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Abstract. This paper presents simulations of the dynamics of surface charging by an air plasma discharge

at atmospheric pressure initiated by a needle anode inside a capillary glass tube. During the discharge

propagation in the tube, the highest positive surface charge density is observed close to the point electrode.

We have shown that during the discharge propagation, the positive surface charge is increasing behind the

discharge front, while the electric field at the surface is decreasing. Then, we have studied the influence

of the tube radius, its permittivity and the applied pulsed voltage on surface charges. We have shown

that the surface charge density during the discharge propagation is inversely proportional to the tube

radius and surface charge densities of 30 − 50 nC/cm2 for a tube with Rtube = 100µm and an applied

voltage of 12 kV/cm have been obtained. We have also noted that a higher permittivity results in a higher

surface charge density and a faster surface charge deposition. Then we have shown that the surface charge

deposited is proportional to the applied voltage. Finally, at the end of the voltage pulse, our simulations

indicate that the positive surface charge deposited during the discharge propagation in the tube decreases

to very low values in few nanoseconds.

1 Introduction

In recent years, there has been an increasing interest for

processes using atmospheric pressure electrical discharges

inside random or organized two-phase media such as porous

solids, monoliths or foams for various applications as flue

gas treatment and chemical synthesis [1–3]. Atmospheric

pressure plasmas are also routinely used to functionalize

surfaces of polymers with surface roughness ranging from

hundreds of nanometers to tens of micrometres [4].

In dielectric barrier discharges, surface charges deposited

on dielectrics may have a significant influence on the dis-

charge propagation as in surface dielectric barrier dis-

charges studied for flow actuators [5–7]. In the work of



2 Jaroslav Jánský, Anne Bourdon: Surface charge deposition inside a capillary glass tube

Soloviev [6] the profile of surface charge density for a pos-

itive discharge has been calculated. A maximum value of

the order of 20 nC/cm
2
has been obtained which appeared

to be in good agreement with experiments [8]. Recently,

the influence of surface charges on the breakdown of sur-

face discharges has been shown in Allegraud et al. [9].

Using dust pattern techniques, Murooka et al. [10] have

shown that charge distribution on dielectric surface can

be stable for several minutes at least. For a sinusoidal

applied voltage, the important role of surface charges de-

posited during previous voltage periods on the uniformity

of the discharge obtained in a plane-plane dielectric bar-

rier discharge configuration was pointed out by Massines

et al.[11,12]. In Opaits et al. [13], the influence of the con-

stant bias voltage on the value of the deposited surface

charge by successive voltage pulses of a surface dielectric

barrier discharge has been shown.

In this work, we propose to study the influence of sur-

face charges on discharges propagating in spatially con-

fined geometries such as microcavities and pores of porous

media, monoliths or foams. As a first step to a better un-

derstanding of atmospheric pressure discharge phenomena

in porous materials, we propose to study an air plasma dis-

charge at atmospheric pressure in a capillary glass tube.

Recently, we have studied the influence of a radial geo-

metrical constraint on the discharge dynamics in air at

atmospheric pressure for an constant applied voltage in

the range 6 − 9 kV for a dielectric tube of permittivity

εr in the range 1− 10 and tube inner radius in the range

100 − 600µm [14]. The objective of this work is to study

the discharge dynamics in conditions closer to experiments

carried out in LPGP, Orsay [15] in considering an higher

applied voltage in the range 12 – 15 kV with a pulsed

voltage. In [14], we have studied mainly the influence of

the tube radius and permittivity on the discharge struc-

ture and its propagation velocity. In this work, we propose

to focus on the interaction of the discharge with the sur-

face of the capillary tube surface and the influence of the

charging of the tube on the discharge propagation.

In section 2 we present the studied set-up and the dis-

charge model. In section 3.1 we present discharge simula-

tions and current calculations for capillary glass tube of

radii Rtube = 100 and 250µm. In section 3.2, the profile

of surface charge density as a function of the inner tube

radius, the tube permittivity and the applied voltage is

discussed. Finally, in section 3.3 the time evolution of sur-

face charge during the different phases of voltage pulse is

studied.

