 3b) that the densities of 
all the species involved in our study become homogeneous from about 10ms.  
 
Conclusion  
 

The present work is devoted to the analysis of the effect of  the radial gas expansion on NO removal 
in a typical flue gas mixture initially stressed by a pulsed corona discharge. 

This work emphasizes the large influence of N4
+ ion during the discharge phase which considerably 

limits the concentration of N2
+ ion but in the same time this increases the CO2

+ and H2O+ ion densities by ion 
conversion reactions. However, the high radical N formation in the streamer head due to reaction 
N2+e→e+2N  limits the influence of the other radicals such as OH and H which are mainly created in the 
ionized channel through H2O+  ion recombinaison with electrons.   

During the discharge phase, the comparisons between results obtained with or without the gas 
dynamics consideration show as espected that the gas temperature rise and the mass diffusion transport 
significantly affect the evolution of the neutral chemical species during the post-discharge phase. It was also 
shown that a delay time of about 10ms is required to have a quasi homogeneous density for all species. The 
corresponding densities can then be used (only after this time of about 10 ms) in a 0D chemical kinetics 
model in order to follow the oxide evolution for longer times . 
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Abstract 
In this work, the main arc spot parameters of copper cathode, the thermal volt-equivalent U and the current 
density j, have been measured as functions of the magnetic field by using thermal and spectroscopic 
methods. These parameters are very important for the prediction of cold electrode erosion. Experiments were 
carried out in a magnetically driven arc setup. We show that the thermal volt-equivalent increases linearly 
with magnetic field. A new, more sensitive diagnostic technique – the thermo-spectroscopic one – was 
developed and applied for the determination of arc spot current density. The obtained results showed a strong 
increase of current density for low values of magnetic field. By using the present report, a recently published 
erosion model has been validated. This work can be used for better calculations of cold electrode erosion. 
 
1. Introduction 
One of the most important parameters determining erosion is the arc spot heat flux density q0 = jU, where j is 
the arc spot current density and U is the volt-equivalent of the heat flux. Usually, one measures current I and 
arc spot diameter d in order to obtain j. For cold electrodes, the electric arc is not stationary, and the arc spot 
presents a complex internal structure (see [1,2]), that makes measurements of U and j extremely difficult. We 
overcame these difficulties by using thermal methods for their determination, introducing the concept of 
effective arc spot current density. In this approach, the current density is related to its thermal effect and not 
to the area of the spot, as in the traditional methods of detection of erosion tracks or arc spot luminosity. 
Actually, by the thermal approach we measure the spot macrofusion onset, i.e., the transition point 
from the microerosion regime to the macroerosion one. This new type of current density definition 
allows a straightforward calculation of erosion electrode regimes, for the continuous and step-wise modes of 
arc spot motion. Further, we combined the thermal method with spectroscopic measurements of copper 
vapor line emission intensity, thus, improving the sensibility of the arc spot current density measurements.  

 
2. The experimental setup 
Two similar setups, described in detail elsewhere [3,4] and in a companion paper, have been used. They have 
cylindrical ring commercial copper electrodes, being the outer ring the investigated cathode, and axial air gas 
flow (no vortex motion). Current I, arc rotation velocity v and cathode surface temperature T0 were recorded 
in all experiments. A broad range of currents I, axial air velocities va and magnetic fields B have been used: 
100-1760 A, 0.2-33 ms-1 and 0.01-3.9 T, respectively. 

For the measurement of U(B), only unsteady experiments, with uncooled electrodes, were carried out, 
while for j(B) both, unsteady and steady experiments (the latter one, with cooled electrodes) have been 
carried out. The unsteady installation was designed for short-term (1-2 s) experiments, while the steady one, 
for longer experiments (10 min or more), after which the cathode was weighed for the erosion measurement. 

As all cathode ring surfaces are thermally-insulated, except the inner one, the heat flux into the inner 
cathode surface behaves like an infinitely long ring submitted to a given heat flux density q at its inner 
surface area. From the general analytical solution (see [4]) one obtains the heat flux density q into the 
cathode surface for unsteady experiments as:  
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where λ and a are the cathode material thermal conductivity and thermal diffusivity, respectively, and R1, R2 
are the inner and outer ring radius, respectively. The evolution of the cathode temperature T(τ) was measured 
by a cromel-alumel thermocouple, placed side-on in the cathode, at 1-2.5 mm from the internal electrode 
surface. A typical experimental result of T(τ) is shown in Figure 1. The heat flux density q is obtained from 
Figure 1, from the linear section of T(τ) (regular regime, dT/dτ = Const), using equation (1). 

 
3. The thermal volt-equivalent of the arc spot 
The thermal volt-equivalent of the arc spot heat flux U can be measured by using equation U = Q0/I, where 
Q0 is the arc spot heat flux. The total heat flux entering the cathode Q consists of Q0 and heat coming from 
the arc column, the walls, the gas, etc, by convection-radiation processes Q′. Whereas Q0 is supplied only 
within the limits of the spot area, Q′ depends on the total surface of the electrode. Two thermally and 
electrically isolated cathode rings, with given diameter 2R1 and different widths, b1 and b2 were considered. 
Two consecutive experiments were carried out, measuring the total Qi fluxes into these rings. Consider 

12i i íQ R b qπ′ ′= , where iq′  is the convection-radiative heat flux density to the ring with width bi that will be 
assumed constant over the area of both rings. We calculate qi from (1) and obtain the total heat fluxes Qi into 
these rings. Then, the arc spot heat flux Q0 can be calculated by the formula [4] 

 0 1 2 2 1 2 1( ) /( ),Q Q b Q b b b= − −  (2) 

Many other similar experimental setups can be used for measuring Q0 and obtaining U. A plot of U 
experimental data versus B is shown in Figure 2. The linear fitting to points in Figure 2 leads to the 
relationship:  

 U r sB= +  (3) 

where r = (6.59 ± 0.02) V (0.3 %) and s = (4.28 ± 0.08) V/T (2 %). The correlation coefficient obtained for 
the linear fitting was 0.94168. 
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Figure 1. Typical records of cathode surface temperature
T0 (line 1), derivative dT0/dτ (line 2) and copper vapor
spectroscopic line emission intensity (line 3) versus time
in an unsteady experiment.  
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4. The arc spot current density 
We describe here a thermal method for obtaining the effective arc spot current density j. From the solution of 
the heat diffusion equations one can obtain τ0, the time the spot needs to reach the melting temperature Tf [4]:  
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The onset of macroscopic scale erosion in the spot can be obtained if the spot residence time τr = τ0. In the 
erosion model, the parameter f = τ0/τr is used to distinguish the microerosion (f >1) from the macro-erosion 
regime (f < 1), with  f = 1 corresponding to the onset of macroerosion. For the step-wise erosion model, the 
spots are located at a distance L one from the other and the spot residence time can be given as τr = L/v, 
where v is the mean arc spot velocity (see [5]). Using equation (4), and introducing n = L/d, one can write for 
f  the expression  
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where we define js = jn2/3 as the new apparent step-wise arc spot current density and j, as the effective (or 
thermal) arc spot current density. Both, j and js extend the meaning of the common, or real arc spot current 
density (defined by the spot diameter). They average the thermal effect of the internal spot micro-structure 
and of the spot motion (with stops, for the case of js) on the electrode surface. In fact, it is very difficult to 
define unambiguously the real current density, due to the internal microstructure of the spot.  

Figure 1 is a typical result of the unsteady experiment for measuring j. We observe that at τ ∼ 0.55 s the 
derivative dT/dτ starts to decrease. This, most probably, is due to the onset of surface fusion within the arc 
spot, i.e., τr = τ0 (fs = 1). Then, by using I, v and T0 experimental data for such point one can calculate js from 
(5). Figure 3 shows the unsteady js versus B data (in crosses) and the best fitting non-linear function  

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0.5

1.0

1.5

2.0

2.5

3.0

3.5

 1
 2
 3
 4
 5

j (
10

9 A
m

-2
)

B (T)  
Figure 3. Arc spot apparent current density js versus
magnetic induction B: 1- unsteady thermal data; 2 -
steady thermal data; 3 - unsteady spectroscopic/ thermal
data; 4 – fitting to unsteady data (6); 5 – fitting to steady
data (7). 

100 200 300 400 500
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 1 
 2 
 3 
 4

d
c

b

ag 
(1

0-8
 k

gC
-1
)

I (A)
Figure 4. Typical data of specific erosion g versus
current I. Points corresponding to Icr (stars), were
chosen for the calculation of the steady value of js.
Lines a, b, c, d are linear approximations of macro-
erosion regime: a – B = 0.01 T, b – B = 0.137 T, c –
B = 0.2 T, d – B = 0.35 T. 



 [ ] 92.5 1.7exp( / 0.18) 10 ,j B= − − ×   (6) 

with B given in T and j in Am-2. These unsteady values of j correspond to clean surfaces, where the arc spot 
motion is almost continuous. 

Another indirect method for measuring the apparent current density js in erosion experiments is the 
steady method. This provides a value of js for dirty surfaces, where the arc spot approximates more to a step-
wise arc motion. The steady js can be obtained taking into account the Icr values of current in plots like g(I), 
where a sharp increase of erosion occurs (a typical plot is shown in Figure 4). Here, g is the specific erosion 
(kgC-1). We ascribe to these points fs = 1, allowing to calculate the steady values of js from (5). The mean 
values of js, obtained for Icr points, taken from plots like those in Figure 4, are shown in Figure 3 with 
crossed rhombuses. As one can see in Figure 3, the unsteady results lie noticeably below the steady ones. 
The best fitting to the steady data is shown as a solid curve in Figure 3 and is given by the formula:  

 [ ] 91.3 2.8exp( 141.3 ) 1.665exp( 292 ) 3.5 10 .sj B B B= − − + − + ×  (7) 

Figure 3 shows results of j(B), for unsteady (1 and 3) and steady (2) data. The difference 
between the 1 and 3 data is in the method of registration of the critical temperature Tcrit for spot 
fusion onset. In 1, Tcrit is taken at the temperature when the derivative dT/dt of the thermocouple 
straight line starts to decrease, and in 3, by observing a sudden increase of the copper vapor 
spectroscopic line emission intensity (wavelength 5218 Ǻ) (see Figure 1). It was shown in [7], that 
the copper spectral line intensity, radiated by the arc from near cathode region, is proportional to the 
erosion rate. It was assumed that the fusion onset corresponds to the onset of intense evaporation of 
electrode material. The steady data can be considered as the most relevant for erosion calculations. 
One can see that spectroscopic data 3 fall higher even than steady data 2. This might be the effect of 
the decomposition of the unstable oxide Cu2O at 250o C [8]:  Cu2O = CuO+Cu, giving rise to Cu 
emission from plasma at a lower temperature Tcrit than the copper cathode begins to melt.  To check 
this hypothesis it is necessary to make experiments with no oxygen in the plasma gas. 
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5. Validation of the results 
For the validation of our data on j and U and testing its applicability to practical calculations of erosion we 
carried out a comparison between the theoretically calculated and the measured experimental erosion data. 
We used the continuous model taken from [4] and the relationships (3), (7) for U and js, respectively. From 
[4] we have the following expression for the specific erosion:  

 0 ,
ef

UWg g
h

= +  (8) 

where g0 is the micro-erosion term, hef is the effective erosion enthalpy (in Jkg-1) and W(f) is the 
nondimensional erosion energy (which is a function of the nondimensional parameter f). For the continuous 
model, we have [4]  

 7.13 0.4421 1.477 .
2.457 0.04

W f
f f

 
≈ − + − + + 

  (9) 

From (8), we note that the volt-equivalent of the erosion heat Uer = UW is a linear function of g: Uer = (g - 
g0)hef. By plotting Uer, calculated from experimental data versus experimentally measured g, and making a 
linear fit, one obtains the erosion parameters g0 and hef. Figure 5 shows this plot for both the present data (80 
points, Figure 5a) and data taken from [4] (108 points, Figure 5b). From the straight-line fits we obtain g0 = 
1.8 × 10-9 kgC-1 and hef = 38 MJkg-1 for the present data and g0 = 2.9 × 10-9 kgC-1 and hef = 74 MJkg-1 for the 
data taken from [4]. The different obtained values might be attributed to the type of commercial used copper 
and to the different methodology for measuring g. Figure 6 shows the theoretical erosion gth versus the 
experimental gex. One can see a good agreement between gth and gex. The coefficients of the straight line in 
gth = f(gex) are b = 0.99996, which is close to 1, 
and a = 9.7 × 10-13, which is close to zero for a 
correlation coefficient R = 0.935. 

 
6. Conclusion 
In this report, functions U(B) and j(B) for copper 
cathode in air have been obtained by thermal 
methods. It has been shown that U grows 
linearly with B and j, nonlinearly. Difference in 
j(B), obtained by thermal and spectral methods, 
we explain by the decomposition of the unstable 
copper oxide film on the electrode surface. We 
have also shown good agreement between the 
erosion model and experimental results, 
enabling one to predict cold cathode erosion 
with reasonable accuracy. 
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Abstract 
A study of copper cathode erosion is carried out in this report using a magnetically driven arc setup, as 
function of arc current, arc velocity and electrode surface temperature. The experiments showed the presence 
of two different erosion regimes: a microerosion and a macroerosion one. The first occurs for low currents 
(or low electrode surface temperatures), with erosion slowly rising with arc current, and the second, for high 
currents, with erosion suddenly increasing at a certain critical point. We show that the critical current is a 
linearly decreasing function of the applied magnetic field. A critical temperature of about 500-600 K was 
found for magnetic fields in the range 0.01-0.35 T. The report shows that low velocities or low magnetic 
fields can decrease erosion, but high ones can increase it, contrary to what was expected. We also show that 
erosion experimental data can be represented as an exponential function of the time for the electrode surface 
to reach the fusion temperature. A reasonable agreement to predictions of a previously published erosion 
model is obtained.  
 
1. Introduction 

Many researchers investigated the influence of current on erosion and empirical power formulas of the 
type g ∝ Ia have been proposed, with the exponent a changing from 2.24 in [1] to 4.5 in [2], depending on 
electrode surface conditions. In [3], an attempt of analysis of the erosion dependence on current was carried 
out for copper cathode. Guile et al. [4] were the first to suggest the electrode surface temperature as the main 
parameter involved in cold electrode erosion. They found that the process of electrode substrate fusion plays 
a dominant role in copper erosion. Usually, for decreasing electrode erosion, a magnetic field is used for 
rotating the arc [5]. However, at high magnetic fields erosion increases, as shown in this report. So, there is a 
range of magnetic fields for which erosion is minimum. In a recently published paper [6], a model has been 
proposed for cold electrode erosion. In this model, the arc current I, the arc spot velocity v and the electrode 
surface temperature T0, are the main parameters determining erosion. The study of the influence of these 
parameters on copper cathode erosion behavior is the main goal of this report. By measuring cathode erosion 
in a magnetically driven arc, our results confirm 
the importance given by Guile et al. to the 
electrode surface temperature.  

Many authors have shown that the arc spot in 
a cold cathode is composed of many, high current 
density (1010-1012 Am-2) micro-spots (see, e.g., 
[2,7] and references therein). Rakhovsky [2] 
observed the existence of two erosion regimes, one 
for low currents and low temperatures, with the 
micro-spots leaving no visible erosion tracks on 
the electrode surface. The second, for high 
currents and high temperatures, with overlapping 
thermal fields of the micro-spots. This erosion 
regime leaves strong melted areas on the electrode 
surface, easily identified visually. These two 
regimes confirm Rakhovsky’s observations. We 
call these regimes as micro- and macroerosion 
regimes, respectively.  
 
2. The experimental setup 

Figure 1. The diagram of the experimental setup. 1 - the 
investigated cathode; 2 - the anode; 3 - the auxiliary 
cathode for arc ignition; 4 - solenoid; 5 - water cooling 
jacket; 6 - heat- and electro-insulating spacers. 



A coaxial experimental setup, with a 
magnetically driven arc, was used for the cathode 
erosion measurements (see Figure 1). The system 
was equipped with water-cooled commercial copper 
ring electrodes placed in an axial magnetic field. The 
outer electrode was the investigated cathode, with 
2R1 = 40 mm inner diameter and 5 mm width. It was 
isolated by heat- and electro- insulating spacers and 
placed inside a water-cooled ring jacket, embracing 
the cathode ring insert at its outer diameter. Most of 
the experiments were carried out with a cathode ring 
thickness of 10 mm (outer ring diameter of 2R2 = 60 
mm). For safety purposes, the water-cooling flow 
rate was maintained constant. In order to increase 
the cathode surface temperature, some experiments 
were carried out with a different cathode ring of 2R2 
= 120 mm. After 10 min of arc burning, the cathode 
ring insert was extracted for weighing and obtaining 
the average mass erosion rate G (kgs-1). Compressed 
air, without vortex flow, was used as the working 
gas. Current I, rotational arc velocity v, cathode 
surface temperature T0, and the integral heat flux Q 
supplied to the inner ring cathode surface were 
recorded in the experiments. 

Four values of magnetic fields were used for the 
study of arc current influence: B = 0.01; 0.02; 0.137 
and 0.35 T. The arc current range was 95-480 A. 
The axial gas velocity in the interelectrode gap was 
7.6 ms-1. For the arc velocity influence study, the arc current was maintained constant at 290 A and the arc 
velocity varied from 6 to 320 ms-1 via variation of the magnetic field from 0.005 to 0.417 T.  

The arc velocity v was obtained by analyzing the fast Fourier transform of the voltage induced in a 
magnetic probe, made up by the single-loop thermocouple wires, used for measuring the cathode surface 
temperature, and placed side-on in the cathode at 1-2.5 mm from the internal electrode surface. As shown in 
[5], the rotational arc velocity v in magnetically driven arcs can be expressed by the empirical formula (in SI 
units): 

 4 / 9 0.6 8 / 9 1/ 3
078v I B ρ ϕ− −=  (1) 

where ρ0 is the free stream gas density, ϕ = (1 + va)-1 + va and va is the axial gas velocity in the interelectrode 
gap. Thus, for a given gas and constant current, v depends only on B and va.  

As both lateral plane surfaces of the cathode ring are insulated, the thermal flux behaves similarly to an 
infinitely long hollow cylinder under a given heat flux density q at its inner surface. Then, the cathode 
surface temperature T0 at the radius R1 can be calculated from measurements made by a thermocouple T(r) 
by the formula (see [6] and [8]): 

 0 1 1 1( ) ( ) ( / ) ln( / )T T R T r qR r Rλ= = + , 

where q = Q/(2πR1h), h is the electrode width, R1 is the inner cathode radius, and λ is the cathode material 
thermal conductivity. 
 
