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Abstract. This paper follows a review lecture on the new developments in the field of gas 

breakdown and low current discharges, usually covered by a form of Townsend’s theory and 

phenomenology. It gives an overview of a new approach to identifying which feedback agents 

provide breakdown, how to model gas discharge conditions and reconcile the results with 

binary experiments and how to employ that knowledge in modelling gas discharges. The next 

step is an illustration on how to record volt-ampere characteristics and use them on one hand to 

obtain the breakdown voltage and, on the other, to identify the regime of operation and model 

the secondary electron yields. The second aspect of this section concerns understanding the 

different regimes, their anatomy, how those are generated and how free running oscillations 

occur. While temporal development is the most useful and interesting part of the new 

developments, the difficulty of presenting the data in a written form precludes an easy 

publication and discussion. Thus, we shall only mention some of the results that stem from 

these measurements. Most micro discharges operate in DC albeit with complex geometries. 

Thus, parallel plate micro discharge measurements were needed to establish that Townsend’s 

theory, with all its recent extensions, is still valid until some very small gaps. We have shown, 

for example, how a long-path breakdown puts in jeopardy many experimental observations and 

why a flat left-hand side of the Paschen curve often does not represent good physics. We will 

also summarize a kinetic representation of the RF breakdown revealing a somewhat more 

complex picture than the standard model. Finally, we will address briefly the breakdown in 

radially inhomogeneous conditions and how that affects the measured properties of the 

discharge. This review has the goal of summarizing (rather than developing details of) the 

current status of the low-current DC discharges formation and operation as a discipline which, 

in spite of its very long history, is developing rapidly. 

1.  Introduction: Townsend’s theory and low-current DC discharges - 100 years ago and now 

With the development of basic phenomenology and theory of gas breakdown, Townsend’s theory was 

forged some 100 years ago [1-3]. In this paper we shall give a review of how in the past 20 years the 

basic Townsend’s theory and phenomenology have been revived, extended, revitalized and put in 

perspective of modelling higher current technological discharges and plasmas. This was primarily 

done by the groups of Art Phelps and the Gaseous Electronics Laboratory in Belgrade. 
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Recent advances in diagnostics and modelling of complex plasma systems opened an opportunity 

to revisit the breakdown in gases both in DC and RF fields and also for micro gaps. We shall first 

discuss the experimental techniques to determine the breakdown voltage. Typical errors, such as 

neglecting the long-path breakdown on the left-hand side of the Paschen minimum, conditioning of the 

electrode and measuring properties within an unstable (oscillating) regime, will be covered briefly. In 

addition, we shall describe a proper methodology to establish volt-ampere (V-I) characteristics and 

how to use those with the goal of determining the breakdown voltage and the secondary electron 

yields. 

Time-resolved imaging [4] provides us with information on the development of the anatomy of the 

discharge and its different modes. Using the spatial profile one may decide which of the mechanisms 

dominate the discharge. The Townsend regime is the low-current diffuse discharge with exponential 

growth towards the anode [5]. It is necessary to observe such a profile to ascertain that the discharge 

operates in the Townsend regime where Townsend’s theory may be used to establish the condition for 

breakdown and effective secondary electron yield. The temporal development of the normal glow or 

abnormal glow following the breakdown reveals transient multi-regime operation that requires a new 

paradigm. 

When considering volt-ampere characteristics, one may first observe the negative differential 

resistance in the Townsend regime which may be explained by a combination of space-charge effects 

and an energy-dependent secondary electrons yield. Thus, V-I characteristics should be used in 

addition to the Paschen curve to determine the secondary electrons yields. With the newly found field 

of discharges in and above liquids, we have also analyzed breakdown in water vapor and ethanol [6,7]. 

RF and microwave breakdowns have a different phenomenology as the secondary ions production 

of electrons at the cathode may not be necessary. Yet the RF breakdown is prone to phenomena not 

often observed in DC breakdowns, like S shaped (double valued) Paschen-like curves, frequency/gas 

number density scaling and additional mechanisms like multipactors. The principal experimental 

problem with the RF breakdown is the magnitude of the displacement current that thwarts the 

measurement of the conduction current making it difficult to ascertain the initiation of the discharge. 

2.  Gas breakdown, feedback mechanism, 

secondary electron yields and how to use 

them 

Traditionally, the gas breakdown is 

characterized by Paschen curves. In figure 1 

we show one such example of Paschen curves 

for the topical water vapor and ethanol vapor 

[6,7]. 

While most people will argue (including 

the present authors) that the Paschen law itself 

is developed with limiting assumptions 
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Figure 1. Paschen curves for water [6] and 

ethanol vapor [7]. 

Different forms of analytical laws have been employed for the DC breakdown in order to provide 

some insight [8,9], but one needs to be aware of the approximate nature of some of the basic formulae. 

Still, the same limitations that enter the analytical form of Paschen law may enter the implementation 
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of equation (2). Over the years, a large amount of data on γ have been accumulated, yet seldom those 

have been compared and systematically collected. Even more importantly, comparisons to binary 

collision (beam-surface) experiments [10] have been almost avoided in the literature presumably due 

to poor agreement (both qualitative and quantitative).  One example where both  systematic  collection  

of data and comparisons to binary 

experiments have been made is the paper of 

Phelps and Petrović [3]. 
In figure 2 we show a comparison of the 

secondary electron yields obtained from 

Paschen curves in argon for a range of 

experiments [3]. These should be compared 

with a constant yield of 0.08 obtained by 

beam experiments with an atomically clean 

surface [10] or to the dot-dash line obtained 

for the same conditions of the cathode as 

found in discharge experiments. Discharge 

results are one order of magnitude too high 

at higher E/N, one order of magnitude lower 

at moderate E/N and two orders of 

magnitude higher at the lowest E/N. Phelps 

and Petrović managed to reconcile the binary 

collision data and the discharge results by 

including the following: 
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Figure 2. Effective secondary electron yield γ 
for argon obtained from breakdown data [3]. 

The different types of points indicate 

different experiments - see [3]. The dot-dash 

curve shows binary collision experiment data. 

• ionization coefficient fitted in a wide range of E/N; 

• a region close to the cathode where electrons gain energy and become in equilibrium with the local 

field, the simplest way of representing this being using a delay distance d0; 

• ion-induced yields at the cathode, modified to represent surfaces that are not atomically clean; 

• back-diffusion, i.e. the return of newly emitted electrons back to the cathode; 

• secondary electron production by metastables; 

• secondary electron production by fast neutrals; 

• secondary electron production by resonant radiation – the photo effect; 

• trapping of resonant radiation; 

• secondary electron production by fast neutrals; 

• secondary production due to molecular emission. 

The solid and dashed lines in figure 2 indicate the model predictions based on binary collision data 

(for two limits of possible contributions by molecular radiation). These two lines encompass most of 

the available experimental data. The good agreement with the experiments shows that all pertinent 

processes have been included. It also shows that the process of secondary yields modelling may be 

quite complex and quite challenging due to the need for a wide range of data. 

The fact that Townsend’s theory could associate all the yields with the flux of ions is because all 

fluxes are proportional to the electron flux and the system is linear in the breakdown-Townsend 

discharge phase. On the other hand, one cannot expect linearity to hold for higher current modes, such 

as glow discharges. For those, one is left with fitting the experimental data. Thus, we compared the 

fitting procedure with one based on the breakdown data from Phelps and Petrović [3]. We found [11] 

that fitting of the glow discharge is well represented by the procedure recommended for the 

breakdown data [3], except when pd is quite low and fast neutral effects become dominant. Yet, for 

RF discharges, for example, or for some more complex geometries, one needs to provide a clear 

guidance as to how the secondary electron yield may be modelled. Also, we need a considerable effort 

to provide the data for a number of relevant gases, as argon is the only gas covered so far by the 

detailed analysis. 
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3.  Volt-ampere characteristics and spatial emission profiles 

There are two ways to determine the breakdown voltage. The first option is very accurate albeit very 

difficult – one can extrapolate pre-breakdown currents. The second one, favored by our group, is to 

establish a self-sustained discharge in the low-current diffuse, i.e. Townsend, discharge and then 

extrapolate the measurements to zero current. All other techniques suffer from arbitrariness, either 

induced by the long statistical time lags or by a direct transition to the glow regime. The Townsend’s 

regime is recognized by an exponential growth peaking at the anode and a normally broad diffusion-

determined profile over the entire surface [5,12], as can be seen in figure 3. 

In conducting such measurements, we 

(re)established that in the Townsend 

regime one has a negative differential 

resistance. As the effective resistance of 

the discharge is negative, sometimes, 

coupled with the external circuit, the 

overall loop resistance may become 

negative and oscillations may occur 

[13,14]. As it turns out, the space charge 

due to ions increases the field in front of 

the cathode, which increases the electron 

production allowing a lower field 

elsewhere and thus the overall voltage is 

reduced [14,15]. Thus, the dependence 

of γ on the mean energy is the reason for 

the negative differential resistivity, 

brought about by space charge induced      

electric field and represented as a  

current dependence of γ. As the discharge  
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Figure 3. Spatial profile of the Townsend’s regime 

low-current diffuse discharge [12]. 

 

approaches constriction, non-linearities become important [16] and a sudden transition eventually 

takes place. It has also been shown that if γ were constant, the slope of the V-I characteristics in 

Townsend’s regime could become positive [16]. Thus one may conclude that for the full 

representation of the secondary electron yield one needs to fit not only the Paschen curve but also the 

V-I characteristics. The realm of oscillations often precludes us from achieving stable operation in 

Townsend’s regime but it is also a source of information on important processes. Thus, fitting of the 

induced damped or free running oscillations may reveal identity of the dominant ionic species, 

multiplication and may be related to basic transport properties of relevant particles. 
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Figure 4. Axial profiles of higher current discharge regimes in argon, at (a) pd = 1.1 Torr cm (close 

to the Paschen minimum); (b) pd = 0.3 Torr cm (in the left-hand branch of the Paschen curve). 
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Another important aspect that stems from figure 3 is that spatial profiles not only give us 

information on the regime of operation (see figure 4 – the peak in front of the anode is for Townsend’s 

low current discharges, the peak in the bulk corresponds to the glow discharge) but also (if put on an 

absolute scale) a basis to establish absolute cross sections and even profile of the field. It also shows 

whether and to what extent is equilibrium (with the field) developed or whether fast neutral excitation 

is important as recognized by the peak right in front of the cathode. 

 

4.  Scaling of the basic properties of micro discharges 

Micro discharges were basically developed to take advantage of the non-equilibrium plasma that is 

formed around the Paschen minimum, but at a much higher pressure. Atmospheric pressure would 

require a 10 µm gap. On the other hand, to achieve a stable operation at high pressures one needs to 

use complex geometries as it proved very difficult to operate parallel plate micro discharges. Yet, 

many authors have assumed parallel plate geometries with narrow strips crossing at small distances 

and assumed that the breakdown occurs at the shortest distances. This has led to a number of papers 

where the left hand side of the Paschen curve showed no or little variation that could be erroneously 

interpreted as the onset of field emission (that was predicted to occur only for d < 10 µm [9]). We have 

made an effort to perform measurements in well defined and contained parallel plate discharges, to test 

the applicability of Townsend’s phenomenology at small gaps [17]. 

Before proceeding to any modelling, we needed to test the laws of scaling, which for low pressure 

collision dominated discharges are E/N, pd and jd2 (and also ω/N and B/N for time varying fields and 

for magnetic fields). The critical scaling is due to the current density j. Rarely are the V-I 
characteristics represented through j (as it should be) and even then it is not stated that j is actually 

determined by dividing the current by the entire area of the electrodes. In reality, however, constriction 

dominates in the glow regime. Even in the Townsend’s and in the abnormal glow regimes the radial 

profile is quite different and so is the effective area. Taking advantage of transparent yet conducting 

materials for electrodes and also of ICCD cameras, we were able to record V-I characteristics and scale 

them to the real current density even in cases of complex constricted modes. First, we established that 

in the normal size discharges, when the current density is properly determined, it remains constant 

throughout the glow regime (so it is represented by a single point in V-I characteristics [18]. 

Secondly, we have been able to show that for discharges bordering on micro discharges (0.5 and 

1 mm gaps) the jd2 scaling works and finally we have extrapolated those findings (by using pD scaling 

where D is the diameter of the constricted region) to smaller gaps where we could not easily record the 

current profiles [17]. It was found, as can be seen in figure 5, that a Townsend type of scaling holds at 

those gaps until perhaps some smaller geometries where field emission really comes into play [19]. 

We have even shown that the spatial profiles scale well so that the ionization coefficient could be 

determined rather accurately from the axial emission profile of micro discharges [20]. 

It was also shown that the Paschen curves obtained for micro discharges (and sometimes even for 

the standard size discharges) that do not show a change of voltage on the left hand side beyond the 

minimum are due to an incorrectly assumed shortest distance for the gap when long path breakdown 

was allowed [21]. Reducing the chances for the long path breakdown brings back the Paschen curve to 

agreement with that obtained for standard dimensions/pressures. 

The fact that we proved scaling and also were able to obtain accurate readings of ionization 

coefficients proves that it is possible to apply Townsend’s phenomenology and even to some degree 

theory to micro discharges. The jd2 scaling allows Townsend regime to operate at considerably higher 

current densities. 

 

5.  Time resolved measurements 

A preliminary publication of our results on time dependent recordings of the development of the 

breakdown and DC discharge regimes was given in [9,22], while the majority of the data remain 

unpublished. The results may be summarized as follows. During the initial stage, the discharge passes 

through the Townsend regime and, as the current increases, glow and abnormal glow regimes are 

visited. During the minimum of oscillations, the discharge almost immediately returns to the 
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Townsend regime and then changes occur again and again following oscillations in current. Studies 

such as this one performed for a parallel plate geometry are needed to provide the background for 

understanding developments in more complex geometries [23] and different scales. 
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Figure 5. V-I characteristics for standard size and micro discharges obtained by using the jd2 

scaling and pD scaling for the size of the constricted regions. One should not pay attention to the 

actual vertical scale, normally it is taken care of by subtracting the breakdown voltages in each 

case, but in the case of micro discharges we could not make accurate measurements as it was not 

possible to achieve stable operation in the Townsend regime. The vertical scale variations are 

due to different conditions on the electrodes surface [17]. 
 

6.  Discharges with inhomogeneous cathodes 

The usual assumption in the low current limit is that the discharge is uniform over the entire surface 

and the radial profile is the solution to the diffusion equation. Only in the higher current (glow) regime 

a constriction develops and only when the field ceases to be constant along the axis. This has been 

questioned recently for micro discharges when it was found that the scaling laws are maintained only 

when an assumption of localized modes is made, the modes that have a dimension proportional to the 

diffusion length for the given pressure [17]. The problem is hindered further by the high pressure that 

reduces the diffusion length and by the fact that the ratio of gap to radius becomes very small in 

practical experiments [17]. 

We have, however, observed localized discharges in Townsend regime for standard size discharges 

(1 cm) and moderately low pressures [24]. In figure 6 we show one such example in nitrogen where 

the discharge is limited in the radial direction by the region of deposited material due to numerous 

pulses in the high current mode. It is clear that the deposited region has a lower secondary electron 

yield γ and thus the discharge cannot be self-sustained over that area for the given voltage. In order to 

overcome this region of reduced γ, the volt-ampere characteristics have to be quite different as 

compared to the one with pristine cathode. Even a positive differential resistance is observed [24]. 

The characteristics of such a discharge may be a prototype for the breakdown in pulsed DC 

discharges where numerous discharges change the properties of the cathode considerably. In addition, 

one may construct cathodes of different materials and design desired characteristics. For example, 

cathodes coated by a semiconductor [25, 26] have been often used for achieving some properties that 

are not easily accessible by conducting electrodes. The high resistance of the semiconductor which is 

in the innermost circuit assures a broader range of stable operation [14]. Combining conducting and 

semiconductor materials may help reduce the breakdown potential while achieving a V-I characteristic 

that is less prone to oscillations. 
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7.  RF breakdown 

When rate of change of the field is such that 

ions cannot complete their trajectories, then it 

is possible to operate in conditions when 

electrons may be the only particles sustaining 

the discharge. The feedback is provided by 

returning electrons in the second half of the 

period and thus a full circle is achieved. It has 

been assumed in old textbooks and papers [27] 

and in more recent papers [28, 29] that an 

optimum breakdown condition is achieved 

when the average electron can cross the gap in 

one half period. In fact, the breakdown 

condition has been used to obtain experimental 

values of the drift velocities for RF fields and 

convert them to DC values by assuming that   

in RF fields the drift velocity is a sinus 

function peaking with the DC drift velocity 

and having no delay [29]. We modelled the        

RF breakdown using  a  detailed  Monte  Carlo  

 

 
Figure 6. Townsend regime discharge in N2 
with Cu cathode and for d = 0.8 cm, D = 2 cm, 
p = 2 Torr and Vb = 310 V. The axial profile 
shows exponential growth peaking at the anode 
while the radial profile is very narrow covering 
only a small part of the diameter (D). 

 

Figure 7. Development of density and ionization rate for the breakdown of RF 

swarms. Solid curves represent mean velocity (different colours are for better 

contrast), while the dotted sinusoidal lines represent inversed AC field. Both curves 

are for 0.2 Torr; the top curves are for the minimum breakdown voltage (93 V) 

while the bottom curves are for the maximum breakdown voltage (447 V) [30]. 
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representation of all the collisions and field dependence on time. Figure 7 shows the temporal 

development of the concentration of electrons and of the ionization rate [30]. As the quasi-Paschen 

curve for the RF breakdown has double values for breakdown voltage at the same pd (for a range of 

pd) we show results at the lower and at the higher breakdown point. Outside these borders the 

discharge cannot be ignited. At the lower point, the breakdown condition is achieved by merely 

matching the production without much of the electrodes overlapping with the swarm. At the higher 

end, however, the swarm overlaps considerably with the electrodes thus representing significant losses 

to the electrodes. At the same time, the peaking ionization must compensate for all the losses. 

We found that, while the standard explanation of the RF breakdown is very good, still some fine 

tuning needs to be done by a full kinetic representation (such as a Monte Carlo simulation) to be able 

to describe all the intricacies. In addition, one needs to extend our model by the contribution of ions 

and fast neutrals as well as photons. These will modify the Paschen like curve and hopefully make it 

more realistic but for a wide range of conditions one may find that electrons dominate in sustaining the 

plasma. We also have to include the secondary electrons formed by the electron impact on electrodes. 

This effect will lead to the so-called multipacting modes. 

One should also note that numerous attempts to use analytical and semi analytical models based on 

simplified expressions for the basic properties have migrated from DC discharges to the RF 

breakdown. These results provide insight into pertinent processes [31-34] but require some form of 

fitting to provide quantitative agreements. 

 

8.  Conclusions 

The oldest chapter in the book on plasma physics, the breakdown and low current discharges, has been 

changed tremendously in the past twenty years. The main agent facilitating the feedback needed to 

achieve DC breakdown, the ions colliding with surfaces, have been changed to include photons, fast 

neutrals, metastables as well as ions. By including all these processes, as well as back-diffusion [3,35] 

one was able to predict effective yields and Paschen curves based on the binary collision data [3]. 

The field of low pressure DC discharges proved to be a fertile ground for both fundamental studies 

and for obtaining and testing the applicability of the fundamental data that would eventually be used 

for modelling of more complex systems. Extensions to micro discharges and RF breakdown have been 

made, together with first attempts to model RF plasmas with secondary electron yields [36] as 

obtained in a more detailed and recent analysis. 

With the new drive for benchmarking plasma modelling systems [37], we believe that the best 

strategy would be to start from the swarm benchmarks and then use the negative differential resistance 

of a DC Townsend discharge as a benchmark for space charge effects and also use some additional 

breakdown properties. This would provide clear and simple experimental observables that may be 

modelled exactly and independently and provide the next step for more complex plasma benchmarks. 
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Abstract
This paper contains results of the detailed simulation study of the breakdown in low-pressure radio-
frequency (RF) argon discharges. Calculations were performed by using a Monte Carlo code
including electrons only, with the assumption that the influence of heavy particles was negligible.
The obtained results are in a good qualitative agreement with the available experimental data and
clearly show the multivalued nature of the left-hand branches of the breakdown voltage curves. The
physical processes defining the breakdown conditions were analyzed based on the spatial profiles of
electron density, local mean energy and the number of elastic and ionization collisions. Under the
conditions where two breakdown values existed one could identify two regimes and two different
balances between the electron losses and production. Using the dependence of the breakdown
voltage on the product of the pressure and the interelectrode distance, and the product of the
frequency and the interelectrode distance, similarity laws for RF breakdown have been reexamined.

Keywords: plasma modeling, Monte Carlo simulation, radio-frequency breakdown,
similarity law

1. Introduction

Capacitively coupled radio-frequency (RF) discharges are
attracting increasing attention due to their wide applications in
many technological processes [1] such as plasma etching for
semiconductor materials, thin film deposition, plasma cleaning
[2] and increasingly popular biomedical applications [3–5].
One of the crucial issues is understanding the pertinent
processes that drive the breakdown and transition to RF plasma
and how those could be modeled. In that respect a wealth of
information can be obtained from the breakdown voltage
curves. Gas breakdown represents the first step in plasma
generation. A specific characteristic of RF plasmas is that the
self-sustained discharge may be maintained merely through
ionization by electrons. There the feedback process is the return
of electrons when the field changes direction, as a replacement
of the ion drifts towards the cathode, which is the feedback in
DC discharges [6–9].

Although gas breakdown has been studied for more than
100 years, many aspects are poorly understood. A simplified
explanation dating back to an early version of the textbook by
von Engel [8] (and perhaps dating back even further) is that
only the group of electrons that completes the transition in
one half period from one electrode to the other has a chance
of being multiplied. Basically, the drift velocity that is inte-
grated and averaged over the half period has to be equal to the
gap between two electrodes [6, 7]. Most certainly the points
that need clarification are the mechanism of the double-valued
breakdown curve, the validity of the proposed mechanism of
the relationship between drift in one half period and the gap,
and also the role of non-locality on the development of the
breakdown. All of these processes are properly accounted for
in the simulation presented here.

In the first half of the 20th century there has been a major
development of techniques to solve the time dependent Boltz-
mann equation [10–16] continued by Wilhelm and Winkler in
the ’70s and Makabe in the ’80s [17, 18]. First exact solutions
for the time dependent transport were obtained by using Monte
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Carlo (MC) simulations [19] and numerical solutions to the time
dependent Boltzmann equation [20, 21]. Numerous approximate
experimental and theoretical papers have been published on the
breakdown in RF using simplified semi-analytic forms [22–26].
At the same time fluid, hybrid and particle-in-cell (PIC) models
of RF plasmas include early stages of the growth of ionization
[18, 27, 28]. In recent years, computer modeling and simulation
has emerged as an effective tool that complements laboratory
experiments and analytic models. PIC/MC simulations have
been used extensively to study fundamental processes in capa-
citively coupled RF discharges [29–32].

In this paper calculations were performed for argon dis-
charges by using an MC code under the condition of a low
degree of ionization so that the transport of particles could take
place in the externally defined uniform field. In doing so we tried
to use the advantage of the well tested MC codes that may
provide very accurate time dependent transport data [33, 34]. At
the same time the development of the plasma through weakly
ionized phases was studied in order to test the applicability of the
transport coefficients and fluid models in representing such a
breakdown. Thus, we have used a fully tested and benchmarked
code for electrons (that also has the facility to include heavy
particles, ions and neutrals) with a full range of sampling and
treatment of the cross-section data. The logic is that during the
breakdown the swarm physics exactly describes the charged
particle ensemble and only a much higher density particle needs
to include the space–charge effects. As it has been mentioned
earlier, that electrons alone may maintain discharge through
ionization and described the main features of the breakdown
curves, we start with electrons as the only agents precipitating
the breakdown. Only after we start comparing with the experi-
ment do we add other effects (ion induced secondaries, meta-
stable induced secondaries, fast neutrals and their effect, photon
induced secondaries and finally electron induced secondary-
multipactors). But those are not in the scope of this paper. This
paper represents one of the first steps in obtaining a more
complete description of the low-pressure RF argon discharge,
which provides us with an insight into the basic physics of the
breakdown (preliminary results are presented in [35]).

2. Methods

For this study an MC code, which was developed and tested
(tested both for DC and RF benchmarks [33, 34, 36]) is used.
Since MC technique have been explained elsewhere [37, 38],
only a brief description of the code will be given here. We
developed an MC code that traced electrons only. Heavy
particles and the effect of photons were also added, but those
results are not included in this paper. The code was tested for
electron (and ion) transport and was shown to give accurate
electron energy distribution functions (EEDFs) and transport
coefficients in model gases and in argon [33, 37].

The calculations were carried out for argon discharges
generated between infinite plane-parallel electrodes at a fre-
quency of 13.56MHz (unless specified otherwise). Argon was
chosen for many reasons: first of all, it is an atomic gas with a
simple energy transition spectrum and it is easy to operate with.

At the same time, its cross-section data and other necessary input
data are available and well tested, thus are reliable. One can refer
to argon as a ‘benchmark’ gas in discharge studies. We included
a set of cross-sections that were shown to provide excellent
agreement with the measured transport data and which included:
elastic scattering of electrons, excitation to the effective triplet
state levels, excitation to the effective singlet state levels and
ionization. The two excitation cross-sections had been well
tested for argon swarms [39, 40]. This paper includes a complete
set of the electron–argon interactions included in the modeling
representing all the processes that we needed to produce the
basic breakdown curves and explain their features.

At the beginning, the electrons were released from the
middle of the gap between the two electrodes with no initial
energy. Any further electron motion and different interactions
depended on the applied alternating current (AC) field, random
number generator and the solutions of the kinetic and balance
equations. At this point, the surface effects of the electrodes were
not included. When an electron reached the boundary, it was
assumed to be removed and had no influence on the discharge
kinetics. We had a facility to add reflection or other surface
processes easily based on the available experimental data.

In our simulations the breakdown voltage curves were
recorded in accordance with the procedure described in
[6, 41, 42]. On the right-hand side of the breakdown voltage
curve, the breakdown voltage was determined by fixing a
pressure and increasing the applied voltage. For the left-hand
side of the curve, the voltage was fixed while the pressure was
varied. In the MC simulations these two procedures were
equally simple while the case of experiments with variations
of pressure may be more complex.

Figure 1 shows the changes in the number of electrons over
time for: (a) the fixed maximum voltage of V=160V and at
three different pressures (p1=0.134 Torr, p2=0.135 Torr and
p3=0.136 Torr) and (b) the fixed pressure of 0.2 Torr and five
different voltages (60, 94, 270, 447 and 700 V). As can be seen
from figure 1(a), at the pressure p1=0.134 Torr there was no
electron amplification in the required quantity that could com-
pensate the electron losses at the electrode, so the total number
of electrons decreased over time and the slope is negative. At the
pressure p2=0.135 Torr, however, there was a notable increase
in the total number of electrons over time, which can be inter-
preted as an increased number of ionizations due to the higher
density (as compared to p1) of the background atoms and con-
sequently a larger number of collisions. The breakdown occur-
red somewhere between p1=0.134 Torr and p2=0.135 Torr.
The pressure resolution was 0.001 Torr. A more accurate pres-
sure can be obtained by interpolation between the nearest two
values of pressure, in this case p1 and p2.

