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Pigtailed Electrooptic Sensor for Time- and
Space-Resolved Dielectric Barrier
Discharges Analysis

Farah Aljammal, Gwenaél Gaborit, Maxime Bernier, Sylvain Iséni, Laurence Galtier,

Guillaume Revillod, and Lionel Duvillaret

Abstract— We here demonstrate the potentialities of pigtailed
electrooptic probes to perform vectorial electric field character-
izations of dielectric barrier discharges (DBDs). The analysis
leads to the accurate determination of the breakdown voltage
and the associated electric field in the vicinity of the discharge.
A polarimetric analysis of the DBDs is proposed due to real-time
measurement of longitudinal and radial components of the
electric field vector. Moreover, the transition from capacitive to
resistive behavior is characterized at the breakdown field.

Index Terms— Dielectric barrier discharges (DBDs), electric
field measurement, electrical discharges, electrooptic (EO)
measurement, optical sensor.

I. INTRODUCTION

IELECTRIC barrier discharges (DBDs) are nonequilib-

rium low-temperature discharges and constitute simple
devices to generate cold atmospheric plasmas [1] and partially
ionized gases [2], [3]. DBDs operate in a wide range of
pressures [4], [5] in various gases [6]-[9]. DBDs, also known
as silent discharges, are characterized by the presence of at
least one dielectric barrier in the discharge gap separating
the electrodes [10]. Currently, the applications purposes con-
cerned by ozone formation [11]-[14], treatment of exhaust
gases [15], [16], ultraviolet or vacuum ultraviolet radiation
generation [17]-[19], surface modification [20], [21], plasma
jet production [22]-[24], and sterilization and biomedical
applications [25], [26] make DBDs processing attractive for
plenty of industrial applications. The plasma-chemical syn-
thesis of ozone from either pure oxygen or air has become
one of the major industrial applications of DBDs [27], [28].
In the same manner, DBDs can also modify the chemical
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composition of liquids for treatment applications, such as tap
water depollution and more generally for plasma activated
water treatment [29]. Indeed, plasma-liquid interactions have
recently drawn considerable attention in the field of water
treatment: numerous studies have indeed shown the effec-
tiveness of plasma DBD activation to decontaminate water,
e.g., removing pesticides [30], phenols [31], or pharmaceutical
compounds [32], [33].

Electric fields (E-field) have been a great topic of interest
and one of the critical parameters to be analyzed for a wide
variety of applications: target localization [34], nondestruc-
tive inspection [35], electromagnetic compatibility [36], and
bioelectromagnetism [37]. Currently, antennas constitute the
reference for E-field analysis [34], [35] due to their good
sensitivity and dynamics. However, antennas are limited in
their operating range, mainly due to their dimensions and
resonant conductive parts (high induced perturbations and low
bandwidths) [38], [39]. Contrarily, fully dielectric electroop-
tic (EO) sensors are endowed with huge bandwidths, small
induced perturbation, and high spatial resolution to the detri-
ment of sensitivity [40]. Fully dielectric and millimeter-sized
EO probes, based on the Pockels effect, also called linear EO
effect, have been reported in [41]. They present a frequency
bandwidth spreading from 30 Hz up to several GHz, a dynamic
range higher than 130 dB, a sensitivity much better than
1 V/m, a 1-dB compression point exceeding several 100 kV/m,
and a spatial resolution lower than 1 mm?>. Those pigtailed EO
sensors constitute handful tools suitable for many applications,
especially for accurate and vectorial measurements of high
E-fields in harsh environments.

The electric field is investigated in the close vicinity of
a filamentary microplasma produced with a DBD configura-
tion. In this article, we demonstrate the ability of these EO
transducers to provide a complete vectorial analysis of the
E-field induced by the high voltage source that initiates the
ionization process, on the one hand, and by the plasma itself,
on the other hand. In this work, we focus on the influence
of the water electrode on the characteristic of the electric
field time and space dependent. The interaction of plasma and
liquid (particularly aqueous solution) is of high interest for
biomedical and biological applications where water molecules
are playing a key role in the production of reactive oxygen
species as well as ions and water clusters [29], [42], [43]. The
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Fig. 1. Schematic of the experimental setup constituted of an ac high voltage
source, an EO probe, and an optoelectronic unit from Kapteos company,
a digital oscilloscope, and a DBDs reactor made of electrodes immersed in
water.