2 Model description

The studied configuration is identical to that described in

[14] and is only briefly summarized here. A metallic point

anode on a metallic plane holder is set at 0.5 cm from a

metallic cathode plane. The tip of the point is a semi-

sphere with a radius of curvature of 25µm. The point is

immersed in a 1 cm long and 0.1 cm thick capillary glass

tube. The relative permittivity of the glass tube is as-

sumed to be εr = 5. In this work, the inner radius varies

between Rtube = 100 and 250µm. In the experiments,

the applied voltage is a single positive high voltage square
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pulse of 6 – 18 kV applied at the tip. In [14], constant

voltages applied at the beginning of the discharge simula-

tion have been studied for voltages in the range 6 – 9 kV.

In this work, we have considered higher voltages in the

range 12 – 15 kV. To be closer to experiments, we have

modelled the voltage pulse shape using a linear combina-

tion of two sigmoid functions (i.e. a smooth function with

steep rise or decrease and plateau), and then the applied

voltage Uapp is given by:

Uapp(t) = Ubc + Umax

( 1

1 + exp(−λ(t− tshift))

+
1

1 + exp(λ(t− tshift − tplateau − trise))

)

, (1)

where Ubc = 100V is a small constant applied voltage,

Umax is the maximum of the sigmoidal function (e.g. 11.9 kV

for a 12 kV applied voltage), tshift = 2ns, λ = 8/trise where

trise = 2ns is the rise and decrease time of the voltage and

tplateau = 5ns is the duration of the voltage plateau.

As in [14], a classical fluid model based on the drift-diffusion

equations for electrons and ions coupled with Poisson’s

equation is used to simulate the 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 :

∂ne

∂t
−∇·(ne µe E)−∇ · (De∇ne) = Sph+S+

e −S−

e , (2)

∂np

∂t
+∇·(np µp E) = Sph + S+

p − S−

p , (3)

∂nn

∂t
−∇·(nn µn E) = S+

n − S−

n , (4)

∇·(ε∇V ) = −qe(np − nn − ne)− σδs , (5)

where subscripts “e”, “p” and “n” refer to electrons, posi-

tive and negative ions, respectively, ni is the number den-

sity 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 pa-

per, diffusion of ions is neglected. The S+ and S− terms

stand for the rates of production and loss of charged par-

ticles. The Sph term is the rate of electron-ion pair pro-

duction due to photoionization in a gas volume. Transport

parameters and reaction rates are taken from [16]. For the

photoionization source term, the three-group SP3 model

is used [17] with boundary conditions given in [18]. In Eq.

(5), qe is the absolute value of electron charge, ε = εrε0

is the permittivity with ε0 the vacuum permittivity and

εr the relative permittivity (εr = 1 in the air discharge

in the tube and in air around the tube and εr = 5 in-

side the dielectric tube). σδs represents the contribution

of the charges deposited by the discharge on the dielec-

tric surface. These charges are obtained by time integrat-

ing charged particle fluxes to the surface. In this work,

boundary conditions are the same as in [14]. At the di-

electric surface, we have considered secondary emission of

electrons by ion bombardment (with a secondary emission

coefficient of 0.1). The use of this high value is a way to

take into account roughly other secondary emission pro-

cesses as photoemission, secondary emission of electrons

by impact of metastable molecules and field emission.

In this paper, axisymmetric discharges are studied and

thus cylindrical coordinates (x, r) are used with the x−axis

as axis of the discharge. The tip of the anode point is lo-

cated at x = 0.5 cm and the grounded cathode is located
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at x = 0. We have used a 1 × 2.5 cm2 computational do-

main. The grid is Cartesian, with a mesh size of 0.5µm

at the electrode tip. This small mesh is needed to en-

sure the numerical stability during the voltage decrease.

In the axial direction, the mesh size is expanded towards

the cathode (for x ≤ 0.48 cm) following a geometric pro-

gression until it reaches 5µm and then is kept constant.

Towards the plane holder (for x ≥ 0.51 cm) the mesh size

is expanded following a geometric progression. In the ra-

dial direction, the mesh size is 0.5µm from the symmetry

axis up to r = 110µm and then expanded following a geo-

metric expansion. As an example, the final rectilinear grid

for the whole computational domain for the condition of

Fig. 1 with a capillary tube of Rtube = 100µm is a grid

with nx × nr = 1626× 380 cells.