Figure 1(b) is presented to depict how the number of elec-
trons changed over time with large variations in the voltage. The
pressure (0.2 Torr) and voltages that were chosen correspond to
the vertical line in figure 2(a). When the pressure was fixed (see
figure 1(b)), there were two values where the mean number of
electrons was barely maintained, which means that those are the
boundaries of the breakdown (94 and 447V). In-between the two
breakdown values one has excessive growth in the density (in a
real circuit this would push the operating point to either of the
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two breakdown voltages). Results within that range are on a
positive slope, whereas results outside that range showed decay
advancing towards termination (e.g. data for 60 and 700V).
Outside the breakdown region (above 447V and below 94V) the
density of the electrons rapidly diminished (60 and 700 V).

In both figures 1(a) and (b), there are periodic oscillations
of the electron number. In figure 1(a), with a fixed voltage,
these oscillations are the same in the sense of period and
amplitude. In figure 1(b) the period of the oscillations is the
same while the amplitudes are different depending on the
applied voltage. With changes in voltage the effective rates
that define the speed of relaxation may change and affect the
undulations of the properties such as the number of electrons.
This is because the high voltage electrons reached the ioniz-
ation energies more easily and in larger numbers so the

number of electrons changed more rapidly within one period
of time. The losses at the electrodes may have balanced the
increased production, they increased because more of the
electrons were being pushed to the electrodes by a strong AC
field. As the voltage decreased less energy was transferred
from the field to the electrons and the number of ionizations
reduced (the increasing number of electrons within one period
was smaller). For a lower voltage both the loss and production
were smaller as the electrons did not reach the electrodes
(oscillations were barely noticeable for a voltage of 60 V).
One can conclude that the period of oscillation of the electron
number was determined by the frequency of the external AC
field while the amplitude of the oscillation of the electron
number depended on the amplitude of the applied AC field
(energy transfer from the field to the electrons).

Figure 1. The time dependence of the simulated number of electrons for: (a) the fixed voltage of 160 V and various pressures and (b) constant
pressure of 0.2 Torr and various voltages.

Figure 2. The breakdown voltage curves for argon RF discharges at 13.56 MHz and the gap size of 23 mm. The Monte Carlo Simulation
(MCS) includes electrons only. (a) Comparison of the breakdown voltage curve obtained by MCS (red circles) and experimental available
data [6] (blue squares). Vertical line for p=0.2 Torr and different voltages indicates sampling points presented in figures 3 and 4. (b) MCS
obtained curve indicating sampling points of spatial profiles presented in figure 5. Sampling points are marked by numbers and letters.
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3. Results and discussion

3.1. Spatial profiles of electron density and ionization rate as a
representation of the potential for achieving breakdown

The dependence of the RF breakdown voltage on the pressure
is presented in figure 2. The results of our MC simulations
(red circles) are compared with the experimental data taken
from [6] (blue squares) in figure 2(a). As can be seen on the
left-hand side of the simulated curve, for a fixed pressure
there are two values for the breakdown voltage. The discharge
may start between these two values, while above and below it
quenches rapidly (as indicated in figure 1). This observation is
in agreement with the previously published experimental data
[6], at least qualitatively. The crosses correspond to the
sampling points on a vertical line p=0.2 Torr. Two points
are on the breakdown curve (94 and 447 V) and two points
are in-between (170 and 300 V). In principle, in a simulation
operation above the breakdown conditions the growth of
electrons is allowed. In experiments, however, the operating
point will move towards either of the two breakdown curves.
The development of the spatial profiles (see figures 3, 4)
along the vertical line provides an insight into the pertinent
physical processes. On the other hand in figure 2(b) the
sampling points marked by letters are on the breakdown
curve. The spatial profiles associated with these points and
shown in figure 5 indicate a difference in the physical pro-
cesses with a variation of p (pd).

The spatio-temporal development of the profiles of:
electron density, mean energy, elastic collisions and ioniz-
ation are shown in figure 3. The calculations were performed
for a frequency of 13.56 MHz, a gap size of 23 mm, a pres-
sure of 0.2 Torr and two breakdown points: (a) 94 V and (b)
447 V (as indicated in figure 2(a)). As the voltage increased,

the low voltage breakdown point was reached, but most of the
electrons did not reach the electrodes. The profile of the
electron cloud is broad, not really sinusoidal, but generally
follows a sinusoidal shape. There were maxima in density,
elastic scattering and in mean energy when the cloud was
closest to the electrodes. The peaks were delayed by a large
phase delay to the voltage waveform. In fact, the peak started
moving towards the center of the gap only at the phase when
the field changed direction and not for the maximum of the
field. This can be easily understood because for ionization
only two regions close to the maximum of the applied voltage
(field) were abundant in the collisions while still following a
similar temporal and spatial dependence.

At the higher breakdown point the spatial profiles were
much narrower and there was a strong overlap with the
electrode. While the electron density peaks were slightly
away from the electrode the highest energy/the most likely to
ionize the electrons’ peak was right at the edge of the
electrode.

It is important to note that our MC code obtained a
double-valued voltage on the breakdown curve by treating
electrons only. For some gases [43] even ‘S’ shaped curves
with three points may be observed. The explanation of this
phenomenon is as follows: for the lower voltage one needs to
compensate losses at electrodes by increasing ionization, and
any increase in voltage leads to a higher ionization. If we
move to higher voltages, ionization is increased but so are the
losses at the instantaneous anode. This is a consequence of
pushing electrons closer to the electrodes with an increasing
AC field. The losses may be represented by imagining the
remaining electron ensemble spatial distributions that extend
over the electrode edge into its bulk and this distribution
increases with the applied voltage. At a certain point this part
of the ensemble that passes past the electrode will increase so

Figure 3. Spatial distributions of: electron concentration, mean energy and rates of elastic scattering and ionization for the pressure of
0.2 Torr and two breakdown points: (a) V=94 V and (b) V=447 V (points are marked in figure 2(a), (a) corresponds to (1) and (b)
corresponds to (4)). The light blue line represents the AC field, while the dashed light blue line corresponds to the field dependence inverted
to represent the force affecting the electrons. Interelectrode gap is 23 mm and frequency is 13.56 MHz. Number of electrons in the simulation
was selected to have a similar statistical quality of the results with the smallest rate (i.e. ionization). Thus the color scales are not representing
any quantitative data that may be compared for different conditions only the indication of the profile of the ensemble.
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Figure 4. Spatial profiles of the electron concentration and ionization rates for the pressure of 0.2 Torr and voltages of (1) 94 V, (2) 170 V,
(3) 300 V and (4) 447 V. Points are marked in figure 2(a). Interelectrode gap is 23 mm and frequency is 13.56 MHz. All figures are obtained
with the same initial number of electrons so the relative magnitudes of the same coefficient are indicated by the colors scale.
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Figure 5. Spatial distributions of concentration of electrons, electron energy and rates of elastic scattering and ionization: (a) 447 V 0.2 Torr,
(b) 296 V 0.147 Torr, (c) 180 V 0.1335 Torr, (d) 94 V 0.2 Torr, (e) 115 V 1 Torr and (f) 169 V 2.5 Torr. Points are marked in figure 2(b).
Interelectrode gap is 23 mm and frequency is 13.56 MHz. All figures are obtained with the same initial number of electrons so the relative
magnitudes of the same coefficient are indicated by the colors scale.
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much that ionization in the gas (in front of the electrode)
cannot compensate the losses and the discharge will switch
itself off. In figure 3 this is represented by the spatial profile
of the electron concentration and mean energy, which indi-
cates the potential for ionization.

The profile of the increasing ionization rate of the group
closest to the anode is shown in figure 4 along the fixed
p=0.2 Torr for four points marked in figure 2(a). With an
increasing voltage more and more of the ionization-capable
electrons would be lost at the surface. At the lower applied
voltage (94 V) though, the swarm oscillates between two
electrodes without reaching them and the majority of ioniz-
ation-capable electrons have no difficulty ionizing.

3.2. Variation of the spatial profiles with pd along the
breakdown curve

Having presented results that indicate the changes in the spatial
profiles of all the discharge parameters along a vertical line
(p=const.), figure 5 exhibits the spatial profiles along the
Paschen-like breakdown potential curve. Stating that the curve
is Paschen-like does not imply in any way that the Paschen
mechanism is relevant here in its entirety. The points on the V-p
plane that have been selected to show the spatial profiles of the
various properties of the electron swarm ensemble are marked
on the breakdown curve shown in figure 2(b).

Plots (a) and (d) in figure 5 are repeated from the previous
figures. The first represents the higher point on the breakdown
curve, the second the lower point on the breakdown curve for
p=0.2 Torr. Plots (b) and (c) on the left are the rapidly rising
branch of the breakdown curve. It is clear that under those
conditions the magnitude of the field manages to bring all of
the electrons close (within one mean free path) to the electrodes
during one half period. Those points have all the characteristics
of the operation well above the lower breakdown points and
close to the upper branch. The principal issue here is whether
the losses at the electrode may be balanced by the production of
electrons in its proximity, the production that is made more and
more difficult by the reduced number of collisions in a similar
fashion to the left-hand branch of the DC–Paschen curve. As a
result of this balancing between losses and gains the peak of the
mean energy and the number of ionizing collisions clearly
occur right before reaching the electrode and after the max-
imum in the field. At the same time the peak in density occurs a
little later as a consequence of the ensuing burst of ionization.
The number of elastic collisions follows the profile of the
density better, while, as stated, the number of ionizations fol-
lows the profile of the mean energy.

The spatial profiles in figure 5(c) also become somewhat
closer to the lower branch profiles of figure 5(d), where the
majority of ionizations occur in the bulk of the discharge, and
the whole ensemble merely brushes against the electrodes.
The balance between losses and gains, as displayed in
figure 5(d), seems optimal as there are minimal losses while
the number of collisions provides ample opportunities to
compensate for them. As the pressure increases (for a fixed d)
the number of collisions increases further and thus it is more
difficult to achieve higher energies so the breakdown voltage

increases but slowly. More importantly, the density profile of
the electrons loses sharp peaks and becomes more sinusoidal
in the center of the gap with vanishing density due to losses
close to the walls. The mean energy is still modulated fol-
lowing the field dependence albeit with a delay. A similar
modulation is observed in the elastic collisions mainly due to
the energy dependence of the cross-section. It is important to
note that collisions occur on both halves of the gap, as the
density profile, while modulated, does not show complete
migration of electrons towards the instantaneous anode and
away from the cathode. As a result of the ensemble over-
lapping from one to the other electrode, the highest energy
electrons responsible for ionization will be generated
throughout the gap and under those conditions, ionization,
however weak, spreads on both halves almost equally
(figures 5(e), (f)). The difference between ionization profiles
in figures 3(a) and 5(d) is that in the former one we have
enhanced the number of events by the accumulation of events
through releasing more electrons for the same set of condi-
tions to make the simulation conditions the same for all
figures in the cluster of figure 5.

Furthermore, we employed an MC code to provide a
more detailed picture of the physical processes by observing
the energy distribution function that has to be related to the
processes occurring in the region of active ionization (i.e. near
the electrode). As can be seen in figure 6, the overlap of the
distribution function with the relevant cross-sections (both
excitation of metastable and ionization) is of essential
importance for the maintenance of the discharge. For high
voltages (figure 6(a)) there is a significant overlap of the
EEDF and cross-section for ionization. A great deal of high
energy electrons that can ionize were being absorbed by the
electrodes and lost. Under these conditions (V=447 V and
p=0.2 Torr) there was a fine balance between the losses and
production of electrons. A significant increase in the EEDF
right in front of the electrode at higher voltages (i.e. lower
pressures) is also observed. The increase means energy (and
the mean free path) for lower pressures was the result of a
reduced number of collisions as the electrons crossed the gap
so ionization was to become more efficient. As for high
pressures (figure 6(b)) only the tail of the EEDF at the elec-
trodes is overlapping with the cross-section for ionization.
There is no significant loss of ionization-capable electrons
and discharge is easier to maintain which can be observed as
smaller increase of voltage in right branch of breakdown
voltage curve as compared to the left branch.

3.3. Scaling of RF breakdown profiles: breakdown voltage
depending on the gap length and frequency

RF breakdown has a different nature compared to DC break-
down. Therefore, pd scaling that is applicable in DC breakdown
voltage curves needs to be extended to include frequency
dependence. Figure 7 shows the breakdown voltage curves for
various: (a) gaps and (b) frequencies. The curves have a similar
shape with a large variation of parameters. For a fixed frequency
one cannot maintain the scaling, as in addition to pd scaling
there is also fd (interelectrode distance times frequency) scaling
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that needs to be satisfied [44–46]. The same is valid for a fixed
gap. Scaling with proper variation of both the frequency and the
gap is shown in figure 8.

Both the frequency and gap are varied while keeping the
fd constant and observing the pd dependence. We can see a
very good overlap that is excellent at higher values of pd
while at lower values of pd and higher breakdown voltages
there is more of a difference, presumably due to the non-
linearities brought about by the overlap of the electron cloud
with the electrode. While presenting breakdown curve scaling
is important and indeed points out the validity of the scaling.
The critical test of the scaling would be the observation of the
spatial profiles depicted in figure 9 for pd around 0.34 Torr cm
and a number of frequencies with the corresponding gaps. It is
clear that for a narrow range of fd and pd all the spatial
profiles coincide. That is the physical foundation of the
scaling laws, which basically scales the number of collisions
per length and time.

Figure 6. Electron energy distribution function at the electrodes separated by 23 mm at the frequency of 13.56 MHz for: (a) V=447 V,
p=0.2 Torr and (b) V=169 V, p=2.5 Torr. Right-hand side y-axes shows set of cross-sections for argon.

Figure 7. (a) Simulated breakdown voltage curves for: (a) a fixed frequency of 13.56 MHz and various gaps sizes and (b) a fixed gap of
23 mm and various frequencies.

Figure 8. Scaling according to pd and fd scaling laws of RF voltage
breakdown curves. Box indicates region with points for which the
spatial profiles are plotted in figure 9.
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4. Conclusion

In this paper the physical background of low-pressure RF
argon discharges is studied. It is found that the simplified
phenomenology of transfers from one electrode to the other is
often not met especially at higher pressures where electrons
may produce sufficient ionization while crossing shorter dis-
tances. At lower pressures, conditions to reach the electrodes
are acquired at the cost of an increased breakdown voltage.
Under those conditions the balance between new electrons
being produced and the increase in mean energy determines
the breakdown. Thus it is possible to have two breakdown
points (and the region of the double-valued breakdown curve
coincides with the region where electrons reach electrodes in

one half period) for one pd value. The higher point is where
the balance is encountered due to the losses of high energy
electrons hitting the anode and being absorbed by it.

Another issue of scaling is illustrated well with the obtained
results. The breakdown follows the standard pd scaling very well
but it has to adjust itself to the fd scaling as well. The fd scaling
has been discussed within the terms of breakdown physics by
Lisovsky et al [45] and it addressed [44]. However both scalings
have been established in the earlier electron transport (swarm)
studies [14–16, 46] basically as a condition to maintain the
number of collisions per certain distance or in certain time. The
spatial profiles of the electron properties shown in figure 9 give
an indication of how scaling involves identical spatial distribu-
tions and other properties thus supporting the predicted scaling.

Figure 9. Spatial distributions for a number of points that have the same product of frequency and distance between electrodes
( fd=constant) and also for a fixed pd=0.34 Torr cm. All figures are obtained with the same initial number of electrons so the relative
magnitudes of the same coefficient are indicated by the colors scale.
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Results, presented and discussed here, confirm that the
modeling of RF breakdown by using a detailed MC code pro-
vides an excellent and relatively easy entrance into the pertinent
physical processes. In the later stages plasma properties become
important and one has to follow the space–charge development,
which makes the situation much more complex. Yet the onset of
the breakdown is purely a swarm phenomenon and the begin-
ning of the development of the plasma may be clearly envi-
sioned and explained even quantitatively by a swarm model.
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Using Swarm Models as an Exact
Representation of Ionized Gases

Zoran Lj. Petrovi�c,* Dragana Mari�c, Marija Savi�c, Srd ̵an Marjanovi�c,
Sa�sa Dujko, Gordana Malovi�c

In this review, several examples of ionized gases are presented where swarm models may be
employed to provide full description. Those situations include low space charge pre-breakdown,
Townsend region breakdown where space charge effects may be calculated from the
swarm model and used as the first order perturbation to
describe oscillations and transient signal and afterglows.
In addition, implications are considered for micro-
discharges, discharges in and close to liquids, gas-filled
particle traps, thermalization of particles in living tissue,
and many more. In all those situations, swarm models
provide full description of the discharge, while for most
other collision dominated non-equilibrium plasmas
swarm physics (transport-related phenomena) provides
a part of the foundation of modeling.

1. Introduction

Swarm data and the basic transport equations have been

the foundation of the modeling of low temperature (i.e.,

non-equilibrium) plasmas.[1–4] In doing so, it is often

assumed that the transport data obtained under such

conditionsfitwell thefluidorotherequationsusedtomodel

plasmas. Without going into discussion of whether that is

the case or not,weneed to stress that theuse of swarmdata

or of the swarm derived cross-section sets[5–7] is a

prerequisite in achieving proper energy, momentum, and

number balances in plasmamodels and in having properly

calculated non-equilibrium distribution functions. Even

though in RF fields and in the presence of strong variations

of the distribution function, the use of swarm parameters

may become complex due to non-locality[8–10] these data

have been used successfully and with little evidence of

inadequacy. That is presumably due to a robust nature of

plasma models (physics) dictated primarily by the space

charge adjustment that provides a field distribution

necessary to maintain the existence of the plasma itself.

In this paper, we shall, however, focus on the ionized

gases where the swarm models are an exact representa-

tion of the system, as exact as the available data allow it

and as exact as small perturbations of the external field

do not constitute a major source of the relevant particles.

Usually it is assumed that by cornering yourself into the

low current limit and favoring situations where ionized

gas does not use its ability to self adjust the field profile,

will lead to very few, if any (with exception of swarm

experiments of course), examples where such physical

models is adequate. That, luckily, is not true and we have

a number of examples where swarm models provide

sufficient and even complete description. This paper

attempts to provide a review of such examples and also to
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provide an insight on how swarm models may be used as

plasma models. This work is naturally primarily focused

on the results of our group.

1.1. What Are Swarms?

Swarms have been defined as ensembles of charged

(although the paradigm may be extended beyond charge)

ensembles of particles freely moving through the back-

ground gas, gaining energy from the external electric field,

being under the influence of the external magnetic field,

and dissipating energy and momentum in collisions with

the gas molecules. It is assumed that all collisions are with

the pristine, unperturbed gas and also that space charge

effects and Coulomb coupling are both negligible. In other

words, it is the zero ionization limit of plasmas where

collisions reignsupremeandwhere thefield is ‘‘known,’’ i.e.,

defined by the external voltage. The behavior of charged

particles is definedby collisions and also by the energy gain

and the field configuration. Thus, this is the end where

atomic andmolecularphysics, integrated into the transport

theory, and overall kinetic calculations dominate.

An additional condition is also often introduced that

boundaries (such as metallic walls, sometimes grounded,

sometimes at some potential) are not felt throughout

most of the volume of the discharge. That, however, is not

absolutely necessary, it is merely there to provide the

basis for the so called hydrodynamic expansion that

allows us to separate the distribution function into a

velocity space distribution (f) multiplied by the real space

particle density profile (n(r,t)) by using spatial gradients

of the density:

f ðr; n; tÞ ¼
X1
k¼0

f ðkÞðnÞ � ð�rÞknðr; tÞ ð1Þ

and spherical harmonics:

f ðnÞ ¼
X1
l¼0

f lmðnÞPjmj
l ðcos uÞe�imw; ð2Þ

where Pml ðcos uÞ are Legendre polynomials and u and w are

polar angles.

Very important aspect of this expansion, that allows us a

much easier numerical solution to theBoltzmannequation,

is the fact that if it is satisfied we effectively assume the

distribution function to be uniform throughout the entire

volume of the discharge. The standard swarmexperiments,

and swarm physics have always been strongly associated

with well-defined experiments, that are able to achieve

such conditions throughout most of the volume of the

discharge. To do so, a combination of the use of high

pressure and control of the current density is required. In

any case, substituting Equation (1) and (2) into Boltzmann

equation:

@f
@t

þ c � @f
@r

þ q
m

Eþ c� Bð Þ � @f
@c

¼ �J f ; F0ð Þ ð3Þ

where J(f,F0) is the collision operator, provides themeans to

define and calculate the transport (swarm) coefficients.

On the other hand, most low temperature plasmas

operate under conditions where hydrodynamic approxi-

mationmaynot be appropriate. Those include lowpressure

discharges,wheremeanfreepathmaybecomparable to the

size of the vessel, sheaths, and electrode regions and also

high gradient areas, like those found in the front of the

streamers, thermalization from the initial distribution, or

the very high E/N conditions, when charged particles may

achieve a runaway. Thus we shall apply swarm models in

both sets of circumstances allowing for non-hydrodynamic

conditions when required.

1.2. Swarm Models

A swarm model would be a model based on a Boltzmann

equation (BE),[11–14], Monte Carlo simulation (MCS),[15–18] or

some of the simplified equations such as the Momentum

transfer theory (MTT).[19–21] More than actual modeling, one

may use transport data to directly calculate properties in

hydrodynamic region. If, however, it is not hydrodynamic

then the ionized gas should perhaps be modeled by MCS.

An important feature of swarmmodels is that those are

often approximate, like MTT in general, or BE if only two

terms are maintained (in expansion given by Equation (2))

or some model collisional operator is employed. Verifying

exact nature of the model is thus an important issue

and for that purpose, swarm benchmarks are often

employed.[15,18,22–25] We will not spend more time on this

issue as it has been well covered by a number of papers.[26]

We will, however, define conditions where swarm

models are expected to be appropriate and then proceed

to illustrate some, such as:

� Low space charge density ionized gas in general like the

charges in the atmospheric gas.

� Pre-breakdown avalanches requiring external field but

not quite making it to the self-sustained regime.

� Breakdownwheretheinitialphaseandthetransitiontothe

self-sustained regime are in swarm regimewhile the final

stage may be a fully developed plasma, and thus the

conditions for the breakdown are defined by the swarm

regime.

� Gaseous dielectrics are also defined by the operation in

the swarm regimeas their use is to prevent development

of the plasma in the first place.

� Gas-filled traps such as PenningMalmberg Surko trap for

positrons.
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� Detectors of elementary particles starting from

Willson’s chamber and Geiger counter, through drift

and avalanche chambers and finally including the

most frequently used resistive plate chambers (RPC)

detectors.

� Lowcurrent diffuse discharge (Townsenddischarge) that

operates in the low space charge limit, although even

when space charge starts making the entrance it is

usually as a perturbation to the swarm model.[27–29]

� Afterglows, after the collapse of the ambipolar field.

� Thermalization of elementary particles emitted from

radioactive sources or of cosmic rays and of their

secondary products, and many more.

2. Pre-Breakdown, Free Electrons in Ionized
Gases

Pre-breakdown, or transport of charged particles in field

free conditions or in fields too weak to achieve self-

sustained operation have been studied for many years. For

obvious reasons, the primary target of such studies has

always been modeling of swarm experiments that have

been designed to provide high accuracy without uncer-

tainties in interpretation so that the measured transport

coefficients may be used to normalize the sets of cross-

sections. It is important tosaythatmodelingmaybedone in

the real space and thus provide the connection between

observables and actual transport coefficients under the

study. Modeling may also be in the velocity space where

calculating data is easier and then one comes to the point

when it is possible that due to differences between the real

space (bulk) and velocity space (flux) transport coefficients

oneneeds toactuallymodelnon-conservativeaspectsof the

complete transport in the experiment in order to fit the

measured observables and the resulting transport data.[8,9]

In a basic swarmmodel inweakly ionized gas,would be the

use of an equation:

j ¼ e n vdr ð4Þ

where j is the current density, vdr the electron drift velocity,

and n is the charged particle density together with the

swarm data for the drift velocity. The spatial and temporal

profiles of swarms are usually described in hydrodynamic

approximationbyusingthesocalledcontinuityequation[30]:

� @n
@t

þ ni � nattð Þn� vdr
@n
@z

þ DT
@2n
@x2

þ @2n
@y2

� �

þ DL
@2n
@z2

� �
¼ 0

ð5Þ

where D is the diffusion coefficient (which may be either

transverse (T) or longitudinal (L)) and non-conservative rate
coefficients are n (ionization � i and attachment � att).

Equations such as 4 and 5 have been used successfully to

model a number of experiments[30–32] provided that

hydrodynamic approximation holds. Best examples of

the validity of this approach and the use of continuity

equation may be observed in photon emission profiles of

time of flight experiments of Blevin and Fletcher.[31,33] In

someway, these profiles are akin to the detected profiles of

avalanches by Raether[34] in gaseous elementary particle

detectors (see also ref.[35] and discussion of detectors later

on in the paper).

When, however, assumptions going into the hydrody-

namic approximation are not valid,[9] then a door is opened

for kinetic effects such as diffusion or attachment heating or

cooling,[36–40] transient negative mobility,[41–43] negative

absolute mobility,[43–47] anomalous time varying diffu-

sion,[48,49] negative transient diffusion,[50] Holst

Oosterhuis (Frank Hertz) luminous layers,[51–53] negative

differentialconductivity (NDC),[20,54]andmanymore.Agroup

of kinetic phenomena may occur even when hydrodynamic

conditions are not met and transport is not local.

As an example of how we may use swarm physics to

get an insight about the functioning of a device, we may

use a display of NDC to discuss its role in gas-filled

(diffuse discharge) switches. In Figure 1, we show drift

velocity of electrons in pure CF4 where the most

prominent feature is a peak around 20 Td. The region

beyond the peak where drift velocity counter intuitively

decreases is the NDC.

One class of devices, the so called diffuse discharge

switches, were developed to control inductive storage of

energy. Apparently, the power density in inductive

discharges is two orders of magnitude greater than

the power density of capacitive storage, which proved to

be essential for applications in space. Unlike capacitive

storage switch, the switch for inductive storage requires a

high conductivity at low E/N and low conductivity at high.