EO probe is used in this context of plasma-liquid interaction
in order to get better insight on the E-field dynamics in time
and space. The results will support nonequilibrium kinetic
modeling of atmospheric pressure plasmas involving liquids
since the electron energy distribution function is directly
correlated with the E-field in space and time [44]. We are
interested in studying and analyzing the induced electric field
of the DBDs, regarding their importance and their wide variety
of applications. Considering their performances, EO sensors
fulfill the requirements for the plasma analysis, such as Stark
polarization spectroscopy or laser-based techniques [47], [48].
This article is divided into two sections: the first section is
dedicated to the measurement configuration and the exper-
imental set-up, while the second shows how real-time and
vectorial analysis of the E-field associated with the DBDs
can be performed by an EO probe.

II. EXPERIMENTAL SETUP

The vectorial measurement of the electric field is here
based on the first order electro-optical effect also called the
Pockels effect. More precisely, the field strength and field
direction induce modifications on the eigenrefractive indices
of a noncentrosymmetric crystal [45]. These modifications
are read by a laser probe beam, which sees its polarization
state modulated. This polarization state modulation carries the
information of one field vector component and is converted
into a modulation of optical power and then into a modulated
photocurrent due to a polarizer and a photodiode, respec-
tively [46]. The experimental bench is presented in Fig. 1.

An ac voltage is imposed by a high voltage source to a
metallic needle immersed in a test tube (diameter 1.2 cm
and length 14 cm) filled with water, while a Petri dish
(diameter 6 cm) filled with tap water is superimposed to the
grounded electrode. The voltage function generator delivers a
sector-synchronized ac voltage (50 Hz) whose rms magnitude
is adjustable between 1 and 25 kVrms. These electrodes
surrounded by dielectric barriers separated each other by 8 mm
constitute the DBD reactor. The vectorial E-field generated
by the above described DBD reactor is then measured by
using either one EO probe or by a pair of crossed EO probes.
Note that since EO probes are polarization-sensitive along one
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(1 mm or 5 mm)
X
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/

b4
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Fig. 2. Photograph showing the Kapteos pigtailed probe involving the
transducer itself which is an EO crystal (bismuth silicone oxide also called
BSO). Sensitivity axis of the longitudinal probe, which corresponds to the
field vector component, is given by the arrow along its symmetry axis.

perfectly known axis, this latter configuration (two crossed EO
probes) permits a polarimetric measurement of the E-field
as described in Section III. Each EO probe (see Fig. 2)
consists of a pigtailed optical arrangement [40], [49] allowing
a noninvasive and accurate remote measurement up to more
than 10 m in almost any environment (air, liquids, and gases)
under harsh conditions and independently of temperature. The
probe shown in Fig. 2 is a longitudinal probe dedicated to the
measurement of the field vector component along its symmetry
axis. The packaging of the sensor is here dedicated for field
analysis is low permittivity media. Within the probe, a gradient
index lens and a quarter-wave plate manage shape of the beam
and the optical polarization state, respectively [38].

In the present case, the probes are separated by a 5-m-long
polarization-maintaining (PM) fiber from the Kapteos eoSense
converter. It involves first the distributed feedback (DFB) laser
feeding the probe. This laser provides a low noise CW optical
wave at a vacuum wavelength of 1.5 um. For the detection,
a photodiode performs the linear conversion between the opti-
cal modulation induced by the field and the useful electrical
signal recordable on the digital oscilloscope. The bandwidth
of the detection is here limited to 30 MHz in order to avoid the
integration of the noise over a wider bandwidth. This optoelec-
tronic unit delivers finally an analog voltage proportional to
the E-field component over a bandwidth spreading from 30 Hz
to 30 MHz, with the upper frequency cutoff only limited by
the photodiode. The optoelectronic converter measures also in
real time the mean optical power in order to compensate for
any parasitic losses (eventually induced by temperature drift,
curvature radius of the optical fibers, mechanical stress on
the optical arrangement, and so on). The signal is recorded
using a digital oscilloscope with a sampling rate of 1 GHz.
The whole EO system (probe coupled to optoelectronic unit) is
fully characterized. Results concerning linearity and frequency
bandwidth are given in Fig. 3.