The charged species transport equations are solved using

the improved Scharfetter-Gummel algorithm [19] with lin-

ear field approximation (ISG-1). A detailed discussion on

the influence of the value of ǫISG, the parameter of this

numerical scheme, is given in [14]. In this work, we have

used the same value of ǫISG = 0.1 as in [14] for tubes

with εr = 5. Poisson’s equation is discretized using a fi-

nite volume approach over the whole computational do-

main. At the metallic electrode-air interfaces, the ghost-

fluid method is used [20]. One-sided 2nd order derivatives

are used for discretizing the electric field on the tube inter-

face. In this case, it is important to note that the result-

ing matrix is no more symmetric positive definite. The

resulting linear system is solved using the direct solver

MUMPS [21].

In this paper, we have calculated the discharge current

flowing in the external circuit. Two methods have been

used. First, the current can be derived from the integra-

tion of the total current flux over a surface parallel to the

plane cathode:

I =

∫

S

J · dS , (6)

where S is a surface described by equation {x = Const}

and the total current flux J is given by:

J = j + ε
∂E

∂t
, (7)

where j is the conduction current. As the total current

is conserved, if we consider the current calculated using

Eq. (6) through two different surfaces located at x1 and

x2, the difference between the two currents is equal to

the current flux at the radial boundary r = Rmax of the

computational domain. In this work, we have used a Neu-

mann boundary condition for the electric field at the radial

boundary r = Rmax which ensures that the capacitive cur-

rent at the boundary is equal to zero. We have also checked

that the currents calculated with Eq. (6) for two surfaces

{x = 0.2 cm} and {x = 0.4 cm} are equal with a relative

error of the order of 10−6.

Second, the current can be derived from the energy bal-

ance equation (equation 14 in [22]):

I =
1

Uapp

∫

V

J ·E dV , (8)

where V is the volume of the computational domain. For

a discharge between metallic electrodes without dielectric

surfaces, the general expression (Eq. 8) can be simplified

to obtain the well known Sato’s equation for time depen-

dent applied voltages (equation 24 in [22]). In Sato’s equa-
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tion, the Laplacian electric field and its time derivative

are used. For a discharge between metallic electrodes, the

Laplacian field is proportional to applied voltage and then

it can be calculated only once at the beginning of the sim-

ulation and used to easily calculate the current at any

time.

For dielectric barrier discharges, it is possible to simplify

Eq. (8) for the studied geometry as was done in [23] for

a plane-plane dielectric barrier discharge and to express

the current as a function of the Laplacian electric field

(taking into account surface charges) and its time deriva-

tive. However, it is important to note that even for this

simple geometry, the obtained expression is much more

complex than the Sato’s equation. Furthermore, with sur-

face charge deposition during the discharge propagation,

the spatial distribution of the Laplacian field varies in time

and has to be recalculated at each time step.

As in discharge simulations we compute directly the total

electric field at each time step, for discharges with pres-

ence of dielectrics as the one studied in this work, it is

then more convenient to use directly Eqs. (6) and (8) to

compute the discharge current. For both equations, the

time derivative of the total electric field has to be calcu-

lated accurately to determine the total current flux in Eq.

(7). In this work, we have noted that the use of an itera-

tive solver (as the NAG routine used in [20]) for Poisson’s

equation does not allow to have an accurate calculation of

the capacitive current unless a very high accuracy is de-

manded (the error on the electric field calculation has to

be much less than the change of electric field during one

time step). Conversely, for a direct solver as the MUMPS

[21] solver used in this work, the accuracy of the solution is

determined from the roundoff error of computer and from

the type of variables. The use of double precision gives

a relative error on the electric field calculation of the or-

der of 10−14, which allows an accurate calculation of the

current.

3 Results

3.1 Discharge propagation in glass tubes with

Rtube = 100 and 250µm

In this section we present simulation results of the dis-

charge propagation in capillary glass tubes in air at at-

mospheric pressure for two values of the tube inner radius

Rtube = 100 and 250µm for an applied voltage Uapp =

12 kV. Fig. 1 shows the distributions of electron density,

electric field during the discharge propagation at t = 4.0

and 5.5 ns for a tube with an inner radius of Rtube =

100µm. Axial profiles on the tube surface of the surface

charge density, and the total electric field at the tube inter-

face are also shown. We have checked that the propagation

of the discharge in the tube is stable and then as shown

on Fig. 1, the discharge front structure is the same for

both time moments. These results are consistent with the

results obtained for lower applied voltages in [14]. In the

vicinity of the discharge front, a high electric field and a

low electron density are obtained in the sheath layer close

to the tube. This sheath region disappears about 0.1 cm

behind the discharge front when positive ions have suffi-
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Fig. 1. Cross-sectional views of the electron density and the

magnitude of the electric field during discharge propagation in

a glass tube with Rtube = 100µm for an applied voltage Uapp =

12 kV at t = 4 and 5.5 ns. For both times, the axial profiles on

the tube surface of σ, the surface charge density, and Etube the

total electric field at the tube interface are shown. Last figure

of each line shows the discharge front in proportional scale at

t = 5.5 ns.

ciently charged the surface to shield the electric field. This

is clearly shown on the axial profiles of the surface charge

and the total electric field at the tube interface in Fig. 1.

