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Abstract. This paper focuses on the use of an electro-optic (EO) probe for the spatially and temporally
resolved characterization of the electric field (E-field) associated with guided ionization waves—or guided
streamers—propagating at atmospheric pressure. An AC high-voltage power supply (6 kV at 18 kHz) is used
to generate guided ionization waves in helium with a cold atmospheric pressure plasma jet device (APPJ).
The capabilities of this electro-optic technique are investigated with and without the discharge. This
innovative technology will use to carry out the optical polarimetric analysis of the APPJ with simultaneous
real-time measurement of longitudinal and radial components of the electric field vector. Last but not least,
an application-based case study of the ionization waves propagating and interacting with the EO probe—
being a solid dielectric target—is also reported. The results will bring realistic information on the potential
perturbation induced by the EO probe itself on the E-field characterization at the macroscopic scale.
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Introduction

Non-thermal atmospheric pressure plasmas consist in
non-equilibrium discharges involved in active topical
fields of research due to their versatility and unique
potential to locally produce highly reactive radiations
and chemical compounds [1]. This rich non-equilibrium
chemistry results from complex coupling between the
elementary processes of energy transfer through the
electric field, electron dynamics, V-UV radiations and
heavy charged particles (atomic and molecular ions).
Their unique properties offer new perspectives and
serious alternative in the field of biomedical applica-
tions (decontamination, sterilization, medicine...) [2—
8], plasma-activated liquids [9-11], agriculture [12-16],
active flow control [17-19] as well as industrial and
catalysis processes [20-24]. Thus, the cold atmospheric
pressure plasma jet (APPJ) device being part of the
non-thermal plasmas (NTP) sources has drawn a sig-
nificant attention. Various jet device configurations and
electrical or gas supplies yield different plasma jet oper-
ations [25-27] such as ring-ring dielectric barrier dis-
charge (DBD) [28], DBD with single-ring electrode [29],
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coaxial [30] and pin-to-plane [31,32]. The electrical exci-
tation is also of significant interest involving different
driving voltage waveforms such as sine (10 kHz to 200
kHz) [28,29,33,34], radio frequency (RF) [33], repeti-
tively pulsed [32,35,36], DC [37] and self-pulsing DC
[31]. The APPJs devices are usually based on DBD
geometries having a capacitive electric behavior and
are able to operate with various atomic or molecular
gases. The ignition and the device operation are often
more convenient in noble gases such as helium or argon
mainly due to the higher ionization rate than molecu-
lar gases and the reduction in energy loss by electron
attachment and vibrational excitations [26,38-41]. The
operating gas flows into a dielectric tube, while the pair
of electrodes is often powered by AC or pulsed high-
voltage generator.

At atmospheric pressure, these APPJs generate
guided ionization waves [27,42] which propagate over a
few centimeters in a free atmosphere. After exiting the
glass tube, the ionization wave is guided by the feed
gas flow pattern which can be either laminar or tur-
bulent and the in-diffusing air molecule into the noble
gas [43,44]. This yields a so-called plasma plume. This
active part of the discharge can be used for direct treat-
ment regardless of the size of the objects to be treated,
in particular for biological purposes and clinical field.
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This is a key aspect, especially with regard to the safety
requirement to the human body [45-47]. One of the
prerequisites for biomedical applications, based on the
direct interaction of plasma with living tissues or cells
[48,49], is the diagnosis of the E-field delivered by the
guided ionization waves to the biological target. Lately,
in situ investigation of organic samples exposed to E-
field from guided ionization waves has been reported
for the first time [50] showing the direct interaction
between—partially—ionized gas and living material. To
some extends, it is also possible to infer from the E-field
measurements, the density of charges deposited during
plasma exposure [51]. Therefore, knowledge of the main
plasma parameters, i.e., the E-field and the electron and
ion properties are of utmost importance for the under-
standing and the control of plasma processes. Another
major challenge is to electrically characterize the APPJ
device with respect to applied voltage and the exci-
tation frequency to understand the dynamic behavior
of discharge [52-55]. Generally, an APPJ device could
be divided into three parts: (1) the inter-electrode gap
discharge—where the ignition of the ionization wave
occurs with dielectric barrier discharge geometries; (2)
the discharge in the dielectric tube—corresponding to
the propagation of the guided ionization wave; and
(3) the guided ionization wave expanding into the free
space forming the jet plume [40,49]. E-field measure-
ments in this type of discharge are infrequent due to
the associated experimental difficulties. Nevertheless,
the magnitude of the E-field is of paramount impor-
tance for experimental and theoretical work on plasma
jets and their applications. It has been shown that the
E-field may be responsible for various effects observed
in experiments on biological samples. In plasma physics,
in low ionization transient discharges, such as plasma
jets, the E-field is the driver of the discharge and its
amplitude is the central component which determines
its behavior and the electron dynamics. For instance,
the E-field is directly related to the electron energy
distribution function, which subsequently governs the
non-equilibrium reactive plasma chemistry [56,57]. In
addition, the E-field profile is of crucial importance for
the inception of streamer-based discharge. Indeed, in
the general case of breakdown in non-uniform E-field,
the ionization wave formation is given by the equality of
the ionization integral to some threshold value (usually
around 20 [58]). It is therefore very important to get
more information about the E-field properties for the
plasma community, whatever the experimental condi-
tions and the measurement medium.