The response of the longitudinal probe is given in Fig. 3(a)
This curve allows to extract the minimum detectable field,
which is here much lower than 1 Vrms/m. Moreover, this
calibration curve allows to extract the antenna factor AF,
which gives the link between a recorded voltage and the actual
field strength. Here, the antenna factor is AF = 97.1 dB/m.
The standard deviation of the measurement is weaker than
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Fig. 3. (a) Typical response with respect to the field strength. Blue dots
correspond to the measured data and black line corresponds to the fitting
curve. The residue between the measurement and the fitting curve is given in
inset of the figure. (b) Frequency response of the system.

0.2 dB for field strength higher than 10 V/m. Moreover,
the EO sensor exhibits a dynamic range exceeding 120 dB
up several MV/m [38], [39]. The frequency response is flat up
several 100 kHz and then exhibits some resonances induced
by piezoelectric effects. This small lack of flattness does not
affect our results due to the considered bandwidth for the DBD
analysis.

III. EXPERIMENTAL RESULTS: TRANSIENT
MEASUREMENT AND ANALYSIS OF THE FIELD
SURROUNDING THE DBD

A. Voltage Threshold and Simulation Analysis
of the DBD Configuration

The front of the ionization waves generated in the DBD
reactor relies intrinsically on the creation of an intense
E-field peak from which one can precisely determine the
voltage threshold above which discharges occur in the reactor.
In this measurement campaign, the transient evolution of the
radial component E, is measured with an EO probe placed
between the electrodes (needle and dish). Fig. 4 represents
two recorded signals when the DBD reactor is powered with
16 and 18 kVrms (just below and above the threshold voltage).

Before threshold, the radial field is a sinusoidal signal such
that voltage and field are proportional to each other with a
maximum field strength of the order of a few 100 kV/m. Above
threshold, a dramatic increase of the field is observed and
the temporal profile becomes no more linear with the applied
voltage. The field reaches a value of the order of 1 MV/m.
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Fig. 4. Temporal evolution of the radial E-field. (a) Result for a feeding
voltage of 16 kVrms. (b) Result for a feeding voltage of 18 kVrms. The
E-field magnitude is shown with a continuous red line curve. The sine fit
curve is represented by a black dashed line.
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Fig. 5. Peak E-field induced as a function of the applied voltage. Blue:
positive peak values. Red: negative peak values. Dashed lines linked to the
fitting curves of the linear zone before the threshold. Black dots represent the
amplitude of the radial electric field at 50 Hz as a function of the applied
voltage.

Fig. 5 shows the peak values of measured E-field versus the
applied voltage with 1-kVrms increment, from 1 to 25 kVrms.
Up to 16 kVrms, the measured component behaves linearly
with the applied voltage as expected in the absence of DBD.
Above 16 kVrms, corresponding to a field greater than
1 MV/m in between the electrodes, the peak value dramatically
increases, being the signature of discharge-induced radial
component (see the blue curve of Fig. 5 and inset on the top
left of Fig. 1). Black dots in Fig. 5 represent the magnitude of
the radial field at 50 Hz at different voltage values. These latter
ones exhibit also a nonlinearity. This graph is divided into two
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Fig. 6. THD versus the applied voltage. Inset: spectral distribution of
temporal waveforms for applied voltage of 5 kV (blue curve) and 20 kV
(red curve).

parts: from 0 to 16 kVrms, where the field increases linearly
and gradually to reach a value of 300 kV/m, and suddenly
above 16 kVrms, there is a jump to reach a value twice larger
than before (600 kV/m) and remains approximately constant
beyond this voltage value. After the threshold, the amplitude
of the 50-Hz signal remains almost constant (see black dots
of Fig. 5). This means that the appearance of the filamentary
discharges, for a given threshold value, limits the increase
of nominal field with the increasing voltage. As the 50-Hz
field strength, the response is quite flat between 17 and
25 kV, meaning that the DBDs appear with a quite good
reproducibility, at the same breakdown voltage or breakdown
field.

