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1 Introduction

Nowadays, the plasma is in a great interest of many technological applica-
tions. It is considered as a cheap and ecological alternative to a lot of harmful
chemical processes in various biological and industrial technologies. Further-
more, many applications such as layer deposition and cutting processes are
often enhanced by plasma technologies [1, 2].

Plasma environment is very unique, because of its high chemical reac-
tivity. Many chemical reactions which do not run at standard laboratory
conditions can be initialized by presence of non-thermal plasma without sig-
nificant heating of the gas [3–5]. Non-thermal plasma induced chemistry is
initiated by fast electrons that can easily acquire sufficient energy from elec-
tric fields to perform chemical reactions. Non-thermal plasma is therefore
usually generated by electrical discharges. From the technological point of
view, it is more economical and easier to use high pressure plasma, because
of simpler construction of used plasma reactor. It decreases the total cost of
the resulting product.

This work focuses on modeling a relatively new type of streamer-to-spark
transition discharge named transient spark (TS) [6–9]. The TS generates
highly reactive non-thermal atmospheric pressure plasma, while using simple
DC high voltage power supply. For better understanding of effects observed
in TS, the chemical kinetic model was needed.

Several topics especially plasma physics and chemical kinetics must be
involved in model due to the complexity of whole problem. Because of the
pulsed character of TS, many physical parameters such as temperature or
reduced electric field strength change in time rapidly. Model must be able to
handle this pulsed character of discharge. This is therefore the main feature
of created model. Some results of the model were finally compared with
experimental data in order to verify the model accuracy. Verified model
will be suitable for the optimization of TS for various applications, such as
exhaust gas treatment, bio-decontamination or plasma assisted combustion.
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2 Transient spark

Transient spark (TS) is a high pressure pulsed discharge created between
electrodes in corona geometry (usually pin-to-plane). Although TS is rela-
tively novel type of discharge, it is very promising in context of environmental
issues: air pollution control, and bio-decontamination of water [6].

The TS is generated, when an applied voltage overcomes a breakdown
value, but due to the characteristic parameter of electric circuit, the classical
spark is not reached [6–8]. A transition to a typical spark discharge is inhib-
ited by components of the electric circuit: a large external resistor R = 5−10
MΩ and a small internal capacity C = 10 − 40 pF being discharged. The
process of periodical charging and discharging of C repeats with a charac-
teristic frequency of a few kHz. The experimental set-up for the generation
and electrical diagnostic of TS is shown in Fig. 2.1

Besides theoretical modeling, experimental approach is also used to study
the TS. Measured results are used not only for the direct investigation of TS,
but also for verification of the model accuracy. What is more, in some cases
the experimental data are necessary as input parameters for the model. The
detailed description of experimental approach and set ups is presented in
Appendices A and B. In general, it is possible to divide the whole period of
TS into two phases. The first one, active discharge phase, is characterized
by a plasma channel creation, its development, and breakdown followed by a
short spark [6–8]. The second one is the relaxation phase, during which the
plasma channel decays.
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Figure 2.1: Simplified scheme of electric circuit used to generate TS dis-
charge.

Almost no current flows in electrode gap, the circuit internal capacity C
is recharged, and potential between electrodes increases during this phase.
Most of chemical processes investigated in this work are related to the active
discharge phase. Fig. 2.2 shows typical viw of TS in air.

Figure 2.2: Illustrative image of TS discharge: U0= 7.5 kV, Imax = 4.5 A,
repetition frequency f ≈ 1.2 kHz, exposure time 0.25 s.
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3 The model description

The modeling of chemical kinetics is an efficient tool to study many problems
in plasma induced chemistry [10,11]. In many cases, it is the most powerful
way to handle the problems whose complexity inhibits using analytical meth-
ods and direct experimental measurements. Simulation of processes involved
in plasma physics and chemistry is commonly used not only for modeling of
cold non thermal plasma systems [12], but also for description of high tem-
perature steady state arc discharges [13], nanosecond duration of streamer
propagation [14], and other problems in plasma chemistry.

