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Abstract. This paper presents simulations of an air plasma discharge at atmospheric
pressure initiated by a needle anode set inside a dielectric capillary tube. We have
studied the influence of the tube inner radius and its relative permittivity εr on the
discharge structure and dynamics. As a reference, we have used a relative permittivity
εr = 1 to study only the influence of the cylindrical constraint of the tube on the
discharge. For a tube radius of 100µm and εr = 1, we have shown that the discharge
fills the tube during its propagation and is rather homogeneous behind the discharge
front. When the radius of the tube is in the range 300 to 600µm, the discharge
structure is tubular with peak values of electric field and electron density close to the
dielectric surface. When the radius of the tube is larger than 700µm, the tube has
no influence on the discharge which propagates axially. For a tube radius of 100µm,
when εr increases from 1 to 10, the discharge structure becomes tubular. We have
noted that the velocity of propagation of the discharge in the tube increases when the
front is more homogeneous and then, the discharge velocity increases with the decrease
of the tube radius and εr. Then, we have compared the relative influence of the value
of tube radius and εr on the discharge characteristics. Our simulations indicate that
the geometrical constraint of the cylindrical tube has more influence than the value
of εr on the discharge structure and dynamics. Finally, we have studied the influence
of photoemission processes on the discharge structure by varying the photoemission
coefficient. As expected, we have shown that photoemission, as it increases the number
of secondary electrons close to the dielectric surface, promotes the tubular structure
of the discharge.

1. Introduction

In the past decade, there has been an increasing interest for systems and processes

combining atmospheric pressure plasma discharges with catalysts for different

applications as the treatment of polluted air flows containing traces of VOCs (Volatile

Organic Compounds) or nitrogen oxides [Hammer , 2002; Pasquiers , 2004; Kim, 2004].

The plasma-catalyst coupling requires to use catalyst supports as pellets, monoliths,

foams or porous media. Then in these processes, atmospheric pressure discharges are

produced in spatially confined geometries as microcavities and pores of the considered

materials. However, only few studies have been performed on the physics of a discharge

in contact with a porous material [Kim, 2004; Blin-Simiand et al., 2005; Guaitella et al.,

2006; Sato et al., 2009; Hensel et al., 2007]. It is interesting to note that recently, Hensel

[2009] showed that in microporous ceramic foams the pore size and the amplitude of the

applied voltage were critical parameters for the discharge structure. If the pore size and

voltage are small, a surface dielectric barrier discharge is observed but, above a certain

voltage threshold, the discharge occurs inside the ceramics.

Atmospheric pressure plasmas are also routinely used to functionalize surfaces of

polymers with surface roughness which can range from hundreds of nanometers to tens

of µm. Bhoj and Kushner [2008] have simulated the treatment by a repetitively pulsed

discharge of humid air of a rough polypropylene surface having micrometer-sized strand-

like features. These authors showed that the penetration of charged species into the

rough surface depends on the discharge polarity. In negative discharges, the penetration
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of electrons into surface structures is limited, which locally produce reactive species by

electron impact. In positive discharges, a sheath like region near the surface prevents

electrons to penetrate into the surface and therefore there is less local production of

radicals.

Recently, spatially confining the plasma to dimensions of 1 mm or less has also appeared

to be a promising approach to the generation of stable, glow discharges at atmospheric

pressure for a wide range of applications. Many studies are carried out on different types

of so-called microdischarges [Becker et al., 2006, and references therein] as microhollow

cathode discharge (MHCD), capillary plasma electrode (CPE) and plasma jets [Walsh

et al., 2010]. Microdischarges can be generated in different gases and many studies have

been carried out with rare gases. Despite the numerous experiments on microdischarges,

some basic mechanisms of these discharges are still poorly understood as for example

the propagation of atmospheric pressure plasma jets which have been demonstrated to

be discrete fast-moving plasma packets or bullets [Teschke et al., 2005; Lu and Laroussi ,

2006; Sands et al., 2008; Shi et al., 2008].

In this work, as a first step to better understand atmospheric pressure discharge

phenomena in porous materials, we propose to study an air plasma discharge at

atmospheric pressure in a constrained geometrical configuration: a plasma discharge

initiated by a needle inside a dielectric capillary tube (i.e. tube with a typical inner

radius of the order of 100µm). It is important to note that in parallel to our numerical

studies, an experimental study is underway at the LPGP laboratory in Orsay (France).

The detailed comparison with experiment is beyond the scope of this paper and will be

presented in a separate dedicated paper.

To study the influence of the confinement of the discharge by the capillary tube, a

first important point is the distance between the dielectric surface and the point of

initiation of the discharge. Indeed, Allen et al. [Allen and Mikropoulos , 1999; Tan

et al., 2007] showed that, close to dielectric surfaces, discharges in air usually propagate

in two modes: a fast component over the dielectric surface and a slow one in ambient

air. It is important to note that in all these studies, the discharge is generated in a

point-to-plane geometry and the dielectric is a plane or a cylinder set on one side of the

discharge. Recently a pin-pin electrode geometry has been used by Sobota et al. [2009]

in pure Argon to study the discharge propagation over a flat dielectric surface and in the

gas close to the dielectric. These authors also concluded that the discharge propagates

faster over the dielectric surface than through the gas. It is important to note that in

both studies the electrodes were in contact [Allen and Mikropoulos , 1999] or at a few

millimeters from the dielectric surface [Tan et al., 2007; Sobota et al., 2009]. In this work,

we propose to study discharge initiation and propagation in capillary tubes and therefore

to study the influence of a cylindrical constraint on the discharge. Furthermore, as we

use capillary tubes, inner radii of tubes are of the order of 100µm which corresponds to

the order of typical radii of streamer discharges in air at atmospheric pressure. Then in

this work, we propose to vary the radius of the capillary tube to study the influence of

surface and volume processes on the discharge structure and dynamics.
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It is important to mention that only few works have been devoted to the study of the

influence of the value of the relative permittivity εr of dielectric materials on discharge

properties. In surface dielectric barrier discharges in air, Gibalov and Pietsch [2000] have

shown that when εr decreases from 9.8 to 2.4 the surface dielectric barrier discharge

propagates farther on the surface. In the work of Sobota et al. [2009] in Argon, for