Indeed, behind the discharge front during its propagation,

the surface charge is increasing while the electric field at

the surface is decreasing.

To study more in detail the interaction of the discharge

with the capillary tube, Fig. 2 shows for the conditions of

Fig. 1, the radial profiles of electron and positive ion den-

sities and of the electric field at x = 0.4 cm and t = 4 and

5.5 ns. As shown on Fig. 1, at t = 4ns, the discharge front

has already passed the considered section x = 0.4 cm and

the sheath is formed. Fig. 2 shows that the electron and
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Fig. 2. Radial profiles of electron and positive ion densities

and of the total electric field at x = 0.4 cm for the conditions

of Fig. 1.

positive ion densities are very close for r ≤ 90µm, which

corresponds to a low electric field. The electron density de-

creases steeply at r = 90µm and is very low close to the

tube surface. Conversely, the density of positive ions is

much higher than the electron density close to the surface

for r ≥ 90µm and then the electric field increases rapidly

to reach a high value of 400 kV/cm at the tube surface.

The electric field is directed towards the dielectric sur-

face and then electrons are emitted from the tube surface

by secondary emission due to positive ions. Furthermore

positive ions charge the tube surface to shield the electric

field. Then, only 1.5 ns later, at t = 5.5 ns, Fig. 2 shows

that the electron density close to the tube surface is much

higher than the one observed at t = 4.0 ns and is close to

the positive ion density for r ≤ Rtube. Then, the electric

field is shielded and is almost zero for r ≤ Rtube.

Figure 3 shows the discharge current flowing in the exter-

nal circuit as a function of time for the discharge condi-

tions of Fig. 1. First, we have checked that the two meth-
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Fig. 3. Time evolution of the applied voltage and total current for the conditions of Fig. 1.

ods to calculate the current (Eqs. (6) and (8)) give the

same result with a relative error of order 10−2. From a

computational point of view, the calculation of the cur-

rent using Eq. (6) on a given surface is faster than the

calculation of the volume integral of Eq. (8). Then, in the

following we have used Eq. (6) to calculate the discharge

current. On Fig. 3, the first current peak at t = 2ns cor-

responds to the capacitive current due to the voltage rise.

The current resulting from the expansion phase of the dis-

charge is much smaller in amplitude and is hidden in this

first peak of capacitive current. The right part of the fig-

ure shows a zoom of the time interval 6.5 to 7.5 ns. The

current peak observed at t = 7.3 ns corresponds to the

impact of the discharge on the grounded plane electrode.

In the following sections, we have used this current peak

to determine the time of impact of the discharge on the

grounded plane electrode for all the simulated discharge

conditions. On Fig. 3, it is important to note that due to

the decrease of the applied voltage, the total current is al-

ready decreasing at t = 7.3 ns, when the discharge impacts

the grounded electrode. At t = 9ns, a second negative ca-

Fig. 4. Cross-sectional views of the electron density and the

magnitude of the electric field during discharge propagation

in a glass tube with Rtube = 250µm for an applied voltage

Uapp = 12 kV at t = 5.5 ns. Last figure of each line shows

the discharge front in proportional scale. The axial profiles on

the tube surface of σ, the surface charge, and Etube the total

electric field at the tube interface are also shown.

pacitive peak is observed due to the voltage decrease. Af-

ter the voltage decrease, a small constant voltage of 100V

is applied (Eq. (1)) and the discharge current is equal to

3mA.