As it was mentioned above, we used 0D modeling approach to describe
processes taking place in TS. The density evolution of all species in a kinetic
model can be derived from included reaction set:

dXi

dt
= Si =

j=n∑
j=1

Sij. (3.1)

Here, Si is a total production term for density of species Xi, while Sij is a
production term for species i in a particular chemical reaction j. Finally, n
is the total number of reactions including Xi either as sources or losses. For
the calculation of Sij, the stoichiometric coefficients (lower case letters) of
the Xi species in the jth reaction

aXi + bXi+1 + ... = a′Xi + b′Xi+1 + ... (3.2)

must be taken into the account:

Sij = (a− a′) ∗Rj. (3.3)

The term Rj is the rate of the jth chemical reaction:

Rj = kj ×
m=i+l∏
m=i

Nαm
m , (3.4)

where kj is the reaction rate coefficient (rate constant), l is the total number
of species involved in the jth reaction, Xm is the actual density of mth species,
and αm is the partial order of reaction with respect to the species m.

The rate constants of heavy species reactions are calculated from the
thermodynamic gas temperature Tg. This temperature is frequently assumed
to be equal for all neutrals positive and negative ions even in non-thermal
plasma. It does not apply to electrons. As it was introduced in sec. ??,
their energy, as well as their temperature (Te) are usually much higher. The
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rate constant for electron impact reactions thus must be calculated from
electron energy distribution function (EEDF). The EEDF is usually obtained
by solving Boltzmann equation for free electrons.

The are several kinds of chemical models. Usually, they vary not only in
number of different temperatures taken into account, but also in the number
of space dimensions and number of included species and chemical reactions.
A ’perfect’ model should include all known possible reactions between all
species present in studied plasma. The density evolution of all these species
should be calculated in a three-dimensional (3D) mesh with thousands of
calculation points. Space charge effects, diffusion, hydrodynamic and ther-
modynamic processes should be also covered. Nevertheless, real models al-
ways introduce certain simplifications. In some cases it is not necessary to
include many species and reaction, while the spatial resolution has to be
preserved [13]. On the other hand, the symmetry of some studied systems
allows to reduce the number of space dimensions while keeping the number
of included species and reactions high [11, 14]. Even zero-dimensional (0D)
models with focus on a rich set of species and reactions can be useful [12].

It is also the case of the model presented in this work. Here we focus
mainly on a few hundred nanoseconds active phase of the TS discharge:
streamer, streamer-to-spark transition phase and spark (see Fig. ??, phases
A-D). This phase is characterized by fast changes of E/N , Tg and Te. It
is therefore necessary to determine the density of many species that could
influence discharge evolution in a ∼ns resolution, while processes such as
diffusion can be neglected. Other phenomena, for example decrease of N
in the plasma channel after its hydrodynamic expansion, can be introduced
by a parametrization. We do not follow the changes of the gas composition
during the relaxation phase of TS. Unlike in the short active phase of TS, we
would have to include the diffusion processes and mixing with the ambient
air. As a result, the presented model is suitable only for the TS at lowest
frequencies, where effects resulting from the accumulation of species from
previous pulses are the weakest. We plan to include diffusion to this 0D
model by a parametrization in the future. It will allow us to study also the
’memory’ effect induced by previous pulses at higher TS frequencies.

We based our model on existing ZDPlasKin libraries [12, 15, 16]. It in-
cludes a DVODE solver for numerical solution of system of ordinary differ-
ential equations. Authors of ZDPlasKin provide also a ready-to-use list of
plasmachemical processes in nitrogen-oxygen mixtures, used also in Ref. [12],
based mainly on Capitelli et al. [17]. It is a set of 439 chemical reactions
among 44 species, primary designed for weakly ionized plasmas. We used
this set of reactions in our simulations, too. ZDplasKin package also include
a Bolsig+ solver for the calculation of Boltzman equation. The principle and
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characteristic of Bolsig+ solver are described in more details in [18]. Set of
required electron scattering cross sections was taken from [19].

4 Streamer phase modeling

For purposes of our model construction, we use output from the streamer
propagation models to find the appropriate time evolution of E/N in one
static point ~r (Lagrangian description). The measured time evolution of
electron number density during and immediately after streamer head is used
to validate tested E/N waveforms.