Thus it has been possible just to use the calculated drift

Figure 1. Drift velocity vdr (points triangles flux, solid circles bulk)
and attachment rate (line) for electrons in pure CF4.[55] The drift
velocity shows NDC from 20 to 60Td while the attachment rate
peaks at around 120 Td.
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velocityversusE/N toselect thebest candidates forpractical

devices.[56,57]

2.1. DC Breakdown

In studies of the breakdown, the self-sustained discharge is

achieved when production exceeds the losses. For electro-

positive gases, losses are difficult to calculate and depend

strongly on the geometry of the discharge. In case of

electronegative gases attachmentdominates the losses and

as it is a gas phase process, it is easily established in general

terms. Thus, one could claim that the breakdown E/N
(which defines the breakdown voltage for a specific

geometry) is that where ionization rate becomes greater

than the attachment rate; or when the effective multipli-

cation coefficient ðni � nattÞ (or represented in spatial

Townsend rate coefficients (a�h)) becomes zero. Actually

it has to be larger than zero to compensate other geometry

dependent losses, but zero point is a good indicator of the

dielectric strength of the gas (mixture). In Figure 2, we also

show effective multiplication rate coefficient for tetra-

fluoroethane mixtures with argon.[58,59]

One can see in Figure 2 that for a low content of the

electronegative gas (5%), the breakdown E/N is smaller,

around 25 Td. For 50%, it is more than 70 Td and for pure

tetrafluoroethane it is more than 110Td. Thus, having in

mind a cross-section set for a good gaseous dielectric, it is

required that there is an attachment process (dissociative

presumably) peaking at high energies just below the

threshold for ionization in order to postpone to higher E/N
the predominance of production over losses. Good dielec-

trics, however, also have an attachment (scavenging

process) that would peak at the lowest energies and thus

remove low energy electrons before they have a chance of

accelerating to higher energies. SF6 is such a gas with

several non-dissociative and dissociative attachment

processes covering continuously energies from zero to just

Figure 2. Effective multiplication rate for the mixture of tetrafluoroethane (5 and 50%) and argon. As we had to show the ionization rate
(denoted by a) in a logarithmic plot, the negative part due to the attachment rate (denoted by h) is shown separately on a linear scale.[58,59]

MC denotes results of aMonte Carlo simulation, while TTA is an abbreviation for the two term approximation theory. Both sets of calculated
results are compared to experiment. The cross-sections were obtained by employing a standard swarm procedure to the available
experimental transport data.[58,59] The principal thing that should be observed here is that for gases with large attachment, the breakdown
E/Nmay be easily established from the calculated ionization and attachment rates as a crossover point. For many application, such analysis
is sufficient for making engineering decisions.
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below the ionization. Other issues in developing a good

dielectric would certainly include plasma chemistry that

ensues after a possible breakdown. It is preferable that the

original molecule is re-formed to ascertain the longevity of

the dielectric, and should the gas from the dielectric be

released to the atmosphere, toxicity of products of a

discharge may become an issue. Except for the plasma

chemistry calculations of the dissociative effects, all other

aspects of gaseous dielectrics may be modeled by a swarm

model or related zero dimensional chemical kinetics

models.

Similar issues need to be resolved in gas discharge

switches except that the conducting phase involves high

conductivity plasma that may (or may not) require a full

plasmamodel. Yet the breakdown itself, a critical feature of

the switch, is established easily through swarmmodeling.

Returning to thediffusedischargeopening switch, thebasic

principle involving NDC in gaseous mixture may be

improved upon by adding a gas with a high threshold

attachment that would reduce further the conductivity at

the high (off phase) E/N, but in this case without the low

energy attachment (as that would be a hindrance). CF4
would be excellent for this purpose (as shown in Figure 1).

The issue of breakdown in general terms is also related

purely to swarmmodeling and it has been covered in some

detail by Phelps and Petrovi�c.[60] The standard Townsend

model of breakdown consists of an electron-induced

avalanche and ion feedback producing new electrons at

the cathode by secondary emission. It turned out[60] that

actually photo emission at low E/N, fast neutrals at high,
and metastables at all E/N contribute significantly to the

breakdown, sometimes even dominating. Adding to this

the lossprocessesnotaccounted for in theTownsendmodel,

such as back-diffusion, we may actually have an effective

secondary electron yield obtained from the breakdown

curves (according to the Paschen’s theory) one order of

magnitude lower or up to two orders of magnitude higher

than the secondary electron yield measured in a binary

beam experiment.[60] Townsend’s theory worked basically

because in the SWARM regime, all fluxes are proportional

(linearly) and thus the effective production could be

associated with the flux of only one particle. However, in

real plasmas with non-linearities and especially temporal

developments the basic Townsend theory may not be

adequate and thus analysis akin to that of Phelps and

Petrovi�c (that is still a swarm-type modeling) may be in

order.

2.2. RF Breakdown

Basic data for radio-frequency plasma applications can be

acquired from simulations and experimental results, and

from recorded breakdown voltage curves. DC breakdown

voltages versus pd (p-pressure, d-gap between two parallel

electrodes) areknownasPaschencurves. ForRFbreakdown,

pd scaling may be expected to work again but the curves,

although similar in shape, are not determined by the

Paschen law. Nevertheless, these curves are often called

Paschencurves inthe literaturewhile it isbetter tocall them

RF breakdown curves or sometimes even Paschen-like RF

breakdown curves.

One should never attempt to determine secondary

electron yields from RF breakdown curves in a direct

manner, at least for the following reason. A necessary

condition for a self-sustained discharge is to have feedback

between the electron growth toward instantaneous anode

andtheir initializationat thecathode. InDCbreakdown, it is

the drift of ions toward the cathode coupled with a

secondary electron production that provides the feedback.

In RF fields, however, electrons go in both directions,

depending on the phase, so a discharge may be supported

purely by electrons. We have performed calculations with

only electrons and also with added heavy particles, ions,

and fast neutrals.

Initially, electrons were released from the middle of the

gap. Cross-section sets have been compiled and tested

(argon, oxygen – Itikawa[61]; synthetic air – Phelps[62]). In

our previous paper, we have examined radio-frequency

breakdown in argon under conditions when ion-induced

secondary emission is negligible (electron-dominated

regime).[63] In this paper, we move further by including

ions and their contribution to secondary electrons emitted

fromelectrodes surfaces. Breakdownpoints aredetermined

by slowly increasing the voltage to approach the break-

down from below the curve (right hand side and lower

branchof the curve) andby increasingpressure to approach

higher breakdown voltage branch (left hand side). Break-

down point is established as the one where the number of

electrons begins to increase over extended time of many

periods (detailed discussion is given in ref.[63]).

At first, we examine MC simulation that includes only

electronswithdistancebetweenelectrodesof 1 cm. Figure3

shows RF breakdown curves for synthetic air. Furthermore,

we adjust two parameters to try to fit the experimental

data, thefirstbeing thereflectioncoefficient forelectronson

the surface of electrodes (R) and also the secondary electron

yield g (gamma) due to ion bombardment. One can observe

deformation of Paschen-like curve pushing breakdown

point toward lower voltages when reflection coefficient is

increased arbitrarily. However the ‘‘second minimum,’’ as

Korolov et al.[65] obtained in their experiment (also shown

in Figure 3), is only achieved through an addition of the

effect of secondary electron emission due to ions. Multi-

pacting effects are observed only at much lower pressures

and higher voltages. A good agreement with Korolov et al.

was achieved by an assumption that secondary electron

yield for ions is 0.002.

Using Swarm Models as an Exact Representation. . .

Plasma Process Polym 2016, DOI: 10.1002/ppap.201600124

� 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 5www.plasma-polymers.org

Early View Publication; these are NOT the final page numbers, use DOI for citation !! R



In Figure 4,we show space time resolved development of

electron swarm properties in an RF breakdown in argon.

Results are presented for both conditions where a self-

sustained mode (lower (a) and higher (b) peak voltages) is

operational (i.e., this is done in the region of the breakdown

curves where for a fixed pd there are two values of the

curve). For argon, we have used data from ref.[60] At the

lower branch of the breakdown curve,majority of electrons

does not make a translation from one electrode to another

as assumed in simple models[66,67] and the discharge is

maintained by a small group of higher energy particles

some ofwhich reach the electrodes. At higher branch, most

electrons make the excursion along the entire gap.

Remaining and newly produced electrons stay by the

electrode until direction of the field changes and thus some

phase shift between the positions and the field waveforms

are observed togetherwith a skewness for some properties.

In both situations, the critical issue is in achieving high

energies and consequently ionization to compensate the

losses at the surface.

3. Low Current Discharges

In the low current limit of DC discharges, the space charge

effects are either negligible or small enough to be treated

as a perturbation to the external field.[27,28,68,69] In

particular, the diffuse low current regime known as

Figure 3. Paschen-like RF breakdown curves in synthetic air.[64]

Gap is 1 cm, frequency 13.56MHz. Open points are the available
experimental results in the literature.[65] At first, only reflection of
electrons (R) was adjusted but it failed to reproduce the shape of
the experimental data. Furthermore, a secondary electron yield
due to ion bombardment (g) was added and a good fit of the left
side branches has been achieved for g¼0.2%. It must be noted
that Korolev et al. managed to fit their experimental points
equally well by using a particle in the cell (PIC) code. While
technically their code is a plasma code and thus more complex
and perhaps less detailed than our Monte Carlo code. Their code
has all the ingredients of a swarmmodel but it was not certain to
what degree in their modeling the plasma-related features were
necessary to fit and explain the experiments.

Figure 4. Spatial profiles of electron density, energy, and electron-induced ionization under conditions of an RF breakdown.[63]
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Townsend regime of DC discharges is often taken as a

representation of swarm conditions[70,71] (steady state

Townsend experiment[32,72]).

3.1. Townsend Regime/DC Discharges

If one records axial and radial profiles of emission along

the Volt–Ampere (V–A) characteristics (Figure 5) of the

low current DC discharges, it is clear that for the lowest of

currents the profile is diffusion defined and centered[73]

while electron density exponentially increases all the

way to the anode. That is the sign of the space charge free

conditions and the swarm-based models will suffice or in

other terms the regime is the so called Townsend

discharge. The profiles in the two other regimes (Figure

5 – normal and abnormal glow) reveal a strong effect of

the space charge, one in the radial the other in the axial

direction. Nevertheless, even under those circumstances,

charged particles may not be strongly coupled and for the

purposes of theoretical description may behave like

swarms, within the limitations of the modified local

electric field, thus allowing the swarm physics and

transport theory to be the foundation for the description

of plasma.

In spite of being supposedly free of space charge effects

and any strong coupling, the V–A characteristics shows

negative slope even in the low current limit (according to

the basic Townsend theory, it should be constant) and as a

result of the overallV–A characteristics and external circuit

the discharge may slip into oscillations of different

kinds.[73,74]

The model developed to explain these oscillations due

to the negative slope (and thus to extend Townsend’s

theory) is an example of swarm-based models where

space charge effect is calculated based on swarm

calculations and added as a perturbation. The basic

assumption is that the field right next to the cathode is

affected by the space charge and is affecting the energy of

ions. The feedback coefficient – the secondary electron

yield – cannot be assumed to be constant, as it has been

well established that it is dependent on the energy of ions

hitting the surface.[60] During oscillations, the voltage and

the field will change and affect secondary electron yield

(the development from Equation (6) to (11) follows the

theory in Phelps et al.[27]):

g � gp þ kUU þ kII; ð6Þ

The term kU describes the linear component of the

voltage dependence. However, the critical assumption in

the model is the term proportional to the current. It is

actually representation of the space charge which is

proportional to the current which then provides addi-

tional effect due to the slightly skewed electric field right

next to the cathode. It is possible to use the density

profiles of electrons and ions (ions being much slower

have a much higher density and predominantly define

the field perturbation) obtained by swarm physics

considerations (drift and free diffusion). Using a Poisson

equation we get:

ESzðzÞ � ECS ¼ 1

e0

jz
Wþz

1

a0

a0z� expða0ðz� dÞÞ þ expð�a0dÞ½ �; ð7Þ

where nþ and ne are concentrations of ions and electrons, jz
electrical current density in z-direction,W+z drift velocity of

ions, e elementary charge of electrons. The corresponding

voltage drop is thus equal to:

dUS ¼ �
Z d

0

ESzðzÞ � ECS
� �

dz

¼ � 1

e0

jz
Wþz

f ða0; dÞ; ð8Þ

where f is:

f ða0;dÞ ¼ d2 1

2
þ expð�a0dÞ

a0d
� ð1� expð�a0dÞÞ

ða0dÞ2
" #

;

ð9Þ

Figure 5. Spatial profiles of emission in low current DC
discharges, covering the three regimes with three
characteristic profiles: (a) Townsend regime or diffuse low
current discharge-falling well under the realm of swarm
models; (b) glow discharge-constricted low current discharge;
and (c) abnormal glow-diffuse high current discharge[73] (� IOP
Publishing. Reproduced with permission. All rights reserved –
doi: 10.1088/0963-0252/18/3/034009). Anode is at 1.1 cm and
cathode at 0 cm and some small amount of scattered light
indicates the positions of electrodes.
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with round the loop multiplication being

gðtÞ ¼ g½expðaðtÞdÞ � 1� ¼ 1: ð10Þ

The effective normalized discharge resistance is

RN ¼ A
d2

RD ¼ A
d2

dU
I

¼ � ĝ

e0WþZĝ
f ðadÞ
d2 ; ð11Þ

where A is the area of the electrode and ĝ is the

logarithmic derivative of the multiplication factor g
ðĝ ¼ ĝ þ gad expðadÞâÞ:

Experimental testshave confirmed the theoryboth in the

field distribution and in the scaling of the effective

resistance.[75] RN depends on variation with the field (and

current) of the secondary electron yield but the theory also

provides a foundation for the standard scaling of discharge

parameters E/N, pd (Nd), and even jd2. This bit of theory is

added here as an example of how swarm-type consider-

ations are weaved into the plasma theory as its fundamen-

tal aspect and also how swarmdata enter such calculations

as the basic input on atomic and molecular collisions.

3.2. High E/N-Runaway Swarms

If one extends the range of measurements to the left hand

branch of the Paschen curve, two things become obvious.

The first is that the voltage drop between the Townsend

regime and the glow discharge diminishes (see Figure 2 in

ref.[76]) and sometimes it is even a continuous transition.

The reason is simply in the large mean free paths and then

the effect of the space charge become less obvious (spread

over a larger area). Another effect is observed if energy

distribution function (EDF) is sampled,wherebytheEDFhas

a strongpeakatmaximumavailable energy thus indicating

a runaway.[77] This is a situation where the initial

conditions (energy distribution) ismaintained (augmented

by the energy drop in during the travel through the

discharge) and thus properties vary from one point to the

next. The low energy tail of secondary electrons also

develops, which varies according to the position. Thus a

hydrodynamic model is not appropriate, but a MCS may

produce excellent results. It may also allow for exact

inclusion of the boundary conditions, such as energy-

dependent yields due to ions and electrons, energy-

dependent angular distribution of secondary or reflected

particles, energy-dependent energy loss, and energy-

dependent electron reflection. The procedure allows for

exact, experimental data to be included for any other

possible boundary effect related to electrons, ions, neutrals,

reactive species,metastables, andphotons. AthighE/N that

corresponds to the left hand side of the Paschen curve,

electrons are not very efficient in ionization (requiring a

rapid increase in the voltage necessary for the breakdown

as pd is reduced) and even then the multiplication

coefficients are only slightly higher than 1.

Dueto the lowpressure,meanfreepathsbecomelarge for

both electrons and ions and they gain much larger energy

then in standard discharges. This is particularly critical for

ions, allowing them to extend much beyond the standard

low energies (below 1 eV) all the way up to the maximum

available energy. This opens the door for charge transfer

collisions producing fast neutrals. It turns out that fast

neutrals are at those conditionsmore efficient in excitation

than either electrons or ions and this all leads to a peak of

emission close to the cathode, that is the signature of

fast neutral excitation.[78,79] Under those circumstances,

momentum transfer in heavy particle collisions leads to a

transfer of kinetic energy producing Doppler profiles with

excessively high energy wings.[79–81]. As a result, one could

predict a possible application for fast neutral etching that

would reduce the charging problems[82,83] in treating

dielectrics in nanoelectroncs and allow even higher aspect

ratios of nanostructures with an increased spatial

resolution.

While being mostly non-hydrodynamic, the high E/N
discharges are best described by swarm physics. They also

open the need for similar models of ions and fast neutrals.

3.3. Microdischarges, Atmospheric Pressure

Discharges, Discharges in Liquids

By the virtue of the jd2 scaling (that has been tested), the

Townsend regime may be extended to higher currents at

very small gaps.While being counterintuitive, this is awell

established fact at least as long as the standard gas

discharge physics operates (i.e., below the onset of field

emission).[84] Extension of the Townsend regime into

higher currents allows for applications of microdischarges

that take advantage of the flexibility and ability to directly

adjust and achieve a high efficiency of excitation and

dissociation (bymerely changing theE/N)while still having

a high enough total output of photons and/or chemically

active species[85] for possible applications.

Microdischarges are oneway toproducenon-equilibrium

plasma at high pressures. They simply operate close to the

Paschenminimumand thus allow formuchhigher pressure

for the given reduction in the discharge gap. In the

atmosphere, the kinetics of charges is defined by swarm

physics, yet if a field is added, the increase of charge density

is quite large and a quick transition to highly conductive

thermal plasma ensues. Atmospheric pressure discharges

often have a high charge density, but in general, the whole

atmosphere is an ionized gas that may be described by the

physics of swarms. Of the plasmas, the corona discharge

consists of streamers and diffuse discharge, which falls

under theswarms jurisdiction.[86] Calculationof transportof
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electrons, ions, and other particles may proceed mainly by

using free electron and ion diffusion, but one needs to take

into account clusters formed bywater vapormolecules and

other issues.

One of the lines of the fastest development and new

applications are the discharges inwater (liquids in general),

at the interface between liquid and gas phase, and in gas

phase of vapors.[87,88] In liquids one needs to re-establish

both cross-sections, transport theory, and transport coef-

ficients. More data are needed for lowpressure transport (in

gas or vapor).[89,90] In addition, we need to establish

techniques to determine and apply data at high pressures

and in liquid, i.e., and multiple collision conditions,[91] and

under the influence of hydration and breakdown[92] of

clusters. In addition, even the low pressure collision and

transport data for the most important ions in water vapor

are missing.[93] The liquid-related discharges[94] provide a

number of challenges and in many circumstances swarm

modeling(albeitadjustedtotheneedsofveryhighdensities)

is required. A comprehensive review on discharges associ-

ated with liquids may be found in a forthcoming article,

containing most importantly list of open issues.[92]

3.4. Afterglow

Upon switching off of the discharge, the space charge may

remain for a while as long as the charged particle densities

are sufficient to produce a modified field profile. At some

moment, theambipolarfieldwill collapseand freediffusion

will ensue that ismodeledby swarmphysics. In thatperiod,

electrons are supposed to continuously lose energy and

diminish in numbers. Under some circumstances (depend-

ing on the gas, impurities, initial energy, and distribution

function and electron and ion densities), an increase of the

mean energy occurs during the afterglow leading to a

transient peak in the decay of the mean electron energy.

Sometimes that peak may be even greater than the initial

mean energy, again depending on the gas and on the initial

conditions. This phenomenon has often been explained by

evoking atomic andmolecular physics, including processes

such as Penning ionization, Rydberg states, superelastic

collisions and recombination.[95,96]

However, a very important process is often overlooked. It

is the above-mentioned diffusion heating or cooling[37]

(also there is a possibility of an attachment cooling or

heating[40]). While the aforementioned processes depend

on the initial densities of excited states, this process is

universal as it depends only on the ground state momen-

tum transfer cross-section. The presence of the Ramsauer–

Townsendminimum in some gases allows very largemean

free paths and escape of electrons to the wall of the vessel,

thus increasing losses (speeding up thermalization as this

could be regarded as evaporative cooling).

Results of aMCS are shown in Figure 6wherewe present

the development of the mean energy in a limited size

discharge vessels andalso for an infiniteplasma inargon. In

an infinite case, thermalization is slowwhile in the parallel

plate geometry decay is much faster (Figure 6a). We also

show the decay of the number density of electrons

(Figure 6b). In Figure 7, we show energy distribution

functions in the parallel plate and in infinite cases. In the

latter case, the high energy tail disappears quickly, while

the rest of the distribution is close to the Maxwell

Boltzmann (MB) distribution with the same energy. This

graph also shows as a very general conclusion that, even

when the bulk of the distribution function is aMaxwellian,

the extrapolation to the high energy tail by a Maxwellian

may lead to errors ofmanyorders ofmagnitude. The reason

is that the high energy loss processes such as ionization

Figure 6. Thermalization (a) and decay of the number (b) of
electrons in Ar from the initial MB distribution at 7 eV (argon
at 1 Torr and a gap of 1 cm) in plane-parallel geometry and in free
space. Arrow marks the point in time where the energy
distributions that are shown in Figure 7 are sampled. Two
Maxwell Boltzman distributions are shown for comparison,
each at a mean energy equal to that in the decayed measured
distribution (6.5 and 4.4 eV).
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deplete the high energy tail of the EDF especially in the low

pressure discharges. The bulk of the distribution, and

therefore the mean energy, slowly head toward the room

temperature thermal equilibrium energy.

For the parallel plate system, due to the long mean free

paths as compared to the size of the discharge (even for

1 Torrofargonand1 cmdimension), ahole is rapidlyburned

in the Ramsauer–Townsend energy range. At higher

energies, the distribution is similar to that of the

corresponding Maxwellian, albeit with the high energy

tails removed by high energy loss collisions. With the peak

of the mean energy greater than the initial energy, the

diffusion cooling should be taken into account by including

a complete calculation of thermalization (with all the cross-

sections and atomic and molecular processes). Diffusion

cooling will invariably take place depending on the cross-

section shapes; in case of resonant attachment a similar

heating/cooling situation may arise and these processes

mayaffect stronglynon-local (non-hydrodynamic) systems

such as plasma sheaths, Langmuir probe at low pres-

sures[97] and distribution function at the beginning of

thermalization or close to the walls.

4. Data Bases for Pristine Gases and Gases
with a Large Density of Excited States and
Radicals

It is often discussed that the main basis of the plasma

modeling is in a set of fluid equations supplied by the

swarm data. It is truly important to set up the data bases

with awell-prescribed procedures for evaluation in order to

be able to appraise different calculations with seemingly

same gas mixtures. In addition, coherence between the

cross-sections and transport data should be achieved and

maintained. The fluid models that use swarm coefficients

must be compared to the kinetic and hybrid codes that are

based on the cross-sections. Consistency between the two

sets should be achieved and it is the task of the atomic,

molecular collision physics and necessarily also the swarm

physics. A number of data bases has been developed for the

purpose of providing low temperatureplasmaphysicswith

data starting with the JILA data Center (Joint Institute for

Laboratory Astrophysics of the Colorado University at

Boulder and National Institute for Science and Technol-

ogy),[98] the data base of Art Phelps at JILA,[62] NIST Data

reviews,[99] the data base of Prof. Hayashi,[99] our data

base,[100] and many more. The most focused and certainly

the largest innumber of participants andquantity of data is

the currently active LxCAT data base.[101,102] One needs to

include the data for ions[100,103] including the most

comprehensive data base of Prof. L. Viehland as included

in LxCAT[101] and fast neutrals.[104] If the system is a

candidate for being described by swarmmodels sometime

it suffices just to observe the available data for some of the

transport coefficients toat leastappreciatequalitatively the

feasibility of the particular system. However, if some

kinetic phenomena and in particular non-hydrodynamic

kinetic phenomena are involved a full-fledged kinetic

simulation is necessary. In that case, however, in order to

have proper balances of number,momentum, and energy a

swarm normalized cross-sections are necessary to obtain

the quantitative comparisons with experiments.

A separate issue is the modeling of plasmas when the

background gas may not be regarded as pristine (unper-

turbed). This issue may be introduced to plasma modeling

by making a self-consistent (coupled) calculations of the

excited state populations and then of the energy distribu-

tion functions and effective rates and other coefficients.

While the very presence of the excited states breaks the

principal definition of swarms as developed for swarm

experiments[105] this, self-consistent modeling extends the

applicability of swarm physics to the realm of higher

currents/densities of electrons and elevated temperatures.

Under these circumstances, awholenew realmof transport

data opens, that involves the cross-sections for excited

states (stepwise excitation, stepwise ionization, etc.). Not

surprisingly first important applications involved model-

ing of CO2 lasers,
[106] but also hydrogen discharges[107,108]

and nitrogen containing discharges.[109,110] Perhaps the

widest and the simplest similar modeling is that involving

properties of discharges in rare gases with a large

abundance of metastables in particular in argon.[111–113]

Interest in CO2 has been reactivated recently due to the

activity in energy conversion and storage.[114] In a similar

fashion, swarmmodelsmaybeapplied todischargeswhere

fragments of the molecules that may have certain

Figure 7. Energy distribution functions at the point marked in
Figure 6 for the parallel plate geometry (solid) and infinite
geometry (dashed). Two Maxwell Boltzmann distributions for
the mean energies corresponding to the two distributions are
shown.
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properties abound. For example, the issue of attachment in

CF4 when a significant part of the molecules has been

dissociated has been considered in ref.[115] In this section,

we did not attempt to make a comprehensive review, we

only show few examples and we apologize to those whose

work was not included in the list. There are many better

sources for detailed bibliography and many much more

comprehensive reviews. We only wanted to stress the

importance of data when swarm modeling is attempted

and also that this approach may be used in the realm of

strongly perturbed gases by a large degree of excitation or

dissociation thus extending the domain of applicability of

swarm physics but requesting a wide range of new data.

5. Conclusion

In addition to all the examples covered here, we have

recently made swarm-type modeling in a number of cases

involving ionized gases but outside the realm of standard

low temperature plasmas. These applications will be the

subject of a separate publication[116]:

1) Studies of swarms of positrons may be modeled in the

same manner as electrons (without the comfort of

production in collisions through ionization, although

ionization produces a lot of secondary electrons).[117]

With real swarm experiments lacking, the models

cannot be used to get quantitative scaling of the

cross-sections, but the results provide an insight into

processes and new kinetic phenomena, such as Positro-

nium (Ps) formation fueled negative differential con-

ductivity of thebulk component of thedrift velocity.[118]

2) In the absence of swarm data measurements, one may

defineaveragedproperties thatmaybeused in the same

fashion as the swarm data, for example thermalization

times (or full thermalization development), ranges of

particles, density of deposited energy, and more.[119]

3) Trajectories of particles have been used to describe the

properties, although each individual particle does not

have enough distinction to give a full insight on the

pertinent processes. Still, overall image, obtained by a

large set of particles or individual trajectories that are

selected, provide sufficient information tomake impor-

tant conclusions.[120,121]

4) Thermalization of positronium in gases.[122,123]

5) Modeling of PET like environment and modeling of

chemistry induced by the initial positrons in living

tissue/liquid.[91]

6) Modelingof gas-filledpositron (andelectron) traps, such

as Penning Malmberg Surko traps[124,125] or other gas-

filled traps.

7) Avalanches and current pulses in gas-filled RPC

frequently used detectors in elementary particle

detection and the corresponding properties of the gases

used in the mixture.[126]

8) Streamer breakdown conditions.[127,128]

9) Modeling of ionization fronts in streamers.[129,130]

The list does not end here and in all those cases swarm

studies provide models or an insight into the most salient

properties of the discharge. At the same time, one should

pay more attention to understanding plasma modeling

(from the global to the complex hybrid and PIC codes), the

roleofplasmamodels incrossedelectricandmagneticfields

(e.g., for propulsion studies) and the description of some

atmospheric and astrophysical systems (elves, blue jays,

clouds of electrons and positrons formed in the vicinity of

neutron stars, etc.).