εr varying between 2.3 − 4.5 and 9.1, a very small influence of the surface discharge

velocity is observed. Babaeva et al. [Babaeva et al., 2006; Babaeva and Kushner , 2009]

studied the influence of dielectric dust particles on the discharge structure in air at

atmospheric pressure. They showed that streamers encountering a particle could branch

or initiate new streamers depending on the permittivity and size of the particles. For

small solid particles with low permittivity, the plasma envelops the particle and may

produce branching. Particles with higher permittivity stop and reinitiate the streamer.

Georghiou et al. [2005] have carried out simulations in atmospheric air in a needle-to-

plane configuration with a dielectric tube. The needle is set outside of the tube and the

discharge is initiated close to the needle and then enters in the tube. Georghiou et al.

[2005] studied the influence of εr variations in the range 2.2 to 6.2 for a tube of 200µm

of radius and they showed that the velocity of the discharge increases as εr increases.

Then in this work we propose to carry out a parametric study on the value of εr of

the tube to study its influence on the discharge structure. As a reference, we consider

the case εr = 1 which allows to study only the geometrical constraint on the discharge

dynamics due to the presence of the tube. Then we have considered values of εr in the

range 2 to 10 to represent different material permittivities (e.g. for PETG εr = 2.4 and

for alumine oxide εr = 9.1).

Finally, the interaction of the discharge with a dielectric surface requires to study

secondary processes at the dielectric surface. In most simulations of surface dielectric

barrier discharges, secondary electron emissions due to ion bombardment are considered.

However, electrons may be also emitted from other processes as field

emission or secondary emission of electrons by impact of metastable

molecules. For all these processes, it is important to note that secondary

emission coefficients are still poorly known. Electrons may also be emitted

from detachment of negative ions, or electrons on the dielectric surface, left

over by previous discharges. In this work, we have considered that no charges

are deposited on the dielectric surface at the beginning of the simulation.

Finally, electrons can be emitted from the dielectric surface by photoemission. In this

work, we have assumed that the flux of electrons emitted from the surface is proportional

to the flux of photons at the surface [Potin, 2001; Georghiou et al., 2001; Hallac et al.,

2003]. In this case, to model the photoemission source term it is necessary to compute

a volume integral and to determine a photoemission coefficient. In fact, the value of

this coefficient is poorly known in air and then in many studies of dielectric barrier

discharges in air, photoemission is often neglected [e.g. Unfer and Boeuf , 2009]. In this

work, we propose to carry out simulations without photoemission and then to take it

into account with different values of the photoemission coefficient to study its influence
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on the discharge dynamics.

In Section 2, we present the studied discharge set-up and the discharge model. In Section

3.1, first we present discharge simulations in the needle-to-plane geometry without

dielectric tube. Then the discharge propagating in a dielectric capillary tube of radius

Rtube = 100µm with εr = 1 is considered. In Section 3.3, the permittivity of the tube

is varied and in Section 3.4 the inner radius of the tube is varied. Finally in Section 3.5

the influence of photoemission processes on the discharge are discussed.

2. Model formulation

2.1. Studied configuration

point:r=0.025 mm

d=1 mm

dielectric

r=0.1 mm

Figure 1. Sideview and topview schematics of discharge set-up for a capillary tube
with an inner radius of 100µm.

The discharge set-up is shown on Figure 1. A metallic point anode on a metallic

plane holder is set at 5 mm from a metallic cathode plane. The tip of the point is a

semisphere with a radius of curvature of 25µm. The point is immersed in a 1 cm long

dielectric capillary tube. The inner radius of the tube varies between Rtube = 100 and

700µm and the thickness of the tube is 1 mm. In the experiments at LPGP, the length

of the tube and then the interelectrode gap may vary from 5 up to 15 mm, and as a

first step in this work, we have only considered an interelectrode gap of 5 mm. In the

experiments, the applied voltage is a single positive high voltage square pulse of 6 to

18 kV applied at the tip. In this work, as a first step, we have considered that the

voltage is constant and applied at the beginning of the discharge simulation and, we

have studied voltages in the range 6 – 9 kV. It is important to note that no gas

heating was observed in the experiments.

2.2. Discharge model

A classical fluid model based on the drift-diffusion equations for electrons and ions

coupled with the Poisson’s equation [e.g. Kulikovsky , 1997] is used to simulate the



Simulation of the discharge propagation in a capillary tube ... 6

discharge propagation. To take into account the different dielectric permittivities in

air and in the dielectric tube, we use Poisson’s equation with variable coefficients [Unfer

and Boeuf , 2009]:

∂ne

∂t
−∇·(ne µe E)−∇ · (De∇ne) = Sph + S+

e − S−e , (1)

∂np

∂t
+∇·(np µp E) = Sph + S+

p − S−p , (2)

∂nn

∂t
−∇·(nn µn E) = S+

n − S−n , (3)

∇·(ε∇V ) = −qe(np − nn − ne) + σδs , (4)

where subscripts “e”, “p” and “n” refer to electrons, positive and negative ions,

respectively, ni is the number density of species i, V is the potential, E = −∇V is

the electric field, µi is the absolute value of the mobility of species i and De is the

diffusion coefficient of electrons. On timescales of interest for studies presented in this

paper, diffusion of ions is neglected. qe is the absolute value of electron charge, ε = εrε0,

εr and ε0 are the permittivity of the studied medium, the relative permittivity and

the permittivity of free space, respectively, and σδs represents the contribution of the

charges deposited by the discharge on the dielectric surface. The S+ and S− terms

stand for the rates of production and loss of charged particles. In the present study the

S+
e and S+

p production rates have meaning of the ionization rate due to the electron

impact ionization of air molecules, which is denoted as Si in the following. The Si rate

is defined in a standard fashion as Si=neνi where νi = αµe|E| is the ionization frequency

and α is the Townsend ionization coefficient. The Sph term is the rate of electron-ion

pair production due to photoionization in a gas volume.

