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Introduction

The interest in atmospheric pressure plasma jets has grown 
significantly the past decades. On one side, this is because of 
the numerous applications for which they are used, e.g. sur-
face modification [1, 2] and plasma medicine [3–5]. On the 
other hand, the guided ionization waves produced with these 
plasma jets are also an ideal tool, due to their repetitiveness, 
to learn about the processes involved in the generation of the 
guided waves [6, 7] and to study the effects of surface dis-
charges at dielectric materials. Numerically, guided ionization 
waves (also referred to as plasma bullets or guided streamers) 
have been investigated significantly as well [8–12].

Electric field measurements are crucial for understanding 
the behavior of the guided ionization waves. In general it is 
very difficult to measure reliably the electric field, due to the 
apparent size and transient behavior of these discharges. In 
the past, the electric field of an atmospheric pressure plasma 
jet operated using heluim has been investigated following 
two different principles. Firstly, since helium flow is used as 
the carrier gas of the plasma jet, Stark broadening has been 
investigated to measure the electric field [13–16]. Secondly, 
di electric electro-optic crystals can be exploited, either in a 
probe configuration [17–19] or used as a target [20–22]. All 
three measurements techniques have their advantages and 
disadvantages, which will be discussed briefly. Other elec-
tric field measurements techniques are not applicable for non 
thermal helium jets or have simply not been used for this  

Journal of Physics D: Applied Physics

Imaging axial and radial electric field 
components in dielectric targets under 
plasma exposure

Elmar Slikboer1,2,3,4 , Ana Sobota2 , Olivier Guaitella3   
and Enric Garcia-Caurel1

1 LPICM, CNRS, Ecole Polytechnique, Université Paris-Saclay, 91128 Palaiseau, France
2 Department of Applied Physics, EPG, Eindhoven University of Technology, Netherlands
3 LPP, CNRS, Ecole Polytechnique, UPMC, Université Paris-Saclay, 91128 Palaiseau, France

E-mail: elmar.slikboer@lpp.polytechnique.fr

Received 20 October 2017, revised 26 January 2018
Accepted for publication 7 February 2018
Published 22 February 2018

Abstract
This work presents new ways to investigate the individual electric field components in 
a dielectric target induced by a non thermal atmospheric pressure plasma jet. Mueller 
polarimetry is applied to investigate electro-optic crystals under exposure of guided ionization 
waves produced by a plasma jet. Three different cases are examined to visualize the different 
electric field components induced in the crystals by charges deposited on the surface by 
impact of the ionization waves. Investigating a Bi12SiO20 (BSO) crystal at normal incidence 
allows measurement and visualization of the axial field, while if the crystal is examined at 45◦ 
both radial and axial electric field components are combined. For the first time, a Fe:LiNbO3 
(Felinbo) crystal is examined using Mueller polarimetry under influence of a plasma jet. 
In this case, exclusively the patterns and local values of the radial field are obtained and 
not the axial field. These unique imaging options in the target for the individual electric 
field components allow a new and more complete investigation of the dynamics of surface 
discharges on dielectric materials.
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yet, e.g. CARS based four wave mixing [23–25] and 
 laser-col lision-induced fluorescence [26].

Measurements obtained with Stark broadening are very 
useful for the investigation of electric field in the ionization 
front, without any external influence. However, it does rely 
strongly on the intensity of certain helium lines, meaning the 
electric field value is only obtained at the point of strongest 
light emission and no mapping of the environment is possible.

Measurements using electro-optic crystals to measure the 
electric field exploit the Pockels effect, since the refractive 
index of those crystals change with the electric field. Since 
these materials are dielectric, the electrical perturbation is 
expected to be minimal. Performing measurements in probe 
configuration is ideal for scanning and mapping the electric 
field around the capillary or the plume of the jet. However, 
even though electrical perturbations are minimized, the gas 
flow mixing of the plasma jet plume is expected to be per-
turbed. This is because the probe dimensions (5 mm) are rela-
tively large, compared to the size of the capillaries used (4 mm) 
through which the carrier gas flows. Additionally, point values 
are obtained with the probe allowing for the desired mapping, 
but the crystal size inside the probe is larger (2 mm) than the 
actual ionization wave (≈1 mm), meaning a significant aver-
aging is expected.