Swarm physics is one of the building blocks of the

physics of non-equilibrium plasmas. Another impor-

tant building block is the swarm data which originate

from swarm studies. In addition to being sufficient for

some systems, learning how to deal with those will

improve our knowledge on applying swarm-based

transport equations and data in plasma models. In

the meantime, each of the problems mentioned here is

interesting, even fun to pursue and a worthwhile

contribution.
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Abstract. In this paper we present a systematic study of the gas breakdown potentials. An analysis of
the key elementary processes in low-current low-pressure discharges is given, with an aim to illustrate how
such discharges are used to determine swarm parameters and how such data may be applied to modeling
discharges. Breakdown data obtained in simple parallel-plate geometry are presented for a number of atomic
and molecular gases. Ionization coefficients, secondary electron yields and their influence on breakdown
are analyzed, with special attention devoted to non-hydrodynamic conditions near cathode.

1 Introduction

It is often said that atomic and molecular collisions define
the physics of non-equilibrium (so-called low-temperature)
plasma. However, in plasma modeling, where space charge
and field profile effects intervene with atomic and molec-
ular collisions, often it is claimed that the collisional cross
sections, rate coefficients and swarm transport data do
not need to be very accurate as the processes are so com-
plicated that high accuracy is not required. Gas break-
down, on the other hand, is the point where inaccuracies
of the atomic collision and swarm data are amplified and
at the same time the conditions for the breakdown often
define the operating conditions for the plasma. To illus-
trate this we may give an example that ionization rate
enters the breakdown condition in exponent and also that
rate is often exponentially dependent on the gas density
normalized electric field E/N . The mean energy and the
shape of the distribution function that define the rate (to-
gether with the cross section for ionization) are on the
other hand strongly dependent on all relevant inelastic
processes. Breakdown under DC fields and slowly vary-
ing AC fields also depends on surface collisions of ions
and atoms. Thus, breakdown condition is a very sensitive
projection of atomic and molecular collision and swarm
transport physics onto the realm of plasma physics.

Gas breakdown has been studied over 100 years and
yet many open issues still remain. In DC discharges,
the breakdown is usually described by the standard
Townsend’s theory [1]. Within the past 20 years, with
development of experimental and modeling techniques, it

� Contribution to the Topical Issue “Electron and Positron
Induced Processes”, edited by Michael Brunger, Radu
Campeanu, Masamitsu Hoshino, Oddur Ingólfsson, Paulo
Limão-Vieira, Nigel Mason, Yasuyuki Nagashima and Hajime
Tanuma.

a e-mail: draganam@ipb.ac.rs

became clear that the standard (basic Townsend’s theory
as depicted in the textbooks) theory of breakdown and
low-current discharges (the so-called Townsend’s regime)
requires improvement. Phelps and coworkers [2–5] initi-
ated a comprehensive revision of the theory in all its as-
pects.

This revision in the lowest current limit (breakdown)
included taking into account the contribution of all feed-
back mechanisms and space-charge effects in breakdown
and low-current discharges [5]. These authors only covered
one gas (argon) with detailed analysis. This is why we felt
that a survey of the existing well documented breakdown
data would be of value as the basis for further study on
the data and elucidation of the issues in use of secondary
electron yields in plasma modeling. All of the presented
results were obtained in our laboratory and an utmost
care has been invested to avoid the usual problems in de-
termining the breakdown data (often depicted as Paschen
curves). Those include variable surface conditions, jump-
ing straight into the glow discharge mode, recording the
operating conditions for the glow discharge and also the
uncertainties that arise from the long statistical delays in
initiation of gas discharges.

For many years swarm experiments have represented
the primary source of data for gas discharge modeling,
which, on the other hand, was based on the transport the-
ory for swarms. With only very few exceptions, the models
are based on the hydrodynamic (in equilibrium with the
electric field and spatially uniform) transport data. This
is however not applicable in most breakdown experiments
as the early stages of the breakdown occur before equi-
libration of the electron swarm. Thus we present also an
analysis of electron excitation cross sections and studies
of spatial profiles of emission to separate excitation by
electrons and fast neutrals [6]. Our results also allow us
to determine the width of the non-hydrodynamic region
close to the cathode and the effective multiplication as
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well as the approximate determination of the field distri-
bution in dark Townsend discharges. These data all need
to be applied to determine the secondary electron yields
and in modeling of plasmas.

Over the past two decades determination of the sec-
ondary electron yields [6,7] has had renewed interests, for
two reasons. First, a systematic survey [5] has been made
of all the processes that participate to secondary electron
production and it was shown that the basic assumption of
Townsend’s theory that ions produce the secondary elec-
trons is correct only in a very narrow range of conditions,
while photons and gas phase ionization by neutrals con-
tribute to the secondary electron production in a much
wider range of E/N . Most importantly, it became pos-
sible to model the observed secondary electron yields in
the breakdown by using binary collision (beam to surface)
data.

It was shown that it is not possible to use directly
the binary collision (beam-surface) data for the analysis
of gas discharges and low temperature plasmas as those
would have specific distributions of all the relevant fluxes
that otherwise might be connected through nonlinear re-
lations. The analysis performed for the breakdown (where
all fluxes are in linear relation to the initial flux of elec-
trons) proved to be quite robust and still fit most of the
data for the glow discharges [8,9]. Nevertheless, it is pos-
sible that for some gases or some plasmas, nonlinearities
may prevail and the required model may depart from the
breakdown model.

In this paper we present the data on breakdown volt-
ages (shown as Paschen curves) for a large number of
gases, we show some examples on how these data are
coupled with Volt-Ampere (V -A) characteristics, and we
proceed to determine secondary electron yields for rare
gases (assuming ions to be the primary agent producing
secondary electrons) with the inclusion of the effects of
equilibration and proper determination of the ionization
growth coefficient.

2 Breakdown voltages and Paschen curves

Breakdown is usually represented by a Paschen curve i.e.
dependence of the breakdown Vb voltage on the pd (pres-
sure p× gapd). Parameter pd is a scaling parameter pro-
portional to the number of collisions over a unit distance.
In this respect, a typical sharp increase of the breakdown
voltage at low pd -s can be explained by the need to com-
pensate for a small number of collisions. On the other
hand, at high pd -s, due to a large number of collisions,
breakdown voltage is increased in order to enhance en-
ergy gain between collisions, when mean free path is get-
ting shorter and the energy gained between two collisions
becomes smaller. In the range of the Paschen minimum,
production of charges by ionization and secondary electron
emission and losses by attachment, diffusion and drift are
well balanced.

In Figure 1 Paschen curves for several atomic and
molecular gases are presented. Measurements with H2,
SF6, CF4, H2O and C2H5OH vapours are taken with the

(a)

(b)

Fig. 1. Paschen curves for (a) atomic gases: Ar, He, Ne, Xe,
Kr [6] and (b) molecular gases H2, SF6, O2, CH4, N2 [12],
CF4 [10], and H2O [11] and C2H5OH vapours. Measurements
with H2, SF6, CF4, H2O and C2H5OH vapours were obtained
with copper cathode, for other gases stainless steel cathode was
used.

copper cathode, with 1 cm electrode gap and 5.4 cm diam-
eter [10,11]. For all other gases, stainless steel cathode was
used in measurements in 2.9 cm gap and 8 cm electrode
diameter [6,12]. Some of the data had preliminary presen-
tation in the second edition of the textbook by Lieberman
and Lichtenberg [13].

For most of the gases Paschen minimum is situated
at pd of the order of 1 Torr cm and breakdown voltages
are of the order of several hundred volts. In the case of
electronegative gases, it is usually shifted towards smaller
pd -s and higher voltages. This can be understood from the
point of view of the balance of production and losses of
charged particles. In electronegative gases, at low E/N i.e.
high pd, attachment becomes important. As a loss mech-
anism for electrons, it will increase the breakdown volt-
age and shift the Paschen minimum to lower pressures
as an even higher E/N is required to provide sufficient
ionization.

There are several issues that one has to be aware of
in breakdown measurements. Breakdown voltage depends
on the gas mixture through identities of ions and on the
cathode material. Even more important than the cathode
material is the state of the cathode surface – roughness or
possible oxide layers and other impurities deposited on its
surface either by exposing the cathode to the laboratory
environment or during the discharge operation. Sometimes
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the state of the cathode surface has larger influence on
the Paschen curve than the material of the cathode itself.
For this reason, in our experiments cathode surfaces are
treated in low-current (∼30 μA) hydrogen discharge prior
to the breakdown measurements. This procedure proved
to give stable conditions during measurements and repro-
ducible results over large periods of time. Even when basic
breakdown voltage varies due to surface conditions, the
Paschen curve (and also the V -A characteristics) main-
tain their shape and so normalization onto the breakdown
voltage is a good way to analyze the data [5,14].

Another issue that has to be taken into account in
experiments is the regime in which the discharge ignites.
Breakdown voltage should not be confused with the oper-
ating voltage. The point where the discharge operates is at
the crossing of the circuit load-line and the Volt-Ampere
characteristics. Quite often, especially with a small se-
ries resistance and sufficiently large overvoltages, this is
in the regime of a glow discharge, where voltage can
be significantly smaller than the breakdown voltage. Ac-
tual breakdown voltage, in the sense that is represented
by the Paschen law, can only be found by extrapolating
Volt-Ampere characteristics to zero current in the dark
Townsend discharge mode. An alternative technique is to
study the pre-breakdown currents [15,16]. Sometimes it is
even necessary to record the spatial profile of the discharge
in order to confirm the exponential increase of emission
from the cathode all the way to the anode, which is typical
for low-current Townsend discharge.

It is important to emphasize that, besides the Paschen
curves, Volt-Ampere characteristics are essential in under-
standing the process of breakdown. These data are needed
to establish the electric field/energy dependence of the
secondary electron yields and as a consequence the slope
of the V -A characteristics in the Townsend regime is de-
fined. The slope of the characteristics is typically negative
in the low-current region and it reveals the ion energy
dependence of the secondary electron yield and field dis-
tortion due to the initial growth of space charge [2,3,17].
In practice, for a full description of the discharge a 3D
plot should be constructed [18], such as the one shown in
Figure 2, with discharge voltage (V ), pressure × electrode
gap product (pd) and discharge current (i) presented at
the axes.

Low-current limit represents Paschen curve and in
this case it is projected onto 1 μA as further changes of
voltage at even lower currents would be negligible. Mea-
surements are taken in a parallel-plate electrode system,
with 1 cm gap, 5.4 cm electrode diameter and copper
cathode. Considerable difference between the glow regime
and Townsend regime voltages is clearly seen from the
characteristics.

3 Model of the gas breakdown and secondary
electron yields

Secondary electron emission is one of the key mechanisms
of DC breakdown and operation of discharges. Still, there

Fig. 2. Experimental V-A-pd characteristics for argon.

is a great confusion in literature in respect to the meaning
of the data entering the breakdown condition. In fact, the
secondary electron yield data obtained from the gas break-
down have always failed to match the direct measurements
in the binary beam-surface experiments. As Phelps and
Petrović [5] confirmed in the case of argon, the basic phe-
nomenology of Townsend’s theory required extension. Al-
most constant secondary yield of around 8% for argon ions
that has been obtained by ion beams on surfaces cannot
be applied to model even the basic low pressure break-
down. While one could justify a greater secondary yield
due to additional processes, in the main section of mean
energies the yield is actually ten times smaller than that
from beam measurements. Phelps and Petrović developed
a comprehensive model for argon that included all pos-
sible feedback mechanisms – secondary emission by ions,
metastables, fast neutrals and photons. They also included
back-diffusion of electrons and discussed conditions at the
surface where standard gas discharge experiments cannot
reach the conditions defined for atomically clean surfaces
in ultra-high vacuum. Their study showed that one has
to take into account energy dependent yields for each of
the species from binary experiments in order to be in ac-
cordance with results of direct breakdown measurements.
Here, we shall follow the standard procedure to determine
secondary yields from the breakdown data and we shall
also try to correct some of the problems and provide the
data required for such corrections.

Under the conditions of the breakdown and low-
current Townsend discharges, the effective secondary
emission yield (γ) is related to the ionization coefficient
(α) in accordance with the Townsends self-sustaining con-
dition:

γ =
1

e(α/N)×Nd − 1
(1)

where N represents the gas number density and d is the
gap between the electrodes. γ(E/N) may be deduced from
Paschen curves by using α/N(E/N) data from the liter-
ature [19] as was done in [6]. One may also use an ana-
lytic form of α/N(E/N), e.g. Marić et al. [20], as it was
shown in [21]. This procedure is the standard one. Per-
haps the most important problem in the procedure is that
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the non-hydrodynamic region close to the cathode (d0) af-
fects the total multiplication, and therefore the secondary
electron yield obtained from the Paschen curve. The sec-
ond problem is that the ionization rate taken from the
literature may give quite different multiplication as com-
pared with the actual experiment. Even small errors in
ionization coefficient result in large discrepancies of the
secondary electron yield.

4 Determination of the equilibration distance

It is well-known that hydrodynamic conditions are charac-
terized by transport coefficients that are constant in space
and time [22]. However, in low-current electrical discharges
at low pressures electrons do not reach the equilibrium
state immediately after leaving the cathode. Only at a
certain distance from the cathode electrons establish equi-
librium with the gas and parameters of electron transport
become spatially independent [23,24]. In a simplified ap-
proach the width of the non-hydrodynamic region may
be used to separate discharge into two regions: one that
can be referred to as the non-equilibrium region, with no
ionization and the other where ionization behaves as if
electrons are in hydrodynamic equilibrium. The problem
is then how to determine the delay distance from inde-
pendent measurements, by using semi-empirical formula
such as the one suggested by Phelps and Petrović [5] or
by kinetic calculations.

It was shown that inclusion of the effect of equilibra-
tion causes a large difference in secondary electron yield
data [5], but most authors in the available literature obtain
the secondary electron yields from the breakdown data
without paying attention to this correction. The role of
the equilibration length in determination of the secondary
electron yield was studied by Folkard and Haydon [24]. A
more detailed discussion of the application of the delay dis-
tance and correct determination of the effective electron
yield have already been published for the case of argon [6]
and for nitrogen [21].

The appropriate form of multiplication factor under
Townsend’s breakdown conditions is [5]:

γ =
1

eα(d−d0) − 1
(2)

where d is the gap between electrodes, and d0 is the delay
distance which has to be passed before electrons reach hy-
drodynamic equilibrium allowing avalanching character-
ized by the equilibrium ionization coefficient α. As there
is a great need to determine accurate yield coefficients
for plasma modeling, there is also a need to establish
procedures to determine the equilibration distance.

In our experiments it is possible to obtain equilibra-
tion distances from spatial scans of emission. The width
of the non-hydrodynamic region d0 may be used to sep-
arate the discharge into two regions. Figure 3 shows two
examples of spatial profiles of emission which illustrate the
procedure for determination of the equilibration distance
and ionization coefficients. In the case of xenon, the non-
hydrodynamic width is exhibited as a flat region close to

Fig. 3. Examples of the spatial emission profiles in xenon
(upper plot) and neon (lower plot), with non-hydrodynamic
regions indicated.

the cathode followed by exponential growth of emission.
In the case of neon, there is even a sudden jump of emis-
sion just after the equilibration distance. It is still not
clear what is the origin of emission in the region next to
the cathode [25], as one would expect that there is no
emission in non-equilibrium region. Growth of emission in
hydrodynamic region is determined by a single exponen-
tial that is in excellent agreement with the equilibrium
ionization coefficient [26]. While this is not the most ac-
curate method to determine ionization coefficients, it is
useful in some situations when the data are lacking and
also to indicate the realistic conditions in a particular sys-
tem which may be affected strongly by the contamination
of the gas. Finally, this is the only direct way to obtain
total multiplication as required by the breakdown theory.

When the spatial scans of emission are not available in
the experiment that is being analyzed but were available
for other experiments, the delay distance d0 can also be
determined by using semi-empirical formulas such as that
given in [5] through the expression for the effective value
of the electrode potential difference before the exponential
growth of the current:

V0 = 16

√
1 +

(
E/N

1000

)2

. (3)

Probably the best method to produce delay distances is by
using Monte Carlo simulations. In this paper we apply a
Monte Carlo code that has been well documented in previ-
ous publications (details can be found in [27,28]), so only
a brief description will be given here. The code is based on
generalized null-collision technique [29]. In the code we fol-
low electrons released at the cathode until they reach the
anode. The set of cross sections that is used involves inelas-
tic (excitation) processes, ionization and elastic scattering.
Each of these processes has associated differential cross
sections that are necessary only to establish the angle of
scattering. The probability of scattering is determined on
the basis of the total cross section. From the simulation of
the spatial profile of excitation, one may observe a region
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Fig. 4. The dependence of the delay distance d0 on the reduced
field E/N for argon. The delay distances were obtained by
three different techniques. Calculations were performed assum-
ing isotropic angular distribution of electrons, the gap between
the electrodes of 1.72 cm.

next to the cathode where excitation is zero, followed by
an exponential growth of emission and finally a growth
with the hydrodynamic ionization coefficient. The hydro-
dynamic region is extrapolated to the zero value and that
point determines the distance as applied in equation (2).

In Figure 4 we compare results for the equilibration
distance as a function of the reduced field E/N in argon
obtained by experiment (symbols), Monte Carlo simula-
tion (solid line) and semi-empirical formula (dashed line).
The results obtained by using three different techniques
show good agreement, except for the lowest and high-
est values of the reduced field. It is necessary to consider
here the accuracy of experimental determination of the
distance d0 at those values of E/N . At low values of E/N
multiplication is very high and it is not so sensitive on the
accuracy of determination of d0 which is small anyway.
On the contrary, at high E/N i.e. low pressures, overall
multiplication is small, so inclusion of d0 does not make
significant difference. We may say that the agreement be-
tween the experimental data, semi-empirical formula and
Monte Carlo simulations is excellent for the purpose of
determining the secondary yield coefficients. Still, in ex-
periment, due to reflection from the cathode and scatter
of light, the results can be significantly scattered, as it is
shown in Figure 4, so for the purpose of determination of
secondary electron yields, we use results of Monte Carlo
simulations when possible.

While Figure 4 shows results for equilibration distance
along the Paschen curve, further on, we explore d0 behav-
ior for the general non-self-sustained conditions. Pressure
dependence of d0 at a fixed E/N is shown in Figure 5a
and the E/N dependence at a fixed pressure in Figure 5b.
In both cases, we present the results obtained using our
Monte Carlo simulation code (curve) and semi-empirical
formula (symbols). For a fixed reduced field, the delay
continuously decreases as the gas number density (pres-
sure) increases. On the other hand, the E/N dependence
of the equilibration distance for a fixed gas number density
(pressure) shows that the equilibration distance becomes

(a)

(b)

Fig. 5. The dependence of the delay distance on: (a) the gas
number density for a fixed reduced field for argon; (b) the
reduced field for a fixed gas number density for argon.

smaller as the reduced field increases (for a fixed gas num-
ber density). In both cases, the results obtained by semi-
empirical formula and the Monte Carlo simulations are in
satisfactorily agreement. The experimental measurements
are in fact less reliable than the simulation due to limited
spatial resolution and possible scattering of light. Thus
we really seek a general agreement and put our confidence
in simulations. On the contrary, the measured exponential
growth, if defined well and if not overlapping with the con-
tribution of fast neutrals, provides better representation
of multiplication in the actual experiment. Agreement be-
tween results proves that scaling for the equilibration em-
ployed in the development of the semi-empirical formula
is appropriate.

In Figure 6 we show calculated equilibration distances
for different gasses. We have performed analysis mainly
for the rare gases and in a limited sense as compared to
Phelps and Petrović [5]. Partly, the reason is that exper-
imental determination of the delay distance in molecular
gases is very difficult due to several sources of emission and
complex quenching. In those gases we recommend Monte
Carlo simulation of the whole system both the delay gap
and the exponential growth. In Figure 6 it can be seen
that the equilibration distance increases with the atomic
mass; however it does not change much for a specific gas
in the range of E/N -s investigated here.
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Fig. 6. Equilibration distances for different gases.

Fig. 7. Comparison of secondary electron yields for argon ob-
tained with different data for ionization coefficients. The first
three sets of data were obtained using our Paschen curve, the
first two (stars) with our multiplication coefficient without and
with the inclusion of the delay distance d0 in the analysis. The
third set (circles) was obtained by using the ionization coef-
ficients from [19] to determine the multiplication. The same
ionization coefficients were used in the fourth set [30] but the
basis for the results was their measurements of the Paschen
curve.

5 Determination of the secondary electron
yields and the role of ionization rate

As discussed in previous subsection, the non-
hydrodynamic region near the cathode does not
necessarily have a significant influence at very low
and very high E/N . However, not taking into account
the existence of non-equilibrium region can significantly
change results for secondary electron yields in medium
range of reduced electric fields. In Figure 7 we compare
the secondary electron yields in argon obtained by taking
into account and not taking into account the equilibration
length d0 (solid and open stars respectively). α/N(E/N)
data obtained directly from the experiment are used
here to determine γ. As expected, taking equilibration
length into account has the largest effect close to the
minimum and in the right branch as compared to the left
branch. Yet, towards both ends the differences induced
by including d0 diminish. The largest difference between
the secondary yields with and without d0 is a factor of

Fig. 8. Secondary electron yields for several different gasses,
with the same cathode surface (stainless steel).

two and it coincides with the minimum of the Paschen
curve.

Taking the ionization rate from the literature may give
a quite different multiplication as compared with the ac-
tual experiment and even small errors in the ionization
coefficient result in large discrepancies of the secondary
electron yield. In Figure 7 we also show secondary elec-
tron yields obtained from our Paschen curves by using ion-
ization coefficients from the review [19] which are mostly
based on experiments of Kruithiof (circles). These results
are up to a factor of 10 different from our data mostly at
high E/N .

We also show results of Auday et al. [30] who have an-
alyzed their Paschen curve with the ionization rates from
Dutton (triangles). Although those two sets of Paschen
curves are apparently quite similar, the differences of
yields are considerable, as large as a factor of 10.

For the low values of E/N , γ in our experiment rises
more strongly than those obtained by using values of α/N
from the literature. This can be explained by the fact that
secondary emission of electrons can be due to any com-
bination of numerous mechanisms of varying importance
depending on the value of E/N . In the case of small values
of E/N , dominant mechanism is the photoelectron emis-
sion.

Finally, a similar analysis for the secondary electron
yields has been carried out for several other gases. In Fig-
ure 8 we show only final results obtained by using the
most complete (correct) procedure. As expected the yield
increases presumably proportional to potentials of the ion
and the metastable states.

6 Conclusions

Measurements of properties of low-current discharges
which include Paschen curves, Volt-Ampere characteris-
tics and spatial profiles of emission proved to be a fertile
basis for modeling of plasmas and discharges. In this paper
we gave a short overview of the results of our breakdown
studies covering five rare gases and eight molecular gases.
We pointed out the most important issues in deducing
secondary electron yields from the breakdown and swarm
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experiments, compared results obtained by employing dif-
ferent procedures and we presented results for secondary
yields for several rare gases obtained by a proper proce-
dure. One should bear in mind that in this analysis the
effective coefficients are attached to ion fluxes and a more
thorough analysis along the same lines as done by Phelps
and Petrović [5] should be performed for all gases together
with an analysis of the applicability of the data in higher
current discharges.

In conclusion, we may say that the treatment of elec-
tron non-equilibrium motion near the cathode includes de-
termination of the delay in reaching the hydrodynamic
rates of electron excitation and ionization. The results ob-
tained when the equilibration distance is accounted for
allow us to conclude that not taking into account the non-
equilibrium region and correct values of ionization coeffi-
cients one may make quite large errors in obtaining sec-
ondary yields for the relevant particles in the discharge.
These differences between the γ coefficients may result
in some of the discrepancies between the swarm and the
binary collision technique data for γ coefficients, which
remains yet to be analyzed.

Monte Carlo simulation provides complete representa-
tion of non-equilibrium effect and influence of the elec-
trodes and it is exact representation of breakdown itself,
so it should be employed for modeling. A satisfactory
agreement between the experimental data and the re-
sults obtained using Monte Carlo simulation code and
semi-empirical formula proves that our treatment of the
electron non-equilibrium behavior close to the cathode is
accurate. It also became possible to make more direct com-
parisons between the secondary electron yields obtained
from Paschen’s law and from experiments consisting of a
beam of ions hitting the surface under high vacuum con-
ditions and separate detailed analyses should be made for
all gases that are of interest.

This work was supported by MESTD ON171037 and III41011
projects.
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On Explanation of the Double-Valued Paschen-Like
Curve for RF Breakdown in Argon

Marija Savić, Marija Radmilović-Radjenović, Milovan Šuvakov, Srdjan Marjanović,
Dragana Marić, and Zoran Lj. Petrović

Abstract—This paper represents an investigation of the depen-
dence of the breakdown voltage on the gas pressure in radio-
frequency argon discharges under conditions when ion-induced
secondary electron production is negligible. Calculations were per-
formed by using a Monte Carlo collision code including electrons
only. Our simulation results clearly show a region, occurring at
low pressure, where multiple values of the breakdown voltage exist
at a given pressure, in agreement with previous experimental ob-
servations. The two different regimes of operation, each satisfying
the breakdown condition, may be best analyzed in contour plots of
electron density, ionization rate, and mean energy.

Index Terms—Breakdown, Monte Carlo (MC) simulations,
radio frequency (RF) discharges.

GAS breakdown is the first step in the generation of
plasma and therefore is one of the most fundamental

processes [1]. In studies of the breakdown characteristics of
gas discharges, the usual observable that is modeled is the
Paschen curve. This breakdown voltage curve represents a
balance between the number of electrons lost by diffusion and
drift in the interelectrode gap and the number of secondary
electrons generated at the cathode.

In the case of radio frequency (RF) discharges, it is actually
possible to achieve self-sustained operation with electrons only,
as the field changes direction. The Paschen-like breakdown
voltage dependence is similar in shape to that of the dc dis-
charges. The breakdown voltage generally forms a curve with
unique values for each pd. Under certain circumstances, the
left-hand branch of the curve exhibits a multivalued nature, i.e.,
a single pd corresponds to two different breakdown voltages
[2]. In other words, on lowering the pressure, the breakdown
voltage first decreases, passing through a minimum on the
breakdown curve, before increasing to approach a turning point
on the breakdown curve [2]. Lisovskiy and Yegorenkov [2]
assert that, at this turning point, the electrons will drift exactly
one-half of the gap in a one-half period of the field and are
therefore all going to be swept to the electrodes. At a pressure
lower than the turning point, it becomes impossible to achieve
breakdown for any value of the applied voltage (ignoring mul-
tipactor effect) period.
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Fig. 1. Breakdown voltage versus the gas pressure in argon RF discharges at
13.56 MHz and the gap size of 2.3 cm. The (solid circles) experimental data
taken from [2] are compared with (open circles) our MC simulation results
taking into account electrons only. Calculations were performed for the pressure
of 0.2 torr and five different voltages (red symbols).