The focus of this work is on the spatially and tem-
porally resolved measurements of the E-field associated
with a guided ionization wave- driven plasma operat-
ing at ground pressure conditions. The discharge ignites
within a long insulating quartz tube before to expand
in the open space and will be characterized by means of
an electro-optical method. The EO transducer provides
a detailed characterization of the E-field vectorial pro-
file behavior induced by the high voltage source that
initiates the ionization process, on the one hand, and
by the plasma itself, on the other hand. The interest
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Fig. 1 Schematic of the experimental setup: on the left
side, the whole experiment setup. On the right side, a pho-
tograph of the APPJ configuration, with the EO probe used
to measure simultaneously two orthogonal component of the
E-field vector

in the characterization of E-field in plasma jet sources
has been significantly growing lately [59-64] due to the
potential role of E-field in biological mechanisms [65]
and the impact of the action E-fields on cells [50,66,67].

This paper is structured in three sections: Section 1
describes the experimental setup, including the EO
measurement bench and the APPJ device. This section
also reports on the calibration of the EO probe, required
for the absolute measurement of the E-field vector com-
ponents. Then, Sect. 2 is dedicated to the real-time
and vectorial analysis of the E-field associated with the
APPJ. The ionization wave propagation and the optical
polarimetric pattern are also analyzed and discussed.
Finally, Sect. 3 provides additional results related to
the potential disturbance induced by the probe itself
on the measurement of the E-field temporal and spatial
profile.

1 Experimental setup

The experimental setup is shown in Fig. 1. The cold
helium APPJ is generated in a dielectric barrier dis-
charge (DBD) configuration [68].

As shown on the left side of Fig. 1, a gas bottle, deliv-
ering helium gas (Alphagaz 1, Air Liquide) is connected
to a flow meter. The flow rate of @, = 2L/min is set
to feed a quartz tube of 4.0 mm diameter. The velocity
of the helium gas through the tube v is estimated from
the flow rate, v = % = 2.6m/s, with S the cross sec-
tion of the tube. The quartz tube is equipped with two
copper ring electrodes of 0.6 mm and separated with a
gap of 24mm. The grounded electrode of 35 pum thick
is wrapped around the outer tube surface. The pow-
ered electrode is supplied by sinusoidal high voltage
(amplitude of 6 kV at a fixed frequency of 18 kHz).
The present geometry and parameters yield a mean gas
flow velocity in the order of 2.6m/s within the tube
and at its outlet. A laminar flow pattern is thus formed
where the ionization waves will propagate.
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For the electrical investigation, a high-voltage probe
(TESTEC TT-HVP 15HF) was connected to the bot-
tom wrapped electrode. The attenuation ratio of the
voltage probe is 1000:1. The E-field measurements
are carried out with an electro-optic sensor (eoProbe)
commercialized by KAPTEOS company (more specific
details in [69-71]). The probes are separated by a 5.0-
m-long polarization-maintaining (PM) fiber from the
KAPTEOS eoSense converter. This optoelectronic unit
delivers an analog voltage proportional to the E-field
component over a bandwidth spreading from 30 Hz to
30 MHz. The temporal waveforms of the voltage and
the field are simultaneously recorded with a fast digi-
tal oscilloscope featuring an instantaneous bandwidth
of 70 MHz (sampling rate of 1 GS/s). All the acquired
waveforms are triggered using the voltage signal. In
order to perform an absolute measurement of the E-field
magnitude, the EO setup requires being absolutely cali-
brated. For that purpose, the probe is placed in between
two parallel electrodes, separated by 40 mm and polar-
ized with a voltage generator producing a synthesized
AC waveform at fixed frequencies. This is to properly
generate a homogeneous field vector in magnitude and
orientation. The standard deviation of the field strength
distribution in the probe location has been measured
and is weaker than 0.2 dB. The frequency bandwidth
of this field generator reaches more than 20 MHz.