Figure 4 shows the distributions of electron density, elec-
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tric field during the discharge propagation at time t =

5.5 ns for a tube with an inner radius of Rtube = 250µm

for the same applied voltage as in Fig. 1. Axial profiles on

the tube surface of the surface charge density, and the to-

tal electric field at the tube interface are also shown. For

an applied voltage of 12 kV, we note that the discharge

is more tubular for Rtube = 250µm than for Rtube =

100µm, in agreement with results obtained at lower volt-

ages [14]. It is also interesting to point out that the peak

value of the electric field in the discharge front and in the

sheath region are smaller for Rtube = 250µm than for

Rtube = 100µm. Conversely, the sheath thickness at the

vicinity of the discharge front is almost the same. As a

consequence, the shielding process behind the discharge

front is slower for the case of Rtube = 250µm and then

the decrease of the electric field at the tube interface for

Rtube = 250µm is smaller than the one observed on Fig.

1 for Rtube = 100µm.

3.2 Parametric study of the deposited surface charge

on the dielectric surface during the discharge

propagation

In this section, we study the influence of the radius of the

tube, its relative permittivity and of the applied voltage,

on the deposited surface charges on the dielectric surface.

First, the axial profiles of surface charges on Figs. 1 and 4

show that the surface charge density is higher for smaller

radius. To compare more in detail the results for both

radii, we have calculated the linear charge density τ which
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of the dielectric glass tube of radius Rtube = 100 and 250µm at

t = 7.2 ns (i.e. just before the discharge impact on the cathode

plane for both radii). The applied voltage is Uapp = 12 kV.

is the total charge per unit length in the axial direction:

τ = σ 2π r . (9)

Figure 5 shows the axial profile of the linear charge den-

sity for Rtube = 100 and 250µm at t = 7.2 ns (i.e. just

before the discharge impact on the cathode plane for both

radii). In both cases, the maximum of the surface charge is

located close to the point electrode at x = 0.5 cm and the

surface charge decreases for x < 0.5 cm and x > 0.5 cm.

On Fig. 5, we note that the radius of the tube has a weak

influence of the linear charge density deposited on the tube

during the discharge propagation. We note also that the

slope of the linear charge density on the grounded elec-

trode side (e.g. at x = 0.2 cm) is steeper for a smaller

radius, corresponding to a faster shielding process as was

discussed in the previous section. Figure 6 shows the in-

fluence of the permittivity of the tube on the axial pro-

file of surface charge density just before the discharge

impact on the cathode plane for a capillary tube with
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Uapp = 12 kV just before the discharge impact on the grounded

plane (i.e. at t = 7.2 ns for εr = 5 and t = 5.8 ns for εr = 1).

Rtube = 100µm. We compare results obtained for εr = 1

and 5. As already observed at lower voltages in [14], the

discharge is faster for smaller values of the tube permittiv-

ity. Then on Fig. 6, we compare the surface charge den-

sity at t = 5.8 ns for εr = 1 and t = 7.2 ns for εr = 5.

For permittivity εr = 1, the surface charge density is sig-

nificantly smaller than for εr = 5. A higher permittivity

corresponds to an enhanced radial electric field at the tube

interface and then in the sheath. Consequently, the charge

deposited at the tube surface has to be higher to shield it.

It is interesting to note that the shielding time for εr = 1

is longer than for εr = 5. For our simulations at εr = 1,

we have observed that for all points of the tube surface,

the electric field at the tube surface is not shielded during

the discharge propagation and even at the arrival of the

discharge at the grounded electrode.

Then we have studied the influence of the applied voltage

on the axial profile of the surface charge density just before
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Uapp = 12 and 15 kV just before the discharge impact on the

grounded plane (i.e. t = 7.2 ns for 12 kV and t = 5.6 ns for

15 kV).

the discharge impact on the cathode plane for a capillary

glass tube with Rtube = 100µm. Figure 7 shows the axial

profile of σ/Uapp (the surface charge density divided by

the applied voltage) for two values of applied voltages 12

and 15 kV. As already observed at lower voltages in [14],

the propagation velocity of the discharge increases as the

voltage increases. Then on Fig. 7, we compare the values

of σ/Uapp at t = 5.6 ns for Uapp = 15 kV and at t = 7.2 ns

for 12 kV. We note that both curves are almost identi-

cal and then the surface charge density deposited during

the discharge propagation increases as the applied voltage

increases. In fact, the voltage and surface charge density

needed to shield the electric field at the tube interface

are linearly dependent on the electric field. Then if the

applied voltage is increased by a given factor then the

surface charge density is multiplied by the same factor.
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3.3 Study of the time evolution of the deposited

surface charge on the dielectric surface

In this section, we study the time evolution of the de-

posited surface charge as a function of time during the

whole duration of the voltage pulse at two different posi-

tions on the dielectric tube surface: x = 0.5 cm (located

at the point electrode) and x = 0.4 cm. We consider the

same conditions as Fig. 1, with a glass tube of radius

Rtube = 100µm and an applied voltage Uapp = 12 kV.

