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Abstract
Numerical simulations and experiments are performed to better understand the interaction
between a pulsed helium plasma jet and a dielectric target. The focus of this work lies on the
volume and surface charge influence on the electric field distribution. Experimentally, the
electric field due to surface charges is measured inside an electro-optic target under exposure of a
plasma jet, using the optical technique called Mueller polarimetry. For the first time, the time-
resolved spatial distributions of both the axial and radial components of electric field inside the
target are obtained simultaneously. A 2D fluid model is used in a complementary way to the
experiments in order to study separately the contribution of volume charges and surface charges
to the spatio-temporal evolutions of the electric field during the plasma–surface interaction. The
experimental investigation shows that the average axial and radial components of electric field
inside the dielectric target, only due to surface charges, are lower than generally reported for
electric field values in the plasma plume. Thanks to the phenomenological comparison with
experiments, simulations show that during the plasma–surface interaction two effects
sequentially determine the electric field inside the target: firstly, a relatively high electric field is
observed due to the proximity of the ionization front; afterwards, in longer timescales, lower
electric fields are induced due to the contribution of both leftover volume charges close to the
target and surface charges deposited on its surface. The experimental technique provides a
unique way to examine this second phase of the plasma–surface interaction.

Keywords: plasma target interaction, plasma dielectric interaction, plasma jet, electric field,
surface charges, Mueller polarimetry, electro-optic crystals

1. Introduction

The investigation of interactions between non-thermal plas-
mas at atmospheric pressure and surfaces is of great interest
due to an increasing number of applications for these
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discharges. These applications include biomedical treatment
(Fridman et al 2008, Kong et al 2009, Fridman and Fried-
man 2013, Tanaka and Hori 2017, Weltmann and von
Woedtke 2017), surface functionalization (Noeske et al 2004,
Cheng et al 2006, Fanelli and Fracassi 2017), catalytical
interaction (Guaitella et al 2006, Neyts 2016), microbial
sterilization (Seo et al 2010, Ehlbeck et al 2011), actuators for
flow control (Orlov et al 2008, Unfer and Boeuf 2009) and
nitrification of liquids and treatment for agriculture (Lindsay
et al 2014). Most of the targets in these applications have a
dielectric character. The plasmas used for these applications
are often generated using a plasma jet, plane-to-plane di-
electric barrier discharge (DBD) or surface DBD. Although
homogeneous plasmas have been generated at atmospheric
pressure with DBDs, most discharges generated and applied
to surfaces for the given examples are filamentary and
transient.

The variety of applications results directly from the
complexity of the plasma–surface interactions (Laroussi and
Leipold 2004, Neyts 2016). Firstly, radical species are pro-
duced in gas phase and transported to the surface
(Graves 2012, Tian and Kushner 2014, Lindsay et al 2015).
Additionally, materials are heated by the plasma interaction
and UV radiation is provided by the discharge (Weltmann
et al 2009). Finally, electric fields are generated inside the
target and charge is deposited on its surface (Stollenwerk
et al 2007, Sobota et al 2013).

In the past, several studies have taken place on fila-
mentary discharges interacting with dielectric materials. In
Allen and Mikropoulos (1999), Sobota et al (2009), Goldberg
et al (2015) the interaction of streamer discharges with di-
electric surfaces parallel to discharge propagation has been
investigated experimentally and it has been shown that dis-
charges propagate over the surface rather than through the
gas. When dielectrics are placed as perpendicular targets
instead, the discharge always propagates first through the gas
before the interaction starts with the dielectric. Sakiyama et al
(2008) have numerically investigated a helium plasma needle
interacting with different surfaces and their results suggest
that the plasma structure strongly depends on the electrical
properties of the treated surface. Likewise, in Guaitella and
Sobota (2015) it has been shown experimentally that the
electrical characteristics of a dielectric target strongly modify
the interaction with a plasma jet and the influence of the local
enhancement of electric field. In Celestin et al (2009), fila-
mentary air discharges impacting on a dielectric surface have
been studied both experimentally and numerically and the
role of volume and surface charges on the discharge structure
has been discussed. Then, in Pechereau et al (2012),
Pechereau and Bourdon (2014), a discharge in air in point-to-
plane configuration has been numerically investigated and the
influence of the capacitance of the dielectric layer on the
velocity of the discharge propagation on the surface has been
studied. Moreover, the radial spreading of the discharge over
the dielectric surface has been described in detail for both
polarities of applied voltage. Considering the particular case
of helium plasma jets, Norberg et al (2015) have studied
numerically the impact on dielectric and metal surfaces with a

voltage pulse of negative polarity. The approach of the
ionization waves has been described, followed by the
spreading on the target surface in the case of dielectric targets
of different permittivities. Furthermore, the resulting electric
field distribution inside the target has been reported. Other
studies have described numerically the propagation of a
helium jet and its interaction with a dielectric target, such as
Breden and Raja (2014), Wang et al (2016), Ning et al
(2018). Concerning plasma–surface interaction, these works
have mostly investigated the influence of several physical
parameters on the global discharge dynamics and on the
fluxes of reactive species to the surface.

Other experimental studies have focused on the exam-
ination of surface charges on dielectric surfaces exposed to
discharge impact. Surface charges can be investigated with
Mueller polarimetry using electro-optic crystals, since their
refractive index changes linearly with the induced electric
field. The measured change in refractive index can be used to
visualize the electric field to which the crystals are exposed to.
As the electric field values are solely due to charge deposition
on the surface, an estimation of the surface charge densities
can be made when a homogeneous field approximation is
applicable or a homogeneously charged disk is considered
(Slikboer et al 2017). The visualization of electric field or
surface charge density using electro-optic targets has been
applied by Kawasaki et al (1991), Zhu et al (1995) to study
the propagation of streamers on dielectrics. It has also been
used with plasma jets by Sobota et al (2013), Wild et al
(2014) and DBDs by Stollenwerk et al (2007), Bogaczyk et al
(2012), Tschiersch et al (2014). The conventional invest-
igation of the electro-optic crystals allows for the detection of
the electric field perpendicular to the surface, following the
Pockels effect that relates the refractive index of the crystal to
the induced electric field. Recent developments show the
possibility to simultaneously measure and decouple all elec-
tric field components (axial and radial) inside the material.
This is done by examining the crystals not at normal inci-
dence but at a 45° angle, see Slikboer et al (2018b). Addi-
tionally, temperature profiles are detectable due to changes in
the refractive index following the photo-elastic effect caused
by the internal stress induced by temperature gradients, see
Slikboer et al (2018a). The simultaneous detection of the
axial and radial components of the electric field is an
important tool to investigate the dynamics of the discharge
propagation on the surface. Still, the cause of the surface
charging itself is not well understood. Visualization of the
electric field does not give information about the charged
species that are deposited, nor about volume charge densities
in the vicinity of the surface. Additionally, processes that
cause charge removal at the surface are merely hypothesized.
Lastly, it is unknown how the measured field, which is
averaged throughout the thickness of the crystals, relates to
the surface electric field value and the field in the plasma
plume. This is important because filamentary and transient
discharges are applied, and as such the homogeneous field
approximation is probably not applicable.