The theoretical and experimental responses of the
system with respect to the field magnitude are given
in Fig. 2.

The linearity curve is obtained by varying the mag-
nitude of the E-field, either using a frequency synthe-
sizer in the frequency domain (blue signals on Fig. 2)
or using the high voltage source in the time domain
(red signals on Fig. 2). The output signal of the EO
setup is measured either with a spectrum analyzer or
with the digital scope. The EO response with respect
to the field strength exhibits a dynamics greater than
120 dB (limited to about 80 dB in the time domain due
to the increase in the noise). A very good agreement
is observed between experimental data and expected
fitting curve. Moreover, even if further measurements
will all be performed in the time domain for quite
high field strength, the measurement in the frequency
domain allows extracting a minimum detectable field
much lower than 1.0 V/m. Finally, this experimental
result permits determining experimentally the scaling
factor between the output signal of the setup and the
actual field strength. This factor is called antenna fac-
tor AF for a RX antenna is calculated as the ratio
AF = lf:l, with |E;| the modulus of the measured
field component and V,,,; the output useful signal. The
numerical value of the antenna factor is here AF = 1.65
(kV/m)/mV or 124 dB/m in the logarithmic scale. The
equation used to fit the link between the E-field and the
output signal Pgo reads,

Pro =1010g10y/ Plose + Pliaa: (1)
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Fig. 2 Theoretical and experimental responses of the EO
probe used, as a function of the E-field magnitude. The
blue dashed curve is the fitting curve corresponding to a
characterization in the frequency domain, with a noise floor
obtained in a resolution bandwidth of 3.0 Hz. Blue dots
correspond to the experimental data. The red dotted curve
is the fitting curve corresponding to a characterization in
the time domain, with the lowest noise of the oscilloscope
(measured with an averaging of 64 samples). Red dots are
associated with the experimental data. The inset represents
the raw EO signal as a function of the applied voltage in
the time domain using the high voltage source

with Pasoq, the electrical power directly associated with
the electro-optic modulation and optoelectronic conver-
sion, and P n,;se, the noise level of the system measured
either on the spectrum analyzer or on the oscilloscope.
The form of the equation explains the curvature of the
fitting curves in the vicinity of the noise floor (bottom
of the curves). Pjsoq can be written as a function of
R, the resistive load of the photodiode, 7 its respon-
sivity and the actual modulation of the optical power
Pmodopt:

PMod =R x (77 Pmodopt) 2- (2)

The whole optical response, giving Py,odopt, 1S expressed
as follows:

Prodopt = Poptmean (0.5 — cos? (aE + g)) , (3)

with Popimean the mean optical power, and o the linear
coefficient between the E-field to be measured E and
the optical modulation P,q0pe. This later coefficient
« is linear with the length of the crystal and with its
involved electro-optic coefficients. The form of P, 0dopt
includes a cosine function illustrating the saturation of
the signal for intense field strength (see top of curves in
Fig. 2).
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Fig. 3 Computed spatial distribution of the E-field with
the structure under test at 6 kV (FEM simulation). The
spatial distribution is then analyzed along the vertical red
line

2 Experimental results and discussions

For all the experimental results presented in this paper,
the operating gas was helium, and the applied peak
voltage and pulse frequency were V' = 6kV peak-to-
peak at f = 8kHz, respectively.

2.1 Spatial distribution of the Laplacian field along
the tube and Electrostatic simulation

The goal of the measurement campaign is to give an
exhaustive spatiotemporal characterization of the E-
field and this experimental study begins with the anal-
ysis of the field distribution in the vicinity of the tube
along the Z-axis. The measurements are performed with
gas flow off. The results are presented in Figs. 3 and
in 4, for numerical simulations and for the comparison
with the measured data, respectively.