Fig. 2. Time dependence of the number of electrons for the conditions shown
by red symbols in Fig. 1.

The purpose of this paper is to model the RF breakdown in an
electron-dominated regime (with negligible effects of ions and
multipacting) and try to understand the basic phenomenology
by employing kinetic representation.

A Monte Carlo (MC) code used for the studies of RF break-
down is developed and tested in our group. The code follows
the transport of electrons across the gap between electrodes.
The cross-sectional set consisting of momentum transfer, two
excitation, and ionization cross sections has been well tested

0093-3813/$26.00 © 2011 IEEE
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Fig. 3. Changes of various characteristics (the electron concentration, the electron energy, rates of elastic scattering and ionizations, respectively) during one
period along the vertical pd = const line. Calculations were carried out in argon at 13.56 MHz, 0.2 torr, and voltages of (a) 93.4 V and (b) 600 V both satisfying
the breakdown criterion as seen in Fig. 2.

for argon swarms [3]. We start the simulation with 100 000
electrons and follow the development. In the case of fast ion-
ization or losses, we rescale the numbers but weight the number
density.

Breakdown is essentially determined in the same way as
that in experiment, i.e., by slowly increasing the voltage to
approach from below the curve and by increasing the pressure
to approach higher voltage values in the double-value region.
We set out to establish the differences between two points
satisfying breakdown for the same pd. The voltage or pressure
steps close to the breakdown are very slow, and the uncertainty
of the breakdown voltage is on the order of 0.1 V. Simulations
are performed for the experimental conditions in [2].

In Fig. 1, we show the simulated Paschen curve; in shape,
we get agreement with the experiment, but apparently, our
turning point occurs at higher pressure. Slight differences may
be explained by the fact that we neglected ion motion and
secondary electron production, as well as electron reflection
and secondary electron production by energetic electrons. Also,
some possible experimental uncertainties could lead to the
differences. In any case, the two-value behavior of the Paschen
curve is confirmed, and agreement with experiment in that
respect is reasonable. In Fig. 2, we show the curves representing
the time dependence of electron density, and curves (b) and
(f) are the first curves with the positive growth in their own
conditions (93.4 and 600 V). In between these points, growth is
extreme, and outside, the curve electron density decays.

The spatial profiles (see Fig. 3) of the swarm properties
are shown for two stable breakdown points (b and f), and the
profiles are quite different. For the lower voltage, one needs to
achieve sufficient ionization to compensate for the losses, and
therefore, any increase in voltage leads to a higher ionization.
In both cases, most of the electrons are produced in proximity
of the electrodes. For the higher breakdown voltage, one can
see that most of electrons are pushed to the electrode by the
strong field, and therefore, losses have increased sufficiently
to compensate excessive production by ionization. Any further
increase of voltage will make losses greater than production by
ionization. It also becomes critical to observe where ionization
occurs and the degree of multiplication that is allowed to
develop before electrons are lost.

Kinetic representation of RF breakdown not only reveals
details of phenomenology but also provides tools to convert
experimental breakdown data into relevant coefficients.
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Numerical Modeling of Thermalization of Positrons
in Gas-Filled Surko Traps

Srdjan Marjanović, Milovan Šuvakov, Ana Banković, Marija Savić, Gordana Malović,
Stephen J. Buckman, and Zoran Lj. Petrović

Abstract—In this paper, we present the results of our Monte
Carlo-based numerical simulation of a Penning–Malmberg–Surko
positron trap. The results of simulations show the effect that
various processes (such as positronium (Ps) formation, annihi-
lation, losses on walls, etc.) have on trapping efficiency. The
thermalization profile is shown, along with the evolution of the
energy distribution that morphs from a particle beam to a broad
swarm-type distribution.

Index Terms—Buffer gas trap, numerical simulation, particle
beams, positrons.

BUFFER GAS traps are a general prerequisite for the
study of cold positrons and their interaction with matter.

Penning–Malmberg–Surko traps [1] and their variations [2]
have shown excellent performance and are widely accepted
as an ideal tool for atomic and molecular collision physics
and material science diagnostics. The gas most commonly
used for trapping is N2 because its electronic excitation cross
sections are comparable to or larger than those for positronium
formation in the near-threshold region. A small portion of CF4

is used in the last stage of the trap in order to speed up the
thermalization at lower energies through vibrational scattering.

Our model consists of three cylindrical stages with vary-
ing radii to achieve different pressures. Positrons are moving
through them, accelerating, and decelerating along the axis as
they fall in, and climb out of, potential wells. An axial magnetic
field is applied for beam confinement.

The Monte Carlo method, tested on numerous electron
benchmarks, is used for simulating the collisions with the buffer
gas. The potential of the electrodes was set so that each stage
of the trap (I, II, and III) had the well depths of 10, 11, and
12 eV and pressures of 10−3, 10−4, and 10−6 torr, respectively.
The buffer gas is N2 with 10% of CF4 in the third stage. These
traps have strong axial magnetic field and cylindrical symmetry
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Fig. 1. Number of particles in the trap and loss processes. The process of
annihilation is negligible on this timescale.

with three stages at different potentials and gas pressures [1],
[2] which were selected to be similar with the setup in [1]. Cross
sections for e+ − N2 may be found in [3]. We normally release
between 10 000 and 100 000 particles, and the simulations last
several hours.

The positrons enter the first stage with an energy width of
1 eV and are accelerated to an energy of 10 eV in the first
potential well. Particles that make the trip through the well,
bounce off the potential wall, return, and still have energy over
10 eV are lost and are represented in Fig. 1 as escaped. The
most important loss process, as shown in Fig. 1, is positronium
formation. Escape and losses to walls can be diminished by
changing the geometry of the trap and the combination of gas
pressures and magnetic field. As the positrons suffer more and
more collisions, their mean energy drops down (see Fig. 2).

In order to understand the performance of the trap, one
needs to visualize the positron energy distribution development
(see Fig. 2) which starts as a 10-eV beam. As particles enter
stages II and III, they gain energy, but meanwhile, around
8 eV is lost due to electronic excitation of the N2 molecule.
This leads to the splitting of the original beam into several
beams (see Fig. 2) that combine together as they cool down and
become a particle swarm with a broad energy distribution and
a mean energy that eventually becomes close to thermal (see
Fig. 2), and the distribution becomes a Maxwell–Boltzmann
distribution.

The initial width of the beam is 1 mm, and it expands up to
6 mm. The particles on the front, leading the expansion, are
those that scatter and transfer most of their energy to the
transverse plane. These results are shown in Fig. 3 where a
3-D plot gives the magnitude of the perpendicular energy as

0093-3813/$26.00 © 2011 IEEE
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Fig. 2. Evolution of the positron kinetic energy distribution over time. Distributions are normalized for better presentation over a wide dynamic range.

Fig. 3. Radial distribution of the transversal kinetic energy, impacting the rate of the widening of the beam and the amount of loss to the walls.

a function of spatial position. The leakage to the side walls
is generated mainly by the particles with high perpendicular
scattering in the last stage, in spite of the fact that higher
perpendicular energies may be found in the initial stages when
the beam still has mostly the original radius. The losses are
mainly due to the very long time that positrons spend in the last
stage due to the need to employ rotational excitation and elastic
scattering to achieve the last stages of thermalization below
100 meV.

Modeling of the Surko trap by the electron-swarm-related
Monte Carlo code works well because of the similar nature
of the electron-molecule and positron-molecule scattering. The
functioning of the trap may be best visualized with temporally
resolved results for positron positions, energy distributions

of the particles, and losses. Thus, the code becomes a tool
that may provide means to optimize the trap further. This
may be accomplished, to a large degree, by observing visual
information.
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Recent development of microwave pulse generators, which are now capable of delivering very short and very

intensive pulses requires properly generalized classical breakdown theory. On the other hand, the trend to design
microwave devices as small and compact as possible, leads to a concern about the concomitant breakdown strength
of the construction, involving more complicated geometries, such as in microwave resonators and filters. In this
paper, several aspects of microwave breakdown field strength in commercially available resonator designs and
filters are presented and analyzed. The numerical predictions based on the Slater theorem are compared with the
analytical results and predictions of the fluid approach, demonstrating very good agreement.
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1. Introduction

Microwave breakdown in gases under various physi-
cal and technical conditions is well-known and inten-
sively studied problem from early days of gaseous elec-
tronics [1–3]. More recent, interest in microwave-induced
breakdown is shifted to studies of microwave breakdown
at atmospheric pressures due to its relevance both for in-
dustrial applications [4–6] and for a deeper understanding
of fundamental plasma behavior [7–9]. The microwave
breakdown strength of the gas is useful information for
high power filter and antenna engineering [10], for deter-
mination of the conductivity and dielectric constant of
a plasma [11], for modification the ionosphere for long
range radio propagation [12], etc. The microwave break-
down phenomenon provides both problems and oppor-
tunities reflected in the applications of the microwave
breakdown theory. The application can be divided into
two main categories: the so-called no-breakdown devices
— where breakdown should be avoided for proper op-
eration of the device and breakdown devices — where
breakdown is an intrinsic feature of operation.

In numerous microwave devices, the geometrical con-
figuration contributes to local strongly enhanced mi-
crowave fields. Such regions are potentially dangerous
from the point-of-view of breakdown since the field here
may be much stronger than the globally predicted break-
down field. On the other hand, a locally overcritical field
does not necessarily imply global breakdown. In that
case, the influence of local field enhancement on the
global breakdown condition has to be included.

This paper contains result of our studies of the mi-
crowave induced dielectric breakdown of gases in a uni-
form electric field. Cavity resonators have often been
used [13, 14], but field distributions are inhomogeneous,

∗corresponding author; e-mail: marija@ipb.ac.rs

resulting in a spatially dependent ionization rate and
breakdown which is strongly influenced by the diffusion
of charged particles out of the high electric field region.

2. Models

Several different models of the microwave breakdown
criteria exist, with varying degree of accuracy in the de-
scription. Fluid models provide description with enough
details that can be used in large classes of research be-
coming very important for technical applications [15].
On the other hand, the kinetic approach has potential
to offer a very detailed description of the mechanism
and represents the basis on which other models rely.
The great details in descriptions, however, make the ki-
netic approach very complex and more useful in pure
physical research with simplified geometry.

2.1. The Slater theorem for computing the electric field
in the gap

The electric field inside a microwave resonator can be
determined analytically based on an analytic solution to
the Maxwell equations. The electric and magnetic fields
inside a resonator have a complicated spatial variation,
which nevertheless satisfies the Helmholtz wave equation
under the constraints of the conductive boundary con-
ditions. Analytic solutions of the electric and the mag-
netic fields exist only for a few simple cavity geometries.
It is not usually possible to analytically find the magni-
tude of the fields inside most resonators, let alone their
geometric distribution. The field strength can be deter-
mined numerically using full-wave electromagnetic field
simulation [14].

The perturbation theory of Slater is used here to ob-
tain the local electric field. Only a small fraction of the
empty space inside an electromagnetic resonator is filled
with the dielectric material with relative permittivity εr,
and relative permeability µr. The interaction between the
magnetic permeability of the material and the magnetic
field of the resonator will cause the reactance to increase

(289)
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and thus raise the resonant frequency by the inductive
loading. Likewise, the interaction between the electric
permittivity of the material and the electric field of the
resonator will cause the reactance to decrease and thus
lower the resonant frequency by the capacitive loading.
This frequency shift, f0 − f can be expressed via the
Slater theorem [14]:

ω2 = (2πf)2 =

ω2
0

1 +
∫

dielectric

(
µ0µrH

2 − ε0εrE
2
)
dV∫

cavity

(
1
2µ0H2 + 1

2ε0E2
)
dV

 , (1)

whereH and E represent the magnetic and electric fields,
respectively, while ω0 = 2πf0 is the original, unperturbed
angular frequency. The top integral is evaluated over the
dielectric perturbation, and gives the energy stored in
the perturbation. The bottom integral is evaluated over
the entire empty cavity and is equal to the peak energy
stored per cycle in the resonator — U0.

2.2. An analytical-experimental approach

There is also a simple complementary approach ob-
tained by combination of an analytical and experimental
investigations suggested in [13]. Actually, the method is
based on experimental data of the breakdown voltages at
low pressures and their extrapolation over a wide range
of pressures. The expression for the breakdown voltage
is written in the form [13]:

Eb=3.75p

[
1+

(
2πf

νc

)2
]1/2(

D

pL2
D

+6.4×104

)3/16

,(2)

where Eb represents the real rms electric field and the
characteristic length LD determines the curvature of the
breakdown voltage curve curve.

2.3. Fluid approach

In the case of microwave electric fields, the continuity
equation describes the time evolution of the electron den-
sity ne which is

∂ne

∂t
= ∇ (De∇ne) + νne, (3)

where De is the electron diffusion coefficient and ν is the
net production rate of electrons per electron. The mi-
crowave breakdown can be determined as a balance be-
tween the ionization rate and the loss rate of electrons
by diffusion mathematically formulated by relation [15]:

νi =
De

Λ2
, (4)

with the characteristic diffusion length Λ depending on
the geometry of the discharge vessel, i.e. radius R and
height L in accordance with the expression

1

Λ2
=

(
2.4

R

)2

+
(π
L

)2

, (5)

where the diffusion to the end plates is given by the first
on the right, while the second term describes the diffusion
to the cylindrical walls.

In general, the electron diffusion is anisotropic, but at
very high frequencies the transverse and longitudinal dif-
fusions become almost isotropic with the values nearly
equal to the transverse one Dτ at ω → 0. Therefore,
in Eq. (3), the electron diffusion coefficient De can be
replaced by the transverse diffusion coefficient Dτ that
corresponds to the dc field. Combining Eq. (3) with
νi = αµE:

ε

Λ2
=

αEr√
1 +

(
ω
νc

)2
, (6)

where ε = Dτ/µ represents the characteristic energy,
while µ is the electron mobility. When an ac electric field
Er cosωt is applied in a weakly ionized gas, a dominant
collision processes are electron-neutral collisions charac-
terized by the collision frequency νc. The frequency effect
can be comprehended by introducing the effective field
strength

Eeff =
νc√

ν2
c + ω2

Er. (7)

Finally, substituting expression for the first Townsend
coefficient α = Ap exp(Bp/Edc) [15] and replacing Edc

by Eeff given by Eq. (6), we obtain expression for the
electric field Er as a function of the pressure p:

Er =
ε
√
ω2 + ν2

c exp
(
Bp
√
ω2 + ν2

c / (νcEr)
)

νcΛ2Ap
, (8)

where ω represents angular frequency of the applied field.

3. Results

Atmospheric plasma source based on a microstrip split-
ring resonator (MSSR) is depicted in Fig. 1 with a
schematic view given in Fig. 2. We have modelled the

Fig. 1. Microstrip split-ring resonator.

electric field inside a microwave resonator numerically
based on evaluation integrals in the Slater theorem. Cou-
pling between electric and magnetic fields inside an elec-
tromagnetic resonator is demonstrated in Fig. 3. For the
microwave threshold field of the gas which fills the res-
onator volume, however, the magnetic field is very low
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Fig. 2. Schematic view of microstrip split-ring
resonator.

Fig. 3. Schematic view of split-ring resonator.

and can be neglected. Electric field can be treated as
uniform over the volume of the dielectric. Calculated
values of the magnitude of the electric field are shown
in Fig. 4.

Fig. 4. Magnitude of the electric field.

The breakdown field strength as a function of pres-
sure in nitrogen at microwave frequency of 1.85 GHz is
shown in Fig. 5. Our numerical results are presented
by solid line, while dot and dash lines correspond to the
predictions obtained by using Eqs. (2) and (8), respec-
tively. Theoretical predictions based on both analytical
and fluid approaches provide relatively good results at
lower pressures. Our numerical results, however, are in
a good agreement with the data taken from [14] at all
pressure values.

A good agreement between our numerical results (solid
line) and results published in [14] (solid symbols) is also
achieved for the pressure dependence of the breakdown
field strength in nitrogen at 2.76 GHz at the temperature

Fig. 5. The breakdown field strength versus the pres-
sure in nitrogen at frequency of 1.85 GHz.

of 230 K (as can be seen from Fig. 6). Finally, how the
pressure at the minimum breakdown voltage curve de-
pends on frequency is illustrated in Fig. 7. As expected,
there is a linear dependence indicating that the pressure
at the minimum increases as the frequency is increased.

Fig. 6. The pressure dependence of the breakdown
field strength in nitrogen at frequency of 2.76 GHz.

Fig. 7. The pressure at the minimum as a function of
frequency in nitrogen.
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4. Conclusion

Nowadays, there is a growing interest in microplasma
sources due to their economics, portability, less opera-
tion costs, and small sizes. The utility derived from
macroscale plasmas combined with current microfabri-
cation techniques has allowed for the development of
microscale devices which use microdischarges for oper-
ation. Having in mind that relatively complicated ge-
ometrical configurations in microwave devices enhance
the strong local microwave fields and such fields may
be much stronger than the globally predicted breakdown
field. This paper is devoted to our numerical studies
of the microwave field strength computing in commer-
cially available resonator designs and filters. Numerical
method is based on Slater’s theorem. Our numerical re-
sults satisfactorily agree with the available data [14] indi-
cating their applicability for a wide range of parameters.

The results presented here, except for resonator and
filters, can be also useful in localized diagnostics of ICs
during their manufacture, in choosing appropriate con-
ditions for electro mechanical micro systems which may
eventually lead to nanomachining, in localized treatment
of materials and assembly of nanostructures and in micro
and nanobiological processing and diagnostics.
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This paper presents results of experimental studies of the direct current breakdown voltage curves and volt-
ampere characteristics of discharges generated in a system consisting of two plane-parallel electrodes tungsten
and molybdenum electrodes at separations from 100µm to 1µm. The measurements were performed in the
pressure range from 22.5Torr to 738Torr. The results are presented in the form of Paschen curves. Based
on the measured breakdown voltage curves, the effective yields have been estimated in the case of different
cathode materials. Differences between them are attributed to the influence of the work function of the cathode
material on the current-voltage characteristics due to field emission effect in small gaps and high pressures.
At low-pressures, however, vaporation of impurities from electrodes material becomes significant. The present
paper delivers new data on DC breakdown under these experimental conditions and conditions on the validity
of the Paschen law in helium and provides better insight into the role of the field emission and the electrode
materials on the breakdown voltage.

c⃝ 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Studies of low-temperature helium plasmas that exist in various astrophysical and laboratory environments are
relevant in numerous scientifically and technologically important areas. High pressure non-equilibrium microdis-
charge plasmas have applications including excimer radiation sources, sensors, plasma display panels, ozonizers,
immersion ion implantation, military and civilian aerospace applications, biomedical and environmental appli-
cations [1]- [5]. On the other hand, plasma diagnostics procedures are indispensable for better understanding of
microdischarge physics and optimizing device performance. One possibility to achieve high-pressure discharges
which are still non-equilibrium is to operate at very small gaps (of the order of a few micrometers) [6]- [8].

In the past few decades, a considerable number of studies on microdischarges have been made [9]- [12].
Fundamental knowledge of the electric breakdown in helium, however, has not kept pace with these increasing
interests, mostly due to the complexity of the phenomena related to the plasma breakdown process. At large
separations, the breakdown voltage follows the well known Paschen law and dependence on the pd product
(pressure times the electrode separation) [13]. At small gap sizes when a high electric field is generated, however,
departures from the Paschen law have been reported indicating that ion-enhanced field emission strongly affects
the left hand branch of the Paschen curve [14, 15]. The importance of the role of field emission and vapor
arc have been demonstrated for gaps smaller than 10µm, leading to the description of the ”modified” Paschen
curve. The general conclusion is that the breakdown voltage decreases rapidly for smaller gaps due to field
emission [7, 8, 12, 14].

In spite of a large number of publications devoted to the measurements of breakdown voltages at micro separa-
tion there exist only few studies in the literature for separation smaller than 300µm and in homogeneous electric
field [11,16]. For this reason we built a new system to measure the DC breakdown from 100µm to 1µm separa-
tions between plane-parallel tungsten and molybdenum electrodes in homogeneous electric field. Tungsten and
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molybdenum materials are used for many years in the field of lighting materials. They have many unique and ad-
vantageous properties at an elevated temperature and they are widely used for electric and electronic equipments,
electronic devices, medical devices, lighting devices and so on.

In this paper measurements of the breakdown voltage curves for DC discharges in helium over a full range of
pd values are presented. Measurements have been performed for several values of the gas pressure by varying
the micrometer gap sizes. The principal problems in obtaining accurate measurements of the electrical break-
down potential are addressed by the electrode preparation and simultaneous measurements of the current-voltage
characteristics. Experimental results are supported by the theoretical predictions based on the Fowler-Nordheim
theory. The roles of the field emission effect as well as the material and the conditions of the cathode materials
are analyzed and discussed.

2 Experimental

The discharge system contains two planar electrodes placed in the high vacuum chamber as shown in Fig. 1
[15, 16]. The vacuum chamber itself consists of three parts: positioner for centering the electrode position in
three directions (with accuracy about 1µm) and tilting the upper electrode which is located in the upper part. In
the middle part there is a glass crux with four fused silica windows. In the bottom part there is also positioning
system for tilting electrode as well as improved system for very ultra fine tilting. In this experiment, two different
geometries of electrodes were used. Tungsten electrodes were highly polished and their sides were covered by
dielectric glass cap in order to prevent discharge to ignite at longer paths. These electrodes allow to study the
breakdown voltages in whole range of pd of Paschen curve. Whereas the molybdenum electrodes with Bruce
profile were used to compare measured breakdown voltages on the right side of Paschen curve with tungsten
electrodes as well as the influence of long path discharge on the left side of Paschen curves. For both electrodes
the same procedures for measurement were applied. One of the electrodes was fixed while the other was moved
continuously with micrometer scale linear feed-through. The 0µm separation of the electrodes was established
by checking the electrical contact between the electrodes and then the movable electrode was pulled away by the
means of the micrometer screw at the upper electrode. Both tungsten electrodes were equipped with dielectric
caps (immune to vacuum, dielectric breakdown strength =13.8kV/mm) to prevent the ignition of the discharge
at longer path at low pressures. The electrode surface has been polished by the finest diamond paste (0.25µm)
grain size) in order to achieve the average roughness of the electrode better then 0.25µm) and measured by using
SEM.

Fig. 1 Schematic view of the experimental apparatus built for the measurements of the breakdown voltage and volt-ampere
characteristics in direct-current discharges in micrometer gaps.
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Determination of the breakdown voltages were based on recording the current- voltage characteristics by using
a digital oscilloscope and the AD card (National Instruments NI USB-6211). The potential across the discharge
tube was increased with rate 0.3V/s to 20V/s (depends on the pressure). Faster ramp voltage can be used in the
left side of Paschen curve were free electrons are emitted easily from the electrode surface by field emission. The
AD card used for the current-voltage measurements has sampling frequency 10 kHz and averages 10 samples.
The discharge current was limited to 2mA for protection of the electrodes. The value of resistor R1 was in most
cases 300 kΩ, in the case of resistor R2, where the current was measured the value was 520Ω.

3 Theoretical background

Field emission can be described as the extraction of electrons from the surface by the application of very high
electric fields. The current density of the emitted electrons is related to the applied electric field by the Fowler-
Nordheim (F-N) theory [17]:

jFE =
A2β2E2

ϕt2(y)
exp

(
−Bϕ3/2ν(y)

βE

)
(1)

where ϕ is the work function of the metal, β is the field enhancement factor, while A and B are constants given
by:

A = 6.2× 10−6 A/eV
B = 6.85× 107 V/cm/eV 3/2.

The terms v(y) and t2(y) represent corrections that were included later in the F-N theory [18]:
v(y) ≈ 0.95− y2

t2(y) ≈ 1.1,
with y ≈ 3.79 × 10−4

√
βE/ϕ. The enhancement factor β strongly depends on the geometrical effects at the

surface such as roughness which in turn depend on the technique used to fabricate the devices. Fowler and
Nordheim [17] originally have been calculated the current for a cold flat surface, although the current weakly
depends on temperature, but it is strongly dependent on emitter shape. To take shape into account, there is a
geometric field enhancement parameter β = E/Eapp which is defined as the ratio of the local emitter field over
the applied field. In principle, this factor has a direct physical meaning only for metallic protrusions. If the shape
of the protrusion is reasonably simple, the parameter β value can be calculated quite accurately. Experimentally,
the numerical value of β can be determined from the F-N plot. At the same time, such plot may allow us
to determine if the current flow is due to field-emitted electrons (see, for example, [19]). In general, the F-N
equation (1), which are derived from quantum-mechanical considerations, implies that a perfect surface has a β
value of unity. However, curve fitting of experimental results requires higher values of β [19]. This is attributed
to field gradient enhancements resulting from microscopic surface.

4 Results and discussions

The behavior of gases under low pressures and uniform and non-uniform fields, in particular the breakdown
characteristics, are covered in details in work by Craggs and Meek [13]. Under low pressures, the gaseous
breakdown mechanism is dominated mostly by the electrodes and not affected much by the gases involved. Fig.
2 contains the current-voltage characteristics measured for tungsten electrodes in vacuum at very low pressure
of 1.5× 10−5 Torr. For the 1µm gap size and voltages greater than 150V, there is a clear increase in current
that grows larger as breakdown is approached. The current starts at around 0.5µA (resolution of AD card) and
increases rapidly. If the electric field generated in micro gaps is sufficiently strong, some of the conduction
electrons in the metal lattice are literally pulled into the gap and accelerating toward the electrode. Even if
the mean free path is longer than the gap size and electrons could not gain sufficient energy to ionize atoms,
a breakdown occurs. With increasing electrode gap, increase of the current appears at higher voltages. From
these measurements, determined values of the breakdown voltages for 1µm, 2.5µm, 5µm and 10µm are 220V
(220 kV/mm) 600V (240 kV/mm), 1000V (20 kV/mm) and 1600V (160 kV/mm. For the 1µm gap size the
voltage is estimated within the accuracy of around 20%, while for the 10µm within 10− 15%.
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4 Š. Matejčik et al.: Breakdown mechanism of direct-current helium discharges in micrometer gaps

Fig. 2 Breakdown in vacuum for tungsten electrodes sep-
arated by 1µm (black symbols), 2.5µm (red symbols),
5µm (blue symbols) and 10µm (pink symbols). The
measurements were performed at very low pressure of
1.5× 10−5 Torr.

Fig. 3 Comparison of measured current-voltage character-
istics for the 2.5µm gap size (black symbols) with corre-
sponding F-N theory curves in accordance with the equation
(1) for various values of β.