Transport parameters and reaction rates of the model are assumed to be functions

of the local reduced electric field E/N , where E is the electric field magnitude and

N = 2.45× 1025 m−3 is the air neutral density, and are taken from [Morrow and Lowke,

1997]. For the photoionization source term, the three-group SP3 model is used [Bourdon

et al., 2007] with boundary conditions given in [Liu et al., 2007].

In this paper, axisymmetric discharges are studied and thus cylindrical coordinates

(x, r) are used with the x−axis as axis of the discharge. We have used a 1 × 2 cm2

computational domain. The grid is Cartesian, with a mesh size of 1µm at the electrode

tip on the axis. In the axial direction, the mesh size is expanded towards the cathode

following a geometric progression until it reaches 5µm and then is kept constant. In

the radial direction, when there is no dielectric tube, the mesh is expanded from 1 to

5µm and is kept fixed until r = 1 mm. Beyond this region, the grid expands following

a geometric progression. When there is a dielectric tube, the mesh is refined in the

radial direction from 1µm at the axis to 0.5µm close to the dielectric surface and then

expanded following a geometric expansion. As an example, the final rectilinear grid for

the whole computational domain for the condition of Figure 1 with a capillary tube of

Rtube = 100µm is a grid with nx × nr = 1512× 300 cells. The tip of the anode point is
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located at x = 0.5 cm and the grounded cathode is located at x = 0.

Poisson’s equation is discretized using a finite volume approach over the whole

computational domain. At the metallic electrode-air interfaces, the ghost-fluid method

is used [Célestin et al., 2009]. In the radial direction for both the symmetry axis and

the border of the computational domain, homogeneous Neumann boundary conditions

(∇V · n = 0, n being the normal vector of the surface boundary) are used. Finally,

the resulting linear system is solved using the direct solver MUMPS [Amestoy et al.,

2001]. To reduce the memory requirements of the direct solver, it is important to take

advantage of the fact that the obtained matrix is symmetric positive definite.

The charged species transport equations are solved using the improved Scharfetter-

Gummel algorithm [Kulikovsky , 1995] with linear field approximation (ISG-1). The

continuity equations are solved in the whole computational domain when no dielectric

tube is considered and otherwise only inside the dielectric tube. It is important to note

that the accuracy of the ISG-1 scheme depends on the value of a parameter εISG which

has to be less than 1. Indeed, when coefficient εISG changes from 0 to 1, the scheme

transforms from a vary accurate but dispersive one to a less accurate, diffusive, but

monotonic Scharfetter – Gummel algorithm. In [Kulikovsky , 1995], Kulikovky states

that the parameter εISG has to be chosen experimentally and based on his experience he

recommends to use values in the range 0.01−0.04. In this work, we have used a standard

value of εISG = 0.01 for all simulations except for the results presented in Sections 3.3

and 3.5 where a higher value of εISG = 0.1 has been used. The influence of the value

of εISG on the results is discussed in Section 3.5. However, it is important to mention

in this section that the increase of the value of εISG from 0.01 to 0.1 has a very small

influence on the results presented in Sections 3.3 and 3.5, but allows to remove small

oscillations that we have observed with lower values of εISG.

To calculate the photoionization source term with the three-group SP3 model, we have

also used the MUMPS direct solver [Amestoy et al., 2001]. It has been verified by

practical tests that very accurate results for the photoionization production rate can

be obtained even if the photoionization is calculated once during every five steps of the

execution of the streamer model. This approach is justified due to the very small time

step used in the streamer modeling. For other source terms in continuity equations,

time integration is based on a 4th order Runge-Kutta method.

In this work, we have taken into account simplified boundary conditions for continuity

equations at anode and cathode surfaces. On the cathode plane, the homogeneous

Neumann conditions are applied for all charged particle fluxes. At the point anode, the

positive ion fluxes are fixed equal to zero while the negative species fluxes are estimated

using the homogeneous Neumann conditions. At the dielectric surface, negative ion

fluxes are fixed equal to zero and electron flux from the dielectric surface is assumed to be

due to secondary emission by ion bombardment and photoemission. For the secondary

emission of electrons due to ion bombardment, we have tested different values of the

secondary emission coefficient in the range 0.001− 0.1 and no visible differences on the

discharge propagation velocity or maximum electric field have been observed. For all
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results presented in this work, we have used a value of 0.1. The use of this high value

is also a way to take into account roughly other secondary emission processes

as secondary emission of electrons by impact of metastable molecules and

field emission. For photoemission, the flux of electrons emitted from the surface is

assumed to be proportional to the flux of photons at the surface [Potin, 2001; Georghiou

et al., 2001; Hallac et al., 2003] :

jphotoem · n = γphotoem ϕ · n , (5)

where n is the unit vector perpendicular to the dielectric surface, γphotoem is a coefficient

and ϕ(r) is the photon flux at the dielectric surface in direction r. As the diameter of

the tube is small, we have assumed that the radiation emitted by the discharge which

produces photoemission is not absorbed by the gas, then the photon flux at the dielectric

surface at point of observation r due to source points emitting photons at r ′ is

ϕ(r) =
∫∫∫

V ′

I(r ′) (r− r ′)