3. Results and discussion 
Figure 2 shows data for g(I), where g (kgC-1) is the specific erosion. Different experimental setups and 
magnetic fields were used (see details in the figure caption). In the inset are shown results only for the setup 
described above (inner cathode diameter 2R1 = 40 mm). We observe clearly a sudden increase of erosion at a 
critical current value Icr. This Icr divides the plot in two parts, one with slowly increasing erosion (called 
micro-erosion regime) and the other one (called macro-erosion regime), with a fast increase of erosion. From 
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Figure 2. Specific erosion g of copper cathode versus 
current I: 1-4 - same points shown in Figure 3; 5 - idem, 
but cathode with inner diameter 2R1 = 40 mm, outer 
diameter 2R2 = 120 mm, magnetic field of 0.2 T; 6 -
points taken from [9], cathode with inner diameter of 2R1 
= 50 mm, magnetic field of 0.133 T; 7 - idem, cathode 
with inner diameter of 90 mm and magnetic field of 0.03 
T. Lines a, b, c, d: linear approximations to points 1-4. 
The half-painted points relate to the micro-erosion 
regime. Stars—intersections of lines a,b,c,d and 
microerosion fit line. 



Figure 2 we see that Icr ~ 300-350 A for cathodes with 40-50 mm diameter, and Icr ~ 800 A for cathodes with 
90 mm. We fitted linear functions g(I) for each B, for the micro- and macro-erosion points. It is possible to 
show that the critical current values Icr and the critical erosion values gcr are decreasing linear functions of 
the magnetic field value B. Figure 2 shows that deterioration in the water cooling of the cathode inner 
surface, due to a thicker cooling wall, leads to erosion changing from micro- to macro-erosion with a lower 
critical current. However, the slope dg/dI of the macro-erosion regime is higher when cooling is less efficient 
(compare points 5 in Figure 2 with points 1-4).  

Figures 3. a, b, c present a comparison between the specific copper cathode erosion g as functions of v, I 
and T0, respectively. We observe that, while g(T0) shows an unambiguous erosion behavior (following 
almost a single curve), the other plots for g(v) and g(I) show a high spread of data, confirming Guile et al. 
observation that temperature is the most relevant parameter in cold cathode erosion. In the case of Figure 1c, 
T0cr ~ 600 K for cathodes with 40-50 mm diameter and T0cr ~ 500 K for cathodes with 90 mm diameter. Such 
critical temperatures are almost independent of the applied magnetic field.  

It can be expected that thermal processes are the principal erosion mechanisms for both the macro- and 
micro-erosion regimes. A evidence of this is shown in Figure 4, where g is potted as function of (1 - θ)2. 
Here, θ =T0/Tf, where Tf = 1356 K is the fusion temperature. Parameter (1 - θ)2 is a function of τ0, the time 
necessary for the electrode surface to reach the melting temperature Tf. As shown in [6],  
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where 2 2 2
0( ) /(4 )fk T aqπλ=  and a is the thermal diffusivity of the electrode material, and q0 = jU is the arc 

spot heat flux density. Present micro- and macro-erosion data (points 1) and data from [9] (points 2) can be 
fitted to two different straight lines. This allows to ascribe the same thermal erosion mechanism for both 
regimes. The different angular coefficients for g versus (1 - θ)2 might be related to different heat resistances 
of the electrode materials and also to different procedures applied in measuring the erosion rate. 
Extrapolating the linear approximations in Figure 4, it is possible to obtain the maximum erosion which can 
be expected at the copper fusion temperature Tf (i.e., for (1 - θ)2 = 0): gmax = 1.4 × 10-7 kgC-1 and 0.5 × 10-7 
kgC-1 for points 1 and 2, respectively. We compare these values with the case of vacuum pulsed discharges 
with stationary arc spots [2]: gmax = 1.2 × 10-7 kgC-1. It is also possible to show that a linear fit can represent 
the best behavior of T0(B): 
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Figure 3. a, b, c - Specific mass erosion g versus arc velocity v, arc current I and electrode surface temperature T0, 
respectively. 1-4 experimental points for 40 mm cathode inner diameter and 10 mm cooled wall thickness: 1- B = 
0.01 T, 2- B = 0.137 T, 3- B = 0.2 T and 4- B = 0.35 T; 5 - experimental points, taken from [9] for 50mm cathode 
inner diameter, B = 0.133 T; 6 - experimental points taken from [9] for 90mm cathode inner diameter, B = 0.03 T; 
7 - the same as points 3, but for 40 mm cooled wall thickness; 8 - points obtained at constant current of 290 A and 
magnetic field changing from 0.005 to 0.417 T. 



 0 545 383T B= + , (2) 

Figure 5 shows g(v) for the present data (points 1) and for other authors' data [10, 11] (see figure caption 
for details). As shown, there is a range of optimum arc spot velocities (between 30 to 150 ms-1) for minimum 
electrode erosion: below v = 30 ms-1 erosion decreases with increasing v and above v = 150 ms-1 erosion 
increases. For our data the minimum erosion occurs for 0.01< B < 0.13 T. In order to obtain the theoretical 
curve g = f(v) we used eq. (1) for v(B). As shown in [6], g is given by the equation  

 0
ef

UWg g
h

= +  (3) 

where g0 is the minimum erosion, here taken as constant, W(f) is the non-dimensional erosion energy, given 
by the approximated expression [6]  

 7.13 0.4421 1.477 ,
2.475 0.04

W W f
f f

 ′≈ = − + − + + 
 (4) 

hef is the effective erosion enthalpy and f, a non-dimensional parameter characterizing the fusion zone extent 
in the arc spot (or the residence time), is given by the formula [6]  
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We have taken for copper Tf = 1356 K, the mean values (at T = 700 K) λ = 377 Wm-1K-1 and a = 10-4 m2s-1. 
From the present experimental setup, we obtained the minimal erosion rate g0 = 2.1 × 10-9 kgC-1 and the 
effective enthalpy hef = 36 MJkg-1. These values differ somewhat from values obtained in [9] (g0 = 3 × 10-9 
kgC-1 and hef = 66 MJkg-1), where a different copper may have been used. For calculating f, we have to 
obtain U(B) and j(B). We used the empirical dependences  

 6.6 4.3U B= +  (6) 
and  

 ( ) 92.5 1.7exp / 0.18 10j B= − − ×  (7) 

taken from a companion paper [13]. Using formula 
for T0(v) and all the parameters as functions of v, we 
calculated the central theoretical curve g = f(v) and 
the two boundary curves for Tmax = T0 plus minus 45 
K. These three theoretical curves of g = f(v) are 
shown in Figure 5. A quite reasonable agreement 
between theoretical calculations and the experiment is 
evident. 
 
4. Conclusion 

This report concerns the study of cold cathode 
erosion of a magnetically driven arc in a coaxial setup 
as function of the operating arc parameters, current, 
cathode surface temperature and velocity. The erosion 
rate clearly shows the presence of two erosion 
regimes, one for low parameter values and the other 
for high ones. For low currents and temperatures 
there is little dependence of erosion from these 
parameters. Then, at certain critical parameter values 
a sudden increase of erosion occurs. We found that 
the critical temperature is about 500-600 K for 
magnetic fields in the range of 0.01-0.35 T. These 
two erosion regimes are called as micro- and macro-
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Figure 4. Specific mass erosion g versus (1 - θ)2, 
where θ = T0/Tf, temperatures in K. 1 - the present
data; 2 - data taken from [9]; 3 - data for pulsed
discharge in vacuum taken from [2]. R – correlation
coefficient; SD – standard deviation.



erosion regimes, respectively. The critical 
current and erosion values are decreasing linear 
functions of the magnetic field. Confirming 
Guile et al. observations, we also show that 
temperature is the most relevant parameter in 
cold cathode erosion, as almost a single curve is 
obtained for erosion as function of temperature, 
independently of magnetic field and for different 
experimental setups. We also found that we can 
fit a single straight line to experimental points of 
erosion versus the time for the surface under the 
arc spot to reach the fusion temperature (1 – 
T0/Tf)2, for both micro- and macro-erosion 
points. This confirms that thermal processes are 
the principal erosion mechanisms for both 
regimes. Investigating erosion versus arc 
velocity, we found that the range of optimum arc 
spot velocities is 30 < v < 150 ms-1 or 0.01< B < 
0.13 T for minimum electrode erosion. Below 
this range, erosion decreases with increasing 
velocity and above it erosion increases. This 
behavior can be explained as a consequence of 
increasing electrode wall temperature versus 
magnetic field due to two different factors: 
enhanced heat transfer from the arc to the 
electrode wall and the ascending functions of the 
arc spot thermal volt-equivalent U and arc spot 
current density j on magnetic field. A good 
qualitative agreement was obtained between 
experimental results and the theoretical 
predictions using the present and other authors' 
experimental data.  
 
Acknowledgements 

The authors gratefully acknowledge Mr. A. A. B. do Prado for the technical assistance. The work 
was supported by CNPq, FAPESP and FINEP of Brazil.  

 
References 
[1] M.G. Fey and J. McDonald, Proc. of AIChE Plasma Chemical Processing Symposium (1976). 
[2] V.I. Rakhovskii, IEEE Transactions on Plasma Science, PS-4, 2 (1976). 
[3] A.E. Guile and B. Jüttner, IEE Transactions on Plasma Science, 8, 3 (1980). 
[4] A.E. Guile, A.H. Hitchcock, K. Dimoff, and A.K. Vijh, J. of Phys. D: Appl. Phys., 15 (1982). 
[5] A.M. Essiptchouk, L.I. Sharakhovsky, and A. Marotta, J. of Phys. D: Appl. Phys., 33 (2000). 
[6] A. Marotta and L.I. Sharakhovsky, IEEE Transactions on Plasma Science, 25 (1997). 
[7] B. Jüttner, J. of Phys. D: Appl. Phys., 34 (2001). 
[8] E.P. Trofimov, Inzhenerno-Fizicheskij Journal, 3, 10 (1960). in Russian. 
[9] L.I. Sharakhovsky, A. Marotta and V.N. Borisyuk, J. of Phys. D: Appl. Phys., 30 (1997). 
[10] R.N. Szente, R.J. Munz, and M.G. Drouet, J. of Phys. D: Appl. Phys., 21 (1988). 
[11] J.E. Harry, J. of Appl. Phys., 40, 1 (1969). 
[12] A.S. Anshakov, A.N. Timoshevsky, and E.K. Urbakh, Izvestiya of Siberian Department of USSR Acad. 

of Sci., Techn. Sci., 2, 7 (1988). in Russian. 
[13] A. M. Essiptchouk, A. Marotta, L. I. Sharakhovsky, and D. A. Bublievsky, see these Proceedings. 

0 100 200 300

0.0

1.0

2.0

g 
(1

0-8
 k

gC
-1
)

v (ms-1)

 1
 2
 3
 4
 5

 
Figure 5. Specific mass erosion rate g0 versus velocity of 
the arc v. 1- author's data for air; 2- data taken from [10] 
for argon-nitrogen mixture; 3- data taken from [10] for 
pure nitrogen; 4- data taken from [11] for air; 5- data taken 
from [12], obtained with vortex air heater (gas dynamic 
vortex displacement of spot without magnetic field). Lines: 
theoretical prediction of erosion rate. Solid line: linear 
approximation of the cathode surface temperature T0 as 
function of B. Dashed line: idem for Tmax = T0 + 45 K. 
Dotted line: idem for Tmin = T0 - 45 K. 
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Abstract 
Optical emission spectroscopy (OES) and enthalpy probe (EP) have been applied to study an atmospheric 
pressure H2O-Ar dc arc thermal plasma jet. Differences between temperatures and composition obtained by 
respectively OES and EP measurements are explained mainly by the mechanism of air entrainment. The 
effect of departures from LTE and temperature and space fluctuations is reduced by choosing a suitable 
method for evaluation of spectroscopic data.  
 
1. Introduction 
In thermal plasma spraying, heat and momentum transfer between flowing plasma and injected particles is 
the crucial parameter that influences properties of the sprayed coating. It is therefore of great importance to 
know properties of the plasma jet, such as temperature, velocity and composition, along the whole possible 
path of treated particles. In atmospheric thermal plasma jets, this is usually impossible to measure by a single 
diagnostic technique because of great change in parameters and entrainment of cold gas. 
In investigation of turbulent plasma flows of high intensity arcs, OES and EP are the most widely used 
diagnostic techniques, the main advantage of which is their simplicity and robustness. OES gives more 
accurate results in laminar flows for temperatures above 10 000 K, difficulties may, however, occur in the 
jet’s fringes because of departure of excited and ionized species from their equilibrium populations. EP is 
said to be more reliable in colder and turbulent regions, below 10 000 K, although the temperature limit can 
be significantly lower in the case of high enthalpy plasma flows. While OES is sensitive only to high 
temperature species, EP gives average values of the enthalpy and temperature of hot and cold entrained 
gases [1].   
Besides the departures from LTE and entrainment of cold gas, the interpretation of both OES and EP 
measurements can be complicated by fluctuations and instabilities of the plasma flow, which in the case of 
the arc torches is typically caused by anode attachment phenomena. The data measured by standard OES and 
EP are time averaged and the derivation of true mean values of the quantities such as temperature is not 
always straightforward. This can be demonstrated, for instance, for the case of absolute emission coefficient 
method: the direct Abel inversion of measured lateral intensity profiles I(r) does not necessary give true 
mean radial profiles of emission coefficient ε(r) and the true mean temperature T(r) 
(ε(r) = K(T)·exp(-Eexc/kT)) is not simply given by the mean emission coefficient [2]. A detailed theoretical 
study of the influence of both space and temperature fluctuations on the determination of temperature with 
the method of absolute emission coefficient has been reported in [3]. 
Although interpretation of EP data seems to be more trivial and, in contrast to OES, the measured data 
represent the local values, there are a few studies suggesting that in jets with fluctuating temperature and 
flow regime (pockets of hot and cold gas) EP may suffer from the same shortcoming. Simple theoretical 
reasoning in [4], for instance, shows that the manner in which EP averages temperatures may give rise to 
large deviations from the true mean. 
In this paper we report on OES and EP measurements in H2O-Ar dc arc thermal plasma jet. All the 
measurements are time averaged and no special data treatment is undertaken to deal with the jet fluctuations. 
The possible error in evaluated temperatures and composition is discussed at the end of the article. 
 
2. Plasma Source 
The hybrid H2O-Ar plasma torch is based on the water dc arc plasma torch, in which the arc is stabilized by 
the vortex of water injected tangentially into the arc chamber. In the hybrid torch the arc chamber is divided 
into short cathode part, where the arc is stabilized by tangential argon flow, and the longer part similar to the 
water torch. This arrangement not only provides additional stabilization of the cathode region and protection 
of the cathode tip, but also offers the possibility of controlling plasma jet characteristics in significantly 
wider range than that of pure gas or liquid stabilized torches [5, 6]. In contrast to the gas torches, the arc is 



attached to the external water-cooled rotating disc anode a few mm downstream of the torch exit nozzle. The 
position of the attachment changes quasi-periodically due to the restrike mode, causing the arc voltage to 
fluctuate within the range of tens of volts. In addition, an anode jet forms at the place of the arc attachment 
and its interaction with the main plasma jet, approximately 20 mm downstream of the nozzle, causes a 
significant acceleration of the air entrainment and transition of the main plasma jet from a quasi-laminar to a 
fully turbulent flow regime [7]. 
Typical parameters of the torch are: arc current of 150-500 A, voltage of 160-270 V, and argon flow rate of 
12-28 slm. The volume percentage of argon in the plasma flow at the torch exit depends not only on the 
argon flow rate, but also on the arc current as the evaporation rate of stabilizing water increases with an input 
power. The volume percentage of argon can thus vary approximately from 20 to 80%. The centreline plasma 
flow velocity at the torch exit, increasing with both current and argon flow rate, ranges approximately from 
1500 m/s (150 A, 15 slm Ar) to 6000 m/s (500 A, 28 slm Ar). The exit temperature is almost independent of 
argon flow rate [6, 9] and varies between 14 000 and 22 000 K. 
 
3. Diagnostics  
EP measurements were performed with an enthalpy probe system Tekna equipped with a quadruple mass 
spectrometer Balzers QMS 200. The outer and inner diameters of the probe tip are respectively 4.76 and 
1.27 mm. Details of the Tekna system, measurement and data evaluation can be found in [8] and [9]. 
Because of more complex plasma than that in common gas torches, our EP measurements were restrained by 
two circumstances. First, extremely high enthalpy of the plasma flow restricted our measurements to 
positions with the temperature lower than 6000 K. Second, to prevent condensation of water inside the Tekna 
system, a freezer had to be used and thus the content of hydrogen and oxygen could not be measured 
directly. True composition was then obtained by assuming composition of the plasma at the torch exit 
determined from OES measurement. The mole fraction of entrained air was derived from the mole ratio of 
argon to nitrogen. 
Emission spectra from the plasma jet were measured with a monochromator Jobin Yvon HR-320 (f = 0.32 
m) equipped with a linear photodiode array detector. The plasma jet was imaged onto an entrance slit of the 
monochromator with the jet axis oriented along the slit. Radial scans of the spectral intensities were obtained 
by moving the torch fixed to a positioning device. The optical path was calibrated with a tungsten ribbon 
lamp and the radial profiles of the spectral intensities were transformed to the local emission coefficients 
using a standard Abel inversion transform. Because the arc attachment to the outer anode gives rise to a 
departure from a cylindrical symmetry of the plasma jet, the Abel inversion was modified by a special 
procedure [10]. This procedure assumes that the jet keeps a cylindrical shape within which an asymmetrical 
distribution of radiation exists only perpendicular to the direction of observation. This assumption is fairly 
fulfilled upstream of the anode attachment, fails in the attachment region, and is partially retrieved more 
downstream. Because the departure from cylindrical symmetry is not significant for the purposes of this 
study, all the presented radial profiles are obtained by folding the asymmetrical profiles as usual in most 
literature. 
The electron number density was obtained from Stark broadened Hβ line by fitting the experimental profile 
with the simulated one using the tables published in [11]. The procedure has been described elsewhere [12]. 
The method is independent of the assumption of LTE and it requires only a rough assessment of the 
temperature. 
To determine the plasma temperature and composition, a variety of atomic and ionic lines of different 
species were recorded in several spectral regions. The temperature (TSaha) was calculated from the ratios of 
various argon atomic to ionic line emission coefficients by using Saha equation and the measured electron 
number density. The ionic lines were: 434.81, 440.1, 442.75, 460.96, 473.59 and 480.6 nm, and in some 
cases also 723.35 nm; and the atomic lines were: 696.54, 706.72, 826.45, and 852.14 nm. In colder parts, 
where there were no ionic lines detected, the temperature was estimated from the approximate LTE 
composition and measured electron number density (TLTE). Figure 1 shows radial profiles of the temperature 
at the torch exit obtained by both the approaches for two arc currents and the argon flow rate of 22.5 slm. 
Note that TSaha represents a mean of all values obtained by all the ratios of Ar II/Ar I emission coefficients. 
The corresponding temperature profiles appear to be in reasonably good agreement, slight deviation can be 
seen only for the case of 300 A which can be explained by increasing error in TLTE for temperatures above 
16 000 K where the dependence of ne on TLTE starts to become flat. 
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Figure 1. Comparison of radial profiles of the temperature
obtained from the ratio of Ar II/Ar I emission coefficients 
and Stark broadening of Hβ line assuming LTE. 