Although, there are some differences between works of several authors
modeling streamers, some results can be still regarded as starting point. The
maximum reduced electric field strength (E/Nmax) is usually not more than
270-290 Td in atmospheric air at 300 K. As the amount of energy released
to the gas in streamer phase is low, the temperature changes can neglected
and Tg = 300, K can be set as constant value during all the streamer phase.
Such assumption is commonly used in the streamer models as no significant
changes of thermodynamic temperature has been observed.

The electric field is much weaker behind the streamer head. According to
our estimate, the average axial reduced field established in the plasma channel
created by the streamer in TS is around 60-70 Td. The value 80 Td was used
as initial E/N immediately only several nanoseconds before streamer head
forms.

Summarizing the conclusions of experiments and models previously per-
formed in [11,14,20,21], the Gauss function

E/N = E/N0 + E/Nmaxe
( t−t02σ )

2

(4.1)

was used to describe the reduced electric field evolution simulating the streamer
head propagation through one static point (Fig. 4.1). In eq. 4.1 the E/N0 is
initial reduce field (80 Td). E/Nmax is pre exponential factor which satisfies
that maximum E/N setting. The value of t0 is 25 ns.

The first step of our simulation was to find optimal values for parameters
σ and E/Nmax. Several calculations with different parameters σ and E/Nmax

were performed (Fig. 4.2). The initial electron density, ne−init, was set to
3.108 cm−3. The E/Nmax ranged from 250-310 T based on data found in the
literature, while the parameter σ varied approximately from 1.5 to 4.5 ns.
The goal was to achieve the maximum ne = 1014 cm−3, to be in agreement
with our experimental observations [8].

The results reveals that the linear increase of σ causes exponential in-
crease of maximum electron density. However, there exists optimal σ leading
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Figure 4.1: Profiles of reduced electric field tested in model to describe
the E/N evolution due to propagation of streamer head through one static
point, E/Nmax = 270 Td.

to maximum electron density ∼ 1014 cm−3 for tested E/Nmax (Fig. 4.3). On
the other hand, not all of them are realistic with good agreement with com-
monly observed streamer parameters. For E/Nmax = 250 Td, the σ exceeds
already 4 ns. This seems to be too much, when we consider that the whole
streamer propagation between the electrodes separated by 5 mm gap takes
only 10-20 ns.

For the E/Nmax = 270 and σ = 2.97 ns, very good match between mea-
sured and calculated ne evolution in the post streamer phase was observed.
Changing the E/Nmax between 270-310 Td has no significant influence on the
electron density evolution after the streamer. Thus, despite that we are not
able to exactly distinguish which E/Nmax is more appropriate, we decided
to use profile with E/Nmax = 270 Td with σ = 2.97 ns for next calculations.
Moreover, we assume that higher number of time steps needed for calcula-
tion of streamer with higher σ and lower E/Nmax results in more accurate
description due to system response. It means that numericla solver for sys-
tem of kinetic equations is more accurate when time changes of E/N is lower.
Higher σ also means that system uses more time steps to describe streamer
phase. Thus the evolution of all species is less affected by initial conditions.

Thanks to good agreement between calculated and measured ne, the
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Figure 4.2: Profiles of electron number densities calculated with tested
E/Nmax − σ pairs.

model also enables us to observe dominant chemical reactions responsible
for generation of free electrons. More preciously, the source terms Sij de-
scribed by eq. 3.1 is studied. For this case the i index refers to electrons.
It is not possible to measure these parameters experimentally. Using the
model we were able to ”see” the mechanisms quantitatively. Results of such
analysis is depicted in Fig. 4.4

In addition, a lot of other chemical processes which generates free electron
takes place in plasma volume during streamer phase. Fig. 4.4 presents only
most effective reactions necessary for our conclusions.