The influence of the enhancement factor on the current-voltage characteristic is illustrated in Fig. 3. Black
symbols represent our experimental results for the tungsten electrodes (ϕ = 4.5 eV ) separated by the 2.5µm.
Calculations were performed in accordance with the F-N equation (1) for the enhancement factor of 35 (red
symbols), 40 (pink symbols), 50 (blue symbols) and 60 (green symbols). Since the experimental results agree
well with the calculations results obtained with β = 40, we assume such value for the enhancement factor.

Fig. 4 The breakdown voltage versus pd product. Our
measurements for tungsten electrodes (blue symbols) and
molybdenum electrodes (violet symbols) are compared with
the data for copper electrodes (open symbols) and tungsten
electrodes (red symbols) taken from [20].

The helium breakdown voltage curves for various gap sizes from 1µm to 100µm are shown in Fig. 4. Two
sets of measurements have been performed: i) with tungsten electrodes with dielectric cap (blue symbols) and
ii) with electrodes made of molybdenum with Bruce profile (violet symbols). The results are compared with
the Paschen curve obtained at constant electrode separation of 100µm for tungsten electrodes (red symbols) and
10mm (open symbols) gap sizes taken from [20]. On the left branch of the breakdown voltage curve, results
for the molybdenum electrodes at constant atmospheric pressure and variable electrode distance are much lower
and have a different shape than those for tungsten and copper electrodes ref. [20]. However, these results are in
agreement with expectations of long path discharge breakdown allowed by construction of electrodes. Thus on the
left side of Paschen curve breakdown voltage are more or less equal or slightly higher that minimum breakdown
voltage for Helium gas. In contrast to molybdenum electrodes, the results taken for tungsten electrodes do not
show long path breakdown at the left site of the Paschen curve due to dielectric cap. For the pd values greater
than 3Torr× cm, all results have similar trends indicating that the electrode materials play no significant role
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on the right hand branch of the breakdown curve. Our data for tungsten electrodes (blue symbols) satisfactorily
agree with data from other electrode materials for the pd values of 1.5Torr× cm and higher. Below this value the
effects associated with the high values of the electric field cause departure from the standard Paschen law. In other
words, combination of small electrode distance and high reduced electric field leads to decrease of breakdown
voltages.

Based on the breakdown voltage curves from Figure 4, the effective yields have been estimated and shown in
Figure 5a. It is well known that the effective yield in microgaps depends on the cathode material in accordance
with the expression:

γeff = Ke−D/E , (2)

where E is the electric field near the cathode and K and B are material and gas dependent constants. Although
the molybdenum and tungsten have very similar work function (4.2 eV and 4.5 eV, respectively), their current-
voltage characteristics determined from expression (2) are different as shown in Figure 5b which could explain
the large discrepancies between the yields observed in Figure 5a, especially at large ratios E/p. On the other
hand, different purity of helium also affects the results. Although, we used the same purity of helium, differences
can be caused by the evaporation of impurities from electrodes material at low pressures.

a) b)

Fig. 5 The dependence of the effective yield on the E/p ratio estimated from the breakdown voltage curves and b) current
versus the electric field, for two different cathode materials: tungsten (blue symbols) and molybdenum (violet symbols).

a) b)

Fig. 6 Volt-Ampere characteristics for the 100µm gap size at the pd of: a) 7.4Torr× cm and b) 3.6Torr× cm.
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The breakdown voltage curve for 100µm gap shows no apparent departure from Paschen law and thus we
consider it as a normal discharge. This is confirmed by the Volt-ampere characteristics recorded at two different
pd values of: 7.4Torr× cm (Figure 6a) and 3.6Torr× cm (Figure 6b). The measurements carried out at differ-
ent pressures have similar tendencies and correspond to the normal discharge characteristics. On the other hand,
at 5µm electrode separation and the atmospheric pressure the breakdown curve shows departure from Paschen
law and thus discharge generated at this electrode separation represents a different type of discharge due to im-
portant role of processes associated with high electric field. The Volt-ampere characteristic for this discharge (see
Figure 7) clearly demonstrates, that the current is practically limited by the field emission of the electrons from
the electrode.

Fig. 7 Volt-Ampere characteristics for the 5µm gap
spacing and the pd value of 0.37Torr× cm.

5 Conclusions

In this paper novel experimental results for the DC breakdown voltage curves in helium for the gap sizes ranging
from 1µm m to 100µm were presented and discussed. Results for the tungsten electrodes are in a good agreement
with the previously published data [20]. Results for the molybdenum electrodes (Bruce profile geometry) are
systematically lower than results for tungsten and copper electrodes, especially at lower pd values (left hand
branch of the breakdown curve). The results show that the right hand branch, seems to be almost independent of
the electrode material.

Based on the measured breakdown voltage curves, the effective yields as a function on the E/p ratio have been
determined. The obtained values clearly illustrated dependence of the yield on the cathode material. Although
some materials have a similar work functions, their current-voltage characteristics that correspond to the F-N
equation (1) are different. It was also found out that differences between yields for various materials are due to
evaporation of impurities from electrodes material at lower pressures.

Besides the electrode materials, the electrode geometry and the electrode separations have important influence
on the Paschen curve. With increasing electrode separation, the breakdown voltage increases since the contri-
bution of field emission progressively decreases. Violation of the standard scaling law was observed when the
strength of the electric field is high enough to induce the field emission of electrons. Field emission combined
with other mechanisms is known to limit usable voltages to values well below those predicted by avalanche
breakdown.
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D: Appl. Phys. 41, 194002 (2008).
[12] E. Hourdakis, B.J. Simonds, and N.M. Zimmerman, Review of Scientific Instruments 77, 034702 (2006).
[13] J.M. Meek and J.D. Craggs, Electrical breakdown of gases (Oxford University Press, Oxford, 1953).
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The surface charging effects in three-dimensional simulation
of the profiles of plasma-etched nanostructures
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SUMMARY

Particles and fields represent two major modeling paradigms in pure and applied science at all. Particles
typically exist in a spatial domain and they may interact with other particles or with field quantities defined
on that domain. A field, on the other hand, defines a set of values on a region of space. In this paper, a
methodology and some of the results for three-dimensional (3D) simulations that includes both field and
particle abstractions are presented. In our studies, charging damage to a semiconductor structure during
plasma etching is simulated by using 3D level set profile evolution simulator. The surface potential profiles
and electric field for the entire feature were generated by solving the Laplace equation using finite elements
method. Calculations were performed in the case of simplified model of Ar1/CF4 non-equilibrium plasma
etching of SiO2. Copyright r 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Since its introduction in the 1970s, plasma etching has become an integral part of semiconductor
integrated circuit (IC) processing, treatment of materials (such as implantation) and especially for
achieving massively parallel production of well-organized and designed nanostructures [1–3].
Plasma etching requires a high etching rate, anisotropy, uniformity across the wafer, and process
reproducibility [4,5]. Precise monitoring of the etched profile in microelectronic devices during
plasma etching process is one of the most important tasks of front-end and back-end
microelectronic devices manufacturing technologies. Charging effects during plasma etching of
high-aspect ratio structures can cause gate oxide degradation during gate etching and profile
deformation issues such as notching or bowing [6–8]. The origin of this phenomenon is due to the
difference in directionality between ions and electrons when they cross the plasma sheath and
interact with three-dimensional (3D) structures. The potential for using modeling and simulation
to benefit industrial users of plasma processes and equipment has never been greater [9,10].
Plasmas are used in about 30% of all semiconductor manufacturing processing steps, and about
the same fraction of processing equipment is plasma-based in a typical microelectronics
fabrication facility. In the last several years, computational costs continue to decrease steadily and
considerable progress has been achieved in establishing the major modeling strategies that are
necessary to achieve practical industrial objectives. Nevertheless, low-temperature plasma
processing science is a relatively young field, and has not therefore received the in-depth,
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sustained attention that is required to have a significant, timely impact in industry. This situation
is perhaps most evident in the area of the database for physical and chemical processes in plasma
materials processing [11]. The profile surface evolution during plasma etching, deposition, and
lithography development is a significant challenge for numerical methods for interface tracking
itself. Level set methods for evolving interfaces [12,13] are specially designed for profiles, which
can develop sharp corners, change topology, and undergo orders of magnitude changes in speed.
Additionally, etching submicron features in insulating material such as SiO2 or materials masked
with insulators, e.g. photoresist-masked polysilicon, is accompanied by feature charging effects
caused by the differences in electron and ion angular distributions. The plasma charging reported
by Yoshida [14] has been studied in recent decades [15,16]. The phenomenon can be described as
follows: because of the acceleration in the sheath, the angular distribution is more directional than
that of electrons. The difference causes the electron shading effect at the etched feature, thus
generating positive potential at the deep trench bottom. This charging effect leads to many serious
plasma process induced damage problems such as bowing, trenching, reactive ion etching lag, and
notching. The reduction in the device size and multilayer structures requires a high-aspect ratio in
the SiO2 etching. As the aspect ratio increases, the charging effect becomes more observable as
reported by Makabe et al. [17,18]. The negative charge that might develop on the sidewalls can
bend the trajectories of the ions passing close to them. This bending effect may contribute to
microtrenching. In addition, etching rate reduction with time and notching of polysilicon sidewalls
during the overetching step have been attributed in part to feature charging effects. The main goal
of this paper is to include charging effects in our 3D level set etching profile simulator. For that
purpose, some basic aspects of the etching profile simulation procedure, the profile surface
movement via level set method, particle fluxes calculations using Monte-Carlo method and the
electric field (generated by the profile charge) calculations on the basis of the finite elements
method will be described. Finally, the obtained simulation results illustrating charging effect will
be presented and discussed.

2. SIMULATION TECHNIQUE

2.1. Sparse field level set method

In the level set method considered surface at a certain time t is represented by the so-called level
set function f (t, x). The initial surface is given by fx|f (0, x)5 0g. The evolution of the surface
in time is caused by the surface processes in the case of the etching. The velocity of the point on
the surface normal to the surface denoted by R(t, x) is called velocity function. The velocity
function generally depends on the time and space variables and we assume that it is defined on
the whole simulation domain. At a later time t40, the surface is as well as the zero level set
of the function f (t, x). Namely, it can be defined as a set of points fx|j (t, x)5 0g. This leads to
the level set equation in Hamilton–Jacobi form:

@j
@t

1H ðHjðt;xÞÞ ¼ 0; ð1Þ

in the unknown function j (t, x), where Hamiltonian function is given by H5R (t, x)|Hj(t, x)|
and where j (0, x)5 0 determines the initial surface. Several approaches for solving level set
equations have been developed. Among them, the most important are narrow band level set
method, widely used in etching process modeling tools, and recently developed sparse-filed
method [19]. The sparse field method uses an approximation to the level set function that makes
it feasible to recompute the neighborhood of the zero level set at each time step. As a result, the
number of computations increases with the size of the surface, rather than with the resolution of
the grid.

It is well known that Hamiltonian function H is convex if the following condition is fulfilled

@2H
@jxi

@jxj

X0; ð2Þ
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where jxi
is a partial derivative of j(t, x) with respect to xi. During plasma etching and

deposition processes, the etching (deposition) rate, which defines the surface velocity function
R(t, x), depends on the geometric characteristics of the profile surface itself, or more precisely,
on the angle of the incidence of the incoming particles. In our studies, we shall consider an
etching beam coming down in the vertical direction, conditions that are characteristic for ion
milling technology, but angular dependence of the etching rates appears, more or less, in all
etching processes. In these cases, the most useful finite difference scheme that can be applied is
the Lax–Friedrichs scheme, one that relies on the central difference approximation to the
numerical flux function, and preserves monotonicity through a second-order linear smoothing
term. It is shown [20] that it is possible to use the Lax–Friedrichs scheme in conjunction with the
sparse field method, and to preserve sharp interfaces and corners by optimizing the amount of
smoothing in it. This is of special importance in the simulations of the etching processes in which
spatially localized effects appear, such as notching and microtrenching.

2.2. Particle fluxes calculations

Particles are usually used in one of the two ways in computer scientific applications: In the first
way, the particles know as ‘tracers’ are tracking in order to gather statistics that describe the
conditions of a complex physical system. The second way is based on performing direct numerical
simulation of systems that contain discrete point-like entities such as ions or molecules. In both
cases, there are one or more sets of particles, while each set contains some data associated with it
that describes its members’ characteristics, such as charge, mass, or momentum. The state of the
physical system is determined by these data.

Simulation of the etch process in details requires knowledge of the etching rates at all the
points of the profile surface during the etching process. These rates are directly related to fluxes
of the etching species on the profile surface, which are themselves determined by the plasma
parameters in the etching device. Electrons do not contribute directly to the material removal,
but they are the source, together with positive ions, of the profile charging that has many
negative consequences on the final outcome of the process especially in the case of insulating
material etching, SiO2 for example. As can be observed from Figure 1 that shows the electron
energy distribution functions (EEDF) and the energy distribution function for Ar1 ions (IEDF),
a large number of electron have low energies while the energy of ions is spread to higher
energies. On the other hand, the angular distribution function for electrons (EADF) is different
from the angular distribution function for Ar1 ions (IADF) indicating that ions are directed
toward small angles. These distribution functions obtained by particle-in-cell (PIC) calculations
using XPDC1 code [21–23] are used as the boundary conditions for the calculations of ion fluxes
incident on the profile surface.

The etching process in medium/high density fluorocarbon plasmas is believed to consist of
concurrent etching (of the SiO2 substrate in our case) and deposition (of a fluorocarbon polymer
layer) phenomena [24]. In this paper, the deposition process is neglected and ion-enhanced
etching and physical sputtering and pure chemical etching of SiO2 are considered. It is also
assumed that the electrons are absorbed at the hitting points, while the neutrals can be absorbed
or diffusively reflected, once or many times depending on its sticking coefficient. The positive
ions can be absorbed, or specularly reflected, depending on their energy and incident angle.
It is assumed that charged particles pass on their charge when they hit the surface, and that this
charge does not move after that, what is reasonable for insulating materials. At the boundaries
above the profile surface, periodic conditions are assumed. The surface neutrals coverage
(i.e. the fraction of surface covered by free radicals) yn satisfies the balance equation:

dyn
dt
¼ JnSnð1� ynÞ � kniJionY eff

ni yn � kevJevyn; ð3Þ

where Jn and Jion are neutral and ion fluxes, Sn is the neutral sticking coefficient, kni and kev are
etchant stoichiometry factors, and Y eff

ni is the effective etching yield for ion-enhanced chemical
etching. Here, by the term ‘effective’, we denote a quantity related to the integral flux, not to an
individual particle. Jev is evaporation flux that corresponds to pure chemical etching. It is related
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to the neutrals flux by the Arrhenius law:

Jev ¼ KSiO2
e

ESiO2

kbT
Jn: ð4Þ

Balance condition dyn/dt5 0 gives the equilibrium surface coverage:

yn ¼
JnSn

JnSnyn1kniJionY eff
ni 1kevJev

: ð5Þ

So, now we can write equation defining the etching rate ER in the form

ER ¼
1

rSiO2

½JionY eff
ni yn1JionY eff

ni ð1� ynÞ1Jevyn�; ð6Þ

where rSiO2
is SiO2 density and Y eff

ni is the effective physical spattering etching yield. The etching
rate ER defines the velocity function V(t, x) at the profile surface. In actual calculation, the
feature profile surface is represented by a set of connected triangles, and the above formula
should be applied to the every single particular triangle. So, instead of effective etching yields we
should define etching yields for every particular ion:

YniðEi;aiÞ ¼ Anið
ffiffiffiffiffi
Ei

p
�

ffiffiffiffiffiffiffi
Eth
in

q
Þcos ai; ð7Þ

Figure 1. Energy distribution functions of electrons and Ar1 ions (EEDF and IEDF, respectively) and
angular distribution functions of electrons and Ar1 ions (EADF and IADF, respectively) obtained by PIC/

MCC simulations.
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and

YspðEi;aiÞ ¼ Aspð
ffiffiffiffiffi
Ei

p
�

ffiffiffiffiffiffiffi
Eth
sp

q
Þcos aið11Bspsin

2aiÞ; ð8Þ

where Ei is the ion energy and ai is the angle between the surface normal and the ion incident
direction at the point of incidence. Numerical values of the constants appearing in relations (3),
(4), (6), (7), and (8) are taken from the Reference [18]. The triangular representation of the
profile surface requires that instead of integral particle fluxes Jn and Jion, corresponding
summations over every particle incident on the particular triangle

Jn ¼
Rn

ADtetch
Nn; ð9Þ

JionY eff
ni ¼

Rion

ADtetch

X
i

YniðEi;aiÞ; ð10Þ

and

jionY eff
sp ¼

Rion

ADtetch

X
i

YspiðEi;aiÞ; ð11Þ

should be used. Here, Nn denotes the number of neutrals absorbed on the particular triangle, Rn

(Rion) is the ratio of actual number of neutrals (ions) passing the upper computational domain
boundary during the etching time interval and number of neutrals (ions) used in Monte Carlo
calculations, A is the particular triangle area, and Dtetch is the etching time interval. The ions can
be absorbed, or specularly reflected, depending on their energy and incident angle. The
probability of specular reflection Pd is given by [25]:

Pd ¼ 1� C1

ffiffiffiffiffi
Ei

p p
2
� ai

� �
: ð12Þ

Neutrals (F radicals) density is supposed to be 1019m3. The simulation time is 100 s, and it is
divided in 100 equal etching intervals (Monte Carlo steps).

2.3. Electric fields calculations

In general, electromagnetic field equations were identified with the ‘Maxwell equations’, i.e. with
partial differential equations, which are extremely rich in symmetries and (hence) conservation
laws. In the continuum, many conservation laws follow directly from invariances of the
Lagrangian (Noether symmetries) such as energy or momentum conservation, while others have
an inherent topological aspect, such as magnetic charge. When Maxwell’s equations are
discretized on a mesh, a number of symmetries of the continuum theory are modified or broken.
However, some conservation laws may be preserved on a discrete setting. This is because they
often relate a quantity on certain region of space to an associated quantity on the boundary of
the region. Because the boundary is a topological invariant, such conservation laws should not
depend on the metric of the space. A natural mathematical language that explores this aspect is
the calculus of exterior differential forms and associated algebraic topological structures [26].
In this approach, the scalar electrostatic potential is a 0-form, the electric and magnetic fields are
1-forms, the electric and magnetic fluxes are 2-forms, and the scalar charge density is a 3-form.
The basic operators are the exterior (or wedge) product, the exterior derivative, and the Hodge
star. Precise rules (i.e. a calculus) prescribe how these forms and operators can be combined.
In this modern geometrical approach to electromagnetics, the fundamental conservation laws
are not obscured by the details of coordinate system-dependent notation. By working within the
discrete differential forms framework, we are gauranteed that resulting spatial discretization
schemes are fully mimetic. Finite difference method cannot be used when the geometry of the
problem is irregular, as it is usual for the etching profiles. Hence, it is naturally to use finite
elements method. The calculations of the electric fields in this paper are performed by
integrating a general finite element solver GetDP [27] in our simulation framework. GetDP is a
thorough implementation of discrete differential forms calculus, and uses mixed finite elements
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to discretize de Rham-type complexes in one, two, and three dimensions. Meshing of the
computational domain is carried out by TetGen tetrahedral mesh generator [28]. TetGen
generates the boundary constrained high-quality (Delaunay) meshes, suitable for numerical
simulation using finite element and finite volume methods. As a part of the post-processing
procedure, the electric fields, obtained on the unstructured meshes, are recalculated on the
Cartesian rectangular domains containing the regions of the particles movement. In this
manner, the electric field on the particles could be calculated by simple trilinear interpolation.

3. RESULTS AND DISCUSSION

Our simulation results involve the profile charging calculations for the fixed profile surface. All the
calculations are performed on 128� 128� 384 rectangular grid. The initial profile surface is a
rectangle deep with dimensions 0.1� 0.15� 0.1mm. Above the profile surface is the empty space
(trench region). The incident particles are generated randomly at the top of the simulation region.
In the case of the ion-enhanced chemical etching, the dependence of the surface velocity on the
incident angle is simple: V5V0 cosy and the evolution of the etching profile is displayed in Figure 2.
Although, this is the simplest form of angular dependence, but it describes the ion-enhanced
chemical etching process correctly [19]. In this case, we expect that the horizontal surfaces move
downward, while the vertical ones stay still. This figure shows that it with optimal amount of
smoothing gives minimal rounding of sharp corners, while preserving the numerical stability of the
calculations. In order to illustrate the obtained results more clearly, Figure 3 shows the surface mesh
of the tetrahedral mesh corresponding to the last profile in Figure 2. This mesh defines the profile
surface for the subsequent particle flux and electric field calculations.

The fluxes of different particles are shown in Figure 4. Collisions in the simulation domain
are neglected because mean-free path of ions and electrons is much longer than the simulation
domain size. Also, the probability that more than two particles exist in the simulation space at
the same time is very low because the life time of ions or electrons in the simulation region is
much shorter than the incident time interval. The neutral and the electron fluxes distributions
are similar: they are concentrated on the top of the wafer and upper portion of the sidewalls,
while the ions, due its directionality, are accumulated at the bottom of the profile. Solving the
Laplace equation with such a charge distribution as boundary condition leads to the potential
distribution on the profile shown in Figure 5. The maximal value of the potential at the bottom

Figure 2. The time evolution of the profile during ion-enhanced chemical etching.
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of the profile is somewhat bigger than the average ion energy, while the top surface is slightly
negatively biased. Since the electrons leave the plasma with relatively high energies, they have
very anisotropic distribution as they slow down in the sheath, so they are deposited mainly at
the sidewalls and cannot reach the bottom. The deposited electrons at the entrance to the nano
trench or nano hole actually also contribute to prevent other electrons from reaching the bottom
of the structure and neutralizing the charge. Negative ions from the plasma have low energies so
they cannot cross the sheath which was designed to slow down the much more energetic
electrons. Similar, Figure 6 illustrates the potential cut. The aspect ratio of a feature typically
refers to the ratio of the depth of the feature to its smallest horizontal cross-sectional dimension.
It was shown that for the aspect ratios greater than 7 the potential at the bottom of the structure
becomes equal to the potential corresponding to the ion energy. On the other hand, the potential

Figure 3. The surface mesh generated by Tetgen related to the last profile.

Figure 4. Fluxes of neutrals, electrons, and ions at the profile surface.
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at the sidewalls of the structure closer to the top is small as it is defined by the energy of
electrons reaching the sidewalls.

The influence of the aspect ratio on the electric field vectors on the profile surface is depicted
in Figure 7. It is obvious that the field stimulate notch creation by directing the ions toward
sidewalls, as it is explained in Reference [8]. At the very top, the field accelerate the ions

Figure 5. Potential distribution on the profile surface for two different values of the aspect ratio:
(a) AR5 4.5 and (b) AR5 6.

Figure 6. Potential cut in the case of: (a) AR5 4.5 and (b) AR5 6.

Figure 7. Electric field on the profile surface (expressed in V/m) for: (a) AR5 4.5 and (b) AR5 6.
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downward, but it quickly changes direction at the lower positions of the profile. The zero field
border height is determined by the etching plasma parameters.

4. CONCLUSIONS

As one of the crucial aspect of the modern technologies, plasma processing plays a significant
role in fabrication of integrated circuits (IC) and consequently in electronics and consumer goods
in general. Damage to ICs during manufacturing as a result of charging of the dielectrics during
finalization of interconnects is both reducing the profitability and reducing the ability to reach
large sizes of microchips and make complex system integration on a single chip. Therefore,
realistic three-dimensional etching profile simulations are needed, although still lacking. It is
understandable that realistic calculations should involve complex surface reactions set, the effects
of the profile charging, polymer deposition, as well as better statistic (greater number of particles)
in the Monte Carlo step of the calculations, which is usually limited by the available
computational resources. Emphasis should be placed on etching rates, uniformity, anisotropy,
selectivity, and critical dimension control. In this paper, we have presented 3D simulation results
for the profile evolution during ion-enhanced etch process as well as potential on profile and the
electric fields for different aspect ratio values. The electron shading effect and the resultant
charging damage to the structure begin to be significant in etched features having an aspect ratio
greater than about 2. The electron shading effect gets worse as the aspect ratio increases, since the
electron accumulation near the opening and top sidewalls of the feature makes it increasingly
difficult for anything but the positively charged high-energy species to get past that entrance and
any distance down into the deepening etched features that arrive at the wafer surface.
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Marija Savić is a PhD student who obtained her BEng and MSc degrees at the
Faculty of Electrical Engineering. Marija Savić has been employed at the Institute of
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  UTICAJ SEKUNDARNE EMISIJE ELEKTRONA 
NA KARAKTERISTIKE RADIO-FREKVENTNIH 
PLAZMI 

U ovom radu proučavan je uticaj sekundarne emisije elektrona na karakteristike ra-
dio-frekventnih (rf) plazmi. Korišćenjem jednodimenzionalnog PIC/MCC (Particle in 
Cell with Implemented Monte Carlo Collisions) koda modelovan je kapacitivno spreg-
nuti plazma reaktor, napajan pomoću dva rf generatora na različitim frekvencijama. 
Sekundarna emisija elektrona je jedan od ključnih procesa, kako sam po sebi tako i 
zbog uticaja na karakteristike pražnjenja. Sekundarna emisija elektrona sa površina 
modelovana je pomoću izraza koji su predložili Phelps i Petrović (Plasma Sources Sci. 
Technol. 8 (1999) R21–R44) za tretirane i netretirane metalne površine. Pokazano je 
da su karakteristike plazme u velikoj meri zavisne od uslova na površinama elektroda. 

 
 

Nauka o materijalima nalazi se u žiži savremenog 
naučno-tehnološkog progresa. U širokom dijapazonu 
naučnih i inženjerskih disciplina za sintezu novih mate-
rijala, nalazi se i upotreba neravnotežne plazme, kao 
jedan od ključnih postupaka u razvoju široke klase 
novih materijala. Naročito značajna u razvoju mikro i 
nano elektronske industrije, upotreba neravnotežnih 
plazmi predstavlja nezamenljiv tehnološki proces za na-
grizanje dielektričnih interkonekt slojeva visokog od-
nosa dubine i širine [1–3]. Uzimajući u obzir da ovi 
koraci predstavljaju oko 80% aktivnosti u proizvodnji 
integrisanih kola, neravnotežnim plazmama se posve-
ćuje velika pažnja u istraživanjima koja, u skorije vre-
me, obuhvataju sve veći broj novih tehnika. Zahvalju-
jući razvoju brzih računara, računarske simulacije su 
postale veoma popularna i pouzdana istraživačka teh-
nika, koja trenutno ima veliki udeo u istraživanju nano-
tehnologije [4–8]. 

U ovom radu, naročitu pažnju smo posvetili mode-
lovanju procesa sekundarne emisije elektrona kod ka-
pacitivno spregnutog reaktora cilindrične geometrije, 
korišćenjem jedno-dimenzionalnog PIC/MCC (eng. 
Particle in Cell with Implemented Monte Carlo Colli-
sions) koda [9–11]. 