Using finite element method (FEM), a 2D numer-
ical simulation has been performed to provide a pre-
liminary analysis of the spatial distribution of the field
induced by the electrodes configuration set with an AC
voltage potential. The geometry is meshed with more
than 200000 nodes. The relative permittivity €, = €/¢eg
for all elements are considered like quartz and air.
Under the conditions corresponding to the experimen-
tal parameters, the model predicts the appearance of
the Laplacian field with the order of several hundred of
kV/m in the vicinity of the charged electrode. The com-
parison between the simulations and the experimental
data is presented in Fig. 4.
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Fig. 4 Spatial distribution of E, and FE. in the vicinity
of the tube. The position of the electrodes are indicated in
light blue. Red dots and the corresponding curve are the
measured and simulated value of E,, respectively. Blue dots
and related curve correspond to the measured and simu-
lated value of FE,, respectively. Surrounding black line give
the uncertainty to eventual error in the probe positioning
(maximum 1.0 mm for the distance between the probe and
the tube)

In order to analyze this distribution, let us follow for
example the radial component (red curve). The graphic
is divided into three parts. From Ocm to 6.5 cm (zone
just before the charged electrode), the field increases
linearly and gradually to reach its maximum greater
than 80 kV/m in the vicinity of the charged electrode.
After this electrode, the field decreases linearly between
the two electrodes to reach another local negative max-
imum in the vicinity of the grounded electrode. Then,
it vanishes and remains approximately equal to zero
beyond (in between the grounded electrode and the
rest of the setup). A significant agreement between the
experiment and the simulation for field distribution is
observed. Concerning the component E,, it should be
rigorously zero in the vicinity of the charged electrode,
what is observed both on simulation and experiment.
As expected, F, reaches its maximum value in between
the electrodes.

2.2 Electric field vector measurements: mapping of
radial and longitudinal E-field components
associated with the APPJ

The radial component E,. of the E-field vector is here
firstly recorded by the transverse probe for each posi-
tion scanned by a Cartesian robot in the symmetry
plane of the plasma jet. Then, by rotating the probe
with an angle of 7 around its symmetry axis, the map-
ping of the longitudinal E-field component E, can be
carried out. The interference induced by the probe on
the E-field distribution being weak but not null (espe-
cially when the probe is in contact with the plasma
plume), this experimental configuration with a single
probe at the same positions for measuring both radial
and longitudinal E-field components minimizes there-

This version of the article has been accepted for publication, after peer review and is subject to Springer Nature's AM terms of use, but is not the Version of Record
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Fig. 5 Temporal evolution of the applied excitation volt-
age waveform at 18 kHz (a) followed by the two orthogonal
components of the E-field (E, and E ) with the probe. The
latter is set at 8.0 mm from the tube outlet in the longitu-
dinal direction. In the radial axis, the origin of the probe is
set 4.0 mm from the sidewall of the tube. b probe placed on
the left side of the tube, ¢ within the plasma plume, and d
on the right side of the tube

fore the potential artifacts. It constitutes the best con-
figuration, especially because the signal to be character-
ized is reproducible. As an example, the raw temporal
traces of F/, and E,, in presence of the plasma, are
given in Fig. 5.

In this measurement set, the transient evolution of
the radial component F,. and the longitudinal compo-
nent E, are measured with the EO probe placed above
the tube outlet. The temporal evolution of the applied
voltage is presented in Fig. 5a). The E-field temporal
dynamic of the plasma jet is recorded at three charac-
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teristic positions: in the top left position of the tube
outlet (Fig. 5b), in the middle of the ionization wave
propagation (Fig. 5¢), and on the top right of the tube
(Fig. 5d).

From these graphs, one notices that the EO probe is
capable of capturing a periodic signal of both orthogo-
nal components of the E-field having the identical fre-
quency as the high-voltage excitation waveform (i.e. 18
kHz). Qualitatively, it is interesting to compare the E-
field magnitude recorded with the EO probe positioned
on each side of the plasma plume, i.e., Fig. 5b and d.
While the longitudinal component E, on both sides
describe a similar periodic evolution, the signals cor-
responding to the radial components FE, are reversed.
This is explained by the vector characteristic of the
E-field induced by the ionization wave propagating in
the orthogonal direction. Quantitatively, the magnitude
of £, and F, are also in remarkable agreement from
one side of the APPJ to the other. Focusing on F .,
the longitudinal component field has a slightly stronger
amplitude than E,. which is explained by the inherent
mechanism of the streamer growth. Indeed, the latter is
governed by thin charge space volume formed after the
drift of the electrons (having a higher mobility than the
ions) leaving the heavy charges quasi-immobile. Ahead
of this space charge results an intense E-field oriented
along the growth of the streamer. A minor variation
of the F, magnitude is observed between the curves
presented in Fig. 5b and d. The reason of this is the
absolute position of the EO probe with regard to the
axis of the APPJ tube and is directly related to the
experimental uncertainties, i.e., 0.5 mm. This varia-
tion of magnitude implicitly reveals the sensitivity of
the EO probe to the gradient of the E-field.