To better understand the total dynamics of the plasma–
surface interaction, both surface charges and volume charges
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in proximity of the target have to be known. Volume charges
and electric field influence each other, induce surface charges
and determine the discharge dynamics to a great extent.
However, the measurement of volume charges in these fila-
mentary transient discharges is difficult. In Bourdon et al
(2016), Viegas et al (2018), it has been shown the interest to
use plasma jet experiments and simulations in a com-
plementary way to derive electric field values in locations
where it is difficult to carry out experiments. In this work, the
influence of volume and surface charges is investigated
numerically, following the electric field associated to each
type of charge. The calculation of separate contributions to
the potential and electric field distributions is an approach that
has been used in other works, such as Kulikovsky (1997),
Celestin et al (2009), Pechereau and Bourdon (2014). This
electric field characterization is not only focused on surface
and volume charge contributions, but also on the spatial and
temporal distributions of the axial and radial components of
electric field in the plasma plume and inside the target. This
study is complemented by the experimental measurement of
both axial and radial time-resolved electric field patterns
inside an electro-optic target under exposure of a plasma jet
using Mueller polarimetry.

Both the numerical and experimental studies investigate
the plasma–surface interaction by using a pulsed atmospheric
pressure plasma jet propagating towards a dielectric target at
10 mm distance from the end of the tube. The focus lies on the
interaction of the plasma plume with the dielectric target, and
not on the propagation inside the tube. In section 2, we pre-
sent the experimental setup assessed in this paper, show basic
imaging of the plasma plume and plasma–surface interaction
and describe the method for electric field measurement inside
the target. Then, in section 3, we describe the 2D fluid model
used in this work. The electrode configuration, pulse duration
and dielectric target permittivity are not exactly the same in
simulations and experiments, and then this work is not a
quantitative comparison between experiments and simula-
tions. We have performed with the model a study of the
impact of different geometries, flows, target permittivities and
electron emission conditions and we have verified that the
discharge propagation in the plasma plume and the impact on
the surface of the target are not always centered on the axis of
symmetry. Likewise, not all the conditions allow to describe
the radial spreading of the discharge on the target. Thus, we
have chosen the conditions where a centered discharge front
impacts a dielectric surface and spreads on it, keeping the
same timescales of discharge propagation as in the experi-
ments. Then, in this work, we carry out a phenomenological
study with both experiments and simulations to better
understand the role of the averaging over the dielectric
thickness in the experiments and the importance of the elec-
tric field induced by surface charges in comparison to the total
electric field in the dielectric target. In section 4.1, the electric
field measurements inside the target during the 1 μs pulse of
applied voltage and some hundreds ns after the pulse are
evaluated. Then, in section 4.2 we discuss simulation results
on the interaction between a plasma plume and a dielectric
target on the same timescale as in experiments. In particular,

the dynamics between the charges and electric fields in the
plasma plume and inside the target is assessed. Finally, in
section 5, the experimental and numerical results are used in a
complementary way to provide further detail on the influence
of the averaging over the dielectric thickness in experiments
and of volume and surface charges on the electric field
distribution.

2. Experimental investigation of plasma-target
interaction

In this work, the plasma–target interaction is examined
experimentally by monitoring the propagation of a non-ther-
mal atmospheric pressure plasma jet towards a dielectric glass
target. Additionally, an electro-optic crystal is used to
visualize the electric field inside the target under exposure of
the plasma.

The jet design used in this experiment is described more
comprehensively in Sobota et al (2013). The plasma jet
operates in coaxial configuration where 1 slm (standard liter
per minute) helium flows first through an inner stainless steel
tube into the pyrex capillary (inner diameter 2.5 mm and outer
4.0 mm) before it mixes with air. The inner tube operates as
powered electrode driven by a 1 μs pulse of 4 kV at a 5 kHz
repetition rate with a rise-time of 50 ns. The ionization wave
travels from the edge of the inner tube towards the grounded
ring, which is 5 mm downstream around the pyrex capillary.
After charging the dielectric tube between the powered and
grounded electrodes, the ionization wave travels further
downstream, creating a plasma plume appearing outside the
tube. The discharge is forced to interact with the dielectric
target perpendicular to its propagation. This is visualized by
capturing the light emission from the plasma as the ionization
wave travels towards the 0.5 mm thick glass target and
spreads over its surface, as seen in figure 1 for different time
delays td relative to the rise of the voltage pulse, using 25 ns
exposure frames.

The gap between the end of the capillary and the glass
target is 10 mm. When the front of the ionization wave
reaches the target, it starts propagating radially on the surface.
The glass target is not grounded and as such is at floating
potential. At the surface, the radial spreading corresponds
firstly to a disk of increasing diameter. At 625 ns, when the
disk already has more than 2 mm of diameter, the spreading
splits into several streamer branches, reproducible in number
for a given voltage and gas flow. This is confirmed with top-
view imaging, complementary to the side-view imaging
shown in figure 1. At the same time, light emissions start to
diminish. To evaluate the charging at the surface of the target,
Mueller polarimetry is applied to examine an electro-optic
target (Bi12SiO20) under exposure of an ionization wave
generated by the same plasma jet. The refractive index of
electro-optic crystals changes linearly with the applied elec-
tric field induced by surface charges, according to the Pockels
effect. The dielectric constant of the crystal used for this
electric field measurement is 56, and therefore higher than
that of the glass target used for the imaging (òr∼4). With
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Mueller polarimetry it is possible to obtain images of the
induced electric fields inside the target, following the mea-
surement of the Mueller matrix of the target (Slikboer
et al 2018a). Polarized light is used to characterize the optical
properties of the material captured within the Mueller matrix
in terms of diattenuation, depolarization and birefringence
(Garcia-Caurel et al 2013). The latter depends on the induced
change of refractive index, making it possible to retrieve the
electric field. The imaging Mueller polarimeter used in this
work is more comprehensively discussed in Slikboer et al
(2018a, 2018b).