As it can be seen in Fig. 4.4 the major part of free electrons production
is done through direct electron impact ionization of neutral molecules N2

and O2. Such the result can be interpreted relatively clearly. There is no
other source of free electrons and there are no excited particles before the
streamer head achieves the investigated point in inter electrode gap. Because
of high values of E/N in streamer head, the direct ionization of neutrals is
the only way how other free electrons can be produced at the beginning
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Figure 4.3: Selected cases of E/Nmax − σ pairs resulting in acceptable
electron number density evolution in streamer head.
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Figure 4.4: Reactions with the most significant impact on free electron
production during streamer phase.
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of the discharge. Further evolution of E/N causes that some portion of
previously created electrons are attached to O2, and negative ions O−2 and
O− are formed. After the streamer, when E/N drops to 70 Td, these negative
ions become significant source of free electrons (electron detachment reactions
3-5, Fig. 4.4). However, the electron attachment reactions are faster and the
electron density decreases after the streamer.

Besides free electrons, other chemical species are also produced during
streamer phase. For example, the generation of reactive oxygen species has a
significant impact on efficiency of bio-decontamination of water and surfaces
by TS discharge [22]. Just for the illustration of the model capabilities,
Fig. 4.5 shows the density evolution of reactive oxygen species O, O(1D),
O(1S), and O3. One remarkable point can be seen there. Considering the
initial density of molecular oxygen nO2init ∼ 1019 cm−3, almost 0.1 % of all
oxygen molecules are dissociated in streamer phase to O.
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Figure 4.5: Evolution of ozone and selected oxygen species number density
in and just behind the streamer head.

5 Streamer-to-spark phase investigation

The estimated average E/N in the plasma channel right after the streamer
creates the conductive filament is around 60 − 70 Td. For this reason, the
plasma starts to decay, with both electron density and current decreasing.
However, there are still some phenomena, described in sec. ??), which are
generally considered as ionization enhancers increasing the electron density
during streamer-to-spark phase [7, 8].

Using our model, we were able to quantitatively describe the possible
mechanisms leading to enhancement of free electron production essential for
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spark initialization. All the mentioned mechanisms will be analyzed in this
section, so the particular contribution of each process can be determined.

Consequently, we found other algorithm which involves higher portion
of data obtained from our experimental investigation of TS discharge. The
only parameter taken from Naidis is time evolution of particle number density
N(t). This quantity is not possible to obtain via our model as hydrodynamic
equations has to be solved. Calculation starts using initial voltage to find
E/N in created conductive channel. Adding the experimentally measured
profile of T (t), the electron density changes can be found in each calculation
step. Including the time resolved measurements of channel diameter, and
actual value of ne, the plasma channel resistance is possible to determine.
The total capacity of the system C ≈ 30 pF was experimentally measured
and used to compute the voltage decrease in next calculation step. The
governing equations included in this approach are as follows:

E/N(t) =
U(t)

lN(t)
, (5.1)

σ =
nee

2

meν
, (5.2)

Rc =
4σl

πDc(t)2
, (5.3)

∆U =
1

RcC
∆t. (5.4)

Here l, Dc and Rc are plasma channel length, diameter, and resistance
respectively,ν and σ are collisional frequency and plasma conductivity.

This strategy enables us not only to simulate chemical kinetics in created
plasma, but also to compare waveforms of measured and calculated voltage
in streamer-to-spark phase.
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Figure 5.1: Input data for model modification, which uses only N(t) from
Naidis. Other input data are experimentally obtained.

The Fig. 5.1 shows the evolution of input model parameters. The mo-
tivation of linear waveform of both temperature and channel radius comes
from experimental observations.

The results presented on Fig. 5.2 reveal that the voltage profile is similar
and comparable with voltage presented in Fig. ??.
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Figure 5.2: Calculated reduced electric field, voltage and electron number
density using external N(t) input. Dc with 70µm minimum at the end of
streamer-to-spark phase was used for this calculation.

This N(t) based approach seems to be more accurate than approach based
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on E/N(t) taken from work of Naidis as the fast decrease of both E/N and
voltage is established at the end of the streamer-to-spark. In addition in
the next section it will be shown that, it is complex enough to be used for
both, streamer-to-spark phase description as well as for the breakdown phase
investigation too.