Figure 5c corresponds to a situation where the EO
probe is right on the guided ionization wave path where
a direct interaction between the surface of the sensor
is exposed to the discharge. Compared to the previous
cases where the EO probe was used in the proper condi-
tions for what it was initially designed, placing the sen-
sor directly in the partially ionized volume is somewhat
a controversial experimental scenario. Indeed, the inter-
action of the probe with the discharge will be discussed
more specifically in another section of this paper. Exact-
ingly, the magnitude of the E, component is reduced
at the minimum and tends to 0 kV/m, while the E,
reaches its maximum magnitude. Both observations are
fully consistent with each other since a—partially—
ionized plasma is electrically neutral at a scale larger
than the Debye length. The resulting E-field within
this volume is thus hardly above 0 kV/m. From this
results, the quasi-absence of radial component of the
E-field is observed. However, the F, component is at
its maximum of magnitude peak-to-peak because it cor-
responds to the E-field of the space charge responsible
for the propagation of the ionization wave. In this situ-
ation, the E-field is mainly vertical (in the order of 100
kV/m) in contrast to the radial field being almost null.
For both components and in all scenario, one will fig-
ure that the time evolution of each curve describing the
E-field does not entirely resemble the waveform of the
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applied voltage (see Fig. 5a). This is again a remark-
able signature of the discharge-induced E-field over the
Laplacian field. The peculiar features captured by the
EO probe on F, and E, unveil a rather complex E-
field vector profile which will be resolved in the next
sections.

2.3 Spatiotemporal evolution of both components
of the field

To resolve the spatial and temporal dynamics of the
E-field vector, a step-by-step raster scanning with the
EO probe is realized in the vicinity of the APPJ device.
Practically, both E,. or E, signals are recorded for sev-
eral positions above the tube outlet. The step size is
set to 0.5 mm, and the origin of the y-axis is set to
the tube outlet. This means that the APPJ is pointed
upward. A post-treatment is then performed by using
Mathematica computational software from Wolfram to
reconstruct the E-field vector mapping. This original
approach was successfully reported in [63,64] on a
pulsed APPJ device, with the pioneered experimental
characterization of the vector E-field induced by guided
ionization waves.

A sequence of the E-field vector dynamics is pre-
sented in Figs.6, 7 and 8. Each colormap shows the
profile of the magnitude of the vector E-field, i.e.,
\/E?% 4+ E2. The evolution of the E-field magnitude dis-
tribution is revealed with the sequence of colormaps,
obtained at different time steps, as shown with the
inserts. A quiver plot overlays each color map with
white dash lines in order to reveal the E-field lines as
well as the direction of the field.

At t = —2.0 ps and for an applied voltage lower than
6 kV, one can observe the progressive propagation of
the ionization front with the E-field confined along the
axis of the tube where flows the helium plume into the
ambient air. The streamlines describe an E-field profile
pointing downstream, simply because at that moment,
the applied voltage just ends its negative half period.
It is in the process of rising the voltage potential of
the electrode, which is currently higher than the rest
of the ionized plasma channel. Note that the surround-
ing of the plasma plume is at a floating potential. The
field is at its maximum in the order of more than 200
kV/m. The axis of the APPJ can be identified where the
field is mostly vertical and corresponds to the position
r = 5.0 mm. Then, the applied voltage increases up to
a maximum of 6 kV. At t = 7.0 us, one can observe a
distortion of the E-field streamlines in the vicinity of the
tube outlet. Intriguingly, one can visibly notice the fall
of the field and its total inversion in the two orthogonal
directions F, and E,.. This dynamics of the E-field are
in remarkable agreement with the experimental results
reported in [63]. Substantial information on the latter
work can also be found in [64]. This complex struc-
ture of the E-field corresponds to a transition where
the applied voltage is passing its maximum amplitude.
The electrode transfers its potential to the conductive
guided ionization wave channel before to reach a local
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Fig. 6 Spatiotemporal evolution of the E-field vector
described by the two orthogonal components E, and F ..
Top graphics shows the temporal evolution of the applied
voltage (blue curve). The color map with the quiver plot
depicts the E-field profile in the vicinity of the quartz tube
outlet. The red dot indicates the time stamp of the 2D map-
pings. (continue in Fig. 7)