As shown in figure 2, the experimental setup consists of a
polarizer state analyzer (PSA) and polarizer state generator
(PSG). Both consist of two ferro-electric liquid crystals that
can be externally operated to control their orientations. Their
phase retardance relates to that of a quarter and half wave-
plate. The orientation of their optical axis can be modified
during operation of the instrument and switched between two
well-definite positions. Since we use four liquid crystals the
sequential switching between all possible combinations
allows for the acquisition of 16 images at the iCCD capturing
the total transmission of the system.

Figure 1. Imaging of light emission showing the discharge propagation between the end of the capillary tube (on top) and the target (bottom
white layer), visualizing the impact on the target surface, at several time delays td relative to the rise of the voltage pulse.

Figure 2. The experimental setup used for the electric field measurements inside an electro-optic Bi12SiO20 crystal. The Mueller polarimeter,
figure 2(a), investigates the Mueller matrix of a sample using two liquid crystals in both the polarizer state generator (PSG) and the polarizer
state analyzer (PSA). Figures 2(b) and (c) show two different approaches used to investigate the BSO crystal at a 45° angle, impacted by the
plasma jet.
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These images form the 4×4 intensity (imaging) matrix
which can be transformed into the Mueller matrix of the
sample placed in between the PSA and the PSG. This is done
using the Mueller matrix of the PSA and PSG, which is
obtained following the eigenvalue calibration method (Com-
pain et al 1999, Macías-Romero and Török 2012). The
Mueller matrix of the sample is analyzed to retrieve the
birefringence induced by the ionization wave using the
logarithmic decomposition (Azzam 1978, Ossikovski 2011).
The total birefringence, also referred to as total retardance, is
divided in the circular component Γc, the linear component in
the 0/90 coordinate system Γ0/90 and the second linear
component in the diagonal system Γ45/135. A broader
description of the meaning of these different birefringences
can be found in literature, e.g. Garcia-Caurel et al (2013), Gil
and Ossikovski (2016).

The advantage of Mueller polarimetry is exploited since
the linear retardance is obtained along two different axis, i.e.
Γ0/90 and Γ45/135. Each depends on the electric field in a
different way. The birefringence can be examined with dif-
ferent experimental setups, e.g. a Sénarmont setup, but this
only allows for the acquisition of one of the linear retardances
instead of both. Analytically, the dependence between the
linear retardances and the external electric field is obtained in
Slikboer et al (2018b). This relation depends on the orienta-
tion of the crystal with regard to the incident light. Con-
ventionally, Bi12SiO20 crystals are examined at normal
incidence, which allows for the investigation of the axial
electric field, parallel to the light propagation, Ez. Derived in
Slikboer et al (2018b) is the different case where light pro-
pagates at a 45° angle, as shown in figure 2(b). In this case,
the two linear retardances depend on all three electric field
components as:

*p
l

G = ( )d
n r E

2 1

2
, 1o y0 90

3
41

*p
l

G = -( ) ( )d
n r E E

2 1

2
. 2o z x45 135

3
41

The given relation depends on the distance light travels
through the crystal * = =d d2 0.5 2 mm, the index of
refraction n0=2.54, the wavelength of the light λ=530 nm,
the electro-optic constant r41=4.8 pmV−1 and the indivi-
dual electric field components. In this case, the z-axis is
chosen normal to the surface of the material and as such not
parallel to the propagation of the light, but parallel to the axis
of the plasma jet. Since the retardance in the diagonal system
scales with a combination of the radial Ex and axial Ez, an
additional measurement has to be done. Γ0/90 and Γ45/135 are
measured with the plasma jet impacting on the front side of
the material, i.e. the side facing the light source. Then, an
additional measurement is done with the plasma jet on the
back side of the material, facing the iCCD camera, as shown
in figures 2 (b) and (c). Since only Ez changes sign, all the
electric field components can be separated from the measured
retardances by simple addition and subtraction. Then, by
varying the delay time of acquisition relative to the high
voltage pulse, a time resolved investigation of the electric

field components inside the target is achieved. This optical
technique gives a top view image of the surface charge
induced electric field inside the target under exposure of the
plasma jet, which is complementary to the side view imaging
shown in figure 1. Results using this procedure will be shown
in section 4 together with the numerical results of electric
field characterization of the plasma–surface interaction in
similar conditions.

3. Model description and discharge dynamics of
propagation

3.1. Model description

The model set-up is shown in figure 3. As in the experiments,
a dielectric quartz tube with relative permittivity of òr=4,
length 2.5 cm (between z=1.0 cm and z=3.5 cm), internal
radius rin=1.25 mm and outer radius rout=2.0 mm is used.
Helium flows through the tube with 1 slm flux as in exper-
imental conditions. Also, a dielectric glass target with òr=4
is placed perpendicularly to the tube at 1 cm from the end of
the tube, as in figure 1. The target is defined as a cylinder of
2 cm radius and 0.5 mm thickness, set between z=−0.5 mm
and z=0. It is at a floating potential as in experiments, and a
grounded plane is set 10 cm behind it. A ring electrode of
inner radius 0.4 mm and outer radius 1.25 mm is set inside the
tube between z=3.0 cm and z=3.5 cm and no grounded
ring is wrapped around the glass tube. This electrode is
powered by a positive pulsed voltage that rises in 50 ns to