Figure 2. Radial profiles of the mole fraction of 
argon at the torch exit. 

Concentrations of atomic species at the torch exit were determined from emission coefficients of various   
argon and oxygen (715.67, 844.65, 822.68 nm) atomic lines, and Hβ line assuming Boltzmann distribution of 
atomic level populations. The emission coefficient of Hβ line was obtained either from the fitting procedure 
or by a standard line-integral method. The first approach was used for higher temperatures when Hβ line was 
too broad and superimposed by Ar II lines. Both the calculations proved, however, fairly compatible. In this 
way we obtained concentrations with unrealistically low values and unrealistic shape of radial profile. This 
discrepancy can be explained as a result of both jet fluctuations and departures from LTE. Another 
shortcoming may be connected with an imperfect subtraction of background stray light originating in hottest 
plasma regions. An attempt to limit the stray light by diaphragms was successful only partially at the torch 
exit, downstream of the anode in turbulent region, however, the stray light was still very intensive. 
The following procedure was, therefore, applied. A commercial code T&T Winner [13] was used to calculate  
tables of LTE composition of homogeneous H2O-Ar mixture as a function of temperature and initial mole 
fraction of argon. The mole fraction of argon in the plasma jet was then assessed by comparing average 
experimental mole ratios of atomic hydrogen and oxygen to argon, obtained using corresponding emission 
coefficients as described above, with the LTE tables. Figure 2 shows radial profiles of the mole fraction of 
argon at the torch exit for various arc currents and argon flow rates. The results reveal that, except the lowest 
arc current, the components of plasma are not fully mixed and the concentration of argon in the jet core 
increases with the arc current. The resulting plasma composition was then used to correct TLTE. 
To determine concentrations of atomic species downstream of the anode, we calculated tables of LTE 
composition as a function of temperature and mole fraction of entrained air assuming homogeneous mixture 
of plasma components with the mole fraction of argon taken as an average of that measured at the torch exit. 
The mole fraction of air was then obtained from an averaged measured mole ratio of atomic nitrogen to 
argon. We used the following Ar I lines: 696.54, 706.72, 750.93, 826.45, 840.82, 842.46, and 852.14 nm; and 
N I lines: 742.36, 744.23, 818.64, 821.63, 824.24, 856.77, 859.4, and 862.92 nm.  
For each distance from the nozzle, the composition of all atomic species was assessed by solving 
conservation equation for number density of particles together with a condition of macroscopic electrical 
neutrality. The input parameters were the measured temperature, electron number density and mole ratios of 
H I/Ar I, O I/Ar I and N I/Ar I, and the total number of atomic neutral and ionized species including electrons 
taken from LTE tables. 
 
4. Results 
First it should be noted that all EP measurements refer to a fully turbulent part and OES measurements to a 
quasi-laminar part of the jet including transition between both the flow regimes. The quasi-laminar part of 
the jet was too hot for EP and the turbulent region too noisy for OES, as indicated in the previous section. 



0 2 4 6 8 10
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
x 104

radius [mm]

te
m

pe
ra

tu
re

 [K
]

OES z=2 mm
           22 mm
           42 mm
           62 mm
           72 mm
EP z=150 mm

0 1 2 3 4 5 6
0

20

40

60

80

100

 radius [mm]

ai
r m

ol
e 

fra
ct

io
n 

[%
]

OES z=22 mm
             42 mm
             62 mm
             72 mm
EP z=150 mm

0 2 4 6 8 10
0

2000

4000

6000

8000

10000

12000

14000

radius [mm]

te
m

pe
ra

tu
re

 [K
]

Ar 22.5 slm OES z=2 mm 
                           z=50 mm
                    EP  z=60 mm
                           z=75 mm 
Ar 27.5 slm OES z=2 mm
                           z=50 mm
                    EP  z=80 mm

Figure 3. Radial profiles of the temperature for various 
distances from the torch exit; arc current 300 A, argon 
flow rate 22.5 slm. 
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Figure 4. Radial profiles of the air mole fraction for 
various distances from the torch exit; arc current 
300 A, argon flow rate 22.5 slm. 

Figure 5. Radial profiles of the temperature for various 
distances from the torch exit; arc current 150 A, argon 
flow rate 22.5 and 27.5 slm. 

Figure 6. Radial profiles of the air mole fraction for 
various distances from the torch exit; arc current 
150 A, argon flow rate 22.5 and 27.5 slm. 

Figures 3, 5 and 4, 6 show radial profiles of respectively temperature and air mole fraction at various 
distances from the torch exit for arc currents of 300 and 150 A and argon flow rates of 22.5 and 27.5 slm 
obtained by both OES and EP measurements. The corresponding axial profiles, including two other results of 
EP, are shown in figures 7 and 8.  
Evolution of temperature and amount of entrained air along the quasi-laminar part of the jet is demonstrated 
in figures 3 and 4 for the current of 300 A and argon flow rate of 22.5 slm. The first measurement of the air 
concentration is taken just behind the anode region (22 mm) and it shows that small fraction entrained air 
already approaches the centreline at this position. The transition to the fully turbulent regime occurs, 
however, about 60 mm downstream of the torch exit, as confirmed by other optical observations [9], where 
both temperature and air concentration profiles becomes flat. Because of lack of EP measurements for this 
particular case, the EP measurements are represented only by one result showing that in the axial distance of 
150 the jet is composed almost completely of air. Figures 5 and 6 show similar results for the current of 
150 A and two different argon flow rates with more results from EP. The transition to the turbulent flow 
regime occurs approximately at the axial distance of about 50 mm in this case. 
From the first comparison of all the figures, it is evident that both axial and radial profiles of the measured 
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quantities are almost independent of the argon flow rate. This is rather surprising since an increase in argon 
flow rate leads to an increase in plasma mass flow rate and thus to an increase in velocity and mass and heat 
fluxes. The reasons for this effect are discussed in [6, 9], the question remains, however, still open. 
Nevertheless, it turns out that the increase in argon flow rate results approximately only in an elongation of 
the quasi-laminar jet core, i.e., in a shift of the transition to a turbulent flow more downstream, which allows 
us to compare all the results for the same current together. 
The comparison of axial profiles in figures 7 and 8 for the current of 150 A reveals significant discrepancy 
between OES and EP measurements at the position of the flow transition z = 50 mm. The temperature 
measured by OES is about 4000 K higher and the mole fraction more than three times lower than the values 
measured by EP. The two points of EP measurement 150 A, 17.5 slm Ar for z ≤ 50 mm can be attributed to a 
shift of the transition to a fully turbulent flow more upstream as compared to OES measurements taken at 
higher argon flow rates. The discrepancy may be explained by three reasons: departures from LTE, 
temperature and/or space fluctuations, and mixing of cold air bubbles into a hot plasma flow. On the other 
hand, the same comparison for 300 A shows much 
less difference between OES and EP 
measurements. In fact, the axial profiles of 
temperature and air mole fraction composed of 
both the measurements are similar to those 
measured in other comparable experiments using 
only EP diagnostics, e.g. [14], with the same 
change in the slope of both centrelines at the 
position in which the flow becomes fully 
turbulent. The fact that an increase in the arc 
current leads to a more gradual air entrainment 
may suggest that the discrepancy for the current of 
150 A can be ascribed mainly to the mixing of 
cold air with hot plasma bubbles which is 
significantly steeper for this low arc current. 
It has been shown for this kind of torches that a 
standard deviation of the temperature fluctuation 
in the plasma jet at the torch exit is approximately 
1500 K [15]. In our case this could lead to an 
overestimation of the centreline temperature at the 
torch exit of about 1700 K and underestimation at  
jet fringes approximately of the same value [3]. 
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Figure 9. Comparison of radial profiles of the temperature 
obtained from ratios Ar II/Ar I emission coefficients and 
Hβ line and from absolute emission coefficients of argon 
atomic lines. 

Figure 7. Comparison of centreline temperatures obtained 
by OES and EP. 

Figure 8. Comparison of centreline air mole fraction 
obtained by OES and EP. 



This reasoning is, however, valid for the method based on the absolute emission coefficient of a spectral line. 
In our case we used either relative emission coefficients of atomic and ionic lines or the profile of Hβ line. 
The difference between these two approaches is demonstrated in figure 9 that compares radial profiles of the 
temperature obtained from the ratio of ionic and atomic emission coefficients and Stark broadening of Hβ 
line (TSaha, TLTE) with those calculated from absolute emission coefficients of argon atomic lines (Tε) using 
the plasma composition derived as described in the section 3. At the torch exit, which is the only position 
where TSaha was used, the centreline temperature Tε is about 1200 K lower. Downstream of the nozzle the 
comparison resembles the results published in [1]. In this article the difference between the temperatures 
obtained from Hβ line and absolute emission coefficient of argon atomic line is explained as an 
overpopulation of free electrons due to the frozen flow effect. However, as shown in the section 3 and 
demonstrated in figure 1, the temperatures derived from absolute emission coefficients correspond to those 
obtained from Hβ line. 
The space fluctuations become important downstream of the anode region as the arc anode attachment and 
anode jet cause whipping and surging of the main plasma jet. This may result in underestimation of the 
centreline temperature in the range of several hundreds K if using the method of absolute emission 
coefficient. Although both the temperature and space fluctuations are supposed to affect the results of OES 
measurements, it seems that their effect as assessed above is too small to explain the difference between OES 
and EP found in the case of 150 A.  
 
5. Conclusion 
In this article we have compared time averaged OES and EP measurements of the temperature and mole 
fraction of entrained air in the atmospheric pressure H2O-Ar dc arc thermal plasma jet. It is shown that 
choosing an appropriate method of evaluation of spectroscopic data may reduce the effects of fluctuations 
and departures from equilibrium and lead to more realistic results. The differences between OES and EP 
measurements are explained mainly as a result of entrainment of cold air.  
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Abstract 
Carbon nano-fibres (vapour grown carbon fibres, VGCF) were treated in RF plasma to enhance the surface 
energy and thus to improve the bonding to the matrix in polymer composites. Oxygen and nitrogen 
containing groups were introduced into the surface of these fibres using. To achieve a homogeneous 
treatment of VGCF in large enough quantities for the preparation of polymer composite samples three 
different reactors were used and compared. 
 
1. Introduction 
Carbon nano-fibres (vapour grown carbon fibres, VGCF) are a potentially interesting material to be used as 
filler in polymers adjusting their thermal, electrical and mechanical properties. However, in the as-grown 
state the surface of the fibres is essentially graphitic and does not permit covalent bonding to a polymer 
matrix. The plasma treatment is a useful tool to modify the surface properties and to enhance the surface 
energy. Thereby, oxygen and nitrogen containing groups may be introduced into the surface of VGCF. The 
use of cold plasma for the surface functionalisation of carbon blacks, PAN based carbon fibres,  thermally 
treated VGCF as well as VGCF nano-fibres was shown [1-5]. To achieve a homogeneous treatment of 
VGCF in large enough quantities to prepare polymer-fibre test samples appropriate techniques have to be 
developed. It can be done by fluidising the fibres in the plasma zone. In first investigations the oxygen 
plasma treatment in vibrating bed reactor and fluidised bed reactor was carried out [5-7]. 
The aim of this work is to investigate and compare different fluidisation methods for plasma treatment of 
VGCF. In three different reactors the fibres were fluidised in the plasma zone. The process parameters 
pressure, plasma power and gas composition were investigated. The surface energy and surface composition 
of the fibres were characterise before and after the treatment by contact angle measurement, XPS and SEM. 
 
2. Experimental 
Nano-VGCF (Pyrograf®-III Applied Sciences, Inc., Cedarville, USA) with a diameter between 50 and 200 
nm and a length in the range from 10 to 200 µm were used. 
The plasma treatment was carried out in three reactors in which the fibres were agitated by different means: 
mechanical vibration (vibrating bed reactor), a gas stream (fluidised bed reactor) and a rotating drum, 
respectively. The fluidised bed reactor allows both continuous and discontinuous (batch) processing. These 
methods allow a homogeneous treatment of large fibre 
samples. 
 
2.1 Vibrating bed reactor 
The sample is held in a stainless steel dish with a 
diameter of 105 mm, which is made to vibrate by an 
electromagnet at 50 Hz (Fig. 1). In this way the fibres 
(up to 20 g) are fluidised during the process ensuring a 
homogeneous treatment. The 27.12 MHz RF plasma is 
inductively coupled into the reactor through a quartz 
glass window. 
NH3 and two gas mixtures, Ar-O2 and Ar-CO2 in the 
ratio of 1:1 were used in the pressure range of 0.01 –
 40 mbar. The plasma power was 80 and 150 W and 
the treatment time between 5 and 40 min. Fig.1  Mechanically vibrating bed reactor 
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2.2 Fluidised bed reactor 
In this reactor (Fig. 2) a process gas 
stream through the plasma is maintained 
by a circulating pump. The fibres are fed 
into the gas stream using a screw feeder. 
The gas velocity in the plasma zone is 
sufficiently high to carry the fibres 
through the plasma zone into a separation 
zone. There the diameter of the vessel is 3 
times wider than in the plasma zone and 
hence the gas velocity is reduced to 
approx. 1/10th, leading to settling of the 
fibres. Because of the laminar gas flow 
through the plasma zone fibres move 
upward only in the centre of the tube and 
fall downward near the tube wall. The 
riser has a diameter of 70 mm and a  
 
 
 
 
a 

- separation zone without particle trap 
- the particles that reach the separation zone fall back in the plasma zone, all fibres 

circulate during the entire treatment time 
- discontinuous (batch) procedure 
- 25 g VGCF per hour can be treated 
 

 
 
 
b 

- all fibres that reach the separation zone are trapped by the cylinder inserted into the 
lower conical section 

- only a single pass through the plasma is possible 
- continuous treatment of larger samples is possible 
- approx. 3 g VGCF can simultaneously be kept in a fluidised state 
 

Fig.3  Two modifications of the separation zone 
 
length of 1.2 m. 
The separation zone was modified in two different ways, 
allowing to control the treatment time (Fig. 3).  
The functionalisation was carried out with a gas 
composition of Ar : O2 = 2 : 1 in a pressure range of 1.5 
to 2.5 mbar and at 10 mbar.  The plasma power was 30, 
50, 80, 150 and 250 W. The 27.12 MHz RF plasma is 
inductively coupled into the reactor through a glass tube 
by a copper coil. 
 
2.3 Rotating drum reactor 
The fibres are loaded into an aluminium drum (Fig. 4). 
The closed drum rotates in roll axis and thereby the 
fibres are mixed. To improve the mixing process four 
rails are mounted on the wall inside. The 13.56 MHz RF 
plasma is capacitively coupled by a rod electrode, which 
is arranged in the longitudinal axis of the drum. 
The drum has a diameter of 250 mm and a length of 390 mm. 
 
2.4 Methods of surface analysis 
The surface energy of the fibres was obtained from contact angle measurement [4] using a Tensiometer 
(DCAT 11, DataPhysis Instruments GmbH Filderstadt, Germany). A constant volume of carbon fibres is put 
into a glass tube, which is attached to a microbalance. The sample is brought into contact with several liquids 
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Fig.2  Fluidised bed plasma reactor 
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(water, isopropyl alcohol and di-iodomethane). 
The penetration velocity measured through the 
weight increase is a function of the contact 
angle. The total surface energy γ is the sum of 
the dispersive component γd and the polar 
component γp. The dispersive component γd 
represents the surface roughness and the 
fluctuation of the charge distribution whereas 
the polar component γp is determined by the 
concentration of oxygen containing functional 
groups on the surface. Surface concentrations 
of these groups were also measured by XPS 
(AXIS-HS spectrometer, Kratos, Manchester, 
UK) [5]. The spectra obtained from untreated 
and treated carbon fibres show O1s and N1s 
photoelectron signals from oxygen or nitrogen 
containing groups, respectively. Some of these 
groups like C-OH, C=O, COOH can be 
distinguished by the energetic position of C1s 
photoelectron signal from carbon. But other 
groups like C-OH, C-N=O and C-NH2 cannot 
be distinguished because the position of the 
signals are nearly the same. The quantification 
was carried out by a standard procedure using 
sensitivity factors from polyethyleneglycol 
and polystyrene. 
 
3 Results and discussion 
3.1 Plasma treatment in CO2-Ar gas 
mixture 
The plasma treatment in CO2-Ar gas mixtures 
was only carried out in the vibrating bed 
reactor. 
The effect of this treatment on the surface 
energy γ of carbon nanotubes is shown in 
Fig. 5. It leads to a significant enhancement of 
the surface energy. This is mainly effected by 
the polar component γp. With increasing gas 
pressure during plasma treatment the surface 
energy decreases. At pressures over 1 mbar the 
plasma contracts into the space near coupling 
window. Therefore, the plasma power was 
increased to 150 W in order to reach a better 
interaction between plasma and sample. 
 
3.2 Plasma treatment in O2-Ar gas mixtures 
The oxygen-argon treatment in the vibrating 
bed reactor leads to an enhancement of oxygen concentration on the surface after 5 min and decreases 
slightly at longer times (Fig. 6). But the concentration of COOH groups increases during the entire treatment 
time. The COOH groups are probably formed from C=O and C-OH groups, the concentration of which 
decreases. 
In the fluidised bed reactor the effect of plasma power and pressure on the water contact angel was 
investigated in the continuous mode (Fig. 7).  The lowest water contact angel was obtained in the pressure 
range of 1.5 to 2.5 mbar and a plasma power of 80 W. During the plasma treatment two processes take place 
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simultaneously: a) functionalisation by 
reactions of molecular or atomic gas species 
at the surface of the sample and b) etching of 
the surface caused by ion bombardment or 
reaction of oxygen with substrate. It depends 
on the plasma parameters which process 
dominates. In both investigated pressure 
ranges at 250 W the etching process is more 
effective than the functionalisation and hence 
the water contact angle at 250 W is higher 
than at 80 or 150 W, respectively. 
In the vibrating bed reactor, the fluidised bed 
reactor (in discontinuous mode) and the 
rotating drum reactor carbon nanotube 
samples were treated for different times. The 
influence of the treatment time on the water 
contact angle can be seen in Fig. 8. The 
rotating drum reactor requires the longest 
treatment time to reach the same water 
contact angles compared to the other two 
reactors because the mixing process is slower. 
In the vibrating bed reactor a shorter 
treatment time than 5 min leads to an 
inhomogeneous treatment. In the fluidised 
bed reactor there is the best contact between 
the free floating carbon fibres and the plasma. 
 