maximum (blue zone) of about 400 kV/m at ¢t = 10 pus.
After that, the applied voltage starts to decrease toward
zero (at t = 23 ps. For this zero voltage, the Laplacian
field is zero as well, and we can note that the remain-
ing total field is only induced by the plasma. Beyond
this time, the voltage increases again until —6.0 kV
(at t = 35us), and the field reverses once again and
increases to reach its maximum (red zone) and so on
for the next excitation alternate of the driving applied
HV.
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Fig. 7 Following Fig. 6 from t = 13 us to ¢t = 30 us. (con-
tinue in Fig. 8)

2.4 Polarimetric mapping of the E-field

The temporal evolution of the radial and longitudinal
components E, and E, of the E-field in the vicinity
of the discharge are measured for different positions
of the probe. Thanks to high frequency response and
the recorded temporal waveforms of each component,
a real-time polarimetric analysis can therefore be per-
formed. This representation has the advantage to show
a static image of the dynamic evolution of the E-field
vector and the phase shift between its two orthogonal
components. The synchronized acquisition of the radial
and longitudinal components, (E, and E . as shown in
Fig. 9), gives access to the complete feature of the E-
field vector and its temporal evolution. Thus, it offers
the possibility to analyze the E-field polarization state
spatial distribution. In Fig. 9, the measurements have

Page 7 of 13
Vapp @ 35 ps Vapp @ 45 ps
s s
2 2
g =4 58 =
5= S
- \/ 2c
0 10 20 30 40 0 10 20 30 40
Time (s) Time (ps) kV/m
E-field @ 35 ps E-field @ 45 ps

200

~ e

L\
N

LR R
AL
A‘x\

—-200

-400

Fig. 8 Following Fig.7 from ¢t = 35 us and ¢ = 45 us

40+
e e e e e e e e e e e e e -
- e e g 8 8 P P B S B S e e ——— — . o
30t
-
e s
—
E 20} —=megll L2777 )\ NS s
£
E
N

—me e LY [ (S
| e L \SSs————r
—— [
~=— | NS
O-W

0 2 4 6 8 10
r (mm)

10

Fig. 9 Polarimetric distribution obtained from a 2D map-
ping of the two orthogonal field components {E,, E .} with
the exact position of the plasma plume (purple region)

been performed every 1.0 mm from 0.0 mm to 10.0 mm
along the r-axis and at different heights, and every
4.0mm, and from 0.0 mm to 40.0 mm along the z-axis.

Considering the geometry of the plasma jet, and
regarding the previous results, this graph can be divided
into two symmetrical parts centered at r = 5.0mm
(corresponding position of the center of the jet within
4+1mm uncertainty, as shown in the purple region of
Fig.9). A parametric plot of E, as a function of F,
allows getting the polarimetric behavior of the field, for
different positions of the EO sensor. One can notice
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Fig. 10 Temporal evolution of several consecutive acquisi-
tions of the longitudinal component E . of the E-field corre-
sponding to different vertical position. The inset shows the
distance vs time of the front 1 and the front 2 in red and
blue, respectively, from which the front velocity is deduced

in Fig. 9 that the field exhibits a linear polarimetric
behavior in two specific horizontal locations: (1) along
the axis of the plasma jet device where the field remains
vertical and corresponds to the direction of propagation
of the guided ionization waves and (2) quite far from the
symmetry axis where the field becomes horizontal. In
all other locations where the field magnitude is signifi-
cant, a phase shift between E, and F,. can be observed.
The latter describes the E-field profile in the surround-
ing of the propagation path. It can be considered as a
unique signature of the propagated guided streamer.

2.5 Determination of ionization wave front velocity

The E-field being one of the main elementary process
responsible for the propagation of the ionization wave
front, measuring this quantity is thus also a direct inves-
tigation of the streamer growth. In general, the ioniza-
tion front velocity is experimentally evaluated though
the intense emission of light resulting from the direct
excitation by electron impact, where the E-field is rel-
atively strong compared to the trail. Commonly, one
uses an intensified charge-coupled device (ICCD) cam-
era to capture images of the discharge with short expo-
sure time—typically < 20ns—to capture the position
of the ionization wave front. Then, the growth velocity
is inferred from the subsequent images [72-74].