6 Breakdown phase

When the electron number density in conductive channel is sufficiently high
(∼ 1016 cm−3), the conductivity of plasma channel is high enough to ini-
tiates the spark current pulse. The major part of accumulated energy is
released into the plasma volume, the temperature in the channel increases to
≈ 2000 K, with the presence of acoustic and light pulse. This state is tran-
sient and fast decrease of voltage between electrodes (Fig. ??) is responsible
for fast decay the channel conductivity before the thermalization of generated
plasma.

As it has been mentioned before, the reason why the model is not ca-
pable to follow the decrease of electron number density after spark pulse is
caused by the Bolsig+ solver. It is not suitable to calculate EEDF in strongly
ionized plasmas, where electron-ion collisions dominate over collisions of elec-
trons with neutrals. The electron-ion collisions are not handled by Bolsig+
solver. It results in extremely high electron temperature since there is no
other mechanism efficiently transferring energy from free electrons to heavy
particles. The recombination and attachment reactions of extremely hot free
electrons are too slow and the calculated electron density remains almost
constant after reaching the peak value.

The EEDF in weakly ionized plasmas, characteristic for the streamer and
streamer-to-spark phases of TS, is determined by balance between the energy
electrons deliver to neutrals and the energy they gain from the electric field.
Resulting EEDF can significantly deviate from Maxwell-Boltzmann distribu-
tion function. However, as the degree of ionization grows, the collision of elec-
trons with charged particles can not be neglected. The electro-electron and
electron-ion collisions starts to affect the distribution function too. Consid-
ering this, the EEDF finally approaches Maxwell-Boltzmann shape. In order
to avoid problem with Bolsig+ solver, we assumed EEDF to be Maxwellian
function given by Te if ne > 1016 cm−3 in the next approach. Furthermore, we
used the evolution of neutrals taken from Naidis just as in case presented on
Fig. 5.1. Thermodynamic temperature (linear increase in streamer-to-spark
phase up to 1000 K) in breakdown phase starts to increase exponentially to
2000 K. The reduced electric field is calculated using approach of capaci-
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tor discharging eq. ??. and the set of equations for voltage (reduced field)
decrease ( eq. 5.1 - 5.4).
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Figure 6.1: Electron density obtained via model with E/N calculated using
N(t) from Naidis. Comparison with experimental data. Calculation time =
800 ns

As the plasma channel resistance is strongly dependant on filament diam-
eter Dp, the uncertainties of diameter determination could cause relatively
large variation of plasma channel resistance. This can slow down whole
discharging process and slow down the ne decrease.Thus two values of con-
stant Dp was tested. Fig. 6.1 presents the comparison of electron density
obtained experimentally and calculated using our model for two different
diameters.The results obtained using Dp= 70 µm generates more accurate
match with experimental findings. Besides good match in peak value, the
decrease of electron density is now also comparable with experimental find-
ings. Therefore this approach is regarded as the best choice for breakdown
phase modeling. Moreover, this model uses only evolution of N(t) as external
input parameter. The rest of the necessary quantities is either experimen-
tally measured (temperature), or calculated by model itself. Finally it can
be clarified that we found not only appropriate way how to model breakdown
phase, but we also found and developed one algorithm capable of calculation
of streamer-to-spark and breakdown phase.

Now, the model can be used to analyze chemical reaction responsible
for electron losses in breakdown phase as well as for ionization processes
nearly before and during breakdown. This cannot be experimentally ob-
tained. Thus, the model brings some additional information about processes
taking place in breakdown phase.
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In the end of streamer-to-spark phase, direct ionization of N2 and O2

overcame all the other processes leading to free electron production.
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Figure 6.3: Dominant chemical reactions responsible for free electron losses
in Breakdown phase and immediately after current peek (beginning of relax-
ation phase).
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As it can be seen on Fig. 6.3, recombination of free electrons via collision
with N+

2 and O+
2 dominates only in short time, when after that also other

ways of electron losses play a significant role in total recombination processes.
Finally the most of the processes start to be controlled only by nitrogen
species.