3.3 Plasma treatment in NH3 
For the NH3 plasma treatment the vibrating 
bed reactor was used. The dependency on 
process pressure was investigated at a plasma 
power of 50 W and a treatment time of 4 min 
(Fig 9.). With decreasing pressure the 
nitrogen concentration on the surface 
increases. However, the values of nitrogen is not so high as the oxygen concentration after O2-Ar treatment 
(Fig 6.). 
Additionally, it was investigated if the NH3 plasma treatment leads to higher nitrogen concentrations on the 
surface if fibres pre-treated in oxygen are used. Two nanotube samples with different surface compositions 
of oxygen containing functional groups were used for ammonia plasma treatment. As it is shown in Fig. 6, 
different distributions of C-OH, C=O and COOH groups on the surface can be realised by different treatment 
times. In the first step the samples of carbon fibres were treated 10 and 40 min in an oxygen-argon plasma in 
the rotating drum reactor (Tab.1). The sample treated for 10 min contains more C-OH and less C=O and 
COOH groups than the 40 min treated sample. In a second step, these samples were treated in an ammonia 
plasma at 0.01 mbar and 50 W in the vibrating bed reactor. During this treatment the contents of C=O groups 
  

Table 1  XPS data of oxygen and additionally ammonia treated carbon nanotubes 
1 2 3 4 5 6 7 
 

Sample 
C1s 
C=O 

[at-%] 

C1s 
COOH 
[at-%] 

C1s 
C-OH* 

[at-%] 

O1s 
 

[at-%] 

N1s 
 

[at-%] 

N1s 
+ O1s 
[at-%] 

O2 + Ar treated (10 min) 
additionally NH3 treated 

2.01 
1.93 

2.13 
1.20 

5.15 
1.45 

10.10 
7.95 

0.47 
2.78 

10.57 
10.73 

O2 + Ar treated (40 min) 
additionally NH3 treated 

2.79 
2.51 

2.63 
2.59 

4.80 
1.93 

12.86 
9.66 

0.55 
2.87 

13.41 
12.53 

* in case of NH3 treated sample the difference between the measured C-OH and the N1s signals is given 

0 5 10 15 20 25 30 35 40 45
50
55
60
65
70
75
80
85
90

w
at

er
 c

on
ta

ct
 a

ng
le

 / 
°

t / min

Fig. 8  Comparison of treatment times measured on 
plasma processes in three different reactors 
○ rotating drum reactor; 80 W; 0.1 mbar; 
20 sccm O2 + 12 sccm Ar; 2 g VGCF 
△  vibrating bed reactor; 80 W; 1.2 mbar; 
35 sccm O2 + 35 sccm Ar; 4.5 g VGCF 
□  fluidised bed reactor: 50 W; 1.5…2.5 mbar; 
10 sccm O2 + 20 sccm Ar; 2.5...3 g VGCF 

0,00 0,02 0,04 0,06 0,08 0,10
0
1
2
3
4

93
94
95
96
97
98  C1s

 O1s
 N1s

O
1s

, N
1s

, C
1s

 / 
A

t-%

p / mbar

Fig. 9  N1s, O1s and C1s values at 50 W; NH3 plasma 



 

 

of both samples and the content of COOH groups of 40 min treated sample changed only slightly. The 10 
min treated sample contains less COOH groups after ammonia treatment. The content of nitrogen containing 
groups of both samples increased. The signals of C-OH and nitrogen containing groups like C-NH2 and 
C-N=O can not be distinguished as above mentioned. Only a sum signal can be measured. To obtain the 
C-OH content the values of N1s signals were subtracted from the sum signals. The calculated values show 
that during the ammonia treatment the content of C-OH groups significantly decreases. The oxygen 
containing groups, which are lost during the ammonia treatment, are replaced by nitrogen containing groups 
(see column 7 in Tab. 1). However, the NH3 plasma treatment of oxygen treated carbon nanotubes does not 
lead to higher nitrogen concentrations on the surface than when using untreated fibres. 
 
3.4 SEM images of freeze-fractured samples 
Two samples of polymer compound were produced by mixing of polyethylene with a) five percent untreated 
and b) five percent argon-oxygen treated VGCF. These samples were fractured at low temperatures and 
investigated by SEM (Fig.10a). The fibres were treated 20 min at 80 W and 35 sccm O2 + 35 sccm Ar in the 
vibrating bed reactor. The image of the sample with untreated nanotubes shows some fibres and lot of holes 
indicated by the dark spots (Fig.10b). This means that during the break the fibres are not fractured because of 
the bad bonding to the polymer matrix. However, by using treated fibres not so match holes are visible. The 
bonding between fires and polymer matrix is better. 
 

 
Fig. 10  SEM images of freeze-fractured samples of polypropylene a) + untreated VGCF and b) + oxygen 
plasma treated VGCF 
 
 
4 Summary 
The surface of VGCF can be functionalised  in RF-plasma using CO2, O2, or NH3 containing gasses. The 
surface composition of oxygen functional groups during oxygen plasma processing can influenced by the 
treatment time. At ammonia treatment with decreasing process pressure the nitrogen concentration on the 
surface increases. The oxygen plasma treatment of carbon nanotubes leads to good bonding between fibres 
and polymer matrix. 
The fluidised bed reactor and the vibrating bed reactor provide shorter treatment times as the rotating bed 
reactor. 
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      Amongst quantitative measurements for high temperature and high enthalpy gases, LIF is a technology 
initiated from 1980’s to perform laser spectroscopy diagnostics. Very high temporal and spatial resolutions 
are involved in this technology, so it can acquire abundant information of flow field and be used to make 
measurements of temperature, digital density, velocity, pressure and other significant parameters, and 
simultaneous measurements of multiple parameters at various points can be realized. Because of this, many 
researchers were greatly attracted by the LIF technology at the beginning of development. This paper 
presents applications of LIF in the flow of high temperature and high enthalpy gases: We have adopted ArF 
excimer to excite the rot-vib absorption lines near 193.3nm for Schumann-Runge system of Oxygen and 
used ultraviolet PMT to detect the fluorescence near 256nm to establish a set of LIF flow field measuring 
system based on ArF excimer. We have obtained the radial temperature distribution of the arcjet of oxygen 
and argon mixture gases by using the single-band thermometry LIF model on the basis of the fluorescence 
signal of. Oxygen Schumann-Runge system. The established O2 LIF system based ArF excimer can be 
applied in the diagnosis on the flow field of high enthalpy facility. 
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Numerical simulation of blistering fluctuation stage. 
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 Understanding of processes of interaction between solids surfaces and plasma has huge significance 
for development technologies which concern with cosmophysics, controlled thermonuclear fusion, 
nanotechnologies. Such problems as blistering, flecking and others near-surface processes, which take place 
under irradiation solids surfaces by ions beams, result in solids properties change, plasma pollution and 
plasma properties change as result it. In connection with high cost and complexity of laboratory experiments 
with plasma, computer simulation of interaction between plasma and solids surfaces takes on special 
significance. 

Fluctuation stage of high-temperature blistering is examined in this work. Formation of gas-vacancy 
pores, which were named blisters, into Ni crystal lattice under the influence of He ions is discuss. He ions 
have energy from 10 keV to 100 MeV, radiation dose is from 1016 to 1019 ions/sm2, the temperature of 
material T is meltTTmeltT 6.04,0 ≤≤ , Tmelt is melting temperature of Ni. Fluctuation stage is very 

short, its duration is approximately 10-4 sec. But this stage determinants all following development of 
blistering. 
 Authors suggest stochastic model of fluctuation stage of high-temperature blistering. The model 
under discussion is based on Brownian motion model. Blistering is considered as first-order phase transition 
on its fluctuation stage. Bubbles have size approximately several angstorm and its are considered Brownian 
particle with sphere form and variable mass. Blisters can interact with each other, solid lattice and solid 
surface. Splitting on physical processes is used in this work. The evolution of bubbles is presented as a 
superposition of the stochastic processes of size increase and bubbles migration in crystalline lattice. It is 
possible since processes of bubble size increase and bubble migration in lattice have appreciably different 
time scales. Characteristic time for blisters size increasing is 10-9 sec, typical time for its migration in lattice 
is 10-8 sec. Kinetic equations of Brownian motion model are very difficult for solve. The method of 
stochastic analog is used for solve this problem. The main idea of the method is change of kinetic equations 
its stochastic analogs and solve stochastic differential equations. Author apply not only splitting on physical 
processes but splitting on coordinate too [1,2]. Received kinetic equation and its stochastic analogs display 
below. Kinetic Fokker-Plank-Kolmogorov equation for evaluation of blister size is  
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g is number of He atoms in bubble, rf  is distribution function, ),( tggD  is diffusion coefficient in space 

of bubbles sizes, ),,( trg �∆Φ  is Gibs potential. 
The stochastic analog of Fokker-Plank-Kolmogorov equation is 
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We to take into account the difference between chemical potentials of two phase, surface tension on bubble –
metal surface, elastic force of lattice reaction [3], disparity between locations in lattice points and internodes, 
relcases in crystalline lattice [1,2]. The difference between chemical potentials is consisted in coefficient 

∆Φa , b depends on surface tension on bubble –metal surface, elastic force of lattice reaction is considered 

in c, r∆Φ  determines the disparity between locations in lattice points and internodes, break∆Φ  deals 

with relcases in crystalline lattice. Nbr is number single relcases, break∆  is energy of single relcase, latE  

is binding energy in lattice. 0)( =
=

∆Φ

crggdg
d

, gcr is critical size of bubble, 

kTcrggg −∆Φ=∆Φ=∆Φ )()max()min( , maxmin gcrgg << . 

 
The Gibs potential has form which is presented on figure 1. 
 

 
 
Fig.1 The dependence of Gibs potential (Joule/atom) from blister size (g) and place crystal lattice (r). Blister size is 
measured in number of helium atoms in bubble. r is measured in lattice parameter. The break on g ≈80 corresponds the 
first break of lattice and concerns with increase of blister size. 
 
 
The kinetic equation for motion of blisters is following 
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We consider that blister comes out surface and perishes on it if z≤ z2. 
x,y,z are measured in lattice parameter, zmin is surface, zmax = 2 Rp, Rp is middle depth of projection run, 
origin of coordinates is in point {x=0, y=0, z=0}, ),( trgf �

 is distribution function, ),( trrD �

 is diffusion 

coefficient in lattice space, Mg is mass of blister, γ  is dissipative factor, ,),,(
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is potential of indirect interaction between bubbles by way of phonons and oscillation of electron density. 
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The stochastic analog of the kinetic equation for one coordinate is following. 
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Em is energy of migration, dW is increment of Viner stochastic process. 
 
The fusion of blister is considered in model under discussion. The fusion of two bubbles is made 
approximately. Two bubbles interflow if following condition is realized: distance between centers of mass 
bubbles is less than sum of blisters radiuses and some model parameter ∆f. 0 ≤ ∆f ≤a, a is lattice parameter 
[1,2]. 
 
Used model allows to find the distribution functions of bubbles from size and place in lattice at different 
moment of time. Such characteristics as middle size of bubbles, porosity of layers, tension in layers, number 
of blasted blisters and dependence of these values from time can be find as a result of processing of these 
distribution functions.  
Distribution functions from most interesting parameters, bubble radius and distance from surface under 
irradiation, are shown on figure 2 and 3. The dependence of porosity from depth of layer at moment of finish 
of fluctuation stage is presented on figure 4. Tensions in solid layers at finish time are shown on figure 5. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. The dependence of porosity from depth of layer at moment of finish of fluctuation stage is presented on the 
picture. The porosity of layer on this figure is determined as ratio of layer porosity from total porosity of all sample at 
initial moment of time. The distance from surface under irradiation (z) is measured in lattice parameter 
 
 
 
 
 
 
 
 
 

 
 

Fig.2 Two dimensional distribution function f(Rbl,z) at initial moment of time t = 0 is presented on this figure. 
Radius of blister is shown in Å, distance from surface under irradiation (z) is measured in lattice parameter. 

 

 
 

Fig. 3 presents the f(Rbl,z) at finish moment of time. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Tensions in solid layers at finish time are shown. Tension is measured in  2 109 Pa. 
 

 
Conclusions. 

1. According classical theory bubbles must destroy if them sizes less than gcr. However bubbles can 
increase if gmin ≤g≤gcr and blisters can degrade if gcr ≤g≤gmax. Majority of blisters, which sizes 
gmin≤g≤gmax increase. 

2. If radius of bubble is larger than 5 Å then bubble does not migrate on crystal lattice, if bubble size is 
less than 5 Å then bubble moves to surface under irradiation. 

3. Layer-like structure of near-surface layer is observed. 
4. The greatest porosity is observed on depths ∼ 0.85 Rp and ∼ 0.35Rp. 
5. Increase of bubble size reduces after size reaches 12 Å. 
6. Largest tensions are observed on depths ∼ 0.85 Rp and ∼ 0.35 Rp. 
7. The distribution function of bubbles from sizes and depths is nonequilibrium. 
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Abstract 
This work concerns the etching of silicon containing copolymers in oxygen plasmas. Such copolymers 
are candidate materials for the next generation optical lithography. In this aim, we need a good 
resistance to oxygen plasma and a high selectivity with respect to carbon containing resist. Etch rates 
and selectivity are measured by in-situ ellipsometry. We investigate etching mechanisms using both 
ellipsometry and quasi in-situ XPS. 
 
1. Introduction 
International efforts are presently being conducted to develop the 157 nm lithography, which is expected 
to be the next generation optical lithography, allowing to meet the 70 nm node and possibly go beyond. 
We are involved in an European IST program (157 CRIPIES), joining several national laboratories and 
industrials, to address resist challenges associated with the 157 nm lithography. 
Resist absorbance is a major problem at 157 nm, “usual” carbon containing resists having too high 
absorbance at this wavelength. A possible way to face this issue is to use silicon containing resists, 
which present a suitable absorbance at 157 nm. However, their too low resistance to chloro or 
fluorocarbon plasma etching does not allow to use them in a single layer scheme. They must be 
associated with a “usual” resist in a bilayer scheme (figure 1): the top layer is made of a silicon 
containing copolymer used as imaging material for 157 nm lithography; after irradiation and wet 
development of the top layer, the bottom layer (carbon containing resist) is opened in oxygen plasma. 
Our aims are to identify the etch mechanisms and to measure and understand the resist/resist selectivity, 
which is one of the most important parameter of the bilayer process. To achieve this goal, we measure 
etch rates in real time by in-situ ellipsometry. We characterise the resist surface before and after etching 
by quasi-in situ XPS analysis and by angular XPS analysis. We then correlate surface characterisation to 
the plasma phase and try to identify interaction mechanisms between etching agents and surface.  

Figure 1: The bilayer resist scheme 
 
2. Materials 
In a first attempt, we used PolyDiMethylSiloxane (PDMS) and PolyMethylSilsesQuioxane (PMSQ) as 
silicon containing polymer (figure 2). These materials exhibit a negative tone behaviour. Then, we 
started to study other materials allowing positive tone behaviour: within the present European program a 
novel and very promising class of copolymers have been developed for the bilayer resist scheme [1-2]. 

157 nm resist top layer
low absorbance (<4µm-1)  at 157 nm
=> used as top layer resist material

Wet development
of non-crosslinked material

Usual carbon containing resist
(too high absorbance at 157nm)

O2 Plasma
development

157nm radiation exposure and 
crosslinking

11 22

33 44



H2C C

CH3

C O

O

Tertbutylmethacrylate 
(TBMA)  

 

O
OO

H2C

Itaconic 
anhydride 

(IA) 

H2C C

CH3

C O

OH
Methacrylic 
acid (MA) 

C

C

OH

CF3

H2C

O

C

C

OH

CF3

H2C

O

Trifluoro 
methyl acrylic 

acid (FA) 

 CH3 

Si O 

O 

CH3 

Si O 

O 

O 

Si O Si O O 

CH3 CH3 

PolyMethylSilsesQuioxane  
(PMSQ) 

 

CH3 

CH3 

Si-O 

PolyDiMethylSiloxane 
(PDMS) 

O

Si

O Si
O

Si

OSiO

Si

O Si

O

Si

OSi

O

R

R O

R

R

R

O R
R

O

CH2=C
CH 3

C=O

O

Polyhedral oligomeric 
silsesquioxanes (R =ethyl) 

(ethyl POSS) 

They consist of a silicon-based inorganic cage (Si8O12, Polyhedral oligomeric silsesquioxanes monomer, 
POSS, figure 2) surrounded by eight organic corner groups. This monomer is associated with reactive 
polymerizable organic groups (TBMA, MA, IA, figure 2). The silicon cage provides etch resistance to 
oxygen plasmas and ensure a low absorbance at 157 nm while the organic monomers offer desirable 
resist requirements (positive tone behaviour…) (figure 2 and table 1).  

Figure 2: Materials studied: PDMS, PMSQ and POSS based copolymers including TBMA, MA, IA and FA. 
 

Name S1 S2 S3 S4 S5 S6 S7 S8 

Weight percentage: 
POSS 

TBMA 
MA 
IA 
FA 

 
100 
0 
0 
0 
0 

 
60 
40 
0 
0 
0 

 
40 
60 
0 
0 
0 

 
30 
50 
20 
0 
0 

 
20 
80 
0 
0 
0 

 
40 
40 
20 
0 
0 

 
30 
40 
10 
20 
0 

 
30 
40 
0 
0 

30 
 

Table 1: Chemical composition of the different copolymers studied 
 
3. Experiments 
Etching is made in a ICP reactor composed of a quartz dome (180 mm diameter) surrounded by a 
circular antenna connected to a 13.56 MHz generator. A substrate holder is placed at the bottom of the 
diffusion chamber (200 mm height). The wafer can be RF biased (13.56 MHz) independently from the 
source power and its temperature is controlled by cooling the sample holder at 20°C using a cryostat 
(HUBERT unistat 385) and helium circulation. Etching is made under a pressure of 10 mTorr (1.33 
Pa), for a flow rate of 40 sccm, a source power of 800 W and different bias power leading to 0V, -50V 
or -100V DC bias. 
Resist thickness versus etching time is measured by in-situ multi-wavelength ellipsometry (Woolam 
M88). Etch rates and selectivity are deduced from these measurements. XPS (Leybold LH11) is used 
to determine surface chemical composition before and after plasma exposure. Etch mechanisms are 
investigated combining ellipsometry and quasi in-situ XPS.  



 
4. Results 
4.1. PDMS and PMSQ etching 
Thickness versus etching time is presented in figure 3 for PDMS (results are identical for PMSQ). We 
observe a very fast etching during the first seconds followed by a slower etching. XPS has been used to 
understand plasma surface interaction during these two phases. We have shown [3-4] that during the 
first seconds, oxygen atoms coming from the plasma etch carbon and hydrogen atoms of the surface. 
This leads to the very fast etching observed during the first seconds. The PDMS surface is rapidly 
converted into a silicon oxide like surface that is etch resistant in oxygen plasma. This leads to the slow 
etching observed during the second phase (figure 3). For -100 V DC bias the etch rate during this second 
phase is 7 nm/min and is controlled by the silicon oxide sputtering by oxygen ions. For 0 V DC bias, the 
etch rate drops to 0.3 nm/min during the second phase. Such a weak variation of thickness versus time is 
most probably due to a densification of the material rather than to a real etching. Indeed, ion energy (Vp-
Vf is about 15 V) is too low to induce sputtering of silicon oxide like material. Oxygen atoms diffuse 
through the silicon oxide like top layer, etch carbon and hydrogen atoms and lead to oxidation, 
densification and a to low thickness loss.  
On what concerned selectivity with respect to usual carbon containing resist (AZ Novolac 5214), results 
are very encouraging since selectivity as high as 90 and 157 are reached for respectively PDMS and 
PMSQ with -100 V DC bias. 
 