4π|r− r ′|3
dV ′ , (6)

In this model, to simplify calculations, the production of photons I is assumed to be

equal to the ionization production rate Si [Odrobina and Cernak , 1991; Georghiou

et al., 2001; Brandeburg et al., 2009] and then the only coefficient to be determined

to model the photoemission source term is γphotoem in Eq. (5). In fact, this coefficient

is poorly known in air and then in many studies of dielectric barrier discharges in air,

photoemission is often neglected [e.g. Unfer and Boeuf , 2009]. In this work, for the

results presented in Section 3.2 to 3.4, photoemission is not included. In Section 3.5,

we take into account photoemission processes with different values of γphotoem to study

the influence of photoemission on the discharge dynamics. We have considered three

values for γphotoem = 5 × 10−4 , 5 × 10−3 and 1 × 10−1. The value 5 × 10−3 is used for

photoemission in pure N2 [Brandeburg et al., 2009] and also in air [Georghiou et al.,

2001] and we have used a value which is ten times less and an upper limit. For our

studied configuration, we have to calculate with Eq. (6) the component of the flux of

photons normal to the dielectric surface. In the cylindrical coordinate system (x, r, θ),

this flux at a point (x, r = Rtube) on the dielectric surface is given by:

ϕr(x, r = Rtube) =
∫ L

0
dx ′

∫ Rtube

0
r ′dr ′I(r ′, x ′)Mph(x, r ′, x ′) (7)

and the function Mph is defined as

Mph(x, r ′, x ′) = 2
∫ π

0

[Rtube − r ′ cos(θ ′)] dθ ′

4 π [(x ′ − x)2 + r ′2 +R2
tube − 2Rtube r ′ cos(θ ′)]

3
2

(8)

The computation of the volume integral of Eqs. (7) and (8) is very time consuming and

then to reduce computation time, first, we have precalculated the geometrical factor

Mph. Second, we have used a coarser mesh to calculate the photoemission source term

as in [Hallac et al., 2003]. This coarser mesh is created in joining 2× 2 blocks of cells in

regions where the mesh is uniform. We have checked that the use of the coarser mesh

has no influence on the accuracy of the calculated photoemission fluxes for the results
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presented in this paper.

Finally, to define the time step of the simulation, we use the same approach as in

[Bourdon et al., 2007]. In all the simulations presented in this work, to initiate the

discharge, a low initial uniform density of seed charges (104 cm−3) is considered in the

interelectrode gap. We have varied this initial density by one order of magnitude and

we have checked that this low value has no influence on the discharge propagation as

the electrons produced by photoionization in the volume and secondary processes and

photoemission at the dielectric surface rapidly exceed the initial electron density.

3. Results

3.1. Reference simulation in the needle-to-plane geometry without dielectric tube

In this section, we first present discharge simulations in the needle-to-plane configuration

described in Figure 1 without dielectric tube. Figure 2 shows the time sequence of

the distributions of the electron density and absolute values of the electric field for

an applied voltage of 9 kV. During the first 3 ns the discharge is initiated in the high

Laplacian field close to the sharp point and expands in x and r directions until it reaches

approximately a radius of 1 mm. This sphere-shaped region close to the point has been

Figure 2. Propagation of the discharge in needle-to-plane geometry without capillary
tube for an applied voltage of 9 kV. Cross-sectional views of the electron density and
the magnitude of the electric field at t = 3, 7, and 11 ns. Last figure of each line shows
the discharge front in proportional scale at t = 11 ns.

observed experimentally [e.g. Tardiveau et al., 2009] and numerically [e.g. Kulikovsky ,

1998; Eichwald et al., 2008; Célestin et al., 2009] in different studies in point-to-plane

geometry. After this first expansion phase, the discharge starts propagating on the axis.

Between t = 7 ns and t = 11 ns, the streamer head propagates with almost constant
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velocity and a maximum electric field of E = 110 kV/cm and a maximum electron

density of ne = 3.5× 1013 cm−3. It is interesting to note that the discharge radius is of

about 600µm, which is about the radius of the largest capillary tube we have studied in

this work. Then, the propagation of the discharge in tubes with radii less than 600µm

is expected to change significantly the discharge dynamics. As the discharge approaches

the cathode plane, its velocity slightly increases as will be shown in Figure 8 and finally,

the positive streamer reaches the cathode at t = 13.8 ns. It is important to note that the

discharge propagation in this configuration is axial and stable. As part of preparatory

work for the studies presented in this paper, we have carried out simulations with slightly

different point geometries with the same radius of curvature at the tip, with and without

the plane holder to test the influence of the geometry of the point on the results. In

most simulations in point-to-plane configurations with interelectrode gaps of about 1

cm, point electrodes are often assumed to be hyperboles [Kulikovsky , 1998], paraboles

[Djermoune et al., 1995] or have a rather complex shape (e.g. a cylinder ending in a

cone shape with a curved tip [Eichwald et al., 2008]). All these geometries guarantee a

small axial Laplacian electric field (of about a few kV/cm i.e. close to the stability field

of 5 kV/cm at atmospheric pressure) far from the point. For simulations in non-uniform

electric fields in long gaps as in [Babaeva and Naidis , 1996], a sphere electrode is used

with an additional uniform electric field of a few kV/cm. In our studied configuration,

the point electrode is a cylinder ended with a semisphere, and then, without the plane

holder the Laplacian electric field on the axis decreases rapidly to zero. With the plane

holder, a small axial Laplacian electric field is guaranteed far from the point on the axis

and ensures a stable propagation of the discharge.