Figure 3. Side view schematics of the discharge set-up used in the
simulations. The color plot and the white curves show the O2 spatial
distribution in the He–O2 mixture (percentage over a total of
2.45×1019 cm−3 gas density).
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4 kV, and then remains constant as in experiments. The pulse
duration is chosen to be shorter than in experiments to avoid
the streamer branching reported in section 2, that cannot be
described with an axisymmetric model. Thus, the voltage
remains constant until t=800 ns and then decreases to 0
until 850 ns. During the voltage rise and decrease, a linear
variation of the voltage has been assumed. As the electrode
geometry is slightly different from the experiments, the
velocity of propagation is a bit lower in the simulations and
consequently the time of impact on the target is higher. This
difference does not matter for the purpose of this paper of
studying the dynamics between charges and electric fields
close to the target, since the structure of the plasma–target
interaction is the same in simulations and experiments, as will
be shown in section 3.2. Finally, figure 3 also shows that the
discharge set-up is placed inside a grounded cylinder with a
radius of 10 cm. Between the dielectric target and the
grounded plane, as well as between the dielectric tube and the
grounded cylinder, the space is considered as a dielectric of
air permittivity òr=1. On the last boundary of the domain
(i.e. at z=3.5 cm), the axial gradient of electric potential is
set to zero. The calculation lasts until t=2000 ns, more than
1 μs after the end of the pulse.

The computational domain is cylindrically symmetrical
and the simulations have been carried out at atmospheric
pressure and at T=300 K. To simulate the discharge
dynamics we use as in Jánský and Bourdon (2014), Bourdon
et al (2016), Viegas et al (2018), a 2D axisymmetric fluid
model based on drift-diffusion-reaction equations for elec-
trons, positive ions and negative ions and reaction equations
for neutral species, coupled with Poisson’s equation in
cylindrical coordinates (z, r):

¶
¶

+ = ( )n

t
Sj. , 3i

ii

m = -( ∣ ∣) ( )q e n D nj E , 4i i i i ii

  r sd  = - -( ) ( )V. , 5r s0

år= - = ( )V q nE ; , 6i i

where the subscript i refers to each species and ni, qi, ji, μi and
Di are the number density, the charge, the flux, the mobility
and the diffusion coefficient of each species i, respectively. Si
is the total rate of production and destruction of species i by
kinetic processes and by photoionization. V is the potential, E
the electric field, e the electron charge, ò0 the vacuum
permittivity, òr the relative permittivity and δs the Kronecker
delta (equal to 1 on the dielectric/gas interfaces: tube and
target). It is important to point out that the numerical reso-
lution of Poisson’s equation (5) includes not only the geo-
metrical Laplacian potential distribution, defined by boundary
conditions, but also the volume charge density ρ and the
surface charge density σ contributions. At the surface of both
the tube and the target, secondary emission of electrons by ion
bombardment (γ=0.1 for all ions) is taken into account.
This relatively high value for this coefficient is a way to
roughly take into account other secondary emission processes
such as photoemission and secondary emission of electrons
by impact of metastable species. Surface charge density σ on

the surface of the dielectrics is obtained by time integrating
charged particle fluxes through electric drift to the surface.
These charges then remain immobile on the surface of the
dielectrics.

To model the experimental conditions described in
section 2, in which helium flows at 1 slm through the tube
into air, the plasma model was coupled with flow calculations.
As a first approximation, the model considers a flow of 1 slm
of helium with 10 ppm of O2 impurities flowing downstream
into an O2 environment. Both experiments and simulations
(Schmidt-Bleker et al 2015, Winter et al 2015) have shown
that the use of O2 or air as surrounding gas for a He jet present
similarities with respect to discharge dynamics in the plasma
plume. In Naidis (2011), Schmidt-Bleker et al (2015) the
important role of the electronegativity of the surrounding gas,
either O2 or air, has been highlighted. The flow calculation
solves the compressible Navier–Stokes equations with the
buoyant force term, coupled to a diffusion equation describ-
ing the mixing of the gas components He and O2 and has been
performed using the COMSOL software (COMSOL 2017).
This flow model has been described in Arjunan et al (2016),
Vorác et al (2014) and has been used previously in Sobota
et al (2016). In the current conditions, the gas flow velocity is
slightly higher than 3 μm μs−1. Therefore, the model takes a
static gas hypothesis, relevant in the microsecond time-scale
studied in this work, during which the gas flow can be con-
sidered to be frozen with no diffusion of neutral species. This
approach of coupling a static-solution gas flow with a tran-
sient plasma model has been used in other works, such as
Breden et al (2012), Naidis (2012). The spatial distribution of
O2 in the He–O2 mixture at atmospheric pressure and at
T=300 K (total gas density N=2.45×1019 cm−3)
obtained from the flow calculation is presented in figure 3.
There are also added the contour curves of 1, 2 and 5% O2 in
the He–O2 mixture, to point out the mixture region studied in
this work.

The reaction scheme proposed in Liu et al (2010) is used
to describe the kinetics of electrons, helium and oxygen
positive ions, oxygen negative ions and neutral species in the
He–O2 plasma, as in Viegas et al (2018). The scheme
includes a total of 288 reactions with 5 positive ions, 5
negative species and 11 neutral species: e, He+, He2