Figure 3: Thickness versus etching time for PDMS. O2 plasma, 800 W, 40 sccm, 10 mTorr. 
 
4.2. POSS containing copolymers etching 
We investigated several materials containing various amount of POSS monomer (see table 1). POSS 
containing copolymers have been synthesised at IMEL (Athens) [1-2]. Some of the copolymers 
synthesised have presented unusual bad wet development and we have suspected them to develop a 
surface segregation of the POSS molecule. As surface segregation could have a great impact on etching 
mechanisms, we analysed POSS containing copolymers before etching by XPS to investigate this point. 
This is the aim of the first paragraph.   
 
i) XPS analysis before etching 
If POSS molecules reside preferentially at or close to the surface, the surface chemical composition 
and structure should be different from the average chemical composition and structure of the material. 
Particularly, the Si-C and Si-O bond percentages should be higher than expected since Si atoms are 
present only in the POSS molecule. In a similar way silicon atomic percentage should be higher and 
the C=O bond percentage should be lower than expected. Si-C, Si-O, C=O and Si percentages were 
determined from XPS spectra. Table 1 summarizes results obtained. We indicate the difference 
between the measured percentage (labelled “meas”) and the expected one (labelled “th”). The first 
column give results for the pure POSS monomer (sample S1) for which no surface segregation is 
expected. One can see that differences do not exceed 1%. On the contrary, for POSS-containing 

0 1 2 3 4 5
80

85

90

95

100

105

PDMS
 0 V
 50 V
 100 V

 

 

Etching time (min)

Th
ic

kn
es

s 
(n

m
)



copolymers, the measured Si, Si-C and Si-O percentages are systematically higher than expected ones. 
For example, for sample S5 (20/80/0), we can see that the measured silicon concentration exceeds the 
expected one (the concentration without surface segregation) by more than 6%, and the carbon to 
silicon and oxygen to silicon bond percentages exceeds the expected ones by about 13 and 35 % while 
the C=O double bond percentage is 18% lower than expected from a copolymer without surface 
segregation.  
 

Copolymer composition: 
POSS/TBMA/MA  
weight percentages 

100/0/0 
(S1) 

60/40/0 
(S2) 

40/60/0 
(S3) 

30/50/20 
(S4) 

20/80/0 
(S5) 

40/40/20 
(S6) 

%(Si)meas - %(Si)th 1.3 3.6 4.1 1.1 6.3 3.2 

%(C-Si)meas - %(C-Si)th -1.1 4.9 12.4 12.5 13.5 19.9 

%(O-Si)meas - %(O-Si)th -0.01 15.7 31.1 21.2 35.7 21.2 

%(C=O)meas - %(C=O)th -0.04 -7.8 -15.5 -10.6 -17.9 -10.6 

Table 2: Difference between measured percentages by XPS (meas) and calculated ones from the chemical 
structure of the copolymer (th), for different copolymers (POSS/TBMA/MA, see figure 2). For C-Si, O-Si and 

C=O, the measured percentage is the ratio of the C-Si, O-Si or C=O component area over the whole peak area, 
respectively C1s, O1s and C1s.  

 
XPS analysis of the copolymers before etching clearly shows that the POSS molecules reside 
preferentially on the surface and point out a surface segregation phenomenon [5]. To determine if 
POSS molecules aggregate on surface forming islands or an homogeneous layer we used AFM in 
phase mode. No difference of contrast was observed on the surface. Our interpretation is that POSS 
molecules aggregate forming an (almost) homogeneous layer. Moreover, as the carbon etch rate under 
oxygen plasma is much larger than the silicon etch rate, an island like aggregation phenomenon should 
lead to a very rough surface after oxygen etching (almost no etching of islands and fast etching of 
carbon containing monomers). On the contrary, very smooth surfaces (rms < 1 nm) are observed by 
AFM after etching.  
We expect the surface segregation phenomenon to modify considerably the nature of the interaction 
between the plasma and the surface. Indeed, the composition of the material to etch is closer to PMSQ 
than it should be. 
 
ii) Etch rates, selectivity and etch mechanisms 
POSS copolymer etching rates versus etching time present a two slopes behaviour in oxygen plasmas 
(figure 4). During the first seconds of the plasma a fast etch rate is observed, then the etch rate goes 
slower. The etch rate during first seconds is almost the same whatever the POSS percentage in the 
copolymer. However, the duration of this first phase increases with decreasing the POSS percentage. 
For POSS rich materials (> 40%), we can imagine that the phenomenon observed is almost the same as 
was observed for PDMS and PMSQ. Oxygen atoms etch carbon and hydrogen atoms, allow bonding 
between the polyhedral silsesquioxanes groups, and by ending the work started by surface segregation 
convert the top surface into a SiOx like layer. This process is of course faster if the surface initially 
contains a lot of silicon oxide cages (high POSS percentage). The SiOx layer is etch resistant in oxygen 
plasmas and acts as a protective layer. As the top copolymer layer becomes etch resistant, the etch rate 
decreases and the selectivity versus AZ 5214 reaches high values, from 27 (20% POSS) to 390 (100% 
POSS) for -100 V DC bias.  
We have performed XPS measurements after 10 seconds etching. For all materials, XPS analysis reveals 
an oxidation of the surface; silicon and oxygen percentages increase and carbon percentage decreases.  
As was explained before, because of surface segregation, materials containing a high percentage of 
POSS molecules present a surface “similar” to PDMS and PMSQ. Hence, for theses materials, etch 
mechanisms are most probably close to those of PDMS and PMSQ. The etch rate is controlled by ion 



sputtering for -100 V DC bias and by diffusion, oxidation and densification for 0 V DC bias. Concerning 
low POSS percentage materials, more studies are needed to understand the etch mechanisms 

Figure 4: Thickness versus etching time for different POSS containing copolymers. O2 plasma, 800 W, 40 sccm, 10 
mTorr, 0 V DC bias (on the left), -100 V DC bias (on the right) 

 
 
5. Conclusion 
We investigated etching of silicon containing polymers in oxygen plasmas. We shown that these 
materials are suitable for a bilayer resist scheme; they present a low etch rate and a high selectivity with 
respect to carbon containing resist in oxygen plasmas.  
Furthermore we tried to understand etching mechanisms of these polymers using quasi in-situ XPS and 
in-situ ellipsometry. We shown that during the first seconds of oxygen plasma, a silicon oxide like layer 
is formed onto PolyDiMethylSiloxane (PDMS) and PolyMethylSilsesQuioxane (PMSQ) polymers. This 
layer is etch resistant in oxygen plasma and acts as a protective layer. We also investigated a novel class 
of copolymers based on the POSS monomer (Si8O12, Polyhedral oligomeric silsesquioxanes). We shown 
that etching mechanisms are very similar to those obtained for PDMS and PMSQ for copolymers with 
high percentage of POSS molecules. More studies are needed to determine etch mechanisms for low 
POSS percentage materials. 
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Low-k etching in high density fluorocarbon plasmas 
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Abstract 
This work concerns etching of low-k materials (SiOC and porous SiOC) in high density fluorocarbon 
plasmas. Such materials may be used as interlevel dielectric in integrated circuits. In this aim, high etch rates 
are needed and high selectivity with respect to the etch stop layer made of SiC is required. Etch rates and 
selectivity are measured by in-situ ellipsometry while etch mechanisms are investigated combining 
ellipsometry, quasi in-situ XPS and plasma diagnostics. 
 
1. Introduction 
At present, performance in integrated circuit (IC) are no longer limited by feature size, which approach 
0.1µm and beyond, but by the increase of interconnection delay. Signals through metal interconnects are 
delayed by the resistance R of the metal lines and the capacitance C between adjacent lines. To optimize IC 
devices, interconnection delay must inevitably be reduced. One solution is to diminish the parasitic 
capacitance between levels by replacing SiO2 (k=4.5) conventional interlevel dielectric by a low dielectric 
constant material (low-k). Methylsilsesquioxane polymers (SiOC) are candidate materials to replace SiO2 as 
interlevel dielectric. However, the global dielectric constant is also affected by the permittivity of the etch 
stop layer. For this reason, amorphous hydrogenated silicon carbide (SiC) materials are used as etch stop 
layer instead of the standard SiN (k=7) [1].  
 
Our laboratory is concerned with the etching of the low-k materials SiOC (k=2.9) and SiOC with 40% of 
porosity (k=2.2) and by the etching of the etch stop layer SiC (k=4.5). The etch selectivity of the low-k with 
respect to SiC is an important criterion to obtain. Furthermore, one must ensure that the etching does not 
adversely affect the dielectric constant of the films. To satisfy these properties, etching mechanisms are 
studied in details.  
The etch is performed with fluorocarbon gases, since they have proven to be very successful in the etch of 
conventional SiO2 [2-4]. We used a 13.56 MHz Inductively Coupled Plasma (ICP) source, consisting of a 
quartz dome with an external loop antenna surrounding a diffusion chamber. The substrate can be biased 
with a second RF generator providing 600W. Low-k etch rates have been measured in real time by in-situ 
multi-wavelength ellipsometry. Surface composition and modification are then analyzed by quasi in-situ X-
ray Photoelectron Spectroscopy. Plasma analysis are also performed with optical emission spectroscopy.  
 
2. Results 
The present work is focused on the effect of the process parameters on the etching of SiOC and porous SiOC 
and on their selectivity with respect to the SiC etch stop layer. Our main aim is to identify and understand the 
etch mechanisms. 
First, the etch rates of SiOC, porous SiOC, and SiC are measured in C2F6 plasma, 800W, 10mTorr for 
various bias voltage (figure 1). The etching starts at about 20V and the etch rate of the three materials are 
increasing with the bias voltage. Selectivity of SiOC or porous SiOC with respect to SiC is also calculated 
(figure 2). The selectivity of porous SiOC with respect to SiOC is close to 1.4 for bias voltage superior to 
200V, which approximately corresponds to the two material densities ratio (ρSiOC/ρporous SiOC = 1.3 /0.8 = 1.6). 
Thus, the higher etch rate of porous SiOC compared to the one of SiOC is simply due to the lower density of 
porous SiOC. The two materials present the same evolution of etch rate and selectivity. So, in the following, 
we focus mainly on SiOC.  
The selectivity of SiOC with respect to SiC is almost constant and equal to 1.8, which also corresponds to the 
material densities ratio (ρSiC= 2 g.cm-3). Thus, better plasma conditions have to be found to improve 
selectivity. In this aim, mixtures of C2F6 with different percentage of hydrogen, argon or oxygen are studied. 
SiOC and SiC etch rates are shown respectively in figure 3 and figure 4, and the selectivity of SiOC with 
respect to SiC is presented in figure 5. One can see that oxygen addition leads to an increase of the etch rate 
for less than 50% of oxygen and a decrease beyond. However, selectivity remains almost constant (S=2). 
Adding argon to C2F6 keeps etch rate and the selectivity constant. The best selectivity is obtained by addition 
of hydrogen but unfortunately this improvement comes with a decrease of the low-k material etch rate.  
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Figure 1:Etch rate versus bias voltage in C2F6 plasma 

800W 40sccm 10mTorr 
Figure 2: Selectivity versus bias voltage in C2F6 plasma 

800W 40sccm 10mTorr 
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Figure 3: SiOC etch rate versus C2F6  percentage in 

C2F6 mixtures with O2, Ar, or H2 
    800W  10mTorr  40sccm   -100V 

Figure 4:  SiC etch rate versus C2F6  percentage in 
C2F6 mixtures with O2, Ar, or H2 
800W 10mTorr 40sccm  -100V 
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Figure 5:SiOC/SiC selectivity versus C2F6  percentage 

in C2F6 mixtures with O2, Ar, or H2 
  800W  10mTorr  40sccm   -100V 

Figure 6: Evolution of fluorine intensity versus C2F6  
percentage in C2F6 mixtures with O2, Ar, or H2  

800W 10mTorr 40sccm  
 
Etch rates and selectivity for this kind of materials are mainly controlled by three parameters [3-4]: the ion 
flux, the neutral flux, and the passivation layer onto surfaces. The ion flux brings energy on surface to break 
bonds. Then, impinging ions and neutrals can form volatile compounds with surface atoms leading to 
etching, or can form a passivation layer deposited onto the surface. The passivation layer usually protect 
more or less the surface from etching. A fluorine rich layer will favour etching while a carbon rich layer will 
block etching. As the passivation layer composition can be different for two materials (SiOC and SiC for 
example), the passivation layer influences strongly etching and more precisely etching selectivity. Therefore, 
in order to analyse etch mechanisms, these three parameters (ion flux, neutral flux and passivation layer 
thickness and composition on all materials) should be measured.  
To obtain the neutral flux, and especially the fluorine flux, analysis of the plasma by optical emission 
spectroscopy are performed. The behaviour of the normalized atomic fluorine line (normalisation with 



argon) is followed and shown in figure 6. One can see that the fluorine to argon ratio shows a peak for the 
mixture C2F6/O2 (50%/50%). This maximum fluorine concentration may explain the higher etch rates 
obtained for the mixture C2F6/O2 (50%/50%). To check this hypothesis, the surface composition of SiOC is 
investigated. X-ray Photoelectron Spectroscopy (XPS) points out the absence of a fluorocarbon layer on 
SiOC. This tends to confirm the better etch rates obtained with oxygen than those with argon or hydrogen 
and the weaker value of selectivity. However, the evolution of the ion flux is needed to fully understand the 
etching mechanisms in C2F6/O2 mixtures.  
Adding argon to C2F6 leads to the decrease of the fluorine concentration in the plasma because of the dilution 
of C2F6. This should decrease the etch rate. However, decreasing the percentage of C2F6 leads to an increase 
of the ion flux, because of a higher electronic density in argon plasma than in fluorocarbon plasmas [5]. This 
stronger ion flux should increase the etch rates. The opposite influence of these two parameters may lead to 
the almost constant etch rates observed (figure 3 and 4).  
The atomic fluorine concentration is less important in C2F6/H2 plasma than in C2F6/Ar plasma. Hydrogen 
reduces the fluorine abundance in the plasma, probably by forming HF [3]. Furthermore, the carbon XPS 
peak indicates the presence of a fluorocarbon layer on SiC and SiOC after C2F6/H2 and C2F6/Ar plasma. 
Figure 7 presents etch rate variations versus carbon percentage in the fluorocarbon layer, for C2F6/H2 and 
C2F6/Ar plasma. As expected, etch rate decreases linearly with the increase of the carbon percentage in the 
fluorocarbon layer. So, adding H2 to C2F6 leads to a decrease of the etch rates because of a decrease of the 
fluorine flux and because of passivation layers containing a higher percentage of carbon. 
 
According to these results, we study thoroughly the C2F6/H2 (25%/75%) mixture. Figure 8 presents SiOC 
etch rate and the normalized fluorine emission line versus the flow rate. Etch rates noticeably decrease as the 
flow rate increases whereas the fluorine emission increases. To understand these evolutions, that seem 
contradictory, further analysis have to be made. Mass spectrometer analysis are presently carried out in order 
to better correlate plasma diagnostics and surface analysis.  
 

0
20
40
60
80

100
120
140
160

0 2 4 6 8 10 12 14 16 18 20
Carbon from fluorocarbon layer

E
tc

h
 r

a
te

 (
n

m
/m

in
)

C2F6/Ar

C2F6/Ar

C2F6/H2

C2F6/H2

SiOC

SiC

 

-50

0

50

100

150

20 40 60 80 100

flow rate (sccm)

et
ch

 ra
te

 (n
m

/m
in

)

0
0,2
0,4
0,6
0,8
1
1,2
1,4
1,6

F/Ar intensity

 
Figure 7: SiOC and SiC etch rates versus carbon 

percentage in the fluorocarbon layer 
 for various mixtures of C2F6 /Ar and C2F6/H2 

800W 10mTorr 40sccm -200V 

Figure 8: SiOC etch rate and fluorine intensity versus 
flow rate in C2F6/H2 (25%/75%) plasma 800W 

10mTorr  (-200V) 

 
Finally, etching have to do not affect the dielectric constant of the films. An important change in the 
dielectric constant value should be correlated with a bulk modification of the material. FTIR measurements 
have been performed in order to check that etching do not affect the material. Figure 9 presents the SiOC 
infra-red spectra before and after etching. No clear modification of the material is seen. So, we assume that 
the dielectric constant is almost not affected by fluorocarbon etching. This conclusion have to be verified.  
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Figure 9 : SiOC FTIR spectra before etching and after 

etching in C2F6/H2 (25%/75%) plasma, 800W, 40sccm, 10mTorr.  
 

 
 
3. Conclusion 
We studied etching of low-k materials in high density fluorocarbon plasmas. Particularly, we paid attention 
to the influence of the process parameters on SiOC, porous SiOC and SiC etch rates and selectivity. Etch 
rates increase with bias voltage up to 600 nm/min for SiOC in C2F6 plasmas, while selectivity (SiOC/SiC and 
porous SiOC/SiC) remains quite low (<2) . Mixtures of C2F6 with oxygen, argon, and hydrogen have been 
studied. The C2F6/O2 (50%/50%) plasma, give the best etch rate but the lowest selectivity. Adding argon to 
C2F6 does not modify either etch rate or selectivity. On the contrary, selectivity increases up to 10 with 
addition of hydrogen but at the same time, the etch rate decreases. To understand these evolutions, we 
measured fluorine concentration by optical emission and passivation layer composition by XPS. A high 
atomic fluorine concentration in C2F6/O2 (50%/50%) is well correlated with the largest etch rates obtained. A 
more important fluorocarbon layer on SiC than on SiOC explained the better selectivity observed with 
hydrogen.  
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Abstract
Carbon nanostructures (onions, nanotubes and encapsulates) were generated by arc discharge in water
between pure and catalyst-doped graphite electrodes. The obtained structures were of fine crystalline
morphology, similar to those formed in He arc plasma.  Emission spectroscopy was performed to assess the
plasma components (H, O, C and C2) and temperatures. C2 radicals were determined quantitatively, between
1015 and 1016 cm-2 depending on graphite anode composition. The temperature was between 4000 and 6500
K.