3.2. Propagation of the discharge in a dielectric tube with Rtube = 100µm and

permittivity εr = 1

In this section, we present simulations of the discharge propagation in a capillary tube

with an inner radius of 100µm, the smallest radius we have considered in this work. To

study first the influence of the radial geometrical constraint on the discharge dynamics,

we use in this section, a permittivity of the tube of εr = 1. The influence of the value of

εr will be discussed in Section 3.3. Figure 3 shows the time sequence of the distributions

of the electron density and absolute values of the electric field for an applied voltage of

9 kV. The initiation phase of the discharge lasts less than 1 ns and then the discharge

propagates in the tube with a rather planar discharge front. The proportional figures

show that the electron density is uniform on the discharge front with maximum value

of ne = 5.5 × 1014 cm−3. The maximum of electric field (E = 300 kV/cm) is located

out of the axis close to the tube and the maximum of electric field on the axis is

E = 220 kV/cm. Between t = 1 ns and 5 ns, the discharge front propagates with almost

constant velocity. As the discharge approaches the cathode plane, its velocity slightly

increases as will be shown in Figure 8 and finally, the discharge reaches the cathode

at t = 5.7 ns. In comparison to the case without the dielectric tube, we note that the



Simulation of the discharge propagation in a capillary tube ... 11

Figure 3. Propagation of the discharge in a capillary tube with Rtube = 100µm and
permittivity εr = 1 for an applied voltage of 9 kV. Cross-sectional views of the electron
density and the magnitude of the electric field at t = 1, 3, and 5 ns. Last figure of
each line shows the discharge front in proportional scale at t = 5 ns.

initiation and the propagation phases are much faster with the capillary tube. The

maximum electron density and electric field are both higher with the tube than without

(16 and 3 times respectively). It is interesting to note on Figure 3 that the discharge is

filling the whole tube during its propagation and is rather homogeneous. This is very

interesting for applications, and then, we have also carried out simulations at another

voltage of 6 kV to study the influence of the voltage on the discharge structure. Figure 4

shows the time sequence of the distributions of the electron density and absolute values

of the electric field for 6 kV. The discharge structure is similar to the one obtained for a

higher voltage with a planar front and a discharge filling the tube during its propagation

with an almost constant velocity. However, in comparison to the case at 9 kV, for 6 kV,

the initiation and propagation of the discharge are much slower and the discharge reaches

the cathode in 13.3 ns. For 6 kV, we note that the discharge is slightly less homogeneous

than for 9 kV with a maximum value of electric field off axis of E = 230 kV/cm and

a maximum of electric field on the axis of E = 170 kV/cm. The maximum electron

density is also off axis and is ne = 3.7 × 1014 cm−3 and the maximum electron density

on the axis is 2.9 times less. We note that the maximal values of electron density and

electric field decrease with the decrease of the applied voltage.

However, these results show that in the range of 6 to 9 kV, the discharge propagating

in a capillary tube with an inner radius of Rtube = 100µm and permittivity εr = 1 fills

the tube during its propagation and is rather homogeneous behind the discharge front.
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Figure 4. Propagation of the discharge in a capillary tube with Rtube = 100µm and
permittivity εr = 1 for an applied voltage of 6 kV. Cross-sectional views of the electron
density and the magnitude of the electric field at t = 1, 6, and 11 ns. Last figure of
each line shows the discharge front in proportional scale at t = 11 ns.

3.3. Propagation of the discharge in a dielectric tube with Rtube = 100µm and

permittivity εr > 1

In this section, we study the influence of the permittivity of the dielectric tube on the

discharge structure and dynamics. As a reference, we consider the case of Figure 4

with εr = 1 and an applied voltage of 6 kV. As mentioned in the introduction, we have

carried out simulations for three values of εr = 2, 5 and 10 to represent different types

of materials. As already discussed in Section 2.2, in this section we have used a value of

εISG = 0.1 in the ISG-1 scheme, to remove small oscillations observed for permittivities

εr ≥ 5. However it was verified that this increase of εISG has a very small influence on

the results obtained, as will be shown in Section 3.5. Figure 5 shows the time sequence

of the distributions of the electron density and absolute values of the electric field for

εr = 5 (corresponding to glass) and an applied voltage of 6 kV. In comparison to Figure

4, we note that the discharge obtained with εr = 5 is much less homogeneous and has

a tubular structure. The maximum electron density is off axis (ne = 5.7 × 1014 cm−3)

and is about one order of magnitude higher than the electron density on the axis. The

maximum electric field is off axis and is E = 340 kV/cm, while the maximum electric

field on the axis is E = 135 kV/cm. Figure 6 shows the axial velocity of the discharge

as a function of time for the different values of permittivity of the tube studied in this

work. In our simulations, the axial velocity of the discharge is calculated based on the

axial movement of the location of the maximum total electric field in the discharge.

In the first initiation phase of the discharge, for all cases, the discharge expands in

radial and axial directions. For Figure 6, we have only represented the velocity during
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Figure 5. Propagation of the discharge in a capillary tube with Rtube = 100µm and
permittivity εr = 5 for an applied voltage 6 kV. Cross-sectional views of the electron
density and the magnitude of the electric field at t = 1, 8, and 15 ns. Last figure of
each line shows the discharge front in proportional scale at t = 15 ns.

Figure 6. Axial velocity of the discharge front as a function of time for dielectric
permittivity constants εr = 1, 2, 5 and 10, a tube with a inner radius of Rtube = 100µm
and an applied voltage of 6 kV.
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the axial propagation phase towards the cathode and then all curves start after a time

corresponding to the initiation phase of the discharge. We note that the value of εr has

a small influence on the duration of the initiation phase of the discharge which slightly

increases as εr increases. For all values of εr, the velocity remains constant during

propagation and increases when the discharge approaches the grounded electrode. This

corresponds to an electrostatic increase of the total electric field and thus an increase

of the region with positive gain of electrons due to the proximity of grounded electrode.