+, O+, +O2 ,
+O4 , O

−, -O2 ,
-O3 ,

-O4 , He, He(2
3S, 21S), He2

*, O, O(1D),
O(1S), O2, O2(a1Δg), O2(b S+

g
1 ), O2(v=1–4), O3. The elec-

tron swarm parameters and the reaction rates of electron
impact excitation and ionization reactions are functions of
both the local gas mixture and the local reduced electric field
E/N. These coefficients are taken for 13 He–O2 gas mixtures
(percentage of O2: 0.001%, 0.01%, 0.1%, 0.25%, 0.5%,
0.75%, 1%, 2.5%, 5%, 7.5%, 10%, 50%, 100%) and 210 E/N
values between 0.1 and 1000 Td from the electron Boltzmann
equation solver BOLSIG+ (Hagelaar and Pitchford 2005),
using the IST-Lisbon database of cross sections in LXCat
(Pancheshnyi et al 2012, IST 2018), and tabulated. In each
cell and at each timestep, the model finds the tabulated values
of gas mixture and E/N that are closer to the local values.
Then, each coefficient k is calculated for the local value of E/
N and the closest tabulated values of gas mixture by linear
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interpolation between the upper and lower tabulated values of
E/N and we obtain kmixdown(E/N) and kmixup(E/N). Finally,
each coefficient is linearly interpolated between these two for
the local value of gas mixture and we obtain k(mix, E/N).
Positive and negative ion mobilities are retrieved from LXCat
databases (Ellis et al 1976, Pancheshnyi et al 2012) as
function of E/N as in Viegas et al (2018). Diffusion coeffi-
cients for ions are evaluated using the Einstein relation. For
the photoionization model, we use the approach described in
Viegas et al (2018) with = ´A X10ph O2. As repetitive
voltage pulses are used in the previously described experi-
ments ( f=5 kHz), we take into account a uniform initial
preionization density ninit=109 cm−3 of electrons and +O2
positive ions. However, no initial surface charges are con-
sidered on the dielectric surfaces, which will be shown in
section 4 to be a reasonable assumption, due to the almost
zero surface charge densities measured and calculated after
the end of the pulse of applied voltage.

A finite volume approach and a cartesian mesh are used.
The mesh size is 10 μm axially between z=−0.05 cm and
z=3.5 cm and radially between r=0 and r=3.0 mm.
Then, both behind the target and for r > 3.0 mm, the mesh
size is expanded using a geometric progression until reaching
the boundaries of the computational domain at r=10 cm and
z=−10 cm. This refinement requires a mesh of
nz×nr=3600×370=1.332 million points. The average
computational time required for a simulation run to obtain the
results presented in this paper was of three days with 32 MPI
processes on a multicore cluster ‘Hopper’(32 nodes DELL
C6200 bi-pro with two 8-core processors, 64 Go of memory
and 2.6 GHz frequency per node). The numerical solvers used
in the code are the same as in Bourdon et al (2016). Further
details on the numerical schemes and other characteristics of
the simulations (boundary conditions and time-step calcul-
ation) are given in Pechereau (2013).

3.2. Simulation results of discharge dynamics of propagation

With the model described in section 3.1, the discharge ignites
close to the powered electrode at z=3.0 cm and t=50 ns
and then propagates until the end of the tube at z=1.0 cm
and t=425 ns. The discharge reaches the end of the tube
with a centered structure, having the maximum of the axial
component of electric field positioned on the axis of sym-
metry. Then, the discharge dynamics in the plasma plume,
between the end of the tube and the dielectric target, is
represented in figure 4. This figure shows the spatial dis-
tribution at several times of two quantities that are repre-
sentative of discharge propagation: the magnitude of the
electric field, calculated from its axial and radial components

= +E E E ;t z r
2 2 and the source term of ionization through

electron impact Se, obtained from ionization reactions through
collisions of electrons with all the neutral species listed in
section 3.1. The spatial distribution of Se is comparable with
the light emission during discharge propagation, presented in
figure 1. There is also presented the contour curve of 5% O2

in the He–O2 mixture, to clearly show the mixture region
where the discharge dynamics takes place.

As the discharge front has a centered profile of electric
field at the end of the tube, it continues propagation in the
plasma plume with a centered structure. This feature is visible
in figure 4 at 510 ns when the front is in the middle of the
tube-target gap and at t=625 ns as the discharge impacts the
target, as well as in the experimentally obtained imaging in
figure 1. In fact, as the discharge front crosses the tube-target
gap, it is passing through several layers of O2 admixture in the
He–O2 mixture, from 10 ppm at z=10 mm, up to 1.8% at
r=0 on the target surface. The axial electric field on the
discharge front increases during the propagation towards the
surface, reaching up to 35 kV cm−1 on the target surface, as
shown in figure 4. After the discharge impact on the target,
the plasma spreads radially on the dielectric surface and the
front reaches a radial position of approximately 1.8 mm at 800
ns when the applied voltage starts decreasing and the
spreading significantly slows down.

4. Electric field characterization in plasma-dielectric
interaction

4.1. Experiment: electric field inside the dielectric target

In this section, the results of electric field measurement inside
the target using the method described in section 2 are
presented.

As explained, Mueller polarimetry allows for the
investigation of electric field by the analysis of the birefrin-
gent properties obtained by applying the logarithmic
decomposition to the measured Mueller matrix. The resulting
separate electric field components are shown in figure 5 for
different time delays td relative to the rise of the voltage pulse.
For the first time, the spatial distributions of both the axial and
radial components of electric field inside the target due to σ

are measured simultaneously. Exposure times of 100 ns are
used and every intensity frame needed to construct the
Mueller matrix consists of 200 acquisitions to reduce noise
via averaging. The axial Ez field is shown to be positive,
resulting from positive charge deposition on the front side of
the crystal. The axial component Ez and the radial component
Ex are obtained from Γ45/135 measured with the jet on front
and back side. The other radial component Ey is retrieved
using the Γ0/90. Both retardances are part of the Mueller
matrix and as such measured simultaneously using Mueller
polarimetry. The z-axis is parallel to the axis of propagation of
the plasma jet, and perpendicular to the surface.

It is interesting to notice that the discharge propagation
towards targets with different permitivities presents the same
general dynamics. Figure 1 shows the ionization waves
generated experimentally impact on the glass (òr=4) surface
at td=400 ns. The electric field inside the electro-optic
crystal, shown in figure 5, indicates the impact on the BSO
(òr=56) surface at td=400 ns as well. All electric fields
shown in figure 5 are induced by surface charge density σ. A
continuous charging of the surface is observed with a radial
spreading following the ionization front from the moment of
impact at td=0.4 μs until the end of the pulse at td=1.0 μs.
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In the center of the impact region, constant fields, indicating
stable surface charge densities, are observed for several
hundreds ns until the pulse ends. Then, the electric field
components diminish starting from the center of the impact
region and it takes approximately 0.4 μs for the surface
charges to be removed to a great extent. Constant fields due to
surface charges have been measured for longer timescales, up
to 10 μs, with sinusoidal applied voltage of 30 kHz frequency
(Slikboer et al 2016). The observed maximum value of Ez is
5 kV cm−1, measured in the center of the impact point. This
value is higher than the radial component of 3 kV cm−1. A
homogeneous spreading is observed within the first 300 ns
after impact. This area where charge is deposited remains
smaller than 2×2 mm2. Afterwards, patterns from radial
surface streamers are observed, enlarging the total area of the

plasma–surface interaction. Charge deposited by the surface
streamers are the last to be removed.