For the two studied positions, Fig. 8 shows the time evo-

lutions of the surface charge density, the applied voltage

and the radial electric field at the tube interface. When

the discharge passes the position x = 0.4 cm at t = 3ns,

an increase of the radial electric field is observed and the

charging of the tube starts. The surface charge increases

up to 35 nC.cm−2 at t = 6ns which corresponds to the

time when the electric field is shielded at the tube surface.

Then the electric field becomes slightly negative which al-

lows the electrons to impact the tube and then the sur-

face charge slowly decreases. The mobility of electrons for

low electric field (few kV/cm) is three orders of magni-

tude higher than the mobility of positive ions, then the

electrons can efficiently charge the dielectric surface. At

t = 7.3 ns (Fig. 3), the discharge impacts the grounded

electrode, and we note that this has a negligible influ-

ence on the radial electric field at the tube surface at

x = 0.4 cm. As the applied voltage decreases, an increase

of the negative radial electric field is observed and con-

sequently the surface charge density decreases rapidly in

a few nanoseconds. Finally, we note that surface charge

density and electric field decrease to zero at the end of

the voltage pulse. At the position x = 0.5 cm (at the point

electrode), Fig. 8 shows that the time evolutions of sur-

face charge density and radial electric field are more com-

plex. After the initial radial expansion of the discharge

around the point, the discharge interacts with the tube at

x = 0.5 cm and start to charge it with positive charges at

t = 2.5 ns. A peak value of the surface charge of about

50 nC.cm−2 is observed at t = 4ns. Then a rapid shield-

ing occurs with even a small negative electric field which

results in a small decrease of the surface charge. After the

impact of the discharge on the cathode (t = 7.3 ns), the re-

distribution of the electric field close to the point electrode

results in a positive radial electric field with an increase

of the surface charge density. When the applied voltage

starts to decrease, the electric field changes of polarity to

negative values at t = 8.5 ns and consequently the surface

charge density decreases. The dynamics of this process is

very fast and we note that even the surface charge density

turns to negative values at t = 10ns. After the voltage

pulse, a small constant voltage of 100V is applied (Eq.

(1)), and we note that the radial electric field becomes

positive due to the negatively charged surface. This field

attracts positive ions which start to neutralize the surface

charge but due to the low mobility of ions this process

takes a longer time than the simulation time considered

in this work (20ns). On Fig. 8, it is interesting to note

that the surface charge density after the voltage pulse is

very small. However, it is important to note that a signif-

icant amount of volume charges are in the air in the tube
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(about 1014 cm−3 electrons and positive ions). Then on

much longer timescales than those simulated in this work,

these volume charges will recombine and diffuse towards

the electrodes and the surface of the dielectric tube. The

simulation of the post-discharge on long timescales will be

presented in a dedicated paper. Finally, it is interesting

to note that the values of positive surface charges in the

range 30−50 nC.cm−2 obtained during the propagation of

the discharge in the tube are of the same order as surface

charges calculated in positive planar surface discharges in

air at atmospheric pressure [6].

4 Conclusion

In this work, we present simulations of the surface charge

deposition inside a capillary glass tube during an air dis-

charge propagation at atmospheric pressure. The discharge

is initiated by a needle set in the capillary tube. A volt-

age pulse with 2 ns rise time and 5 ns plateau with an

applied voltage in the range 12 – 15 kV has been con-

sidered. First, the dynamics of the discharge propagation

and the surface charge deposition for a glass tube of in-

ner radius Rtube = 100µm is studied. In the vicinity of

the discharge front, a high electric field and a low electron

density are observed in the sheath layer close to the tube

surface. Behind the discharge front, the surface charge is

increasing while the electric field at the surface is decreas-

ing. The study of the time evolutions of radial profiles of

electron and positive ion densities and electric field at a

given point of the tube surface, shows the dynamics of

the interaction of the discharge with the glass tube. Just

behind the discharge front, the density of positive ions

near the tube surface is much higher than the electron

density and then a high electric field is obtained close to

the surface. Then as this electric field is directed towards

the dielectric surface, electrons are emitted from the tube

surface by secondary emission due to positive ions. Fur-

thermore, positive ions charge the tube surface to shield

the electric field. Then, rapidly (in about 1.5 ns), the elec-

tric field becomes very low at the considered position and

the electron density near the tube interface becomes close

to the positive ion density.