In the present case, to determine the ionization wave
front velocity (IWFV), an original method is proposed
with a direct measurement of the E-field ahead of the
streamer growth. For that purpose, a vertical transla-
tion of the EO probe is operated with fine steps in order
to record the dynamics of the E-field along the jet. Fig-
ure 10 shows several recording of the longitudinal com-
ponent E . signal for different vertical position.

One notices on each E, curve a steep gradient hap-
pening at about (10+£2)us and corresponds to the front
of the ionization wave. A second front with an easier
slope can be identified approximately 28 us after the
first one. It corresponds to the second half period of
the high-voltage excitation, where a negative ionization
wave is ignited. From the time position of each front,

Eur. Phys. J. D (2023)77:199

one is able to track the position of the front, as shown
in the inset of Fig. 10. The time different from the suc-
cessive recorded signal allows determining the IWFV
directly from the E-field signal. The results reveal a pro-
portional relationship between space and time, mean-
ing a constant propagation velocity for the investigated
range. The resulting slope of —z/t— of front 1 corre-
sponds to the IWFV of the positive half period of the
excited voltage. An IWFV of 1 x 105 c¢m/s is found,
which is fully consistent with the values reported in the
literature [27,74]. Furthermore, a detailed mapping was
also done for the radial component E, around the jet
was leading to the same velocity.

3 Perturbation of the field induced by the
EO probe

Probe diagnostics used in low-temperature plasmas are
inherently considered as intrusive techniques. This is
particularly true when part of the probe is directly in
contact with the discharge. Thus, the complexity of
the plasma surface interactions makes the interpreta-
tion of the signals delivered by the sensor challenging
and often requires the validation of crucial assumptions.
It can also be necessary to partly take into account
some elementary mechanisms to be able to extract the
desired plasma parameters from the recorded signal.
Apart from the plasma surface interaction, probes can
also influence the discharge while being in its vicinity.
This depends on the type of probe and the nature of
the parameter to sense. In the case of E-field, the role of
the EO probe may be questioned, and this section aims
at giving some piece of answer based on a pragmatic
approach.

Practically, to evaluate the intrusive role of the EO
probe while sensing vicinity of the APPJ and its gener-
ated guided ionization waves, a simple protocol is pro-
posed. One suggests using a set of two identical EO
probes, both calibrated with the method previously
described. The main idea is then to record several sig-
nals with one probe or the other while changing their
position in space with regard to the guided streamer
propagation. A direct comparison of the recorded wave-
forms from each probe is then analyzed and discussed.
In the next cases, the two probes are set one on top
of the other, having their respective orthogonal sensing
axis rigorously aligned with each other. The APPJ is
set vertically, pointing upward with respect to the grav-
ity force. One of the probe is set about 10 mm toward
the APPJ outlet, directly on the propagation path of
the guided streamer. Consequently, the latter ends its
propagation with a direct interaction with the surface of
the probe housing. The second EO probe is positioned
strictly above the previously mentioned sensor, and it
obviously not in contact with the discharge itself.

In the first case, the EO probe in contact with the
guided streamer is considered as a disturbing element
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Fig. 11 Temporal evolution of the longitudinal component
of the E-field. On the left top corner, the inset describes the
relative position of the two probes with regard to APPJ. In
this case, the disturbing probe is in red color. On the right-
hand side, a photograph depicts the experimental setup with
the disturbing probe encircled with a red dash line

for the E-field measurement which is performed by the
upper EO probe.

Figure 11 shows the recorded waveforms with and
without the presence of the disturbing probe, as well as
a photograph depicting the two EO probes with regard
to the APPJ. The goal of this dedicated setup is to eval-
uate how an EO probe placed between the discharge
and the measuring sensor will affect the characteriza-
tion of the E-field induced by the guided streamer. At
the first glance, all signals presented in Fig. 11 are qual-
itatively comparable. The period and phase are very
similar if not identical considering the comparison of
the two signals recorded before and after the presence of
the disturbing EO probe. This verifies that the probes
are well-calibrated, and they measure the same E-field
evolution in time. The reproducibility of the measure-
ment is to be notice here.

Concerning the recorded signal in presence of the
disturbing EO probe (red curve in Fig. 11), one can
figure that neither the period nor the phase or wave-
form have been affected. Only the magnitude of the
signal is reduced compared to the measurements with-
out the disturbing probe. This means that the EO
probe inserted between the APPJ and the measuring
EO probe is acting as a E-field magnitude attenua-
tor. Indeed, in this configuration, the disturbing probe
increases the distance between the charges inducing the
plasma-associated field and the measuring probe, thus
leading to a decrease in the field magnitude (about
50%). The absence of other discrepancy between the
signal with and without disturbance suggests that the
inserted EO probe does not have a significant influ-
ence on the E-field profile measured downstream, in its
vicinity—and within the sensitivity of the sensor.