The values of electric field measured are an average
throughout the optical path that the light has traveled. As
such, the value of electric field on the target surface due to
surface charges is expected to be higher. The ratio between
the surface value and the measured value as shown in figure 5
depends on the size of the charged region and the thickness of
the crystal (Slikboer et al 2017). The measured electric field
experienced by the target due to surface charges is lower than
the one in the plasma plume reported in Sobota et al (2016),
of around 18 kV cm−1 (measured by Stark polarization
spectroscopy in the plasma plume of a freely expanding jet
with a lower applied voltage). To understand how these fields
relate to each other, the model described in section 3.1 is used

Figure 4. Cross sectional views representative of discharge propagation in the plasma plume and spreading on the target surface, at t=510,
625, 655 and 800 ns. On the left, the magnitude of the electric field Et; and on the right, the value of the electron-impact ionization source
term Se. The figures are zoomed-in axially in time to see the approach to the target, indicated by a black stripped rectangle.
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for a phenomenological evaluation of the electric field
distribution.

4.2. Model: electric field distribution in plasma–dielectric
interaction

In this section, we use the model to separate the contributions
of volume and surface charges to the electric field in the
plasma plume and in the dielectric target. First, figure 6 shows
the spatial distribution of the volume charge density ρ,
defined in equation (6), and of the axial Ez and radial Er

electric field components at several moments, focused in the
region between 0.4 mm above the target surface and 0.4 mm
axially inside the target. The radial profiles of surface charge

density σ are represented for the same instants in time in
figure 7.

In figure 6 we first notice the discharge arrival on the
target at t=625 ns. The positive volume charge density ρ

exhibited there is created by the charge separation on the
discharge front and, on its turn, originates the electric field
components present in the same figure for t=625 ns. A
downwards-directed axial component Ez is created between ρ

and the grounded plane at z=−10 cm and therefore gives
rise to a flux of positive charged species towards the target. In
figure 7 it is shown that there is a centered charge deposition
during 30 ns due to the mentioned Ez, increasing σ from
approximately zero at t=625 ns to ∼1.5 nC cm−2 on the
axis of symmetry at t=655 ns. We have checked that the
positive species deposited are dominantly oxygen ions, which

Figure 5. The obtained electric field patterns (axial Ez and radial Ex and Ey) inside the electro-optic target (top-view), due to surface charge σ
deposited by the ionization wave. The pulse ends at td=1 μs. Afterwards, a different color scale is used. The spatial dimensions of each
pattern are either 4×4 mm2 or 6×6 mm2, indicated with 2 mm spacing, with the center of the images at the same position.
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suggests that in a He–air mixture they would be mainly
nitrogen and oxygen ions, as has been reported in Breden and
Raja (2014), Ning et al (2018). It is also shown in figure 6
that Ez is already present inside the target at t=655 ns,
although with much lower intensity than in the plume, and
that a radial component of electric field Er is also present,
directed outwards both in the plume and inside the target. As
the discharge is mechanically hampered from propagating
downwards, this Er leads the positive discharge front to
spread radially close to the target surface. Figure 6 also shows
that at t=655 ns the volume charge density ρ and Ez in the
plasma plume are no longer centered, even though σ has its
peak at r=0. Then, between t=655 ns and t=800 ns, we
notice that Ez and the peak of σ follow the discharge
spreading. At the center, the deposition of σ first slows down
and then σ decreases. The decrease of σ in this region is
justified by an electric field reversal (explained later in the
text) and therefore a deposition of negative charges that

cancel part of the positive surface charges. The negative
charges deposited through electric drift are dominantly elec-
trons, that have a plasma mobility at least 50 times higher
than negative ions. Furthermore, we notice that the peak value
of σ increases along the propagation on the surface during the
pulse.

From the analysis of figure 6 it is visible that the values
of the electric field components are very different in the
plasma plume and inside the target. Moreover, the spatial
distributions of Ez and Er present each significant differences
inside the target, not only radially but also axially, being
higher close to the surface and lower farther from the surface.
Then, at t=800 ns, the pulse of applied voltage starts
decreasing and therefore the electric potential on the dis-
charge front, connected to the powered electrode, decreases
with it, which leads to a visible fast decrease of electric field
and of ρ. However, we can notice that between t=800 ns
and the posterior moments there are still Ez and Er present

Figure 6. Cross sectional views of the volume charge density (left), of the magnitude of the axial (center) and radial (right) components of
electric field during plasma–dielectric interaction at t=625, 655, 700, 800, 1000, 1200 and 2000 ns.

10

Plasma Sources Sci. Technol. 27 (2018) 094002 P Viegas et al



inside the target, as well as there is still a slow radial
spreading, due to the remaining values of ρ and Er. Con-
cerning σ, figure 7 shows that after the end of the voltage
pulse it slowly decreases to zero, which implies that in this
phase Ez on the surface creates a flux of deposition of nega-
tive charges. The decrease of σ takes place until t=1500 ns.
From that moment until t=2000 ns the surface charge
deposition has been confirmed to be approximately zero.

In order to obtain more detail into the dynamics between
each type of charge and the electric field components, the
separate contributions to the electric field calculation of ρ in
the plume exclusively and σ on the target surface exclusively
are assessed. These contributions are obtained by solving
Poisson’s equation (5), firstly with imposed applied voltage
Vapp=0, σ=0 and with ρ taken from simulation results,
and then with imposed Vapp=0, ρ=0 and with σ taken
from simulation results, at every analyzed instant. It was also
verified that the geometrical Laplacian contribution of electric
field due to the applied voltage in the region of the dielectric
target has a maximum value of ∼0.3 kV cm−1, which is
negligible when compared to the other contributions during
the plasma–dielectric interaction under study. Figure 8 pre-
sents the axial and radial components of electric field sepa-
rately due to ρ and σ, at the same moments and in the same
region as figure 6.