Considering the geometry of the DBD reactor and regarding
previous results, a voltage threshold of 17 kVrms separates
what we call in the following sections, the “low voltage” (no
discharge) and the “high voltage” (with discharge) regimes,
as shown in Fig. 5.

Below the threshold, the measured E-field is a 50-Hz sine-
wave signal proportional to the applied voltage, while above
the voltage threshold, spikes appear in the sine wave leading to
harmonic distortion. The harmonic analysis, using numerical
fast Fourier transform, is also proposed as a quantitative
signature of the development of the ionization wave across
the gap of the DBD reactor.

This discharge-induced behavior is clearly shown in Fig. 6,
which exhibits the harmonic distortion as a function of the
applied voltage. The total harmonic distortion (THD) is here
defined up to the ninth harmonics of the signal and calculated
through the following equation:

/59 2
THDy = ﬂ (1)
Vsonz

where V; corresponds to the magnitude of the ith harmonic
of the distorted 50-Hz sine wave. This measurement concerns
the analysis of transient signals and discharges initiated by the
needle. This analysis can be carried out due to the flat response

of the EO system over the frequency bandwidth of interest.
The signal spectrum is then strongly modified with a sig-
nificant enhancement of spectral components exceeding the
fundamental frequency of 50 Hz, induced by the discharge.

Z(cm) —

£ (108/m)

Needle (electrode)

Water filled test tube

Fig. 7. Spatial distribution of the electric field with the structure under test
at 17 kVrms.

Indeed, the calculation shows a THD of about 2% below the
threshold, which corresponds to the THD of the high voltage
source. This THD exceeds more than 22% over the threshold
and reaches even 32% for an applied voltage of 25 kVrms.

The above-described behavior can be predicted by an elec-
trostatic simulation as long as we stay in the low-voltage
regime (in the absence of discharge). The DBD reactor,
described in Section II, has been simulated with the finite
element method (using QuickField software) and meshed with
more than 300000 nodes. The result is presented in Fig. 7.

The dielectric permittivity and geometry of all constituting
elements are considered in this virtual reactor (metallic needle
and ground plate, glass tube, Petri dish, air, and water). Under
the conditions corresponding to the experimental parameters
of Fig. 1, the model predicts an appearance of the plasma
when the electric field value is greater than the breakdown
value in the air (3 MV/m [50]). The measured threshold of
DBD appearance at 16.5 kVrms is in agreement with the
numerical expectations shown in Fig. 7, with an expected
threshold of 17 kVrms.

B. 1-D Mapping of the Radial Field

Temporal evolution of the radial electric field around the
discharge is measured for different positions of the probe.
Measurements have been performed every 5 mm from 0 cm
(within the discharge) to 10 cm away (cf Fig. 7) along the
r-axis, where the probe is placed between the two electrodes.
The applied voltage has been set to 23 kVrms in order to
generate discharge in between the electrodes of the DBD
reactor. The raw measurement is presented in Fig. 8, with a
representation of the temporal traces for each position of the
probe.

Two different zones can be clearly observed. From
0 to 2 cm, this is the area associated with the intense electric
field, with a typical signature of the ionization waves (see red
and purple zone in Fig. 8). After 2 cm, for remote distance
from the discharge, only contributions of the Laplacian field
(radial field induced by the needle) are seen.

A further analysis is proposed in Fig. 9. It shows the
spatial distribution of the radial component and its maximum.
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Fig. 8. Experimental 1-D mapping of the temporal waveform associated with
the radial component of the E-field at 23 kVrms.
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Fig. 9. Spatial distribution of the radial component of the field. Data obtained
at 23 kVrms and each 5 mm.

Experimental results are represented and compared with ana-
Iytical calculations and numerical simulations.