In the second case, the role of each EO probe is
reversed compared to the previous conditions. This
means that the EO probe acting as a disturbing ele-
ment is now placed after the measuring sensor. Fig-
ure 12 presents the recorded E-field signals as well as
insets for sake of clarity. If the disturbing probe (in
red) is not interposed between the measuring probe and
plasma, as indicated in the inset of Fig. 12, its impact
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Fig. 12 Temporal evolution of the longitudinal component
of the E-field (as shown in Fig. 11). On the left top corner,
the inset describes the relative position of the two probes
with regard to APPJ. In this case, the disturbing probe is in
red color, and thus located after the measuring probe. On
the right-hand side, a photograph depicts the experimental
setup with the disturbing probe encircled with a red dash
line

is expected to be moderate, although this may depend
on the type of material.

A metallic antenna would certainly induce some sig-
nificant modification of the E-field lines, while the case
of fully dielectric probes (like the EO probe) should be
investigated and discussed. The recorded signals shown
in Fig. 12 are remarkably consistent with each other.
It is important to mention that the measuring sensor is
actually in contact with the guided streamer. Although
one cannot really ignore the interaction of the discharge
with the EO probe surface of the housing, this inter-
play does not seem to induce any disturbance on the
recorded signal. Not to say that the plasma surface
interplay not taking place in this condition, but that it
does not have an influence on the measurement within
the sensitivity of the probe. As the result, the EO probe
diagnostic offers a reasonable possibility to characterize
the E-field in guided ionization waves. Some limitation
of this technique concerns the properties of the E-field
in the vicinity of the plasma surface interface, where
the EO probe is not able to sense due to its dimension
with regard to the typical plasma sheath thickness at
atmospheric pressure (in the order of 10 pum).

4 Conclusion

With this study, the authors demonstrated the remark-
able capability of an EO probe to characterize—
simultaneously—the temporal and spatial evolution of
two orthogonal components of the E-field induced by a
guided streamer. This transient discharge—also known
as guided ionization wave—was produced by the mean
of an APPJ device operated in Helium gas at atmo-
spheric pressure. Prior to the E-field investigation of
the discharge, the calibration procedure of the EO
probe was performed, considering the peculiarities of
the geometry of the APPJ. The temporal and the mag-
nitude sensitivity of the EO probe was compared with
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simulations of the E-field without discharge, showing a
remarkable sensitivity compare to other methods. The
experimental results are fully consistent with the sim-
ulation of an electrostatic field taking into account the
geometry of the electrodes.

The other aspect of this work deals with the tem-
poral evolution, the polarimetric features and the E-
field vector signature of the guided streamer. This EO
technique has demonstrated the capability to investi-
gate many temporal features of the E-field profile in
space with respect to the sensing EO crystal dimen-
sions. Indeed, the time evolution of the E-field profile
could be characterized, evidencing the strong dynamics
of the ionization waves and the rather complex struc-
ture of the E-field streamlines which mostly drive the
electron kinetics of the discharge. The results are fully
consistent with previous published work [63,64], espe-
cially the dynamic of the field featuring a reversal of
the longitudinal component. It has also been possible
to measure the growth velocity of the guided streamer
by measuring the intense E-field ahead of the ionization
column. The values reported in this work are in excel-
lent agreement with theoretical, numerical and experi-
mental studies found in the literature. Finally, a prac-
tical approach was proposed to evaluate the potential
disturbance of the EO probe on the measurement of
the E-field. It has been shown that the impact of the
measurement mainly concerns the ability of the electro-
optic sensor to measure the absolute magnitude of the
E-field. No sign of influence could be found on the
phase nor on the time evolution within the sensitiv-
ity of the EO probe. The results of this study open
new insight on the probe-based diagnostic approach
in atmospheric pressure plasmas and their numerous
environmental, biological and industrial applications.
This method should also be considered in the inter-
action plasma surfaces, including liquids which will be
investigated in the future. Finally, properties of this EO
technique can be of major interest for numerous other
configurations of plasma experiment such as in vacuum
(1075 mbar), even up to microwave frequencies (several

tens of GHz).
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