As the discharge arrives on the target surface at t=625
ns, figure 8 shows that the electric field in the plume and
inside the target are firstly exclusively due to ρ, since no σ is
present on the surface. Then, at t=655 ns, as ρ is not cen-
tered, the fields created by it (Ezρ and Erρ) inside the target
follow the same radial structure. However, we notice that Ez

created by σ, Ezσ, has its peak at r=0, corresponding to the
radial profile of σ present in figure 7 at t=655 ns. It is also
noticeable that Ezσ presents an almost symmetrical distribu-
tion in the region close to r=0, directed downwards inside
the target and upwards in the plasma plume region. The jump
of Ez at the dielectric target interface with the plasma and the

quasi-symmetrical distribution of Ezσ are due to the permit-
tivity difference between the dielectric and the plasma and to
the surface charges deposited on the dielectric surface, in
agreement with Gauss’s law:    s- = + -( ) ( )E Ez z r z z0 0 .
This distribution implies that Ez in the plasma plume in this
region is the sum of opposite contributions. On the one hand,
ρ creates Ez downwards, and on the other hand, σ originates
an upwards Ez. In fact, as positive charges deposit at the
center of the target surface between t=625 ns and t=655
ns, ρ decreases, its maximum spreads radially and σ increases
at the center. This dynamics of charges leads to Ez decreasing
in value and then slightly reversing direction at z=0, leading
to negative charge deposition, which explains the decrease of
σ at the center until t=800 ns (figure 7). Then, a quasi-
equilibrium between both contributions to Ez is reached and
Ez cancels at r=0. The electric field reversal after surface
charge deposition on a dielectric target and the consequent
opposite-polarity deposition have been reported in other
works, such as Soloviev and Krivtsov (2009), Pechereau and
Bourdon (2014). The same kind of evolution of Ez takes place
along the radial spreading on the target surface, behind the
passage of the maximum of ρ. During the radial spreading of
the discharge, between t=655 ns and t=800 ns, we see
that both electric field components, close to the surface and
inside the target, are higher on the edge of the deposition
region and result from both ρ and σ contributions. This
coincides with the ρ and σ distributions in figures 6 and 7.
After t=800 ns, as the applied voltage decreases to zero, ρ
rapidly decreases and so do the electric field components
originated by ρ. In particular, we notice that Ezρ that pushes
positive charges towards the surface decreases. Then, at
z=0, it is Ezσ that dominates the interaction between charges
in the plasma and the dielectric surface, leading to negative
charge deposition, which decreases the values of positive σ,
as observed in figure 7. In this context of decrease of applied
voltage, volume charges and surface charges, all the electric
field components tend to very low values, as shown for
t=2000 ns.

5. Discussion on electric field measurements and
simulations

In this section, further analysis of the measured electric fields
presented in section 4.1 is performed by complementing them
with the numerical results from section 4.2.

The electric field in the target due to surface charges
observed experimentally in figure 5 follows the behavior of
the numerically predicted surface charging as a function of
time, shown in figure 7. In experiments, a temporal and radial
distribution of the electric field inside the sample is observed.
When the high voltage pulse ends, the electric field induced
by surface charges disappears. Then, electric field of opposite
sign is observed after the end of the pulse in the center of the
impact region, suggesting that there are now negative surface
charges. This reverse-polarity field is much smaller than the
field during the pulse, indicating that the amount of opposite
charge is significantly lower than the positive charge during

Figure 7. Radial profiles of the surface charge density deposited on
the dielectric target surface at t=625, 655, 700, 800, 1000, 1200
and 2000 ns. Solid lines represent times during the pulse, while
dashed lines refer to times after the pulse has ended.
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the pulse. We also notice in the experimental results that the
axial electric field in the target spreads radially in time away
from the impact region. Later, it indicates the location of the
onset of anisotropic surface streamers. Such anisotropic
phenomena cannot be described by an axisymmetric model,
but the radial spreading of the axial electric field is observed
as well in figures 6 and 8.

The field values measured inside the dielectric are
maximally 5 kV cm−1 in the axial direction and 3 kV cm−1

radially, and are lower than the one in the plasma plume
reported in Sobota et al (2016). Using the numerical results
presented in figures 6–8, it is possible to provide further
explanation on the lower values that are obtained inside the

target. Its origin is important in order to understand which
electric fields are generated inside dielectric targets that are
exposed to plasma jets. The values obtained experimentally
and presented in figure 5 are solely showing the contribution
of surface charge density σ to the field inside the dielectric,
since the Pockels effect is exploited. These values are an
average throughout the thickness of the material, due to the
propagation of the polarized light that is used for the exam-
ination. Figure 9 shows how the averaged value of the axial
component of electric field Ez relates to the field on the sur-
face in the simulation results. The radial profiles of Ez are
presented at t=800 ns, before the decrease of the applied
voltage. The total Ez is shown at the surface (z= 0), as well as

Figure 8.Cross sectional views of the ρ and σ contributions to Ez and Er during plasma–dielectric interaction at t=625, 655, 700, 800, 1000,
1200 and 2000 ns.

12

Plasma Sources Sci. Technol. 27 (2018) 094002 P Viegas et al



the surface charge contribution Ezσ at the surface and aver-
aged through the thickness of the target. Additionally, the
same figure presents the calculated ratio between Ezσ aver-
aged inside the target and on its surface.

The discharge front is close to the surface at approxi-
mately r=1.8 mm. The peak of the total Ez is of
27 kV cm−1, and decreases rapidly to zero behind the dis-
charge front. The difference between the profiles of electric
field due to σ on the surface and averaged inside the 0.5 mm
thick target is clearly visible. It proves that the measured
fields are inhomogeneous inside the target and surface charge
densities cannot be estimated without any compensation. This
has been pointed out already in Slikboer et al (2017). There, a
procedure has been proposed to estimate the value of the axial
electric field on the surface, due to σ, from the measured
average value. The value on the surface can then be used to
estimate the surface charge density. If no compensation is
taken into account, an error on the estimation of the density
values on the surface is introduced. The compensation pro-
cedure in Slikboer et al (2017) assumes a uniformly charged
disk on the target surface and converts Ezσ averaged in the
target into its value on the surface through a ratio depending
on the size of the charged disk and the thickness of the target.
With the model, considering the full distribution of σ, we
show that the uniformity of that distribution is also important
to evaluate the compensation procedure. In fact, we see in
figure 9 that the ratio between Ezσ averaged in the target and
on the surface is stable only in the region behind the discharge
spreading, where the surface charges have already been
deposited and have stabilized, and not in the region of the
discharge front where σ is going through fast variations. The
ratio between Ezσ averaged inside the target and on the target
surface in the mentioned region is here presented with values
between 0.3 and 0.4.