7 Conclusions

The goal of this work was to create the chemical kinetic model simulating
plasma chemistry induced by atmospheric pressure discharge named Tran-
sient Spark. The TS is streamer-to-spark transition discharge with very short
(10-100 ns) spark phase. First part of the work focuses on the basic physical,
chemical and mathematical principles necessary for the plasma chemistry
understanding. Most of the described phenomena are essential not only for
model construction, but also for accurate interpretation of obtained results.
Then, the construction and testing of the model is presented.

Fortran 90 programming language coupled with ZDPlasKin package li-
brary was used for model development. Necessary set of chemical reactions
present in synthetic air (N2-O2 mixture) was taken from [23]. Furthermore,
the experimentally obtained cross sections for electron involving reaction
were found in [19]. The measured gas temperature, voltage waveform and
internal circuit capacity were used as experimental input data to computa-
tional process. The validity of the model was tested using experimentally
obtained electron number density and N2(C) emission intensity.

During the TS streamer phase, the E/N evolution is simulated using
Gauss function. The parameters of this function were selected so that the
peak E/N value reaches 270 Td (to be in agreement with literature), and
the calculated electron density reaches 1014 cm−3 (to be in agreement with
our experimental findings). Next, we achieved a very good match between
experimentally observed and calculated electron number density in the post
streamer phase. In addition, we were able to observe the chemical reactions
with the most significant impact on free electrons production and losses.

Next, the model enabled us to quantitatively describe the processes re-
sponsible for transition from streamer to spark. We revealed that the increase
of Tg has not very strong direct impact on free electrons production. On the
other hand, the E/N increase has much stronger influence on ne evolution.
The influence of Tg is only indirect. The heating of the gas inside the plasma
channel leads to the local increase of the pressure, hydrodynamic expansion,
decrease of the density of neutrals and thus increase of E/N . This acceler-
ates the electron impact ionization processes crucial for the breakdown and
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spark formation.
Several E/N profiles were tested to fit the measured evolution of ne during

the TS spark phase. Finally, we created model where E/N is calculated
from the time evolution of gas density N(t) and potential V (t) between the
electrodes. Since we are not able to calculate N(t) with our 0D kinetic
model, we used the N profile from the simulations of Naidis [24]. Besides
the hydrodynamic expansion, it handles also the radial diffusion of particles
from the discharge channel. We suppose that this profile is the closest match
to the TS discharge we found in the literature. Concerning the calculation of
V (t), we actually simulate the discharging of C via the plasma resistance Rp.
The Rp is derived from calculated ne and experimentally observed dimension
of plasma generated by TS. The advantage of this approach is that besides
ne, we calculate another variable that can be compared with experimental
data - V (t).

Our model deals also with the problem caused by high degree of ionization
during the spark phase. The Bolsig+ solver used to calculate electron en-
ergy distribution functions is used only for electron density below 1016 cm−3.
Otherwise, the Maxwellian electron energy distribution functions are used.
This approach provided results comparable with experimental findings also
during the TS spark phase.

The model presents a great tool to study and diagnose the conditions
in the TS. The theoretical results enable us to ”see” the scheme of reaction
mechanisms leading to more detailed understanding of TS induced chemistry.
Moreover, the created model can be further extended using more complex
reaction sets focusing on particular application, not only in synthetic air.
However, further development is still needed to include processes during the
relaxation phase of the TS discharge. This will enable to study the sequence
of TS pulses and phenomena related to the memory effect observed in TS at
higher repetition frequencies.

17



Bibliography

[1] A. Fridman and L. A. Kennedy. Plasma Science and Engineering. Taylor
& Francis, 2004.

[2] J. Reece Roth. Industrial Plasma Engineering. Institute of Physics
Publishing, 2001.

[3] M.J. Gallagher al. Non-thermal plasma applications in air sterilization.
In The 31st IEEE International Conference on Plasma science, pages
84–90, Baltimore (USA), April 1-1 2004.

[4] M. Sahni and B. R. Locke. Degradation of chemical warfare agent sim-
ulants using gasliquid pulsed streamer discharges. J. Hazard. Mater.,
137:1025–1034, 2006.

[5] I. Tanarro, V. J. Herrero, E. Carrasco, and M. Jimnez-Redondo. Cold
plasma chemistry and diagnostics. Vacuum, 85:1120–1124, 2011.
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