Premda je uloga sekundarnih elektrona u proce-
sima električnog proboja u gasovima kod niskostrujnih 
stacionarnih pražnjenjenja tematika koja datira još sa 
početka XX veka, svi njeni aspekti još uvek nisu u pot-
punosti izučeni. U skorije vreme, uticaj sekundarne emi-
sije elektrona na karakteristike plazmi se ponovo nalazi 
u žiži interesovanja, pre svega zbog njihove uloge u 
fundamentalnim istraživanjima i zbog niza industrijskih 
aplikacija [12–16]. 

Do sada, modelovanje plazma reaktora je podrazu-
mevalo uključivanje i procesa sekundarne emisije elek-
trona pretpostavljajući da je prinos sekundarnih elek-
trona konstantan, što je u velikoj meri prouzrokovalo 
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značajna odstupanja rezultata modelovanja od eksperi-
mentalno dobijenih podataka. U ovom radu, modelova-
nje je ostvareno koristeći realne modele za prinos se-
kundarnih elektrona u argonu, koristeći izraze preuzete 
iz rada Phelps-a i Petrovića [12]. 

Simulirani asimetrični dvo-frekventni kapacitivno 
spregnuti reaktor (slika 1), predstavlja vrstu reaktora 
koji se najćešće koriste u praksi zbog niza pogodnosti. 
Povoljna karakteristika dvo-frekventnih reaktora se sa-
stoji u mogućnosti da se proizvodnja plazme i energija 
jona kontrolišu različitim generatorima. Pod uslovom da 
je sprega između generatora mala, možemo postići se-
lektivnu kontrolu procesa u plazmi. Za praksu je zna-
čajna kontrola jona koji udaraju povrišinu unutrašnje 
elektrode, odnosno kontrola onih jona koji se koriste u 
obradi materijala. 

 

Slika 1. Shematski prikaz asimetričnog kapacitivno spregnutog 
reaktora sa dve frekvencije. 
Figure 1. Schematic representation of the asymmetric 
dual-frequency capacitively coupled reactor. 

U literaturi se može naći detaljno objašnjenje kako 
dolazi do formiranja napona na unutrašnjoj elektrodi 
usled ambipolarne difuzije čestica iz plazme. Ovde 
ćemo reći samo da se prednapon, ili jednosmerna kom-
ponenta naizmeničnog napona, na unutrašnjoj elektrodi 
formira tako da se izjednače gubici jona i elektrona iz 
plazme. Prednapon unutrašnje elektrode utiče na srednju 
vrednost električnog polja u prielektrodnoj oblasti. Zbog 
brzo-promenljivog električnog polja u plazmi, koje ima 
srednju vrednost različitu od nule, joni kao znatno inert-
nije čestice od elektrona kretaće se prateći srednju vred-
nost polja u vremenu. Srednja vrednost električnog polja 
u prielektrodnoj oblasti je odgovorna za ubrzavanje 
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jona, a samim tim utiče i na energiju jona koji bombar-
duju unutrašnju elektrodu i emituju sekundarne elek-
trone. 

U simulacijama, interesovao nas je, pre svega, uti-
caj sekundarne emisije na karakteristike plazme. Karak-
teristike od posebnog interesa su koncentracija plazme, 
fluks i raspodela energije jona koji dospevaju do elek-
troda (eng. Ion Energy Distribution Function, IEDF), s 
obzirom da koeficijent sekundarne emisije elektrona za-
visi od energije jona koji udaraju u neku od elektroda. 

Za metalne elektrode uzeli smo koeficijente sekun-
darne emisije prema izrazima Phelps-a i Petrovića za 
nekoliko slučajeva različito tretiranih elektroda. U os-
novi su nam dve glavne postavke reaktora: a) kada je 
unutrašnja elektroda čista i spoljašnja neočišćena (skra-
ćeno čista−neočišćena reaktor) i b) kada je unutrašnja 
neočišćena i spoljašnja čista elektroda (skraćeno neočiš-
ćena−čista reaktor). Pored ove dve postavke, simulirali 
smo i kombinaciju elektroda kada nema sekundarne 
emisije na unutrašnjoj, dok je na spoljašnjoj elektrodi 
koeficijent sekundarne emisije γ = 0,2 (skraćeno 0-0.2 
reaktor) i kada na obe elektrode nema sekundarne emi-
sije (skraćeno 0-0 reaktor).  

Pražnjenje u gasu spada u domen plazme niskog 
pritiska, neutralni gas je na pritisku od 20 Pa. Unutrašnji 
poluprečnik reaktora je 0,03 m, dok je spoljašnji polu-
prečnik 0,0519 m. Generator više frekvencije je na 28 
MHz, amplitude 2000 V i vezan je za spoljašnju (veću) 
elektrodu, dok je generator niže frekvencije na 2 MHz, 
amplitude 500 V i vezan je za unutrašnju (manju) ele-
ktrodu. Kapacitivnost kondenzatora je direktno poveza-
na sa geometrijom reaktora i vrednost od 100 pF je us-
klađena sa brojem naelektrisanih čestica koji pune kon-
denzator, odnosno sa padom potencijala u prielektrod-
noj oblasti. 

Sekundarna emisija elektrona sa elektroda 

Jedna od najznačajnih pojava koja je ponovo pos-
tala aktuelna u poslednje vreme je sekundarna emisija 
elektrona sa elektroda, koja je posledica udara različitih 
čestica o površinu elektrode. Za održavanje pražnjenja u 
gasovima neophodna je proizvodnja sekundarnih elek-
trona koji treba da zamene elektrone izgubljene na povr-
šinama elektroda i na zidovima reaktora. Uslov za sam 
čin proboja je da sekundarna lavina postane jednaka 
primarnoj, odnosno da se ukupna proizvodnja elektrona 
u kružnom toku primarne lavine, povratne sprege i se-
kundarne lavine izjednači sa gubicima elektrona na ano-
di. Pod pojmom sekundarne lavine podrazumevamo sve 
lavine koje nastaju iza prve i to, što posebno ističemo, 
usled udara jona o površine elektroda. 

Procese sekundarne emisije elektrona sa površine 
izazvane različitim vrstama čestica, opisujemo prinosom 
sekundarnih elektrona γ koji, u znatnoj meri, zavisi od 
stanja površine i upadne energije čestica. Kada se joni i 
atomi sudare sa čistom površinom može se desiti neko-

liko vrsta procesa, ali je najvažniji izbacivanje elektrona 
sa površine. Ovaj proces direktno utiće na tok elek-
tričnih pražnjenja obezbeđujući i mehanizam povratne 
sprege neophodne da se održava pražnjenje u gasovima. 
Sekundarnu emisiju elektrona uzrokuju četiri osnovna 
procesa: 

− fotoelektronska emisija, 
− emisija kao posledica sudara metastabila sa povr-

šinom, 
− potencijalna emisija u sudarima jona sa površi-

nom i 
− kinetička emisija u sudarima jona i atoma sa po-

vršinom. 
Sva četiri navedena procesa su moguća kod praž-

njenja u argonu i međusobno su povezana. Ostali važni 
procesi na površinama uključuju: sudarno gašenje meta-
stabila (što je povezano sa drugim procesom) i procese 
refleksije elektrona, jona i neutrala sa površina. 

Najpre ćemo dati kratak pregled postojećih rezul-
tata za prinos sekundarnih elektrona izazvanih delova-
njem jona na tzv. čiste i neočišćene površine elektroda. 
Pod pojmom čiste elektrode podrazumeva se elektroda 
koja je tretirana zagrevanjem njene površine na tempe-
raturi od oko 2000 K u uslovima dobrog vakuuma, dok 
se sama merenja koeficijenta sekundarne emisije elek-
trona vrše na sobnoj temperaturi u veoma visokom va-
kuumu. Ponekad se proces čišćenja katode ostvaruje i 
skidanjem njenog površinskog sloja jonskim spatero-
vanjem. 

Neočišćene površine elektroda predstavljaju povr-
šine obrađene u radionici standardnim mehaničkim i he-
mijskim tehnikama koje, potom, bivaju izložene atmos-
ferskom gasu što može rezultirati oksidacijom ili nekim 
drugim kontaminirajućem procesom u procesu pumpa-
nja do relativno niskog vakuuma, kao što je depozicija 
para iz pumpe. Stabilni oksidni slojevi se na ovaj način 
ne mogu očistiti, čak ni u slučaju plemenitih metala kao 
što je zlato. 

Na slici 2 prikazani su eksperimentalni rezultati za 
prinos sekundarnih elektrona za snopove Ar+ jona i Ar 
atoma koji padaju na različite čiste metalne površine u 
zavisnosti od njihove upadne energije. Slika je preuzeta 
iz rada Phelps-a i Petrovića [12] i obuhvata sve prona-
đene podatke za energije ispod 1 keV. 

Za većinu katodnih površina koeficijent sekundar-
ne emisije elektrona po jonu gotovo da ne zavisi od 
upadne energije jona u opsegu jonskih energija ispod 
500 eV. Ova nezavisnost od energije se pripisuje Au-
gere-ovom procesu koji se naziva potencijalno izbaci-
vanje elektrona. Oblast zavisnosti koeficijenta sekun-
darne emisije od upadne energije jona na energijama od 
nekoliko keV pripisuje se kinetičkom izbacivanju, prem-
da priroda ovog procesa još uvek nije sasvim razjaš-
njena. Granica na kojoj nastaje kinetičko izbacivanje je 
određena procesima multielektronske emisije elektrona 
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sa površine katode. Možemo smatrati da je za većinu 
metala koeficijent sekundarne emisije elektrona po jonu 
približno jednak 0,1 za energije ispod 1 keV. 

Na slici 3 prikazani su eksperimentalni rezultati za 
γi koeficijente u slučaju Ar+ jona, kao i za γa koeficijente 
u slučaju Ar atoma koji padaju na metalne površine iz-
ložene u različitom stepenu kiseoniku, vodi, okolnom 
gasu ili koje su na nespecificiran način kontaminirane. 
Podaci sa slike pokazuju da su na nižim energijama 
(<150 eV) vrednosti koeficijenta γi za Ar veoma rasute 
(više od jednog reda veličine).Većina ovih podataka za 
Ar ukazuje na slabu energijsku zavisnost koeficijenta od 
jonske energije. 

U našim PIC/MCC proračunima koristili smo iz-
raze preuzete iz rada Phelps i Petrović [12] za prinos 

sekundarnih elektrona koje su predstavljene na slici 3. 
Analitički izrazi za zavisnost koeficijenta sekundarne 
emisije, γi, od energije jona, εi, su: 

− Za čiste površine, Phelps i Petrović [12]: 

( )1,25
i

i 0,7
i

1 10 500
0,07

1
7000

c
ε

γ = +
ε

+

−× −

 
 
 

 (1) 

− Za neočišćene površine, Phelps i Petrović [12]: 
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ii
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i i

1,05 10 800,006ε
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10 8000

d
ε
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+ +
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Slika 2. Energijska zavisnost prinosa sekundarnih elektrona kada snopovi Ar+ jona i Ar atoma padaju na različite čiste katodne 
površine. Puni simboli predstavljaju rezultate različitih autora za Ar+ jone, dok otvoreni simboli odgovaraju rezultatima za Ar jone.
Figure 2. Energy dependence of the secondary electron yield for Ar+ ions and Ar atoms hitting clean surfaces of different materials. 
Full symbols represent results from various authors for Ar+ ions and open symbols correspond to Ar atoms. 

 

Slika 3. Energijska zavisnost prinosa sekundarnih elektrona kada snopovi Ar+ jona i Ar atoma padaju na različite neočišćene katodne 
površine. Puni simboli predstavljaju rezultate različitih autora za Ar+ jone, dok otvoreni simboli korespondiraju rezultatima za Ar jone.
Figure 3. Energy dependence of the secondary electron yield for Ar+ ions and Ar atoms hitting dirty surfaces of different materials. 
Full symbols represent results from various authors for Ar+ ions and open symbols correspond to Ar atoms. 
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Prinos drugog sabirka u svakom od izraza (1) i (2) 
jednak je nuli za energije incidentnih jona ispod 500 eV 
i 80 eV, za čiste i neočišćene površine redom. Na slici 4 
date su krive koje odgovaraju izrazima za koeficijent 
sekundarne emisije. 

 

Slika 4. Koeficijent sekundarne emisije elektrona u zavisnosti 
od energije čestica za snopove Ar+  jona koji padaju na razli-
čito tretirane površine. Obe krive su nacrtane koristeći izraze 
(1) i (2). 
Figure 4. Coefficient of secondary electron emission induced 
by Ar+ ions hitting differently treated surfaces. Curves repre-
sent graphs of the relations (1) and (2). 

Opravdanost rezultata simulacije 

Pre pretstavljanja samih rezultata simulacije, daje-
mo kratak kvantitativni uvid u same parametre simu-
lacije kako bi utvrdili da ne postoje velika odstupanja 
koja bi eventualno mogao da unese sam PIC/MCC kod. 
Osnovni zahtev koji treba da zadovolji PIC tehnika jeste 
dobra prostorna rezolucija pojedinih ćelija, kako bi se 
razlučile sve karakteristične dužine koje se javljaju u 
gasnim pražnjenjima. Jedna od najmanjih karakteristič-
nih dužina je svakako Debay-eva dužina termalnih elek-
trona u središnjem delu pražnjenja (balku), koja je u rf 
gasnim pražnjenjima reda λD ≈ 10−4 m. Prostor pražnje-
nja izdeljen je na 2000 ćelija, odnosno ćelijama dužine 
Δx = 1,095×10−5 m, što omogućava dobro razlaganje 
dužine λD. Ovim se minimizuje odstupanje izazvano ap-
roksimacijom konačnih elemenata s obzirom da je zado-
voljen uslov: 

D

0,11 1Δx
<

λ
≈  (3) 

Takođe, vrlo važan parametar simulacije je vre-
menski korak, Δt, za koji je uzeto da je 1/5000 periode 
generatora od 28 MHz, odnosno Δt = 7,142857×10−12 s. 
Time je postignuto razlučivanje brzine čestica do: 

11Δ / Δ 1,533 10  m/sx t ≈ ×  (4) 

što u potpunosti pokriva, čak i za više redova veličine, 
opseg energija svih čestica koje se javljaju u simulaciji. 

Potrebno je da vremenski korak razluči i maksimal-
nu kolizionu frekvenciju na osnovu korišćenih preseka 
sudara [17]. Uzima se u obzir najgori slučaj, odnosno 
maksimalna vrednost totalnog preseka sudara, iz dome-
na od važnosti, za jone σimax ≈ 1,80×10−18 m2 i elektrone 
σemax ≈ 1,25×10−19 m2, zatim energije jona na kojima je 
presek maksimalan (uzimamo što veće vrednosti) za 
jone Eimax ≈ 1000 eV i za elektrone Eemax ≈ 100 eV. 
Pritisak neutralnog gasa argona je 20 Pa na temperaturi 
od 300 K. Izraz za kolizionu frekvenciju je: 

n
2E

f = n σ
m

 (5) 

gde se gustina neutralnog (pozadinskog) gasa, nn, dobija 
iz zakona o gustini idealnog gasa, m je masa elektrona 
ili jona, σ i E su gore definisani totalni presek i energija 
čestice, redom. Ovim je frekvencija sudara za jone i ele-
ktrone fi ≈ 1,91×107 Hz i fe ≈ 3,58×109 Hz, što oprav-
dava korišćenje Monte Carlo tehnike sudara za dati vre-
menski korak, s obzirom da je frekvencija sudara u naj-
gorem slučaju nekoliko redova veličine niža od vred-
nosti 1/Δt. 

Koncentracija plazme 

Jedna od osnovnih karakteristika svakog pražnjenja 
jeste koncetracija naelektrisanih čestica u gasu, odnosno 
njihova raspodela u prostoru pražnjenja. Središnji deo 
pražnjenja sadrži većinu naelektrisanih čestica koje su 
kvazineutralnoj ravnoteži, odnosno koncentracije jona i 
elektrona su skoro identične, kao što se može videti sa 
slike 5. Prielektrodne oblasti sadrže vrlo mali broj nae-
lektrisanih čestica, međutim, zbog toga što postoji nerav-
noteža u koncentraciji jona i elektrona (slika 5), one uti-
ču gradijentom polja na ubrzanje jona ka elektrodama i 
time direktno utiču i na procese na površinama. Profil 
plazme dostiže svoj ustaljeni oblik nakon samo nekoliko 
mikrosekundi, a zatim se koncentracija čestica samo po-
većava, bez velikih odstupanja od uspostavljenog profila. 

Na slici 5, na kojoj su date usrednjene vrednosti 
koncentracija čestica u vremenu, može se primetiti uti-
caj koji sekundarna emisija ima na apsolutnu koncentra-
ciju elektrona i jona u plazmi. Najuočljivija je razlika 
između krive dobijene za sistem bez sekundarne emisije 
(0-0) i krivih za sistem sa sekundarnom emisijom. Os-
novan zaključak je da se za precizan opis profila plazme 
mora u model pražnjenja uključiti sekundarna emisija 
elektrona od strane jona. Međutim, kao što se može za-
ključiti sa slike 5, odnosno iz razlike krivih za γ = 0,2 i 
γ = γ(ε) (γ(ε) odgovara slučajevima čista-neočišćena i 
neočišćena-čista), nije dovoljno samo da postoji koefi-
cijent sekundarne emisije za jone, već on mora da bude 
konzistentan sa realnim fizičkim procesima. 
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Slika 5. Koncetracija jona i elektrona za četiri konstrukcije re-
aktora sa različito tretiranim elektrodama, nakon proteklih 
5 μs simulacionog vremena. 
Figure 5. Ion and electron concentrations for four reactor 
constructions with differently treated electrodes, after 5 μs 
of simulated time. 

Raspodela energije jona na elektrodama 

Sledeća važna karakteristika plazme, naročito za 
praksu, jeste raspodela energije jona (IEDF) na unutraš-
njoj elektrodi. Uzimajući u obzir da se dvo-frekventni 
kapacitivno spregnuti reaktori najčešće koriste zapravo 
zbog energetskih jona koji padaju na unutrašnjoj elek-
trodi, vrlo je važno precizno poznavanje raspodele ener-
gije jona u blizini elektroda. 

Na slici 6 prikazane su krive raspodele za četiri is-
pitivana slučaja, gde se vidi razlika za različite koefici-
jente sekundarne emisije. Zavisnost IEDF-a od sekun-
darne emisije je složena, zbog toga što veza između ova 
dva parametra ima oblik povratne sprege. Pored ovoga, 

koncentracija plazme koja je takođe zavisna od sekun-
darne emisije, utiče na profil IEDF na unutrašnu elek-
trodu. 

Sa slike 7 vidi se da je uticaj sekundarne emisije na 
raspodelu energije jona koji dospevaju na spoljašnu ele-
ktrodu, relativno mali. Relativno velike razlike u koefi-
cijentu za spoljašnju elektrodu (od 0 do 0,2) ne unose 
bitne promene u raspodeli energije jona, što znači da će 
pri istim uslovima više elektrona nastati iz površine sa 
većim koeficijentom sekundarne emisije. 

Dosadašnji rezultati nas mogu dovesti do zaključka 
da zbog razlike u gustini plazme i IEDF-a na unutrašnu 
elektrodu (slika 6) sekundarna emisija sa elektroda ima 
veliki uticaj na raspodelu energije jona na unutrašnu ele-
ktrodu, što je vrlo važan prametar kada se govori o pri-
meni rf plazme u obradi materijala. 

Potencijal plazme 

Potencijal plazme ima ulogu da zadrži elektrone u 
plazmi i da izazove da što veći broj jona napusti plaz-
mu. S obzirom na to, potencijal plazme je uvek na većoj 
vrednosti od potencijala elektroda. U toku vremena po-
tencijal plazme se menja, prateći uglavnom oscilacije 
nisko-frekventnog izvora, pri ovome dolazi i do prome-
ne pada potencijala u prielektrodnoj oblasti. Na slici 8 
primećuje se da za realne postavke reaktora (čiste i ne-
očišćene elektrode) nema razlike u prostornom potenci-
jalu plazme. Drugim rečima, joni u reaktorima konfigu-
racije čista-neočišćena i neočišćena-čista elektroda pa-
daju na unutrašnju i spoljašnju elektrodu pod istim us-
lovima. Naravno, ovo još više dovodi u prvi plan uticaj 
sekundarne emisije, jer i pri istim uslovima u plazmi 
promena koeficijenta sekundarne emisije dovodi do 
drastičnih promena karakteristike plazme (slike 5 i 6).  

Napomena je da ovi zaključci važe u slučaju real-
nog modelovanja sekundarne emisije prema izrazima 
Phelps-a i Petrovića, gde koeficijent sekundarne emisije 

 

Slika 6. Raspodela jona po energijama koji padaju na unutrašnu 
elektrodu. 
Figure 6. Ion energy distributions on the inner electrode.

Slika 7. Raspodela jona po energijama koji dospevaju na 
spoljašnju elektrodu. 
Figure 7. Ion energy distributions on the outer electrode. 
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zavisi od energije jona. Sa slike 8 može se zaključiti da 
nerealni modeli sekundarne emisije drastično menjaju 
sliku procesa u pražnjenju, što se vidi iz razlike prostor-
nog potencijala za elektrode sa konstantnom sekundar-
nom emisijom. 

 

Slika 8. Prostorni potencijal u plazmi usrednjen po vremenu. 
Figure 8. Time averaged plasma potential. 

Efektivni γ koeficijenti 

U ovom odeljku, cilj je da se pokaže kako može da 
se predstavi koeficijent sekundarne emisije njegovom 
efektivnom vrednošću, na osnovu simulacionih rezultata 
za fluks jona (slika 9) i fluks sekundarnih elektrona 
(slika 10). 

 

Slika 9. Broj jona koji je pao na nekoj od elektroda u toku 
vremena. 
Figure 9. Number of ions that have fallen on the electrodes. 

Po definiciji, koeficijent sekundarne emisije pred-
stavlja verovatnoća da jon proizvede sekundarni elek-
tron. Drugim rečima, odnos između broja sekundarnih 

elektrona koji nastaje na elektrodi i broja jona koji ne-
stane na njoj jednak je koeficijentu sekudarne emisije. 
Koristeći ovu činjenicu, možemo na osnovu flukseva jo-
na i sekundarnih elektrona da izračunamo efektivni γ 
koeficijent, odnosno vrednost konstantnog γ koeficijenta 
koji bi u toku vremena dao isti broj sekundarnih jona 
kao i sekundarna emisija zavisna od energije. 

 

Slika 10. Broj sekudarnih elektrona emitovanih sa nekoj od 
elektroda u toku vremena. 
Figure 10. Number of secondary electrons that have been 
emitted from the electrodes. 

Na osnovu koeficijenata pravih, odnosno flukseva 
jona i sekundarnih elektrona (slike 9 i 10), možemo na-
pisati izraz iz kojeg se može naći efektivna vrednost 
sekundarne emisije: 

s
eff

i

α
γ =

α
 (6) 

gde su αs fluks sekundarnih elektrona sa površine, αi 
fluks jona na površini i γeff efektivni koeficijent sekun-
darne emisije. Za različite slučajeve imamo: 

- spoljašnja 0,2: 
6

eff 6

1,111 10 0,2
5,556 10

γ =
× ≈
×

 

- spoljašnja neočišćena: 
5

eff 6

3,310 10 0,0678
4,882 10

γ =
× ≈
×

 

- unutrašnja neočišćena: 1066,0
10700,5
10077,6

6

5

eff =
×
×=γ  

- spoljašnja čista: 
5

eff 6

3,692 10 0,1136
3,250 10

γ =
× ≈
×

 

- unutrašnja čista: 
5

eff 6

3,731 10 0,0703
5,306 10

γ =
× ≈
×

 

Iz dobijenih rezultata možemo izvesti zaključak 
koja je površina elektroda najefikasnija u proizvodnji 
sekundanih elektrona, pored konstantne 0,2 površine, 
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koju smo uzeli kao primer. Najveći koeficijent sekun-
darne emisije imaju unutrašnja neočišćena i spoljašnja 
čista elektroda, što znači da će ova konstrukcija reaktora 
biti najefikasnija u proizvodnju sekundarnih elektrona, 
kao što smo već i utvrdili (slika 5). 

Važno je napomenuti da date efektivne sekundarne 
emisije važe samo za dati reaktor, sa parametrima koje 
smo naveli na početku. Za svaku drugu simulacionu po-
stavku, menjaće se i efektivne sekundarne emisije. Odav-
de se može videti značaj ove simulacije, kao i računar-
skih simulacija uopšte, s obzirom da smo uspeli da do-
bijemo vrednosti efektivne sekundarne emisije na osno-
vu preciznih fizičkih modela koji se mogu koristiti u 
praksi. 

ZAKLJUČAK 

Istraživali smo uticaj sekundarne emisije elektrona 
različito tretiranih površina na karakteristike dvo-frek-
ventnih kapacitivno spregnutih pražnjenja. Osnovni mo-
tiv ovog istraživanja je velika praktična primena dvo-
frekventnih plazmi u industriji, kao i potreba preciznog 
opisivanja sekundarne emisije sa površina, uzimajući u 
obzir da se upravo u praksi ovaj tip plazmi najčešće ko-
risti za plazma-nagrizanje dielektrika. 

Rezultate do kojih smo došli govore nam da za pre-
cizan opis plazme moramo da uzmemo u obzir sekun-
darnu emisiju elektrona koja zavisi od energije jona koji 
vrše jonizaciju. Precizan model sekundarne emisije su 
dali Phelps i Petrović, na osnovu kojeg smo u ovom ra-
du modelovali interakciju jona sa površinama elektroda 
na kojima dolazi do sekundarne emisije. Pokazali smo 
na osnovu rezultata simulacije da gustina plazme zavisi 
od sekundarne emisije i to tako što se njena vrednost u 
centru pražnjenja drastično povećava sa porastom γ koe-
ficijenata. Raspodela energija jona na unutrašnjoj elek-
trodi je, takođe, pokazala zavisnost od koeficijenta se-
kundarne emisije, dok smo sa druge strane pokazali da 
to ne važi za raspodelu energije jona na spoljašnjoj ele-
ktrodi. Zakjučili smo da potencijal plazme zavisi od se-
kundarne emisije sa obe elektrode, tako što je za realne 
površine pokazivao male razlike ukazujući na to da pos-
toje procesi koji dovode do kompenzacije efekata se-
kundarne emisije za različite konfiguracije reaktora. 