Figure 10 shows the temporal evolution with ns resolu-
tion of the axial components of electric field Ez at r=0 in the

plasma plume and averaged inside the target through its
0.5 mm thickness. The temporal profile of the averaged field
in the target is presented as total value and separated into the
volume charge and surface charge contributions Ezρ and Ezσ.
The black curve in figure 10 represents the temporal profile of
Ez very close to the target surface, at 0.4 mm distance. We
notice that Ez at this position increases as the volume charges
in the discharge front approach the target and attains a max-
imum of around 20 kV cm−1. After the passage of ρ at this
spatial position, the electric field at that position cancels
almost instantly. The peak value of Ez in the plume is com-
parable to the one measured in Sobota et al (2016). The
electric field in the plasma plume before the impact on the
target is due only to volume charges in the discharge front,
since there are still no charges deposited on the target surface.
As such, at this point the volume charges dominate the pro-
pagation of the discharge. Inside the target, as shown in
figure 10, the electric field values are lower, both before and
during the plasma–surface interaction. The averaged Ez inside
the dielectric target is about 4 times lower than the value at
0.4 mm from the target. It has the same order of magnitude as
the field measured experimentally with the (electro-optic)
dielectric crystal, presented in figure 5. The field inside the
dielectric target is due to both a contribution of ρ and σ. By
separating Ez inside the target into Ezρ and Ezσ, we can dis-
tinguish the different influences on the electric field to which
the target is exposed to. At the moment of discharge impact,
Ez inside the target is generated by the arrival of volume
charges. Only later, as surface charges cumulate on the target
surface, both ρ and σ provide contributions to the electric field
inside the target at r=0. As the discharge spreads, we notice
that both contributions decrease at r=0 to about
1.5 kV cm−1 each. Then, near t=850 ns, when the applied
voltage becomes zero in the model, a decrease of Ezρ and Ezσ

takes place, leading to very small values of electric field, as
had already been observed in figure 8 and experimentally in
figure 5.

Figure 9. Radial profiles at the end of the pulse at t=800 ns. On the
left-side vertical axis, Ez on the target surface at z=0.0 mm: total Ez

(blue line) and Ezσ (green); and inside the target, averaged through
its thickness: Ezavσ (red). On the right-side vertical axis, the ratio
between the surface charge contributions averaged inside the target
and on the target surface at z=0.0 mm.

Figure 10. Temporal profiles of the axial component of electric field
Ez at r=0.0 mm in the plasma plume at z=0.4 mm (black line)
and inside the dielectric target, averaged through its thickness: Ezav

(blue), Ezavρ (green) and Ezavσ (red).
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6. Conclusions

This work has investigated the plasma–target interaction
occurring between a pulsed helium plasma jet and a dielectric
target, both experimentally and numerically. Experiments and
simulations have been performed with slightly different set-
tings (electrode configuration, target permittivity and voltage
pulse duration). However, in both cases, a centered discharge
front impacts a dielectric surface and starts spreading on it.
Then, in this work, we have carried out a phenomenological
study with both experiments and simulations to better
understand the role of the averaging of electric field over the
dielectric thickness in the experiments and the contribution of
surface and volume charges to the total electric field in the
dielectric target.

Experimentally, the plasma–target interaction has been
examined by measuring the electric field exclusively due to
the surface charge density σ inside an electro-optic target
under exposure of the plasma jet. For the first time, the spatial
distributions of both the axial and radial components of
electric field inside the target due to σ have been measured
simultaneously, using Mueller polarimetry. The observed
time-resolved dynamics during the plasma–target interaction
shows a radial propagation of the electric field inside the
dielectric as the plasma charges its surface during the pulse.
Axial electric fields are measured up to 5 kV cm−1, located at
the position of the maximum of surface charge density. Radial
electric fields have lower magnitude, approximately
3 kV cm−1, but spread further. These electric field compo-
nents experienced by the target are lower than generally
reported for discharge propagation in the plasma plume.

Numerically, the investigation of the separate volume
charge density ρ and surface charge density σ contributions to
the electric field has allowed a detailed explanation of the
dynamics of discharge propagation and plasma–target inter-
action, complementing the information obtained experimen-
tally. We have pointed out the axial variation of electric field
inside the dielectric target and the difference between the
values of electric field on the target surface and averaged
inside the target. Considering the non-uniform distribution of
σ, it has been shown that the ratio between the axial comp-
onent of electric field averaged inside the target and on the
target surface has values between 0.3 and 0.4 in the region
behind discharge propagation. Furthermore, it has been
demonstrated that the axial component of electric field
assessed in the discharge front before impact, exclusively due
to ρ, has a peak value of 20 kV cm−1 at 0.4 mm from the
target, while the same component of electric field averaged
inside the dielectric target during the interaction is lower (∼5
kV cm−1). These simulation results confirm the experimental
finding that the electric field experienced by the target is
lower than generally reported for discharge propagation. In
fact, during the plasma–surface interaction, two effects
sequentially determine the electric field inside the target:
firstly, a relatively high electric field is observed due to the
proximity of the ionization front and high volume charge
density ρ; afterwards, in longer timescales, lower electric
fields are induced due to the contribution of both leftover

volume charges close to the target and surface charges
deposited on its surface. The experimental technique of
Mueller polarimetry provides a unique way to examine this
second phase of the plasma–surface interaction.

This work has shown the interest to use, in a com-
plementary way, space and time-resolved measurements and
simulations of electric field components to better understand
plasma–surface interactions that are crucial for many plasma
applications. In a future work, we plan to carry out a detailed
quantitative comparison of the values of the electric field
inside the target measured in experiments and obtained in
simulations for different flow rates and applied voltages.
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