1. Introduction
Since the discoveries of the novel carbon nanostructures the study of high current carbon arc discharge has
become of interest because it appeared to be the most efficient source of fullerenes and nanotubes [1, 2].
Synthesis of fullerenes and other carbon nanostructures are routinely carried out in a helium arc plasma.
Discharges in liquid media were also investigated as a route to carbon nanomaterials: e.g., fullerenes in
toluene or benzene [3], carbon nanotubes (CNTs) in aromatic hydrocarbons.
Hsin et al. [4] reported the first low-temperature, solution-phase production of CNTs in water. Sano et al. [5]
described the large scale formation of carbon nano-onions using relatively low discharge currents (30 A), the
graphite electrodes being submerged in deionized water. Their study showed that the resulting nanoparticles,
floating on the water surface, consisted of C60 cores wrapped in graphenes (ca. 7-15 layers, ca. 25-30 nm
diameter). Under similar discharge conditions Zhu et. al. [6] investigated the formation of CNTs using also
salt solutions as the medium. The authors obtained nanotube-rich material.
High yield, large-scale, and cost-efficient approaches to such nanostructures should not only boost
fundamental research but will also foster industrial applications, eg. lubrication technology. Therefore, it is
of interest to carry out detailed studies of the carbon arc discharge process in water. First, we focused our
attention on the plasma process identifying  intermediate species and determining the plasma temperature.
Second, we tried to establish the selectivity of this process in nanomaterial generation, i.e. which types of
nanostructure would form concurrently during the bulk production of carbon nano-onions. Pure graphite
electrodes, as well as Y–, Gd–, Ce–, Co/Ni–, Fe– and B-doped, were employed. These dopants play a
critical catalytic role in CNTs formation [7].

2. Experimental
The anode and cathode (6 mm diam.) were immersed to a depth of ca. 3 cm in deionized water (1 dm3)
contained in a transparent glass vessel. The electrodes were aligned horizontally. The brass electrode holders
were free to move, forward and backward, which enabled proper electrode gap adjustment to be made during
the arc discharge. The discharge in water (Fig. 1) is rather unstable and it is critical to control precisely the
arc gap in order to run the arc continuously. The electrode gap was maintained at ca. < 0.7 mm. We used a
digital controllable power supply with constant voltage output equal to 90 V.  Optimum arc performance was
achieved at current of 40 A with voltage drop between 21 – 30 V.
The erosion rates of the doped electrodes, consisting of 0.6 - 0.8 at % of catalysts, was higher comparing  to
the pure graphite anodes. The respective values are given in the Table 1.
During discharge, the spectroscopic features of the plasma emission were monitored optically using a ST8
CCD camera coupled to a high-resolution spectrograph, in order to identify the atomic lines and molecular
bands. Considering the quantitative diagnostics, such a task in the case of the arc discharge in water is rather
a very difficult one because of high arc fluctuation, small arc gap, and progressing decrease of water
transparency caused by carbon particles dispersed in water. Therefore, the information characterizing the
plasma was inferred only from C2 radical radiation which is mainly associated with the Swan band system d
3Πg  → a 3Πu. The emission band 0-0 (516.5 nm) was used for temperature assessment and contribution of
carbon in the plasma phase evaluation. The C2 contents was determined applying the method based on the



phenomenon of self-absorption which highly influences the intensity of the band head with respect to the
intensity of the non-overlapped rotational components. It is clearly seen in Fig. 2 showing the 0-0 band
emitted by the arc discharge in helium between pure graphite electrodes (A) and in water with Y–doped
graphite anode (B).

Fig. 2. Profiles of C2(d-a, 0-0) emission band under low and high self-absorption.
A – arc discharge in He, anode: graphite.  B – arc discharge in water, anode: graphite + 0.8 at% Y.

For the sake of comparison a reference test was carried out in He under atmospheric pressure and the same
arc discharge current (40 A ). The plasma diagnostic procedure was described earlier [8].
The products were analyzed using scanning and transmission electron microscopy (ultra high resolution
field-emission SEM, Leo 1530 and HRTEM JEOL 3010).

Fig. 1. Arc discharge in water.
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3. Results and discussion
3.1 Plasma spectroscopy
The arc discharge in water is similar to some extent to that of a carbon arc discharge in He. The strongest
radiation is still associated with C2 radicals (d 3Πg → a 3Πu, e.g., 516.5 nm), carbon atoms and ions.
However, the presence of atomic hydrogen, e.g., Hα, and oxygen (e.g., 777.2, 777.4 and 777.5 nm) lines,
appears to be a new feature. In the cases of doped electrodes, characteristic lines of metal admixtures are also
readily detected. The bands associated with CH, OH and CO molecules could not be detected. Meanwhile,
the discharge was accompanied by strong continuum radiation covering the visible and UV range.
Because of a continuous displacement of the arc in the electrode gap during discharge, light refraction and
scattering, caused by bubbles dispersed in water (Fig. 1), the spectroscopic measurements were averaged
across and  along the arc channel, i.e., within ca. 6 and 1 mm, respectively. The arc operating parameters,
electrode composition, erosion rate and average temperature and C2 content (in the units of column density)
values are given in Table 1.

Table 1 Operational parameters and plasma characteristics
Anode

composition (at %)
Voltage

[V]
Anode

erosion rate
[mg s-1]

Average
temperature

[K]

C2(a 3Πu, v =0)
column density
nl [1015 cm-2]

Arc discharge in He, p = 950 mb, i = 40 A
C 21 > 0.3 4200 1.4

Arc discharge in water, p = 950 mb, i = 40 A
C 26 1 5400 2.5

C/Co(0.6)-Ni(0.6) 28 6.5 5400 6.4
C/Ce(0.8) 26 6 5200 7.7
C/Y(0.8) 25 8 6400 14.7

C/Gd(0.8) 24 7 5000 15.4
C/Fe(0.7) 29 4 5600 5.2
C/B(1.0) 28 2,4 5000 2.1

The average plasma temperature in water was quite high, between 5000 - 6000 K. The temperature values
were ca. 1500 K higher than for the discharge in He. Even at higher arc power input (> 2 kW) in He the
temperatures are still a few hundreds degrees lower [9]. It is apparent that the higher plasma temperature in
water results from the bubbles, which are small in number and volume, leading to high energy density.
Meanwhile, reactions among carbon, oxygen and hydrogen are highly exothermic. Under atmospheric
pressure, the degree of dissociation of water into atomic oxygen and hydrogen is higher than 99% at ca. 5000
K. Thus, the average plasma temperature in water is higher than in He. Table 1 reveals also that for pure and
doped graphite anodes, C2 contents are different. The erosion rate of pure graphite is much lower, thus the C2
column density is lower than that of the doped electrodes. Generally, the amount of C2 produced in water
discharge, despite a relatively low current, is higher than that formed in the presence of He. Similar C2
content in He was observed only at much higher arc current [9].
Two main factors influencing the C2 density are the anode erosion rate and diffusion process. Since the
plasma is surrounded by water, diffusion is limited within the bubbles volume and carbon species are trapped
within the bubbles. Hence, the carbon vapor pressure in the plasma bubbles is higher than that in the He-
carbon arc plasma where carbon species can expand freely.

3.2 Carbon nanostructures
The use of pure or doped anodes manifested itself not only in diverse anode erosion rates (Table 1) but also
in different behavior with respect to the cathode deposit growth. For pure graphite the cathode surface was
etched by active species e.g., such as H or O. However in the case of a doped electrode, a deposit grew on
the cathode tip similar to the carbon arc discharge in He. Independent of the type of anode, a layer of soot
appeared on the water surface but with different wettability properties.
The collected floating products were examined by SEM and HRTEM. The results in the case of pure
graphite electrodes are shown in Fig. 3. Evidently the product contains carbon nano-onions (Fig. 3c), and it
confirms the finding of the other authors [5]. However, additionally there is also large amount of multi-



walled carbon nanotubes (Figs. 3a and 3b). These nanotubes are ca. 20-30 nm in diameter, and a few
micrometers in length, with a ca. 0.34 nm layer separation, and exhibited no significant differences from
those generated by arc discharge in He. Samples obtained from the bottom of the tank also contained many
large carbon ball-shaped structures (ca. 1-5 µm diam.) and pieces of the starting material.

Fig. 3. SEM (a) and HRTEM (b and c) images of carbon nanostructure. Electrode: pure graphite.

When Gd-doped electrodes were used, various carbon structures were produced with high yields including
the formation of many polygonal encapsulated crystals (Figs. 3b and 3c). Such encapsulations resemble the
morphology of those produced in He arc discharge; they appear to be regular and to adopt the inner curvature
of the carbon cages. The single crystal feature of the fillings has also been confirmed by TEM.  Linear
isolated NTs were found, some of which were fully or partly filled with catalyst.

Fig. 4. SEM (a) and HRTEM (b and c) images of carbon nanostructures floating on water surface. Electrode
composition: C + 0.8 at. % Gd.

Selected images of floating and cathode deposit products formed when Y–doped anode was arced in water
are shown in Fig. 5. The percentage of filled structures is higher than that when Gd– doped electrodes were
used. We found two types of carbon nanotube: (i) partly filled with Y or its carbide, usually partially
defected; (ii) normal carbon arc nanotubes, hollow, straight, long and well crystallized, also accompanying
with polyhedral particles. Fig. 5c shows a metal nanoparticle occupying ca. half of the cavity of a polyhedral
carbon-shell.
The examples of SEM images of products obtained using other electrodes listed in Table 1 are shown in Fig.
6.



Fig. 5. SEM (a and b) and HRTEM ( c ) images of carbon nanostructures: Electrode composition: C + 0.8 at % Y.
(a) cathode deposit and (b and c) products floating on water surface.

Fig. 6. SEM images of carbon nanostructures: Electrode composition:
C + 1 at% B, products collected from the bottom (a)  and floating on water surface (b);

C + 0.6 at % Co + 0.6 at % Ni, floating products (c).

The elongated carbon nanostructeres which could be  detected by SEM were only found when B–doped
anode was used (Fig. 6a). The HRTEM analyses of solid products formed during arc sublimation of anodes
doped with Ce, Ni–Co,  Fe and B are under way.
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Abstract 
Floating potential fluctuations in the cylindrical magnetron DC discharge were characterized using the data 
from single and double cylindrical Langmuir probes positioned in the plane perpendicular to the discharge 
axis. The power density spectra were calculated from the experimental data in the range of magnetic fields 
10 to 40 mT, pressures 1.5 to 7 Pa and discharge currents 100 and 200 mA. Spatial changes of plasma 
parameters with magnetic field and their correlation with observed fluctuations are also discussed. 
 
1. Introduction 
In many plasmatic systems stochastic fluctuations, i.e. stochastic changes of plasma parameters, have been 
experimentally detected. Among the most interesting systems we can cite the stationary plasma thrusters 
(SPT), where the fluctuations are supposed to aid the transport of electrons across the magnetic field, which 
is applied radially at the exit of the SPT [1]. So-called turbulence-driven charged particle transport across the 
magnetic field in the scrape-off layer in tokamaks is supposed to be a process of primary importance in the 
study of fusion plasmas since it influences plasma confinement by the magnetic field [2]. 
Cylindrical magnetrons are nowadays widely used as technological systems e.g. for creating thin films of 
superconductive or special magnetic properties. In the cylindrical magnetron the symmetry and homogeneity 
of the magnetic field simplifies both the theoretical and experimental investigations. In our previous 
experimental studies we already reported the presence of fluctuations of the plasma potential in our 
cylindrical magnetron system [3,4]. Fluctuations manifest as the unwanted noise added to the Langmuir 
probe floating potential when measuring with the floating probe and in the increased noise of the measured 
current when measuring the V-A probe characteristic. The amplitude of the floating potential fluctuations in 
our cylindrical magnetron system significantly increased when the magnetic field increased above the value 
of approximately 20 mT. 
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Figure 1. The typical trajectory of one electron in the DC discharge in cylindrical magnetron in argon for first 300 ns. 

Anode voltage U = 500 V, intensity of magnetic field B = 20 mT, the pressure of argon neutral gas p = 0.5 Pa. From [5]. 



In our former paper we performed Monte-Carlo simulations of radial charged particle transport in the ExB 
field of cylindrical magnetron [5]. In the model we did not include the effect of stochastic oscillations. The 
model clearly shows that at lower pressures the electrons from the cathode cannot reach the anode, see 
Figure 1, while in experiment at similar conditions the discharge burns (and stochastic oscillations are 
present). It is therefore very probable that also in DC discharge plasma in cylindrical magnetron the 
stochastic fluctuations help the transport of charged particles across the magnetic field. In this manner the 
research performed on a simple, small and cheap experimental magnetron system may be relevant for 
tokamak edge plasma research and in general for research on all fusion devices with magnetic confinement. 
Stochastic oscillations in a DC discharge plasma in planar magnetron have already been studied and the 
relevant experimental methods developed [6]. We applied these methods for the more detailed experimental 
study of the floating potential fluctuations in the DC discharge in cylindrical magnetron system in argon. 
 
2. Experimental system 
The cylindrical magnetron in the so-called post configuration of the DC discharge consists of cylindrical 
cathode mounted coaxially inside of the cylindrical anode. The discharge volume is axially limited by means 
of two disc-shaped limiters, which are connected to the cathode potential. In our device the diameters of the 
cathode and anode are 18 mm and 60 mm respectively. The length of the discharge volume is 300 mm. The 
homogeneous magnetic field is created by six coils and is parallel with the common axis of the system. To 
prevent overheating the coils and cathode, are water-cooled. 

The system is constructed in high-vacuum technology. The pumping unit consists of the combination of the 
turbomolecular and rotary pumps. The ultimate pressure in the discharge vessel is in the order of 10-3 Pa. 
During the operation of the magnetron discharge the working gas, in this case argon slowly flows into the 
system and through the valve reducing the pumping speed of the pumps leaves the system. The typical flow 
rate is below 1 sccm and is adjusted by means of the MKS flow controller in order to keep the pressure in the 
discharge volume constant. 
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Figure 2. Schematic diagram of the cylindrical magnetron system. 

The system is equipped with 5 ports for inserting the Langmuir probes, see Figure 2. Ports are distributed at 
the distances of 60 mm from each other in between the magnetic coils along the discharge vessel. The probes 
could be inserted radially through vacuum ports into the system. In the following figures we denote the probe 
in the middle of the discharge vessel length as probe 1 and the other two as probes 2 and 3 respectively. 
Apart from the three cylindrical probes, which were radially movable by means of stepping motors, we used 
also in one of the ports the double probe with two cylindrical tips separated by the distance ∆x=1.6 mm. We 
used tungsten cylindrical probes with diameter 47 µm and length 2-4 mm. 



3. Estimation of the power spectra 
The Langmuir probes used for monitoring the floating potential were floating - did not have applied the bias 
voltage. The floating potential signal from the probes was sampled using the digital oscilloscope (Tektronix 
TDS 610) and samples hn in 8-bit resolution were transferred to the computer over the GPIB interface: 
 )( tnhhn ∆⋅= , (1) 
where h(t) is the probe voltage with respect to the anode, ∆t is the sampling interval and integer n ranges 
from 0 to the number of samples N-1. Then the discrete Fourier transform of the sampled data was calculated 
by means of the FFT: 
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The guess of the Fourier transform of the voltage h(t) at the discrete frequencies k∆f is given by 
 kHtfkH ⋅∆=∆⋅ )( , (3) 
where ∆f=1/(N∆t). The power density is then  
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In order to decrease the scatter of the calculated spectrum estimate several realizations (typically 100) were 
averaged into the resulting power density curve. The number of samples was limited by the amount of the 
oscilloscope memory to 50 000 samples, the sampling frequency was chosen to be 2.5 MHz. 

Examples of the measured spectra are in the two figures above. Figure 3 shows the dependence of the 
measured power density spectrum on the magnetic field at the pressure of 3 Pa and the discharge current 
200 mA. In the range up to several kHz there appears notable increase of the amplitude of fluctuations with 
increasing magnetic field. The peaks on the curve corresponding to the 20 mT are probably connected to the 
discharge power-supply noise. Figure 4 shows the changes of the power density spectrum with the pressure 
at fixed magnetic field of 20 mT and the discharge current 200 mA. The increase of the pressure leads to the 
decrease of the amplitude of fluctuations. 
 
4. Spatial changes of plasma parameters with magnetic field 
It is interesting to compare the effect of magnetic field to the fluctuations (temporal changes of plasma 
parameters) with the effect of magnetic field to the spatial distribution of plasma parameters in radial and 
axial direction within the discharge vessel. The radial changes of plasma parameters have been measured by 
radially movable probes the estimate of axial changes has been determined by measuring with three probes at 
three different axial positions within the discharge vessel.  

Figure 5 shows the radial dependences of electron density at three different positions along the discharge 
vessel and at three different magnetic fields. It is seen that the magnetic field affect significantly radial as 
well as axial distribution of electron density within the discharge vessel.  

 
Figure 4. Power signal density spectrum changes with the 
argon pressure at fixed magnetic field of 20 mT and the 

discharge current of 200 mA. 

 
Figure 3. Example of power signal density spectrum 
with the magnetic field strength as parameter. Argon 

pressure 3 Pa, discharge current 200 mA. 



The procedure of destruction of the axial homogeneity we can also follow in Figures 6 and 7, which depict 
the radial profiles of electron density at the probe 1 and 2 with magnetic field strength B as a parameter. It is 
interesting to note that while in the middle of the discharge vessel the peak electron density monotonously 
decreases with increase of the magnetic field strength, at the probe 2, i.e. 6 cm apart the peak electron density 
at first decreases and then increases again.  

Figures 8 and 9 show the measured profiles of the plasma potential and electron mean energy at the position 
of probe 1 respectively. The plasma potential has been determined from the zero-crossing point of the second 
derivative of the probe characteristic with respect to the probe potential. Second derivative has been 
computed numerically from the measured probe characteristic. The mean electron energy has been 
determined by numerical integration over the second derivative. One can note the increase of the radial 
electric field with increase of the magnetic field strength in Figure 8, which is accompanied by the increase 
of the electron mean energy (Figure 9). 
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Figure 6. Radial profile of electron density measured at 

the central axial position (probe 1). 
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Figure 9. Radial profile of the mean electron energy 
(probe 1). Noted is also the discharge voltage. 
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Figure 5. Dependence of radial and axial electron density distribution on the magnetic field. 
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Figure 7. Radial profile of electron density measured at 
6 cm from the central axial position (probe 2). 
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Figure 8. Radial profile of plasma potential measured at 

probe 1. Also indicated are the radial electric field E 
in V/cm and the discharge voltage. 



5. Frequency vs. wave number spectra 
In order to analyze the wave-like behaviour of the potential fluctuations of the DC discharge plasma in 
cylindrical magnetron the power density spectra derived from the fluctuations measured simultaneously on 
two Langmuir probes were evaluated according to the method described in [6]. For this purpose a double 
probe was inserted into position of the probe 1 (central position). Cylindrical tips of the double probe were 
aligned in the plane perpendicular to the discharge vessel axis, see Figure 10.  

Figure 10. Position of the double probe inside cylindrical magnetron discharge vessel and detail of the probe tips.  
Probe material and dimensions: tungsten, diameter 47 µm, length 2 mm. 

At first the wave number was calculated for each frequency from the phase shift between the signals at the 
two probes and the known distance ∆x=1.6 mm between the probes: 
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where H(1) and H(2) are the Fourier transforms of the signals h(1) and h(2) measured simultaneously at both tips 
of the double probe. Using the wave number and the average power density S(12)(f) at the two probes 
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the histogram S(f,k) can be built. For each frequency f the bin corresponding to the wave number k was 
increased by the amount S(12)(f). 