Figure 6 shows that the highest velocity is obtained for εr = 1 and is approximately

equal to 3.5 × 107 cm/s. In this case the discharge reaches the cathode at t = 13.3 ns.

We note that the velocity decreases nonlinearly with the increase of εr. For εr = 10, the

velocity is about 1.8× 107 cm/s and then the discharge reaches the cathode at t = 22.9

ns. It is interesting to note that an increase of εr by a factor 10 corresponds to a decrease

of the velocity of the discharge by about a factor of 2. For all the values of εr, Table 1

tf
ne,max

ne(r=0)
ne,max Emax Emax(r = 0)

εr [ns] [cm−3] [kV/cm] [kV/cm]

1 13.3 2.9 3.7× 1014 230 170

2 13.7 5.5 5.0× 1014 290 160

5 17.0 11.9 5.7× 1014 340 135

10 22.9 16.2 5.0× 1014 390 115

Table 1. Discharge characteristics for different values of permittivity εr, a tube with
Rtube = 100µm and an applied voltage of 6 kV. tf is the time for the discharge to
reach the grounded cathode plane. All other quantities are taken at x = 2.5 mm, in
the middle of the interelectrode gap. ne,max is the maximum electron density and
ne(r = 0) is the electron density on the axis. Emax is the maximum total electric field
and Emax(r = 0) is the maximum electric field on the axis.

shows the time necessary for the discharge to reach the cathode, the maximum electron

density and maximum electric field, the ratio of the maximum electron density over the

electron density on the axis and the maximum electric field on the axis. All electron

density and electric field values of Table 1 are taken at x = 2.5 mm, in the middle of the

interelectrode gap. As εr increases, we note that the time necessary for the discharge to

reach the cathode increases as are increasing the maximum electron density and electric

field. Conversely on the axis, the maximum electric field and electron density decrease

as εr increases. Then these results seem to indicate that a more homogeneous discharge

front propagates faster than a less homogeneous one. When the discharge front is more

homogeneous lower values of maximum electric field and electron density are obtained.

It is interesting to note that in the simulations carried out by Georghiou et al. [2005] in

air in a configuration which looks close to ours, these authors found that the velocity

of the discharge increases as εr increases, which seems to be in disagreement with our

results. However, as already mentioned in the introduction, in the work of Georghiou

et al. [2005], the discharge is initiated by the needle outside of the tube and there is
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an interaction of the discharge with the curved edges of the tube before the discharge

propagates in the tube. Then, it is difficult to compare our results on the influence of

εr with those obtained by Georghiou et al. [2005] since the discharge structure is more

complex in the case studied by Georghiou et al. [2005] than in our case.

3.4. Propagation of the discharge in a dielectric tube with a radius Rtube ≥ 100µm and

permittivity εr = 1

In this section, we study the influence of the radius of the dielectric tube on the discharge

structure and dynamics. As a reference, we consider the case of Figure 3 with a dielectric

tube of radius Rtube = 100µm, permittivity εr = 1 and an applied voltage of 9 kV. We

have carried out simulations for three other inner radii of the tube: Rtube = 300, 600 and

700µm. Figure 7 shows the time sequence of the distributions of the electron density

Figure 7. Propagation of the discharge in a capillary tube with Rtube = 300µm and
permittivity εr = 1 for an applied voltage of 9 kV. Cross-sectional views of the electron
density and the magnitude of the electric field at t = 0.5, 1, 2 and 3 ns. All plots are
in proportional scale.

and absolute values of the electric field for a tube of radius Rtube = 300µm. In the first

0.5 ns, the discharge is initiated and expands in x and r directions. At t = 0.5 ns, we

clearly see that the presence of the tube limits the radial expansion of the discharge.

At time t = 1 ns, a local maximum of electric field appears close to the tube surface,

and the discharge starts propagating axially. At t = 3 ns, the obtained discharge has

a very pronounced tubular structure. The maximum electron density is off axis and is

2.2×1014 cm−3 which is about two orders of magnitude higher than the electron density

on the axis. The maximum electric field is out of axis and is E = 180 kV/cm, while

the maximum electric field on the axis is E = 80 kV/cm. It is important to mention

that in this work, we simulate axisymmetric discharges and then the significant radial
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inhomogeneities of the discharge on Figure 7 may correspond to a 3D discharge structure.

However, first experimental results with a glass tube of various radii seem to confirm the

tubular structure of the discharge [LeDelliou et al., 2010]. The detailed comparison with

experiment will be presented in a separate dedicated paper. Figure 8 shows the axial

Figure 8. Axial velocity of the discharge front as a function of time without dielectric
tube and for tubes of inner radius Rtube = 100, 300 and 600µm, εr = 1 and an applied
voltage of 9 kV.

velocity of the discharge as a function of time for the case without dielectric (Figure

2) and for three radii of the tube: Rtube = 100, 300 and 600µm. The results obtained

for Rtube = 700µm are very close to those obtained for the case without dielectric tube

and are not shown here for sake of clarity. We note that the highest velocity of the

discharge is obtained for Rtube = 100µm and the velocity decreases as the radius of

the tube increases to converge towards the velocity of the discharge without a dielectric

tube. With a dielectric tube of Rtube = 100µm, the mean axial velocity is between

2 − 4 times larger than the velocity without dielectric tube. It is interesting to note

that for Rtube = 100µm, the velocity is constant during the whole propagation phase

and increases only at the end when the discharge is close to the cathode. For larger

radii, we note that the velocity of the discharge slightly increases during all its axial

propagation. Finally, as already mentioned in Figure 6, the time of start of the different

curves on Figure 8 gives an information on the duration of the first expansion phase of

the discharge and the transition to the axial propagation. In Figure 8, this time also

shows the interaction of the discharge with the tube. As expected for smaller radii, the

start of the axial propagation is earlier than for larger radii. For all the values of the

tube radius, Table 2 shows the time necessary for the discharge to reach the cathode,

the maximum electron density and maximum electric field, the ratio of the maximum

electron density over the electron density on the axis and the maximum electric field
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tf
ne,max

ne(r=0)
ne,max Emax Emax(r = 0)