Note that the theoretical equation is given by calculation of
the spatial derivative of the potential between a point-plane
configuration (in two dimensions) based on the electrostatic
equations

2r
(r2 + (Z . b)2)3/2

r—a

—=<__ +1
R
Vir—a)YX+z22+r—a

r+a

—— 41
 Toemz
Vi +a3P+z2+r+a

where a is the radius of the plane, as indicated in the inset of
Fig. 9, and b is about 8 mm, and it corresponds to the point-
plane distance, as shown in Fig. 1. When a tends to infinity,
it gives

E(r,z) =

)

2r
(}’2 + (Z . b)2)3/2.
In Fig. 9, zero corresponds to the position of the DBD,
which shows no radial field (vertical E-field), and then,

we move the probe, each 0.5 cm, from the DBD until the
electric field reaches a value of 500 kV/m at 1 cm away

E(r,z) =

3)

EO probe 2

|Needle) )]

Fig. 10. Photograph showing the two EO probes with their sensibility axis
(colored arrows indicated on the probe packaging).

from the discharge. Also, by moving further and further away
from the discharge, the field gradually decreases and vanishes
as expected. A good agreement between experiment, theory,
and simulation, for field distribution and absolute values,
is observed.

C. Additional Experiment Campaigns Involving
Two EO Probes

1) Contribution of Needle and DBDs to the Field: The goal
of the below-described measurement campaign is to identify
the E-field from the filamentary discharge with the Laplacian
field from the needle electrode, on the one hand, within the
electrodes gap, on the other hand. This would lead to measure
the E-field contribution of discharge generated by the DBD
reactor configuration.

For that purpose, two separated longitudinal EO probes
(i.e., sensitive to the E-field component aligned with the probe
axis) were positioned such that they both give access inde-
pendently to the radial component of the radiated E-field (see
Fig. 10). In such configuration (see Fig. 10), probe 2 provides
the applied ac voltage, while probe 1 leads simultaneously to
the knowledge of the E-field in between the electrodes. Such
experimental configuration has led to the signals presented
in Fig. 11(a) (in the absence of discharges) and Fig. 11(b)
(with discharges).

According to Fig. 11, the signals delivered simultaneously
by the two EO probes, both calibrated to get the absolute value
of the E-field, depend on the magnitude of ac voltages applied
to the DBD reactor. For relatively low voltage [Fig. 11(a)],
the signal measured within the electrodes gap (blue curve)
has a lower amplitude than the one radiated from the needle
(red curve). Indeed, considering the E-field lines and strength
shown by the simulation (see Fig. 7), it is obvious that the
radial components measured by both probes are smaller in
between the electrodes gap than laterally close to the needle.
This is no longer true when high voltage is applied to the DBD
reactor as shown in Fig. 11(b), meaning that the discharge
filament propagating across the gap is increasing virtually the
needle length. The outcome of the electrostatic simulation of a
filamentary conductive channel is in agreement with the results
presented in Section III-B.

In addition, to the discharge-induced disturbances above
described, one notices that the radial components simultane-
ously measured by the two EO probes are in phase in high-
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Fig. 11.  Temporal evolution of the radial field. Red and blue curves

correspond to probe 1 (closed to DBD location) and probe 2 (higher position,
closed to the top of the needle), respectively. (a) Result for a feeding voltage
of 11 kVrms. (b) Result for a feeding voltage of 22 kVrms.

voltage regime, while they are in quadrature at a lower voltage
(below voltage threshold). This is explained by considering the
electrical equivalent circuit of the discharge reactor. Indeed,
without discharge, the reactor is mainly a capacitor presenting
a pure imaginary impedance. In turn, this capacitive reactor
at low voltage introduces a (7 /2) phase shift in between the
applied voltage measured by the EO probe 2 (blue curve) and
the E-field measured by probe 1 (red curve). In the high-
voltage regime, it is different (see Fig. 11). When the applied
voltage is high enough to initiate a breakdown, a conducting
channel is set from one electrode to the other. This channel is
electrically equivalent to a conducting wire whose resistance
depends on the characteristics of the DBD reactor (type of
barriers/target, dielectric properties, and shape of the inter-
electrodes media...). The reactor turns mainly into a resistive
equivalent circuit presenting a real impedance: almost no phase
shift is seen between red and blue curves of Fig. 11(b).

Consequently, as the E-field radiated by a wire-equivalent
discharge aligned from the needle tip to the ground is mainly
radial, the peaks observed in Fig. 11(b) originate from the dis-
charge. This supports the hypothesis made in Section III-C1.