When electro-optic crystals are used in a target configura-
tion also some clear advantages and disadvantages are pre-
sent. First of all, because the crystals are used as a target, only 
electric field values are obtained inside the target and not in 
the ionization wave/front. The dynamics of the plasma plume 
at the surface can be investigated, but always the measured 
field is due to charges deposited at the target’s surface. The 
clear advantage of using electro-optic crystals in a target con-
figuration is that it allows for direct imaging of the electric 
field and no mapping is needed. As a result, spatial resolutions 
are only limited by the optical detector used. Similar as with 
the probe configuration, the gas flow dynamics changes when 
using a target configuration compared to a freely expanding 
jet. However, since a relatively larger target is used the altered 
gas flow actually relates better with configurations used for 
biomedical applications or surface functionalization where 
always a target is present.

This research shows new ways to use the electro-optic 
crystals in target configuration to image the individual elec-
tric field components. This is done using Mueller polarimetry 
to capture the complete Mueller matrix of the crystals under 
exposure of the guided ionization waves, by analyzing the 
linear birefringence.

Mueller polarimetry under plasma exposure

Mueller polarimetry is used to investigate the optical proper-
ties of a sample by measuring its Mueller matrix [27]. This 
is done by measuring the change of polarization of light as 
it interacts with the material in transmission. Figure 1 shows 
the polarimetry setup. In the polarizer state generator (PSG), a 
polarization state is set using two ferro-electro liquid crystals 
[28]. Then the polarization state changes due to interaction 

with the sample. This is examined in the polarizer stage ana-
lyzer (PSA), again by using two ferro-electro liquid crystals. 
The liquid crystals relate to half-wave and quarter-wave plates 
with variable orientations. Their orientation depends on the 
initial orientation angle αi and an externally applied DC 
voltage. Two orientations can be chosen for each liquid crystal 
depending on the polarity of the DC voltage. By sequentially 
changing the polarity applied to the liquid crystals, 16 dif-
ferent images can be acquired with the iCCD camera. This 
allows for the full imaging of the 4 by 4 Mueller matrix of 
the sample [29]. The initial orientation angles αi are chosen 
specifically to optimize the system [30].

The sample in question is an electro optic crystal under 
exposure of guided ionization waves produced using an 
atmospheric pressure plasma jet. Charges deposited at the 
crystal’s surface induce electric fields and transferred heat 
to the surface creates temperature gradients in the material. 
Both cause the refractive index of the electro optic crystal 
to change, making the material linear birefringent. The rela-
tion between the external source of anisotropy and measured 
linear retardance is shown in this work and depends at first on 
the orientation of the sample related to the optical axis of the 
setup. In this research, three distinct cases are examined; see 
figure 2.

The first case consists of a Bi12SiO20 (BSO) crystal, which 
is tilted and examined at a 45◦ angle. The plasma jet is placed 
horizontally and impacts the target perpendicularly. In the 
second case the BSO crystal is examined at normal incidence. 
To not block the light, the plasma jet impacts the crystal hor-
izontally at a 45◦ angle. This target configuration has been 
used in the past [21]. The last case uses a different crystal, i.e. 
Fe:LiNbO3 (Felinbo), at normal incidence, with again the jet 
at a 45◦ impact angle. The symmetry point group of Felinbo 
is different than BSO, resulting in a different response to the 
electric field. Refractive index and dielectric constant of BSO 
(no = 2.54 and ε = 56) and Felinbo (no = 2.29, ne = 2.20, 
ε11 = 85 and ε33 = 30) are comparable [31].

The 16 images obtained at the iCCD camera when changing 
the orientation state of the liquid crystals are transformed to the 
Mueller matrix of the sample by using the Mueller matrices of 
the PSA and PSG elements. These matrices are obtained fol-
lowing the calibration eigenvalue method [32]. The acquisition 
of the images and control of the liquid crystals is carefully cou-
pled with the formation of the ionization waves, to have time 

Figure 1. The polarimeter used to measure the Mueller matrix 
of any sample, by setting a polarization state using the PSG and 
analysing the changed polarization state due to sample interaction 
using the PSA.

J. Phys. D: Appl. Phys. 51 (2018) 115203
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resolved imaging. This is needed since the plasma jet generates 
these guided ionization waves at a 30 kHz frequency, following 
the 2 kV AC sinewave used as applied voltage.

The plasma jet consists of a small stainless steel tube (pow-
ered electrode) through which 1 slm helium flows. This tube 
is inside a dielectric pyrex capillary with an inner diameter of 
2.5 mm. Around the capillary is a grounded ring, 5 mm away 
from the end of the powered electrode. As a result guided 
ioniz ation waves are generated periodically inside the capil-
lary and continuing to propagate outside, creating a plasma 
plume. A more comprehensive description of the plasma jet 
source is found in [33].