For this configuration, the discharge current flowing in the

external circuit has been calculated. Two significant ca-

pacitive current peaks corresponding to the increase and

decrease of the applied voltage have been obtained and

a small current peak corresponding to the discharge im-

pact on the grounded electrode has been observed. In this

work, we have used this current peak to determine the

time of impact of the discharge on the grounded plane

electrode for all the simulated discharge conditions. We

have tested two methods for the current calculation and

we have checked that both methods give the same results.

To calculate the discharge current in a discharge with pres-

ence of dielectric material as the one studied in this work,

we have checked that more accurate results are obtained

using direct solver instead of iterative solver for Poisson’s

equation.

Then we have studied the discharge propagation in a glass

tube with inner radius Rtube = 250µm. In this case, the

discharge is more tubular than for Rtube = 100µm, in
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Fig. 8. Time evolutions of surface charge density, applied voltage and radial electric field at the tube surface at x = 0.4 cm

and x = 0.5 cm (point electrode) for the conditions of Fig. 1. The electric field range is chosen to show mainly the changes of

polarity. The vertical arrow corresponds to the impact of the discharge on the grounded electrode at t = 7.3 ns (Fig. 3).

agreement with results obtained at lower voltages [14]. It

is also interesting to point out that the peak value of the

electric field in the discharge front and in the sheath region

are smaller for Rtube = 250µm than for Rtube = 100µm.

Conversely, the sheath thickness at the vicinity of the dis-

charge front is almost the same. As a consequence, the

shielding process behind the discharge front is slower for

the case of Rtube = 250µm and then the decrease of the

electric field at the tube interface for Rtube = 250µm is

smaller than the one observed for Rtube = 100µm. To

compare the surface charges for both radii, we have cal-

culated the axial profile of the linear charge density just

before the discharge impact on the cathode plane. For

both radii, the maximum of the surface charge is located

close to the point electrode at x = 0.5 cm and the surface

charge decreases for x < 0.5 cm and x > 0.5 cm. Further-

more, we have shown that the radius of the tube has a

weak influence of the linear charge density deposited on

the tube during the discharge propagation. Then we have

studied the influence of the permittivity of the tube on

the surface charge density deposited during the discharge

propagation. We have shown that a higher permittivity

results in a higher surface charge density and a faster sur-

face charge deposition. Then we have studied the influence

of the applied voltage on the surface charge density de-

posited during the discharge propagation. We have shown

that the surface charge deposited is proportional to the

applied voltage. Finally, we have studied the time evolu-

tion of the surface charge during the whole voltage pulse at

two different locations of the tube surface. We have shown

that the discharge is very efficient to charge the tube sur-

face during its propagation (surface charges densities up to

values of 30− 50 nC/cm2 for a tube with Rtube = 100µm

and an applied voltage of 12 kV/cm have been obtained).

It is interesting to note that the values of positive surface

charges obtained during the propagation of the discharge

in a capillary glass tube are of the same order as surface

charges obtained in positive planar surface discharges in
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air at atmospheric pressure. Our results show that the im-

pact of the discharge on the grounded electrode has a small

influence of the surface charge. Conversely, due to the volt-

age decrease at the end of the voltage pulse, the positive

surface charge deposited during the discharge propaga-

tion in the tube decreases rapidly (in a few nanoseconds)

to very low values. Indeed during the voltage decrease, we

have shown that the electric field changes of polarity to

negative values and consequently electrons may impact on

the surface and efficiently neutralize the positive surface

charge. Then after the end of the voltage pulse, we have

shown that the surface charge on the surface of the tube is

very small. However, it is important to note that a signif-

icant amount of volume charges are in air inside the tube.

Then on much longer timescales than those simulated in

this work (20 ns) these volume charges will recombine and

diffuse towards the electrodes and the surface of the di-

electric tube. The resulting surface and volume charges

could have an impact on the next discharge if a repeti-

tively pulsed discharge is used. The simulation of the post-

discharge on much longer timescales (up to a few seconds)

will be presented in a dedicated paper.
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