Figure 11 shows the typical frequency vs. wave number histogram. It is seen from the figure that the phase 
shift between fluctuations measured at the two probe positions is negligible i.e. the fluctuations at the 
positions of both the probes are well correlated. In comparison with the work [6], which studied fluctuations 
in planar magnetron, no fluctuations modes have been found in our cylindrical magnetron configuration. 
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Figure 11. S(k,f) histogram at 30 mT, 1.5 Pa and 200 mA. 
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6. Discussion and conclusion 
When the magnetic field is applied to plasma the similarity parameter is considered to be the quantity B/p. 
This follows from the dependence of the diffusion coefficient of electrons in the direction perpendicular to B, 
which depends on the ratio ωc/ν (frequency of the electron cyclotron motion over the collision frequency of 
electrons with neutrals). Figures 3 and 4 demonstrate qualitatively that B/p seems to be similarity parameter 
also for the power of fluctuations - at least in a limited range of lower frequencies: At constant pressure the 
fluctuations power density increases with magnetic field strength, at constant magnetic field the same 
decreases with increasing the pressure. With regard to spatial changes of the electron density the decrease of 
the electron density at higher magnetic fields at the ends of the discharge vessel (see Figure 5) has been 
satisfactorily explained by a recent kinetic model [7]. This kinetic model takes into account the effect of 
disc-shaped limiters - additional walls - that terminate the discharge vessel axially. What remains unclear yet 
is the decrease of the electron density with increasing magnetic field in the middle of the discharge vessel, 
which seems to be compensated - since the discharge current was kept constant - by the increase of the 
electron density in the intermediate position between middle and end of the discharge vessel (at the position 
of probe 2). This axial dependence of the electron density is neither included nor described by the model [7]. 
From our experimental results follows, however, that the discharge current at higher magnetic fields is 
mostly axially constrained to two areas lying symmetrically around the middle of the discharge vessel. 
Simultaneously the discharge voltage with increasing the magnetic field monotonically decreases (see notes 
in Figures 8 and 9). It is therefore very probable that at higher magnetic fields the radial transport of 
electrons from cathode to anode is enhanced by the fluctuations. This conclusion is further supported by 
comparison of the experimentally measured radial course of the plasma potential with the plasma potential 
computed using the 1-D PIC model [8]. The PIC model calculates the plasma parameters for discharge 
running-times up to about 100 µs after the discharge switch-on and hence it cannot encompass the role of 
fluctuations. The experimentally measured radial electric field is always several times smaller than the 
electric field computed from the PIC model. This result also suggests that there is another mechanism, which 
contributes to the radial transport of electrons in our system, and the observed (and in this paper 
characterized) fluctuations may well represent a kind of such mechanism. 
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        Now there is a set of problems connected with decontamination pathogenic micro-organisms. The known 
methods can not be always applied to resistant-steady bacteria, as well as always effective known antiseptics and 
disinfectants are not. As a result of bacterial pollution of water the epidemics of dysentery, cholera or typhoid are 
possible. Contamination with the viruses can also cause hepatitis B and poliomyelitis. For destruction of them 
there is a need to chlorinate water more intensively, which generates new problems. Intensive chlorination can 
form haloidform compounds that are dangerous for health and which in a number of countries are not monitored 
at all.  
New plasmachemical processes of decontamination of the biologically polluted water and liquid media are the 
ones with one of the most potential for theoretical and applied research.  

The preliminary research at the establishments of the Ministry of Public Health of Ukraine and Russia 
has shown that as a result of processing of water media containing various kinds of pathogenic and conditionally 
- pathogenic bacteria complete disinfection of them is achieved. This allows to apply the given technology for 
decontamination of a wide spectrum of bacteria from the polluted media.  

After the decontamination of water in accordance with the conclusions of Research Institute Practical 
Toxicology and Disinfection, located in Moscow, it has been found that the microbiological parameters of water 
matches the requirements of the state standard of "Drinking Water". 
Such technology can become reliable guarantee of safe consumption of drinking water during massive epidemics 
of cholera, plague, etc.  
            Preliminary experiments with liquid media containing poliomyelitis and hepatitis B testify that they can 
be decontaminated or these viruses can be concentrated with their subsequent separation from liquid medium 
suitable for its further utilisation. Other areas of possible application of the given technology in microbiology 
and medicine as well as in the military with the purpose of utilisation of the weapons of a mass destruction are 
also obvious.           
            The application of non-equilibrium low temperature plasma with the purpose of activation of chemically 
pure water also can represent practical interest.  

Such water can be used in medicine, pharmacology, biology and chemistry as a bactericidal preparation, 
conservant, disinfectator, sterilizer, bio-stimulator, and intensificator of the oxidant-lyrestoration processes. 
            The modern level of development of plasma equipment allows to carry out liquid-phase processes at a 
qualitatively new technological level that inevitably requires realisation of fundamental theoretical and 
experimental research in order to create new technological processes. 
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Abstract 
The paper presents results of experimental investigation of effect of gas composition and flow rate on 
characteristics of arc in a new type hybrid plasma torch with combined stabilization of arc by gas and 
water vortex. The experiments were performed with various flow rates of argon, nitrogen and mixtures 
of argon with hydrogen. Effect of gas flow rate and composition on arc voltage, power, efficiency, 
plasma temperature and velocity is studied. 
 
1.  Introduction 
Plasma jets generated in dc non-transferred arc torches are utilized in several plasma processing 
technologies like plasma spraying, plasma cutting, plasma synthesis and decomposition of persistent 
chemical substances. In commonly used plasma torches the arc is stabilized by gas flow along the arc 
column. Plasma jets with substantially different characteristics, which cannot be achieved in gas 
torches, are generated in arcs stabilized by a water vortex [1, 2]. Besides apparent advantage of water-
stabilized generators that no gas supply is needed, there is many other differences between gas and 
water torches in plasma processes, plasma properties and especially in performance characteristics in 
plasma processing. Water torches are characterized by extremely low plasma mass flow rates and thus 
plasma enthalpy is several times higher than enthalpy achieved in common gas torches [3]. Water 
torches have been industrially applied especially for plasma spraying. 
Physical limits of the two principles, gas- and liquid- arc stabilization, do not allow generation of 
plasmas with parameters in a wide region between the two principles. In hybrid gas/water torch [4] a 
new method of arc stabilization is utilized that is based on combination of principles of liquid and gas 
arc stabilization. The principle offers possibility of control of plasma jet characteristics in a wide range 
from values typical for liquid-stabilized torches to values typical for gas-stabilized torches. It was 
shown in [4] that plasma mass flow rate, velocity and momentum flux in the jet can be controlled by 
changing gas flow rate in the gas-stabilized section while thermal characteristics like enthalpy flux and 
plasma temperature are determined by processes in water-stabilized section.  
This paper presents results of further experimental investigation of effect of gas composition and flow 
rate on characteristics of gas/water-stabilized arc.  
 
2.  Experimental set-up 
The schematic diagram of hybrid plasma torch is shown in Fig. 1. A cathode part of the torch is 
arranged similarly like in gas torches. Gas is supplied along the cathode tip, vortex component of gas 
flow that is injected tangentially assures proper stabilization of arc in the cathode nozzle. Gas plasma 
flows through the nozzle into the second part of arc chamber where arc column is surrounded by a 
vortex of water. The vortex is formed in a chamber with tangential water injection in a same way like 
in water-stabilized torch. Steam plasma mixes in this chamber with plasma produced in the cathode 
section of the torch. Anode is created by a rotating copper disc with internal water cooling. 
The arc column is composed of three sections. Short cathode section is stabilized by vortex gas flow. 
The most important section is water-stabilized part, where arc column interact with the water vortex. 
The third part between exit nozzle and anode attachment is an arc column in free jet. We measured 
potentials of the both electrodes, cathode nozzle and exit nozzle. From these measurements voltage 
drops on the three sections were evaluated. From calorimetric measurements on cooling system power 
loss to electrodes and to the stabilizing water vortex were determined. 
Profiles of plasma temperature and composition at the nozzle exit were determined by emission 
spectroscopy. The electron number density was obtained from Stark broadened Hβ line. The 
temperature was calculated from the ratio of various argon atomic and ionic lines assuming Saha 
equilibrium. In colder parts, where there were no ionic lines detected, the temperature was estimated 



from the approximate LTE composition and measured electron number density. The plasma 
composition was determined from ratios of emission coefficients of argon, oxygen and hydrogen.  

 
 
 
 
3.  Results 
Effect of argon flow rate. 
Measured voltage drop on two stabilized parts of the arc column in dependence on argon flow rate for 
various arc currents are shown in Fig. 2. The potential difference between cathode and cathode nozzle 
was in all cases between 7 and 9 V. Thus, the dependences of measured voltage on arc current and gas 
flow rate are determined by processes in water-stabilized part. For higher arc currents the voltage, and 
thus also arc power, is almost independent of argon flow rate while for lower currents arc voltage and 
power decrease with increasing gas flow rate.    
  

 
 
 
 
 
Efficiency of the stabilized part of plasma torch was then det
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Fig. 2.  Dependence of potential difference 
between cathode and exit nozzle on flow 

rate of argon for various arc currents. 
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Fig. 3.  Dependence of efficiency η on flow
rate of argon for various arc currents. 
Fig. 1.  Schematics of hybrid plasma torch.
ermined as 

                                                         (1) 



where U is potential difference between exit nozzle and cathode and P power loss to stabilizing water 
vortex and to the cathode. The dependence of efficiency on argon flow rate for various arc currents is 
in Fig. 3. 
Fig. 4 presents percentage of argon at the plasma measured 2 mm downstream of exit nozzle for 
several argon flow rates and arc currents. The concentrations were determined from spectroscopic 
measurements from ratio of lines of hydrogen and argon. Values of concentration of argon for 13 slpm 
and 25 slpm correspond to increase of argon flow rate, non-homogeneous distribution of argon was 
found for two cases where towards the arc centerline argon concentration increases. It seems that in 
these cases the mixing of evaporated steam with plasma was not complete and higher concentration of 
steam existed in the arc fringes than in the arc centerline.  
Temperature profiles measured 2 mm downstream of exit nozzle are shown in Fig. 5. As can be seen, 
the temperature profile is almost independent of change of argon flow rate from 12.5 slm to 22.5 slm. 
Of course plasma temperature increases with increasing arc current. 
 

 
 
 
 
Effect of gas flow rate and arc current on plasma velocity is illustrated in Fig. 6, where average 
velocity of plasma in the jet region close to anode attachment at distances 0-15 mm from the exit 
nozzle is plotted in dependence of arc current. The velocity was determined from the speed of 
propagation of sound waves in stream-wise and counter-stream-wise direction [5].  
 

 
 
 
 

Fig. 5.  Profiles of plasma temperature for arc 
currents 300 A and 400 A and argon flow 

rates 12.5 and 22.5 slpm. 

Fig. 4.  Profiles of concentration of argon for 
arc currents 300 A and 450 A and argon flow 

rates 13, 17 and 25 slpm. 

Fig. 6.  Centerline plasma velocity in the anode region  
as a function of arc current for various argon flow rates.
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It is clear from the presented results that plasma composition, flow rate and velocity changed 
substantially due to changes of gas flow rate, while changes of plasma temperature and power 
balances, especially for higher currents, were not significant. Due to increase of mass flow rate of 
plasma with increasing gas flow rate the plasma jet was visibly prolonged and it was more stable than 
the jet generated in water torch. Measurements of effect of gas flow rate on characteristics of plasma 
jet are described more in detail in [6]. 
 
Effect of composition of gas on gas/water arc. 
Measurements were performed for pure argon, mixtures of argon with hydrogen and for nitrogen as 
plasma gas in gas-stabilized section. Dependence of the potential difference between exit nozzle and 
cathode on arc current measured for various plasma gases is shown in Fig. 7. Measurements were 
made for total gas flow rates of 12.5 slm and 17.5 slm, for nitrogen also 8.5 slm. Volt-ampere arc 
characteristics were increasing for all gases in the range of currents from 200 A to 400 A, arc power 
varied from 28 kW to 75 kW. Both the arc voltage and the efficiency are increased with the increasing 
content of hydrogen in argon/hydrogen mixture, the highest arc voltages and efficiencies were found 
for nitrogen.  
 

 
 
 
 
 
 
 
4.  Discussion and conclusions. 
The experimental results were analyzed on the basis of fo
section of arc column. The conducting arc channel is repre
and cross section A.  The gas enters axially the cylinder with
of inner surface of stabilizing water vortex a steam flows i
per unit length m. The heat dissipated in the column by Jou
inflowing steam to temperature in the column, fraction α 
conduction and radiation to the water vortex. Part of this r
steam flowing from the water surface. This part of heat is re
is represented by coefficient ε. Power balance in the conduc
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Fig. 7.  Dependence of potential difference 
between cathode and exit nozzle on arc 

current for mixtures of argon with hydrogen 
and for nitrogen. 
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where ρ is plasma density, h enthalpy and v axial velocity, I arc current and E electric field intensity, P 
is power loss to the stabilizing water vortex. This loss includes also power needed for evaporation 
from the inner surface of the vortex. According to the above specified assumptions the power loss P 
can be expressed as P = (1 - ε).α.IE. We then obtain following relation between efficiency η and 
coefficients α, ε that characterize radial heat transfer: 
 
                                                             ( )ε−α−=η 11                                                                         (3) 
 
Equation (2) can be easily integrated if coefficients α, ε are supposed independent of z. After 
substitution E = dU/dz we can derive equation for potential of the nozzle of stabilizing channel in the 
form  
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Total mass flow rate at the exit nozzle of arc chamber is (ρvA)e = G0 + mL.  Enthalpy of plasma 
created by mixture of gas with steam can be expressed as  
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Equation (5) is valid with good accuracy for high temperatures in the conducting arc column where 
effect of chemical reactions between gas and steam plasma on enthalpy of gas mixture need not be 
considered.  
Arc current is given by the equation 
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where E was supposed constant along the column. 
The equation for voltage between exit nozzle and cathode can be then written as 
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All measured dependences can be explained by differences in contribution of individual heat 
transfer mechanisms that are caused by differences in material properties of steam, argon, hydrogen 
and nitrogen plasmas. The efficiency η given by (3) is dependent on coefficients α and ε representing 
relation between radial and axial heat transfer and intensity of heat absorption in the vapor 
respectively. The arc voltage is determined by value of η, by flow rate of gas and evaporation rate of 
steam and by ratios of enthalpy of components to the electrical conductivity. 
Addition of argon into the arc chamber reduces thermal conductivity of the mixture while radiation 
properties and absorption of radiation in the colder zones are affected only slightly. Therefore radial 
heat transfer described by coefficient α is reduced due to increase of argon flow rate, ε is not changed 
significantly. The reduction of α is significant for lower currents when heat conductions is dominant, 
while for higher currents radiation component prevails and α is almost unchanged. Therefore 
efficiency η increases with argon flow rate at lower currents. As enthalpy of argon plasma is one order 
lower than enthalpy of steam plasma while electric conductivity is changed only slightly with change 
of content of argon in plasma, the effect of argon flow rate on the term in the second bracket of (7) is 



small. Thus arc voltage is decreased due to increase of η and from the reasons given above it is 
significant at lower currents. The addition of argon into water stabilized arc thus does not influence 
enthalpy flux in the axial plasma flow, changes of arc power are related dominantly to changes of 
radially transferred energy.  Therefore plasma temperature and total heat flux are almost constant 
while mass flow rate and plasma velocity are increased due to increase of argon flow rate. 
Addition of hydrogen or nitrogen to arc plasma influences not only radial heat transfer but also plasma 
enthalpy, as enthalpy of nitrogen is comparable with enthalpy of steam and enthalpy of hydrogen is 
much higher. This leads to increase of arc voltage with increasing flow rates of hydrogen or nitrogen. 
At the same time also efficiency is increased due to increase of ε as addition of both molecular gases 
leads to increase of absorption due to photo-dissociation of ultraviolet radiation, which is intensive 
especially at higher currents. As total enthalpy flux increases, the fraction of radially transferred arc 
power α is decreased which also results in increase of efficiency. 
Thus, arc characteristics and plasma properties can be adjusted through choice of composition and 
flow rate of plasma gas in the gas-stabilized torch section. Use of gas with low enthalpy like argon 
offers possibility of control of mass flow rate and velocity of plasma with little effect on arc power and 
plasma temperature.  If hydrogen or nitrogen were used as plasma gases, all characteristics of arc were 
changed.  
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Abstract 

We present the pulsed dc magnetron sputtering method in which a nickel target is sputtered in a mixture of 
argon and reactive gas oxygen. The flow rate of oxygen is modulated periodically in time and during 
deposition when oxygen flows is cut off to remove the oxide formed on the target. Modulated deposition 
process was monitored directly by optical emission spectroscopy, the deposition rate and partial pressure 
measurement. The variations of atomic ratio in NiO films were revealed by SIMS method. 
 
 
1. Introduction 
 Nickel oxide (NiO) is an attractive material for use as an antiferromagnetic layer, p-type transparent 
conducting films, in electrochromic devices and as a functional sensor layer for chemical sensors. In the 
bulk, NiO has a cubic (NaCl-type) structure with a lattice parameter of 0.4195 nm. NiO is considered to be a 
model semiconductor of hole -type conductivity. These films have been fabricated by various physical and 
chemical vapour deposition techniques such as reactive sputtering and plasma-enhanced chemical vapour 
deposition because chemical stability of the layers as well as their optical and electrical properties is 
excellent. Reactive sputter deposition involves the sputtering of metal, alloy or compound in a reactive gas 
mixture in order to deposit a compound film composed of the sputtered material and the reactive species. A 
wide variety of compounds have been formed in this way, with a wide range of properties. In this method, it 
is well known that the deposition can be unstable due to the competition between the target sputtering and 
the consumption of the reactive gas either by target or by the deposited film. 
 We present the pulsed dc magnetron sputtering method in which a nickel target is sputtered in a mixture 
of argon and reactive gas oxygen. The flow modulation of oxygen is proposed to enhance the deposition 
process of preparation of the oxide films [1]. The flow rate of oxygen is modulated periodically in time and 
during deposition when oxygen flows is cut off to remove the oxide formed on the target [2, 3]. This leads to 
oscillating oxygen concentration during the sputtering process and causes the variation of the atomic ratio in 
growing film. Modulated deposition process was monitored directly by optical emission spectroscopy, the 
deposition rate and partial pressure measurement. The effect of the different oxygen flow periodically changes 
in time on the selected Ni and O2 emission intensities and the deposition rate were investigated. The 
variations of atomic ratio in NiO films were revealed by SIMS method. 
 