Rtube [ns] [cm−3] [kV/cm] [kV/cm]

100µm 5.7 2.8 5.5× 1014 300 220

300µm 8.4 100 2.2× 1014 180 80

600µm 14.2 1000 1.6× 1014 140 50

700µm 13.6 1 3.2× 1013 110 110

w/o tube 13.8 1 3.5× 1013 110 110

Table 2. Discharge characteristics for different radii Rtube of the tube, εr = 1 and an
applied voltage of 9 kV. tf is the time for the discharge to reach the grounded cathode
plane. All other quantities are taken at x = 2.5 mm, in the middle of the interelectrode
gap. ne,max is the maximum electron density and ne(r = 0) is the electron density on
the axis. Emax is the maximum total electric field and Emax(r = 0) is the maximum
electric field on the axis.

on the axis. As the radius of the tube increases from Rtube = 100µm to 600µm, we

note that the time necessary for the discharge to reach the cathode increases whereas the

maximum electron density and electric field decrease. For higher values of the radius, the

influence of the tube becomes negligible and the discharge has the same characteristics

as the one calculated without tube. As already mentioned in Section 3.2, it is interesting

to note that for Rtube = 100µm, the maximum electron density and electric field are

respectively 16 and 3 times higher than those obtained without tube. Table 2 also

shows that the ratio of the maximum electron density to the electron density on the

axis strongly depends on the tube radius. We note that the discharge propagates on

the axis for Rtube ≥ 700µm and fills the tube homogeneously during its propagation

for a small radius of Rtube = 100µm. For intermediate values of radius, the discharge

has a very pronounced tubular structure. As already observed in Table 1, the results

of Table 2 also show that in capillary tubes, a discharge with a more homogeneous

discharge front propagates faster than a less homogeneous one.

Finally, based on the results obtained in this section and the preceding ones for applied

voltages of 6 and 9 kV, we propose to compare the influence of the radius of the tube

and of the value of εr on the discharge structure and dynamics. First, it is important to

mention that in experiments it is difficult to study separately the effects of geometry and

εr. In our simulations, we have used εr = 1 as a reference case to study only the influence

of the geometrical constraint of the tube on the discharge. In previous sections, for 6 kV

and a constant tube radius of 100µm, we have shown that an increase of εr by a factor

10 leads to a decrease of the discharge velocity by almost a factor 2. Then, for 9kV and

εr = 1, we have shown that an increase of the tube radius by a factor 6 corresponds to

a decrease of the discharge velocity by a factor 4 in the beginning of propagation to a

factor 1.3 at the end. Based on these results, it seems that the geometrical constraint

of the cylindrical tube on the discharge has slightly more influence on the discharge

structure and dynamics than the value of εr.
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3.5. Influence of photoemission

For all the results presented in previous sections, the only secondary process at the

dielectric surface is secondary emission due to ion bombardment. This secondary process

requires to have a sufficient density of ions close to the surface. As already mentioned

in Section 2.2, we have tested different values of the secondary emission coefficient in

the range 0.001 − 0.1 and no visible differences on the discharge propagation velocity

or maximum electric field have been observed. In our simulations, we have verified that

secondary emission is important close to the surface behind the discharge front. In

Figure 9. Propagation of the discharge in a capillary tube with Rtube = 100µm and
permittivity εr = 1 for an applied voltage 9 kV. Photoemission source term is included
with coefficient γphotoem = 5.0 × 10−4. Cross-sectional views of the electron density
and the magnitude of the electric field at t = 1, 3, and 5 ns. Last figure of each line
shows the discharge front in proportional scale at t = 5 ns.

this section, we have included the photoemission source term, which has a very different

dynamics compared to secondary emission by ion bombardement. Indeed, photoemission

produces very rapidly (as it is due to radiation) secondary electrons at the surface ahead

of the discharge front. As mentioned in Section 2.2, we have considered three values

for the photoemission coefficient γphotoem = 5× 10−4 , 5× 10−3 , 1× 10−1. Furthermore,

to discuss about the influence of the value of εISG in Kulikovsky scheme, in this section

we have used a value of εISG = 0.1 to compare with results obtained in sections 3.1, 3.2

and 3.4 where a value of εISG = 0.01 was used. Figure 9 shows the time sequence of the

distributions of the electron density and absolute values of the electric field for a tube of

radius Rtube = 100µm, εr = 1, an applied voltage of 9 kV and a photoemission coefficient

of γphotoem = 5 × 10−4 . On the proportional figure of electron density at t = 5 ns, the

increase of electron density close to the tube in front of the discharge is clearly seen. In

comparison to the case without photoemission (Figure 3), we note that the discharge is
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slightly less homogeneous when photoemission is included. Table 3 shows for an applied

tf
ne,max

ne(r=0)
ne,max Emax Emax(r = 0)

γphotoem [ns] [cm−3] [kV/cm] [kV/cm]

0 5.7 2.5 5.6 · 1014 310 220

5× 10−4 5.7 6.6 7.4 · 1014 315 185

5× 10−3 5.5 90 8.0 · 1014 285 130

1× 10−1 6.3 1000 4.1 · 1014 200 90

Table 3. Discharge characteristics for different values of the photoemission coefficient
γphotoem, for a tube of radius 100µm, εr = 1 and applied voltage of 9 kV. tf is the time
for the discharge to reach the grounded cathode plane. All other quantities are taken
at x = 2.5 mm, in the middle of the interelectrode gap. ne,max is the maximum electron
density and ne(r = 0) is the electron density on the axis. Emax is the maximum total
electric field and Emax(r = 0) is the maximum electric field on the axis.