Svakako, najvažnije je to što smo uspeli da pomoću 
simulacije dobijemo efektivne koeficijente sekundarne 

emisije, koji se mogu koristiti u praksi za jednostavnije 
opisivanje simuliranih plazma-reaktora, pri tom zadrža-
vajući precizni model sekundarne emisije. Značaj dobi-
jenih rezultata opravdava korišćenje simulacionih mo-
dela za dobijanje podataka, koji su korisni u praksi i koji 
smanjuju vremenske i materijalne troškove eksperimen-
talnih postupaka. 
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SUMMARY 

INFLUENCE OF THE SECONDARY ELECTRON EMISSION ON THE CHARACTERISTICS OF RADIO 
FREQUENCY PLASMAS 
Aleksandar Bojarov, Marija Radmilović-Radjenović, Marija Savić 
Institute of Physics, Belgrade, Serbia 

(Scientific paper) 

In this paper the influence of secondary emission on the characte-
ristics of rf plasmas has been studied. An asymmetrical dual-frequency 
capacitively coupled plasma reactor has been modeled with one dimen-
sional PIC/MCC (Particle in Cell with Implemented Monte Carlo Col-
lisions) code. The main feature of the modeling code represents the rea-
listic model of the ion-induced secondary electron emission. Secondary
emission of electrons is one of the important processes that effects the
characteristics of rf plasmas. For modeling the secondary yield per ion, we 
have used equations proposed by Phelps and Petrović (Plasma Sources Sci.
Technol. 8 (1999) R21–R44) for differently treated metal surfaces. In the
model, the energy dependence of the yields per ion for differently treated
metal surfaces has been implemented. Results are compared for yields for
the so called “dirty” and “clean” surfaces, and the spatial profiles of char-
ged particles and ion energy distributions were observed. The simulation 
results indicate that the plasma characteristics are greatly affected by the 
ion-induced secondary emission, changing the overall parameters of dual-
frequency capacitively coupled plasma reactors especially in applications
as etching devices. Conclusion is that an exact model of the secondary
electron emission should be included, as to ensure better agreement be-
tween simulation and experiment. 

  Ključne reči: Radio-frekventna praž-
njenja • Računarske simulacije praž-
njenja u gasovima • Sekundarna emi-
sija  
Key words: Radio frequency dischar-
ges • Computer simulations of gas 
discharges • Secondary emission of 
electrons 
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  MODELOVANJE PROBOJA U GASOVIMA
NA NISKIM PRITISCIMA MONTE KARLO 
TEHNIKOM* 

Osnovna pretpostavka Townsend-ove teorije da joni prouzrokuju emisiju sekundarnih 
elektrona sa katode važi u veoma uskom opsegu vrednosti redukovanog električnog 
polja E/N. U skladu sa revidiranom Townsend-ovom teorijom koju su koncipirali Phelps 
i Petrović, sekundarni elektroni nastaju usled udara jona, brzih neutrala, metastabila i 
fotona o katodu, ili jonizacijom atoma gasa brzim neutralima. U ovom radu smo poku-
šali da izgradimo model koji će omogućiti određivanje vrednosti za prinos sekundar-
nih elektrona za različite tipove čestica, korišćenjem Monte Karlo tehnike. Dobijeni 
rezultati su u saglasnosti sa analitičkim rezultatima Phelpsa i Petrovića (Plasma 
Sources Sci. Technol. 8 (1999) R1). 

 
 

Pod terminom gasno pražnjenje podrazumevamo 
proticanje struje kroz gas. Gas, sam po sebi, predstavlja 
neprovodnu sredinu. Međutim, ukoliko u gasu postoje 
naelektrisane čestice, pod uticajem dovoljno jakog elek-
tričnog polja, može doći do slabe provodnosti, ili čak do 
proboja u gasu. Gas se tada ponaša kao provodnik, koji 
omogućava proticanje električne struje uz malu otpor-
nost. 

Uticaj lavina sekundarnih elektrona u procesima 
električnog proboja u gasovima, kod niskostrujnih sta-
cionarnih pražnjenja, dobro je izučen u velikom broju 
radova i udžbenika [1–3]. Uslov za sam čin proboja 
podrazumeva da sekundarna lavina elektrona postane je-
dnaka primarnoj. Preciznije rečeno, proboj nastaje kada 
se ukupna proizvodnja elektrona u kružnom toku pri-
marne lavine, povratne sprege i sekundarne lavine izjed-
nači sa gubicima elektrona na anodi. Mi ćemo pod poj-
mom sekundarne lavine podrazumevati sve elektrone 
koji nastaju nakon primarne. Elektronska emisija sa po-
vršine katode indukovana pozitivnim jonima, brzim ato-
mima, fotonima i metastabilnim atomima, sudarna joni-
zacija brzim jonima i atomima proizvedenim u ranijim 
lavinama, sudarna jonizacija elektronima koji su reflek-
tovani sa anode i fotojonizacija gasa fotonima nastalim 
u ranijim lavinama predstavljaju osnovne procese nasta-
janja sekundarnih elektrona [4]. 

Osnovu modela koji su razvili Phelps i Petrović [4] 
čini uključivanje dodatnih mogućih izvora sekundarne 
emisije elektrona, kao i emisije nastale usled dejstva fo-
tona, metastabila na katodu. Sekundarna emisija elektro-
na može nastati i usled jonizacije izazvane dejstvom 
neutrala u gasnoj fazi i dejstvom elektrona reflektovanih 
sa anode. Pored toga, razmatran je i efekat povratne di-
fuzije elektrona na katodu. Samim tim, ovaj jedinstveni 
model, osim što predstavlja reviziju Townsend-ove teo-

                                                 
*Rad saopšten na skupu „Osma konferencija mladih istraživača“, Beo-
grad, 21–23. decembar 2009. 
Autor za prepisku: M.B. Savić, Institut za fiziku, Pregrevica 118, 
11080 Beograd, Srbija. 
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rije, pruža detaljan opis procesa koji dovode do sekun-
darne emisije elektrona. 

Jedna od egzaktnih tehnika koja se može koristiti 
za proučavanje sekundarne emisije elektrona sa elek-
troda je, svakako, Monte Karlo tehnika [5]. Za dobijanje 
rezultata, predstavljenih u ovom radu, korišćen je kom-
pjuterski kod baziran na Monte Karlo metodu, razvijen 
u Institutu za fiziku [6]. Simulacije su izvršene, najpre 
za pražnjenje u argonu, koristeći dobro definisan set 
efektivnih preseka detaljnije opisanih u radu [5]. 

MODEL PHELPS–PETROVIĆ 

Predstavljeni model je analitički aproksimativni 
model pomoću koga se mogu izvršiti proračuni stacio-
narnih flukseva različitih vrsta čestica: elektrona, Ar+, 
brzih Ar atoma, metastabila i rezonantnih fotona u pros-
torno uniformnom električnom polju. 

Analizom do sada objavljenih rezultata, Phelps i 
Petrović su pokazali da prinos sekundarnih elektrona 
značajno zavisi od stanja površine katode. U tom smi-
slu, razlikujemo površine koje su na neki način tretirane 
(recimo za materijale sa visokom tačkom ključanja za-
grejane na 2000 K u vakuumu, dok se eksperimenti vrše 
na sobnoj temperaturi) i njih nazivamo čistim površi-
nama. Osim njih, postoje i netretirane ili neočišćene po-
vršine, kod kojih je izvršen neki postupak čisšćenja, ali 
ne zagrevanjem do visokih temperatura kao kod čistih 
površina. 

Ovaj model nam omogućava da odredimo vred-
nosti prinosa sekundarnih elektrona sa katode induko-
vane jonima, brzim atomima, metastabilima ili fotoni-
ma, u zavisnosti od uslova na metalnoj površini, kao i 
od vrednosti redukovanog električnog polja. Parcijalni 
doprinos pojedinih čestica (fotona, jona, metastabila i 
atoma) sekundranoj emisiji elektrona [4], prikazan je na 
slikama 1 i 2. 

U ovom radu smo koristili izraze koje su predložili 
Phelps i Petrović [4], za koeficijente sekundarne emisije 
elektrona sa katode pri udaru atoma, jona i fotona o po-
vršinu katode za čiste (eng. clean), odnosno neočišćene 
(eng. dirty) površine, jednačine (1)–(6): 
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Slika 1. Parcijalni prinos različitih procesa produkciji sekun-
darnih elektrona na katodi za pražnjenje u Ar za čiste povr-
šine, prema modelu Phelps–Petrović [4]. 
Figure 1. Fractional contributions of various processes to 
electron production at the cathode for Ar at breakdown for 
clean surfaces, Phelps–Petrović model [4]. 

Monte Karlo tehnika 

Naše proračune smo izvršili koristeći Monte Karlo 
kod [6], sa presecima za sudare elektrona [5], atoma [7], 
jona [8] i metastabilnih atoma [9] sa pozadinskim ga-
som. Na slici 3 prikazani su preseci za sudare elektrona 
i pozadinskog gasa. 

DISKUSIJA REZULTATA 

Prvi model prati jone u Monte Karlo kodu, iz koga 
se izračunava njihov prinos sekundarnih elektrona. Fo-
toni su, kao što je ranije pomenuto, praćeni u posebnom 
kodu. Što se tiče metastabila, u ovom modelu je uzet 
najjednostavniji slučaj. Ukupan broj nastalih metastabi-
la, uključujući i deeksitaciju sa viših stanja na metasta-

bilno, podeljen je tako da je verovatnoća da dođu na 
katodu 50%, kao u slučaju dve beskonačne planpara-
lelne elektrode gde polovina čestica dospe na jednu, a 
polovina na drugu elektrodu. Grafici koji ovo ilustruju 
dati su na slikama 4 i 5 za očišćene i neočišćene povr-
šine, redom. 

 

Slika 2. Parcijalni prinos različitih procesa produkciji sekun-
darnih elektrona na katodi kod proboja u Ar za neočišćene 
površine, prema modelu Phelps–Petrović [4]. 
Figure 2. Fractional contributions of various processes to 
electron production at the cathode for Ar at breakdown for 
dirty surfaces, Phelps–Petrović model [4]. 
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Slika 3. Grafički prikaz preseka za sudare elektrona i čestica 
pozadinskog gasa [5]. 
Figure 3. Cross sections for electron-atom collision [5]. 

Drugi model prati jone i neutrale u Monte Karlo 
kodu i direktno izračunava njihov prinos sekundarnih 
elektrona. Fotoni su odrađeni na isti način kao i u pret-
hodnom slučaju. Metastabili su ovog puta takođe uklju-
čeni u Monte Karlo kod koji ih prati kao i druge čestice. 
Produkcija metastabila je jedino iz direktnog pobuđi-
vanja na jedno od dva metastabilna stanja. 
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Slika 4. Prinos sekundarnih elektrona u funkciji E/N za razli-
čite tipove čestica, za čiste površine. 
Figure 4. Secondary electron yield as a function of E/N for 
different types of particles, clean surfaces. 
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Slika 5. Prinos sekundarnih elektrona u funkciji E/N za razli-
čite tipove čestica, za neočišćene površine. 
Figure 5. Secondary electron yield as a function of E/N for 
different types of particles, dirty surfaces. 

Nestajanje metastabila je usled „kaljenja“ (quen-
ching-a) i pri prenosu količine kretanja (momentum 
transfer-a). Iz koda beležimo broj metastabila koji su 
udarili u katodu. Konačan prinos sekundarnih elektrona 
od metastabila dobijamo množenjem broja metastabila 
koji su došli do katode sa koeficijentom γ = 0,02. Gra-
fici su dati na slikama 6 i 7 za očišćene i neočišćene 
površine, redom. 

U narednom koraku uključili smo i refleksiju jona 
od katode i anode. Koeficijent refleksije iznosi R = 0,5. 
Rezultati dobijeni na ovaj način prikazani su na slikama 
8 i 9 za čiste i neočišćene površine, redom. Uključi-
vanjem refleksije jona od katode i anode očekivano je 
da se poveća uticaj jona na produkciju sekundarnih 
elektrona. Upoređivanjem slika 6 i 8 možemo zaključiti 
da na većim E/N, tj. manjim pritiscima, postoji blagi po-
rast prinosa sekundarnih elektrona od strane jona. Slično 
razmatranje važi i u slučaju neočišćenih površina, što se 
ponovo zaključuje posmatranjem slika 7 i 9. Što se tiče 
metastabila, možemo primetiti da je prinos sekundarnih 

elektrona od ovog tipa čestica nešto manji nego u slu-
čaju kada nema refleksije. Ovo možemo objasniti na 
sledeći način: refleksija dovodi do povećanja broja su-
dara i samim tim povećanja broja jona. Samim tim ima-
mo više elektron–jon sudara, tj. joni „troše“ elektrone. 
Kako znamo da metastabili nastaju direktnim pobuđiva-
njem elektrona na metastabilno stanje u sudarima elek-
tron–atom pozadinskog gasa, to i prethodno razmatranje 
povlači manji broj metastabila. 
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Slika 6. Prinos sekundarnih elektrona u funkciji E/N za razli-
čite tipove čestica, za čiste površine. 
Figure 6. Secondary electron yield as a function of E/N for 
different types of particles, clean surfaces. 
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Slika 7. Prinos sekundarnih elektrona u funkciji E/N za razli-
čite tipove čestica, za neočišćene površine. 
Figure 7. Secondary electron yield as a function of E/N for 
different types of particles, dirty surfaces. 

Ukoliko uporedimo prikazane rezultate sa grafici-
ma koje su dali Phelps i Petrović [4] možemo doći do 
određenih zaključaka. Prvi model je (gde je preraspo-
dela metastabila na katodama 50%), kao što se očeki-
valo, dao rezultate koji dosta odstupaju od analitički 
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predviđenog rešenja u pomenutom radu. Međutim, može 
se ipak uočiti očekivani oblik krivih prinosa sekundar-
nih elektrona. 
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Slika 8. Prinos sekundarnih elektrona u funkciji E/N za razli-
čite tipove čestica, za čiste površine. 
Figure 8. Secondary electron yield as a function of E/N for 
different types of particles, clean surfaces. 
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Slika 9. Prinos sekundarnih elektrona u funkciji E/N za razli-
čite tipove čestica, za neočišćene površine. 
Figure 9. Secondary electron yield as a function of E/N for 
different types of particles, dirty surfaces. 

Drugi model (metastabili su uključeni u Monte Kar-
lo kod) značajno je bolji. Samim uključivanjem metasta-
bila u Monte Karlo kod očekivali smo bolje slaganje, što 
se i pokazalo opravdanim. Konkretno, kriva koja pred-
stavlja prinos sekundarnih elektrona od metastabila po-
kazuje dobro poklapanje u regionu srednjih E/N. Na ma-
njim E/N, tj. većim pritiscima, model još uvek nije do-
bar, mada za očišćene površine postoji određeni pad 
koji se i očekuje. 

Kao dodatak, prikazan je i slučaj kada je uključena 
refleksija jona od elektroda. Dobijeni su rezultati koji su 
i očekivani u slučaju povećanja broja jona u pražnjenju. 

Na osnovu prikazanih rezultata možemo uočiti, u 
skladu sa očekivanjima, da na malim vrednostima E/N 

fotoni dominiraju u proizvodnji sekundarnih elektrona, 
dok je, na visokim vrednostima E/N, najveći doprinos 
neutrala. Za srednje vrednosti redukovanog električnog 
polja, ne sme se zanemariti doprinos jona i metastabila u 
generisanju sekundarnih elektrona. 

Uspeli smo da dobijemo zadovoljavajuće slaganje 
sa analitičkim rezultatima iz rada Phelps i Petrović [4]. 
Bez obzira na prikazane rezultate, postoji još dosta pros-
tora za usavršavanje modela. Ono na čemu treba raditi 
je pre svega model metastabila. U sadašnji model uklju-
čena je samo produkcija metastabila direktnim pobuđi-
vanjem na metastabilno stanje i u sudarima brzi neutral- 
-pozadinski gas. Neophodno je uključiti u Monte Karlo 
kod još i kaskade, tj. relaksiranje pobuđenih stanja argo-
na na metastabilna stanja kao još jedan proces produk-
cije metastabila. 

Na čemu još treba raditi jeste i model fotona. Ideja 
je da se i fotoni uključe u Monte Karlo kod kao zaseban 
tip čestica i da se kao takvi prate tokom pražnjenja. 

ZAKLJUČAK 

U ovom radu učinjeni su početni koraci ka dobi-
janju modela koji će omogućiti izračunavanje parcijal-
nih prinosa sekundarnih elektrona za pojedinačne tipove 
čestica, korišćenjem Monte Karlo koda, koji je razvijen 
u Laboratoriji za gasnu elektroniku Instituta za fiziku u 
Zemunu. Ovaj model je dovoljan za više vrednosti E/N 
dok se za niže vrednosti mora još razviti model trans-
porta fotona i formiranja molekularne emisije, a gene-
ralno se model tretiranja metastabila mora donekle po-
boljšati. 

Zahvalnica 
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SUMMARY 

GAS DISCHARGES MODELING BY MONTE CARLO TECHNIQUE 

Marija Savić, Marija Radmilović-Rađenović 

Institute of Physics Belgrade, Pregrevica 118, 11080 Belgrade, Serbia 

(Scientific paper) 

The basic assumption of the Townsend theory – that ions produce secon-
dary electrons – is valid only in a very narrow range of the reduced electric
field E/N. In accordance with the revised Townsend theory that was sug-
gested by Phelps and Petrović, secondary electrons are produced in colli-
sions of ions, fast neutrals, metastable atoms or photons with the cathode, 
or in gas phase ionizations by fast neutrals. In this paper we tried to build
up a Monte Carlo code that can be used to calculate secondary electron
yields for different types of particles. The obtained results are in good ag-
reement with the analytical results of Phelps and. Petrović (Plasma Sour-
ces Sci. Technol. 8 (1999) R1). 

  Ključne reči: Sekundarna emisija ele-
ktrona • Model Phelps–Petrović •
Monte Karlo kod 
Key words: Secondary electron emis-
sion • Phelps–Petrović model • Mon-
te Carlo code  
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Breakdown Phenomena in Water Vapor Microdischarges

M. Radmilović-Radjenović, B. Radjenović∗ and M. Savić
Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia

The gas breakdown at the large gap sizes is reasonably well understood. However, the breakdown phenomenon
in microgaps is still not sufficiently explored. The high electric fields realized in small gaps combined with the
lowering of the potential barrier, seen by the electrons in the cathode as ion approaches lead to ion-enhanced field
emission leading to deviations from the standard Paschen law. In this paper, semi-empirical expressions for the
breakdown voltage based on the fitting of numerical solutions of the DC breakdown criteria in microdsicharges
have been derived. In the standard breakdown criteria the secondary emission coefficient that incorporates the
enhancement of the secondary electron emission has been included. The obtained expressions can be used for
determination the pressure and the gap dependence of the breakdown field strength in the water vapor, separately.

PACS numbers: 52.50.Qt, 52.65.Rr, 52.80.Pi

1. Introduction

In the past few decades the field of microdischarges
have become more common in everyday life. Microplas-
mas ecompase the adventages of low-pressure plasmas
with the advenatges of being micro [1–4]. Due to their
portability and the non-equilibrium character of the dis-
charges, microplasmas are finding application in many
research disciplines, from the optimizing the plasma
screens [5], localized silicon etching [6], tunable UV
source [7], gas spectroscopy [8, 9], spectroscopy of wa-
ter impurities [10], up to localized treatment of materi-
als and assembly of nanostructures [11]. On the other
hand, plasma-based microsystems can find application
in bio microelectromechanical system (bio-MEMS) steril-
ization, small-scale materials processing and microchem-
ical analysis systems [12]. However, integrability requires
not only a reduction in size, but also an understanding
of the physics governing the new small-scale discharges.

Making the gap small is the easiest way to obtain a big
force, which is restricted by the electric field of break-
down [13, 14]. It is necessary to be aware of the break-
down voltage in microgaps. When changing the size of
plasmas, there are scaling laws that are helpful in deter-
mining the operating parameters of various sizes of plas-
mas. The fact that microdischarges operate under con-
ditions, where boundary effects dominate, indicates the
importance of establishing scaling laws in a such small
gaps. The best way is perhaps to start from the low
pressure discharges and to employ the standard scaling
laws [15]. The motivation for our studies, resulting from
the fact that the electrical breakdown in microgaps oc-
curs at voltages far below the pure Paschen curve mini-
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mum and that the modified Paschen curve should be used
instead for micron and sub-micron gaps [16]. Electrons
from the field emission are one of the possible reasons why
the breakdown and sparks occur in a vacuum, which of
course is not possible if one only considers the Townsend
avalanche mechanisms for the gas phase and the surface
ionization that are normally used to generate the Paschen
curve [17].

Microplasma can be generated in a wide range of the
pressure. In the large scale systems, the experimentally
observed Paschen law has been successfully explained by
the Townsend theory [18]. The Paschen’s law is based
on the observation that, over a large range of the pres-
sures and electrode separations, the probability of the
ionization per collision in the gas and the probability of
the production of electrons by ions by a secondary pro-
cess are both dependent on the average kinetic energy of
the electrons and ions and therefore on the reduced elec-
tric field E/N (the electric field E to the gas number ra-
tio N) [19]. The Townsend mechanism by which succes-
sive ionizations of the gas molecules induce the gas break-
down describes the process satisfactorily at large separa-
tions [20]. The significant parameter is pd (the product
of the gap distanced and the pressure P ). Typically, the
Townsend’s mechanism (and by extension Paschen’s law)
applies at pd products less than 1000 Torr cm, or gaps
around a 1 cm at 1 atm [21].

The mechanism of the electrical breakdown is, how-
ever, completely different in microgaps [2, 3, 4, 14, 15].
A rapid fall of the breakdown voltage with decreasing
the gap size may be attributed to the onset of the ion-
-enhanced field emission in microgaps. Violations of the
similarity law take place for the left hand branch of the
curve, for such pd values where the electron mean free
path is comparable with the gap. When the electron
mean free path is comparable with the electrode sepa-

(752)
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ration the electrical breakdown is based on the cathode-
-induced breakdown model.

Water vapour in the atmosphere is the key trace gas
controlling weather and climate. It also plays a cen-
tral role in atmospheric chemistry, influencing the het-
erogeneous chemical reactions that destroy stratospheric
ozone. The effects of water vapour are large in the up-
per troposphere and lower stratosphere, but there are
few measurements of water vapour concentrations and
its long–term variation in this altitude only region. The
influence of water vapour on the breakdown voltage of
uniform field gaps has been investigated by Ritz1 [22],
who was found that the breakdown voltage in air in-
creases by 2% for a change in the partial pressure of wa-
ter vapour. Letter on, some results indicated that the
presence of water vapour raised the breakdown voltage
by 2.7% above that of dry air [23]. Allen and Phillips [24]
investigated the effect of humidity on the spark break-
down voltage. Recently, measurements have been per-
formed for low-pressure breakdown in water vapor [25].

In this paper, high-pressure breakdown field strength
in water vapor has been theoretically studied [26]. The
expressions for the DC breakdown criteria including the
ion–enhanced secondary emission coefficient has been nu-
merically solved for water vapor in order to determine
the breakdown voltage versus the gap spacing and the
pressure, respectively. The results of this research can
be applied in the construction of compact pulse power
generators for bioelectric applications.

2. Semi–empirical expressions

Combining the expressions for the electron yield [13]:
γ = K e−D/E , (1)

and for the ionization coefficient [27]:
α/p = Ae−Bp/E , (2)

with the expression for the DC breakdown criteria:
γ

(
eαd − 1

)
= 1 , (3)

we obtain the transcendental equation [28]:

K e−D/E
(

eApde−Bp/E − 1
)

= 1 , (4)

where the material dependent constant D can be calcu-
lated using the expression:

D = 6.85× 107φ3/2/β , (5)
knowing a field enhancement factor β and the work func-
tion of the metal φ expressed in eV. On the other hand,
from the experimental values of the slope of the log γ
versus 1/E, the values of D were also determined for
some materials, for example, aluminum, stainless steel
and conventional steel (as can be seen, from Table I
in Ref. [13]). In this paper we have used the value of
9.3× 108 V/m that corresponds to the aluminum. Con-
trary, determination of the constant K that appears in
Eqs. (1) and (4) may be quite difficult, especially if there
are additional complications due to electron attachment,
ionization by metastables, ect. [14]. In practice, the con-
stant K can be found from the ratio of the field emis-

sion current density to the positive ion current density
onto the cathode. A and B are gas dependent constants
that can be found elsewhere [27]. The expressions for the
breakdown field strength will be determined by solving
transcendental Eq. (4) numerically by using the package
Mathematica and then by fitting these solutions.

3. Results and discussion

For a fixed pressure, the transcendental Eq. (4) has
been numerically solved by varying the interelectrode dis-
tance d. The obtained numerical solutions for the break-
down field strength E against the gap size d are shown
in Fig. 1. These values can be fitted by a simple formula:

E = ad−1 + b× dc, (6)
where the fitting coefficients a, b and c, for the a few
pressures are listed in Table I.

Fig. 1. The breakdown field strength versus the gap
spacing for pressure in the range from 1 atm up to 4 atm.
The gap was varied between 0.5 µm up to 15 µm.

TABLE I
Fitting coefficients for the Eq. (6) for various values
of the pressure.

Pressure [atm] a b c

1 −26.122 90.012 −0.281
2 −20.662 82.597 −0.267
3 −14.906 76.304 −0.228
4 −11.456 73.16 −0.196

As can be seen from Fig. 1, the breakdown field
strength defined as the ration of the breakdown voltage
and the gap size strongly depends on the interelectrode
separation. For gaps less than 5 µm, the breakdown phe-
nomena are attributed to the ion-enhanced field emis-
sion [14]. At large separations, however, processes in
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TABLE II
The Values of the fitting coefficients m
and n, for a few gap sizes, in Eq. (7).

Gap [µm] m n

0.5 90.188 −0.0442
1 85.898 −0.0456
2 83.266 −0.052
4 82.527 0.0574

the gas cause breakdown rather then secondary electron
emission.

In a similar way, for a fixed gap sizes, the transcen-
dental Eq. (4) has also been solved by varying the gas
pressure, in order to obtain the pressure dependence of
the electric field strength. Numerical solutions are pre-
sented in Fig. 2 and fitted by using expression:

E = m · pn, (7)
with fitting coefficient m and n given in Table II.

Figure 2 clearly illustrates the weak dependence of the
breakdown field strength on the pressure, even for the
gaps of the order of a few micrometers. Such trend in
the curves presented in Fig. 2 can be explained by the
exponential dependence of the ion-enhanced field emis-
sion on the electric field and not on the pressure.

Fig. 2. The breakdown field strength as a function of
the gas pressure for the gaps from 0.5 to 3 µm.

4. Conclusion

This paper contains theoretical studies of the break-
down field strength in the microgaps. Departures from
the large scale similarity laws are expected with the on-
set of field emission on such small gaps indicating that
Townsend mechanism is not sufficient to explain the
breakdown mechanism. The semi–empirical expressions

for the breakdown filed strength suggested here are based
on the fit of the numerical solutions of the breakdown cri-
teria including field emission effects in microgaps. The
new breakdown field curve obtained, when the field emis-
sions are accounted for, retains the right branch of the
conventional Paschen curve, i.e. field emissions can be
neglected in large gaps. The left branch, however, is sub-
stituted by a rapid decrease of the breakdown voltage
and increases in the breakdown field strength below the
minimum of the conventional Paschen curve. This reduc-
tion in the breakdown voltage is observed for gap sizes
smaller than 5 µm and is a direct consequence of the
onset of field emissions.

The results of our studies should be useful for de-
termining minimum ignition voltages in microplasma
sources as well as the maximum safe operating voltage
and critical dimensions in other microdevices.
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