2) Polarimetric Analysis of the Field: Due to the excellent
rejection of orthogonal E-field components to the one probe by
the EO sensor, a real-time polarimetric analysis can therefore
be performed. The synchronized acquisition of the radial and
longitudinal components (E, and E, like shown in Fig. 12)
gives access to the E-field vector and its temporal evolution
leads in turn to its polarization state. The inset of Fig. 12 gives
photography of the two probes.
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Fig. 12.  Temporal evolution of the two components of the field. Red and

blue curves correspond to E, and E., respectively. (a) Result for a feeding
voltage of 10 kVrms. (b) Result for a feeding voltage of 23 kVrms.

Fig. 12 shows some examples of temporal measurements
required to obtain the polarization state of the field in between
the needle and the ground plane. Two applied voltages, below
and above the threshold, are investigated. Under 16 kVrms,
a phase shift of ~(z/2) is observed between E, and E,.
Indeed, the measurement of E. with probe 2 leads to the
direct image of the potential of the needle. Probe 1, with its
sensitivity axis, along E, is located just below probe 2 (in
the capacitance area, just below the bottom of the electrode
under voltage). This position is clearly chosen to improve the
detection of DBDs, which dramatically influences E,. When
the applied voltage (here 23 kVrms) exceeds the threshold,
one can notice that the appearance of DBDs induces a phase
shift between E, and E, (output signal and probe direction
are correlated). Once again, concerning the E, component,
a voltage multiplied by a factor of two leads to field values
multiplied by 5, due to the contribution of DBDs induced
charges. Another representation is proposed for the synchro-
nized two-component measurement. This is shown in Fig. 13.
Here, parametric plots of E, as a function of E, allow getting
the polarimetric behavior of the field for different values
of the applied voltage. Fig. 13(a) corresponds to configura-
tions with too low voltages for DBD generation. Due to the
phase shift between the two eigencomponents of the field,
the polarimetric figures describe ellipses. This elliptical shape
of the field pattern is mainly vertical [phase shift of ~(z/2)]
due to the location of the measurement (in between the
two electrodes). Three different voltages are here considered
and the associated obtained ellipses are proportional to each
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Fig. 13. Temporal trace of the E-field vector calculated from the measure-
ments of E, and E, for an applied voltage of (a) 4, 11, and 15 kVrms and
(b) 18, (¢) 20, and (d) 24 kVrms.

other. Their ellipticity remains the same and their sizes are
linearly linked to the feeding voltage. After the threshold,
we can notice a dramatic difference between the signature
with and without DBD. Once the breakdown has occurred,
there is no ellipsoidal behavior, and the shape is defined by
several almost straight lines [see the blue and green zones of
Fig. 13(b)—(d)]. This illustrates a proportional link between

E, and E,, with linear coefficients depending slightly on
the considered period of the temporal waveform. The slope
|E./E,| ranges from 0.9 to 1.6. Nevertheless, a comparison
between the three polarization states above 17 kVrms clearly
shows that the higher the voltage is, the wider the space
between the straight lines. This can be explained by the fact
that for a high value of applied voltage, the instantaneous
required field strength for the generation of ionization wave
differs dramatically from one period to another. Moreover,
the higher the voltage is, the higher the dispersion for the dis-
charge location in the {E,, E.} space [see the orange and red
zones of Fig. 13(b)—(d)]. Finally, white ellipses (linearly scaled
from measurement without DBD) have been superimposed
to the actual polarimetric measurement to easily identify the
qualitative and quantitative influences of the DBDs themselves
on the field pattern. For lower values of the field strength
[Fig. 13(a)], E, increases linearly together with E,. The slope
|E,/E.| ranges from 0.62 to 1.16. The different color from
blue to red presents the low to the high value of the E-field.
One notices a significant difference between the signature with
and without discharge.

IV. CONCLUSION

In this work, we have used EO probes to perform a
comprehensive analysis of the E-field induced by a filamentary
discharge in a DBD configuration. The measured threshold
for discharge breakdown generation is determined and it is in
good agreement with the electrostatic simulation. A quantita-
tive assessment of nonlinear behavior between the field and
the applied voltage is demonstrated. Moreover, the real-time
evolution of the two eigenfield vector components induced by
the high voltage source and the ionization waves propagating
within the electrodes gap of the DBD reactors has been carried
out. A specific polarimetric signature of filamentary discharge
is here identified.
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