voltage of 9 kV, the influence of the value of photoemission coefficient on discharge

characteristics. We note that photoemission has a negligible influence on the time tf
for the discharge to reach the cathode and maximum electric field for γphotoem = 0 to

5×10−3. For a very high value of γphotoem = 1×10−1, tf slightly increases and maximum

electric field slightly decreases. However, the discharge structure is significantly affected

by the value of γphotoem. Indeed, the ratio of the maximum electron density over the

electron density on the axis increases significantly with increasing γphotoem. This clearly

shows that with a higher γphotoem, more seed electrons are produced close to the surface

and then the discharge propagates more easily at the surface than in the volume and

becomes non homogeneous. For γphotoem = 5× 10−4 to 5× 10−3, it is interesting to note

that the different discharge structure has no influence on the velocity of the discharge.

Only for a very high value γphotoem = 1× 10−1, we have a decrease of the velocity of the

discharge due to its significant inhomogeneity, as already observed in previous sections.

Finally, we propose to study the influence of εISG, by comparing for the case 9 kV,

Rtube = 100µm, εr = 1 and γphotoem = 0, the results obtained in Table 2 (εISG = 0.01)

and Table 3 (εISG = 0.1). We note that the change of value of εISG has a negligible

influence on the time for the discharge to reach the cathode, and only a very small

influence on electron density and electric field.

4. Conclusions

In this work, we present simulations of the structure and dynamics of a discharge in

air at atmospheric pressure initiated by a needle set in a dielectric capillary tube. A

constant voltage has been assumed for all simulations and we have studied the 6 – 9 kV

range. As a reference, we have first studied the discharge in the needle-to-plane con-

figuration without dielectric tube. In this case after a first axial and radial expansion

phase around the needle tip, the discharge propagates axially with a rather constant
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velocity. The discharge radius is about 600µm, which is about the radius of the largest

capillary tube we have studied in this work. Then we have studied the influence of the

radius of the tube and the value of the permittivity εr of the dielectric on the discharge.

In experiments, it is difficult to study separately the effects of geometry and εr. In our

simulations, we have used εr = 1 as a reference case to study only the influence of the

cylindrical constraint of the tube on the discharge. For a tube radius of 100µm, we

have shown that after the initiation phase the discharge propagates in the tube with a

rather planar discharge front. The discharge fills the tube during its propagation and

is rather homogeneous behind the discharge front. In comparison to the case without

dielectric tube, we note that the initiation and propagation phases are much faster with

a capillary tube. The maximum electron density and electric field are both higher with

the tube than without and then, the reactivity of the discharge is expected to be higher

with the tube than without. The homogeneous and chemically active discharge obtained

for a tube radius of 100µm is particularly interesting for different types of applications

as for example for the treatment of polluted air flows with plasma-catalyst coupling.

Then we have studied the influence of εr on the discharge for a constant tube radius of

100µm. We have shown that an increase of εr by a factor 10 leads to a decrease of the

discharge velocity by about a factor of 2.

Then we have studied for εr = 1, the influence of the tube radius on the discharge. We

have shown that an increase of the tube radius by a factor 6 corresponds to a decrease

of the discharge velocity by a factor 4 in the beginning of propagation to a factor 1.3

at the end. It is interesting to note that the increase of εr and of the tube radius both

decrease the discharge velocity. However, based on our results, it seems that the geo-

metrical constraint of the cylindrical tube on the discharge has slightly more influence

on the discharge structure than the value of εr.

For a tube radius of 100µm, we have shown that as εr increases, the discharge structure

becomes tubular with an increase of maximum electric field and electron density values

close to the tube surface and a decrease of the electric field and electron density on the

axis. As discharge velocity decreases as εr increases, our results show that a discharge

with a more homogeneous front propagates faster in the tube than a less homogeneous

one.

For εr = 1 when the tube radius is varied, we have shown that for a small tube ra-

dius of Rtube = 100µm, the discharge fills the tube during its propagation and that for

Rtube ≥ 700µm, the tube has no influence on the discharge structure. For intermediate

values of tube radius, the discharge has a very pronounced tubular structure. We note

that the radius of the tube has an influence on the maximum electric field. Indeed, dur-

ing the first expansion phase the total electric field around the sphere-shaped plasma is

decreasing. The discharge starts to propagate when the expansion phase is restricted by

the tube and maximum of electric field moves close to the tube surface. A smaller radius

corresponds to a shorter expansion phase and then a higher maximum total electric field

when the discharge starts to propagate axially.

Then, as expected, we have shown that photoemission increases the number of sec-
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ondary electrons close to the dielectric surface and then promotes the propagation of

the discharge on the surface. As the photoemission coefficient in air is poorly known,

we have considered a wide range of values from 5×10−4 to 1×10−1. We note that when

the photoemission coefficient increases, the tubular structure of the discharge becomes

more pronounced. However, the time to reach the cathode remains constant for a wide

range of values of the photoemission coefficient and decreases only for very high values

of the photoemission coefficient.

It is important to note that, in this work, we simulate axisymmetric discharges and then

significant radial inhomogeneities of the discharge obtained for example for εr = 1 and

300 ≤ Rtube ≤ 600µm may correspond to a 3D discharge structure. However, first ex-

perimental results for glass tubes of various radii seem to confirm the tubular structure

of the discharge [LeDelliou et al., 2010]. In this work, we have assumed that the applied

voltage is constant and that no surface charges are deposited on the dielectric tube by

previous discharges that occurred before the simulated one. To compare with experi-

mental results, it would be important to take into account the real shape of the pulse

voltage and to study the influence of surface charges deposited on the dielectric surface

on the discharge structure and dynamics. The detailed comparison with experimental

results will be presented in a dedicated paper.
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