 
2. Experiment 
 The experiments were carried out in the experimental apparatus (Fig. 1), which contained of a dc 
custom-built magnetron sputtering source with a Ni target. Measurements of flow conditions were realized at 
constant total pressure of the working mixture and its value was 0,5 Pa. The oxygen flow rate was regulated 
with computer operated experimental unit in conjunction with a mass flow controller. The flow rate of 
oxygen was modulated periodically in time. During one period (50 s), first, oxygen flow was on 45 s and 
second, O2 flow was cut off (5 s). The discharge power was maintained at 600 W. 
 The light emitted from discharge was collected from a certain point near the target by two UV lenses and 
1 mm aperture (mounted in between) onto the entrance slit 0.3 m monochromator Bentham M300E. A 
photomultiplier Hamatsu R955 was mounted just behind the exit slit of the monochromator. The 
photomultiplier signa l was sent to current supply, then to analogue-digital converter and the spectra stored on 
a microcomputer. This optical system was mounted upon a vertically moving table, which enables us to 
observe the emitted light from plasma along the target. The spectral range between 300 and 900 nm was 



investigated. In order to study the influence of oxygen flow 10, 30 and 50 sccm, respectively, on the OES 
spectra, we selected Ni (352.4 nm), Ar (751.4 nm) and O (777.0 mm) lines on which to focus. Partial 
pressure measurements were realized at the constant values of pumping speed and of chamber volume by a 
capacitance manometer (MKS Baratron). The changes of deposition rates ware monitored by a thin film 
thickness and deposition rate monitor (Inficon) with a quartz crystal sensor head. A quadrupole SIMS 
instrument Physical Electronics PHI ADEPT 1010 with primary ion beam Cs+ was used to depth 
compositional analysis of NiO films prepared by this process. 
 
 

 
 

 
Fig. 1: Block schema of the experimental apparatus: 1) -vacuum pumping system, 2) - vacuum chamber, 3) - quartz 
window, 4) - magnetron sputtering source with Ni target, 5) - carrousel holder of samples, 6) - carrier of substrates, 7) - 
shield, 8) - shield operator, 9) - step engine, 10) - bias, 11) - Pirani gauge, 12) - needle valve, 13) - mass flowmeter, 14) 
- mass flowmeter, 15) - LN2 trap, 16) -total pressure controller, 17) - optical system, 18) - monochromator, 19) - current 
amplifier, 20) - PC, 21) - modulation unit, 22) - power supply 
 
 
3. Experimental results  

 In our previous study were defined the sputtering modes for continuous addition of oxygen at NiO 
deposition [4]. According to these results were chosen the oxygen flow rates. The conditions of the oxygen 
flow rates and period in Fig. 2a were respectively 10 sccm and 50 s, 30 sccm and 50 s, 50 sccm and 50 s. The 
first condition corresponds to the experimental observation for metal-sputtering mode while the other 
conditions are valid for oxide-sputtering mode for the continuous addition of oxygen. The figures help to 
characterize the effects of the oxygen modulation on the parameters and the properties of sputtering process. 
 In Fig. 2b, the modulation causes the oscillation of oxygen partial pressure. The partial pressure 
measurements were realized at the constant values of pumping speed and of chamber volume without 



plasma. Fig. 2b shows the change of the partial pressure of oxygen during an oxygen-on and oxygen-off 
period for various oxygen flows. The time for increase and decrease of the partial pressure is determined by 
pumping speed, chamber volume and oxygen flow. Using the modulation unit, we controlled oxygen flow 
and this lead to an oscillating oxygen concentration during the sputtering process. When the oxygen flow is 
cut off, the partial pressure will be decreased and the decrease in the partial pressure will enhance the 
deposition rate. 
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Fig. 2: (a) Schematic representation of pulsed oxygen flow rate and (b) partial pressure of oxygen in deposition chamber 
during an oxygen-on and oxygen-off period at the different oxygen flow. Total pressure was 0.5 Pa. 
 
 
 OES yields interesting information on excited species, atoms, molecules and radicals present in the 
plasma as well as qualitative variations of these species with respect to the discharge conditions. The 
corresponding variations of the intensities of Ni (352.4 nm), O (777.0 nm) and Ar (751.4 nm) lines against 
the oxygen flow rate are given in Fig. 3. We note that the changes are due to the oxygen modulation and they 
reflect the coverage of the target. During the oxygen-off period the peak intensity from Ni line rapidly 
increases while the oxygen OES signal indicating the concentration of excited oxygen molecules in the 
plasma decreases. 
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Fig. 3: Time dependencies of OES signals of nickel, oxygen and argon for periodic oxygen addition (a) 30 sccm, (b) 50 
sccm. 
 



 The variations of the target voltage (Fig. 4) show the regions correspond to the three regimes: 1) oxide-
sputtering mode with low value of the target voltage (318-325 V), 2) transition-sputtering mode 
characterized by an abrupt increase in the value of the target voltage, 3) metal-sputtering mode when the 
discharge voltage increases to 430-440 V. In the oxide-sputtering mode the poisoning of the target becomes 
serious because of the higher secondary electron emission coefficient of the oxide compared to that of pure 
metal, the total number of electrons near the target increases and hence higher target current can be achieved 
at lower voltage. 
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Fig. 4: (a) Time variation of the deposition rate experimentally observed and (b) real time measurements of nickel target 
potential for periodic oxygen addition. 
 
 Some samples on silicon substrates have been deposited by repeated oxygen-on and oxygen-off cycles. 
In the case of sample prepared at 10 sccm oxygen flow rate (Fig. 5) the SIMS depth profiling show that the 
level of Ni and O is constant and is not affected by periodic oxygen addition. On the other hand, SIMS 
measurements from samples prepared 30 and 50 sccm oxygen flow rate clearly record the oscillation of Ni 
and O in the depth profile (Fig. 6). 
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Fig. 5: SIMS depth profile taken from NiO film prepared at 10 sccm oxygen flow. 
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Fig. 6: SIMS depth profile taken from NiO film prepared at 50 sccm oxygen flow. 
 
 
4. Conclusion 

 A sputtering process to enhance and change the deposition rate of NiO in reactive magnetron system was 
proposed using flow modulation of oxygen. This study also concluded that this process could be used for 
control of deposition film compositions. Thin NiO films with the different oxygen content can be deposited 
by this process alternatively and the multilayered film results. 
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Abstract 
 
Concentration measurements of carbon-containing species in a moderate pressure H2/CH4 microwave plasma 
used for diamond deposition were performed by IR Tuneable Diode Laser Absorption Spectroscopy 
(TDLAS). The information deduced from this line of sight technique is analysed by a 1D radial modelling 
of the plasma reactor, and the results of the measurements are used for the validation of a 1D axial model of 
the plasma. 
 
1. Introduction 
 
In this paper we present experimental and numerical investigations of moderate pressure H2/CH4 microwave 
plasmas. These plasmas are processed under discharge conditions usually adopted for diamond deposition 
experiments, i.e. pressure in the range 25 - 150 mbar and input microwave power between 0.6 and 3 kW for 
2.45 GHz microwave excitation. The plasma is activated in a quartz bell-jar reactor. The most relevant 
characteristic parameter of the investigated plasma is the Micro-Wave Power Density (MWPD) defined as 
the ratio of the input power to the plasma volume. The volume is in fact maintained constant by a 
simultaneous change of the input power and the pressure in the vessel. Typically, MWPD varies from 9 to 
38 W cm-3. The gas flow is maintained constant at 200 sccm. Several models, i.e. a 1D axial H2/CH4 [1] and 
2D self-consistent H2 [2], of the discharge obtained under these conditions were previously developed and 
partially validated by laser spectroscopy to reach some process key-parameters such as gas temperature and 
H-atom mole fraction [3]. However, the chemical kinetics models still need to be validated for the carbon-
containing species. In particular, the methyl radical CH3 was investigated by UV absorption spectroscopy, 
but a discrepancy was found with a previous 1D transport model that described the axial distributions of 
species densities and plasma temperatures[4]. This 1D model was substantially improved in this work and to 
complete the model validation, we measured carbon-containing species concentrations like CH4, C2H2, C2H4 
and C2H6 and the methyl radical CH3 using IR TDLAS technique. 
 
2. Experimental approach 
 
The concentration measurements were made using an Infra-Red Multi-Acquisition system (IRMA) described 
in [5]. It is based on four IR Tuneable Diode Lasers that allow an almost simultaneous analysis of at least 
four species. The acquisition time is in the range of few seconds, and the sensitivity in term of mole fraction 
is typically some 10-5. The data acquisition is carried out by a special software package that makes use of an 
advanced form of sweep integration. The area under a transition is integrated using non-linear least squares 
fitting to the known spectral line shapes and positions. The resulting spectrum is fitted to a set of Voigt line 
functions, the shape of which depends on the pressure and temperature. Absolute species concentrations are 
determined from the non-linear least squares fits. A schematic of the experimental setup is depicted in 
figure 1. Quartz bell Jar with KBr windows allowing IR transmission were used in these experiments. A 
double path optical mount enabled us to reach 10 cm of absorption length in the discharge. Note that the 
IRMA system was previously used in the same gas mixture, but at lower pressure [6]. IR measurements were 
performed in this work under actual diamond deposition conditions. The IR absorption of five species have 
been investigated in a wide wavelength range. CH4 absorption at 1302.4515 cm-1 was indeed measured in 
order to reach methane dissociation degree as a function of MWPD and methane percentage in the feed gas. 
The 1302.5968 cm-1 absorption of C2H2, which was shown to be the major carbon-containing species in the 
investigated discharges [1], was systematically recorded. The IR absorptions of C2H4 and C2H6 at 
935.1209 cm-1 and 3000.06 cm-1 was also measured to determine the concentrations of these species for more 



complete validation of the model. Finally, the density of CH3-radical which is considered as the main 
precursor of diamond growth was determined using the 612.41344 cm-1 IR absorption of this radical. Note 
that the methyl radical density was also measured by UV Broadband Absorption Spectroscopy, and good 
agreement was obtained between the density-values obtained from UV and IR absorption techniques [7]. 
Since a significant chemistry may take place outside the visible discharge region, the measurements were 
carried out on the whole bell-jar (inside and outside the discharge). for this purpose several quartz bell-Jars 
with different optical axis were used. A typical example of IR absorption line (CH4 and C2H2) is given 
figure 2. 
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Figure 1: TDLAS experimental arrangement around the Bell-jar 
reactor, with the IRMA system 

Figure 2: Example of IR spectrum of CH4 
(1302.4515 cm-1) and C2H2 (1302.5968 cm-1) 
MWPD= 9 W.cm-3, p= 25 mbar, P= 0.6 kW 

 
The effect of methane percentage in the feed gas on the densities of the investigated carbon containing 
species are shown figure 3, for a MWPD= 9 W.cm-3 (i.e. p= 25 mbar, P= 0.6 kW). Since the absorption 
measurements are integrated over the line of sight, the measured density values are actually the averages of 
the density radial distribution. The estimation of the species densities requires the knowledge of the gas 
temperature which is actually non uniform over the plasma volume. The methyl radical is assumed to be 
mainly obtained in the discharge region, and its mole fraction is calculated by using the gas temperature 
value in the bulk of the discharge (i.e. 2200 K in the probed zone). On the other hand, stable species like 
C2H4 or C2H6 are mainly produced outside the discharge by recombination of smaller molecules or radicals. 
The temperature used to derive their concentrations was therefore taken equal to 300 K. Results show that 
the main conversion product is C2H2 and CH3 mole fraction varies from 4 to 9.10-4 in the investigated range 
of methane percentage. Finally, the concentrations of C2H4 and C2H6 are much smaller than those of the 
other species. The dissociation degree of the methane introduced in the feed gas is shown in figure 4, it 
decreases when methane percentage in the feed gas is increased. 
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Figure 3: Averaged measured mole-fractions of 5 carbon-
containing species along an optical path through the 

plasma bulk, in function of methane percentage 
MWPD= 9 W.cm-3, p= 25 mbar, P= 0.6 kW 

Figure 4: Dissociation degree of methane in function of 
the methane added in the feed gas 

MWPD= 9 W.cm-3, p= 25 mbar, P= 0.6 kW 

 
The effect of MWPD on the hydrocarbon-species of interest are reported in figure 5 which shows that the 
increase of MWPD favours the conversion of CH4 to C2H2. The density of CH3-radical tends to decrease in 
the plasma bulk with MWPD. 



The interpretation of absorption measurements is in fact quite difficult, since the plasma is probed over a line 
of sight, which does not allow to take into account the spatial non-homogeneity of gas temperature and 
species densities. We therefore developed discharge models that enabled us to estimate the radial distribution 
of the plasma parameters and interpret the density-values as determined from TDLAS. 
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Figure 5: Averaged measured mole-fractions of 5 carbon-

containing species along an optical path through the plasma 
bulk, in function of MWPD (5% CH4) 

 
3. Modelling approach 
 
In principle the interpretation of TDLAS measurements requires the development of 2D model for 
thermochemically non-equilibrium H2/CH4 moderate pressure microwave plasmas. This is however very 
difficult due to the large number of species involved in the chemical model and to the strong stiffness of the 
system. This difficulty was overcome by developing two models. First a 1D axial model was developed to 
describe the plasma flow on the reactor axis. This model was used to determine the thermal and 
species density diffusion boundary layer thickness and estimate the overall species and energy 
losses at the diamond substrate surface. These loss are then used as a source term in a second 
transport model that describes the plasma diffusion along the line of sight of the IR laser beam. 
In both these models H2/CH4 microwave discharges are treated as a 28 species/131 reactions, thermo-
chemically non equilibrium medium. We distinguished between the heavy species energy modes which are 
characterized by the gas temperature Tg and the translational mode of electron that is characterized by the 
electron energy distribution function (eedf). The chemical species taken into account in the present model 
involve the neutral species, H2, H(n=1), H(n=2), H(n=3), CxHy (x=1-2 and y=0-6), hydrogen and 
hydrocarbon ions, H+, H2

+, H3
+, C2H6

+, C2H5
+, C2H4

+, C2H3
+, C2H2

+ and electrons. The chemistry that links 
these species consists of three sets of reactions. The first one describes the thermal hydrocracking in 
hydrogen-methane mixture [8-9], the second group involves the electron-impact dissociation and ionization 
processes of hydrocarbons and molecular and atomic hydrogen [10], the third group is related to ion 
conversion and dissociative recombination of ions [11]. 
The axial distribution of the plasma species-densities and temperatures are computed by solving the coupled 
set of species continuity, electron energy and total energy equations. Actually, in order to minimize the 
computation time, the simulation procedure involved two steps. First the transport equation were solved for 
pure hydrogen discharge. Then the gas temperature profile obtained from this simulation was used as an 
input parameter for the simulation of the more complex H2/CH4 models. The total energy equation was 
therefore decoupled from species continuity and electron energy equations. This simplification should not 
affect the simulation results since previous experimental measurements showed that the gas temperature does 
almost not vary with the methane amount in the discharge as long as this remains less then 10 % [12]. 
 
3.1. Radial model 
 
The radial model is used to determine the species distribution from the reactor axis to the quartz wall. The 
solution of the corresponding transport equations requires the knowledge of the radial distribution of 
MWPD. This was estimated from a 2D self consistent model [2]. As discussed in the last section, the radial 



model takes into account the losses on both the diamond substrate (Ts= 1000 K), and the top wall of the 
quartz bell jar (Tq= 600 K). The loss probabilities for the different species are taken from [13]. 
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Figure 6: Principle of the radial model 

 
3.2. Axial model 
 
The 1D axial transport model is used to determine species density distribution between the quartz top wall 
and the substrate surface The microwave power coupled to the plasma was measured experimentally by 
following the emission intensity of the plasma [1]. 
This 1D axial model is based on the one discussed in [1] with the following significant improvements : (i) 
the radial losses on quartz are now taken into account, (ii) the numerical scheme has been strengthen in order 
to reach MWPD up to 23 W.cm-3 for which the system of transport equations becomes very stiff, and (iii) the 
thermodynamic and transport data have been improved. 
 
3.3. Results of the models 
 
The calculated axial and radial distributions of gas temperatures in pure hydrogen mixture are given in figure 
7-a and 7-b, respectively. The substrate is located at z= 0 cm and has a radius of 2.5 cm. The results are 
consistent, and yield to the same Tg values in the plasma bulk. These vary from 2250 K at 9 W.cm-3 to 
3200 K at 30 W.cm-3. 
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Figure 7-a: Axial gas temperature profile calculated in 

hydrogen plasmas in function of the MWPD 
(substrate: z= 0 cm) 

Figure 7-b: Radial gas temperature profile calculated in 
hydrogen plasmas in function of the MWPD 

(substrate: r= 0 to r= 2.5 cm) 
 
This high Tg-values lead to an enhanced production of H-atom which is a key species for diamond 
deposition. A good agreement was found between the H-atom mole fractions predicted by the radial and 
axial models, as shown in figure 8-a, b. 
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Figure 8-a: Axial H-atom mole fraction profile calculated in 

hydrogen plasmas in function of the MWPD 
(substrate: z= 0 cm) 

Figure 8-b: Radial H-atom mole fraction profile calculated 
in hydrogen plasmas in function of the MWPD 

(substrate: r= 0 to r= 2.5 cm) 
 
The methyl radical is considered as an important precursor for diamond growth. Therefore, a special 
attention was devoted to its diagnostic and modelling. A comparison between experimental values obtained 
by means of IR TDLAS and the averaged values of the radial model are given figure 9-a, as function of 
MWPD. A reasonable agreement was obtained between, showing typical mole fraction of 10-4. 
Figure 9-b shows a comparison between the line-of-sight averaged mole fractions obtained from the model 
and from IR measurements. The calculated value of CH4 dissociation rate are twofold smaller than those 
obtained from measurements. This discrepancy may come from the fact that the radial model uses 
approximate estimates of species and energy losses at diamond surface. In particular the H-atom 
recombination on the substrate may be overestimated, which would lead to underestimate the rate of 
CH4 + H → CH3 + H2 reaction which represents the main dissociation channel of CH4 and production 
channel of CH3. Note however that the model prediction remains satisfactory when we consider that several 
reaction rate constants are not well known over all the temperature range that characterizes diamond 
deposition system (600-3300 K). Note also that IR TDLAS measurements were performed in the plasma 
bulk, 2 cm above the substrate with a spatial resolution of 0.5 cm where the gas temperature is the higher, 
and where CH4 thermal dissociation is maximal, whereas the radial model is axially averaged. Nevertheless, 
the agreement can be considered as reasonable since the hierarchy of the 5 carbon-species detected are well 
predicted by the model, with C2H2 as major species, followed by C2H4, CH3 and C2H6. 
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Figure 9-a: CH3 radical measured by IR TDLAS and 

averaged radial model mole fraction (5% CH4) in function 
of the MWPD 

Figure 9-b: Carbon-containing species measured by IR 
TDLAS and averaged radial model mole fraction (5% CH4, 

P=1.5 kW, p= 80 mbar) 
 
The experimental difficulties associated with the use of IR TDLAS for a strongly non uniform discharge are 
highlighted when looking at the axial and radial species profiles in figure 10-a,b. The discharge zone which 
presents the region of interest can be analysed with the axial model. Indeed, when looking the radial 
distribution of species densities, one can see a strong increase of stable species like CH4, C2H4 and C2H6 in 
the cold region of the reactor, i.e. outside of the plasma bulk and the plasma/surface boundary layer. For such 
species, the mole fraction in the active region can only be reached by the models, since the measured 