Due to the transient but repetitive impact of the guided 
ionization waves the Mueller matrix of the sample has to be 
examined before and after impact of the ionization waves. 
This is done by controlling the liquid crystals and the acquisi-
tion at the iCCD camera relative to discharge cycle by set-
ting a time delay, more comprehensively discussed in [34]. 
Exposure times are used of 1 μs and multiple exposures are 
taken to reduce noise.

Though the obtained Mueller matrix has all the optical 
information requested, it has to be analyzed, since the infor-
mation is entangled [29]. For continuous materials measured 
in transmission, this is done using the logarithmic decomposi-
tion [35–37].

Coupling electric field to birefringence

The logarithmic decomposed matrix gives information about 
the optical properties, related to diattenuation, depolarization 
and retardance. The latter is of most significance in this work 
since it relates to the response of the material to the externally 
induced anisotropies, e.g. electric field and temperature. The 
response depends on the material’s symmetry point group and 
the direction of light that is travelling through the material 
with regard to the axis of the material.

In general the birefringent behavior of materials is 
described using the index ellipsoid, see equation (1), with x, y 
and z the material’s axes [38, 39]. When an externally induced 
anisotropy is added, this is incorporated using six ∆ηi  terms 
to the impermeability tensor [40].
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The plane wavevector, indicating the direction of light 
travelling through the material, intersects with the index 
ellipsoid to form a two dimensional ellipse. This ellipse is 
relevant for determining which retardance is induced [41]. 
When light travels at normal incidence through the crystal the 
plane wavevector is simply described by z = 0, simplifying 
the index ellipsoid to an ellipse in the XY -plane. When the 
optical path is altered and light travels at a skew angle at 45◦, 
i.e. in examined case 1, the plane wavevector is z = −x which 
results in a different intersecting ellipse. Also the symmetry 
point group of the material influences this intersecting ellipse.

The additional ∆ηi  terms are related to the external source 
of anisotropy using optical tensors. The focus of this work lies 
on the influence of external electric field and not on the influ-
ence of temperature, which also creates birefringence through 
temperature induced strain [34]. The electro optic tensor cou-
ples the induced anisotropies to the external electric field and 
depends fully on the symmetry point group of the material. 
Since BSO is a cubic crystal with symmetry point group 23 
and Felinbo is classified as trigonal with point group 3m, their 
electro-optic tensors are different and can be found in litera-
ture [40].

Due to different sample orientations and symmetry point 
groups, the three examined cases in this work all have dif-
ferent intersecting ellipses, resulting from the plane wave and 
index ellipsoid. The intersecting ellipse is used to obtain ana-
lytic relations between the induced retardance and external 
electric fields. The steps taken to derive these relations are 
more comprehensively discussed in [34], together with a more 
comprehensive description on Mueller matrices, i.e. which 
information they include and how to analyze them. From 
the Mueller matrices, two linear retardances are obtained 
with different basis of coordinate system, i.e. at 0/90◦ and 
45/135◦ (diagonal). From the intersecting ellipse, the retard-
ance is obtained by calculating the difference in radii of 

Figure 2. The three different cases examined in this work. The first case (1) examines a Bi12SiO20 crystal which is tilted at 45◦, where in 
the second case (2) the crystal is examined at normal incidence and the last case (3) uses a Fe:LiNbO3 crystal. In the last two cases, the jet 
is orientated at a 45◦ angle towards the target. The axis perpendicular to the sample is always referred to as the z-axis.

J. Phys. D: Appl. Phys. 51 (2018) 115203
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the ellipse at those orientations, i.e. ∆n0/90 = n0 − n90 and 
∆n45/135 = n45 − n135.

The resulting relation between the external electric field 
and the linear retardance L in the 0/90 system and in the 
 diagonal 45/135 system is shown in equation  (3), for the 
first case where light travels through the BSO crystal at 45◦ 
inclination.




L0/90 = 2πd∗

λ ∆n0/90◦ =

= 2πd∗

λ

(
no

(
1 −

√
2
)
+

n3
or41Ey√

2

)

L45/135 = 2πd∗

λ ∆n45/135◦ =

= 2πd∗

λ

√
2
3 n3

or41(Ez − Ex).

 (3)

In this case all three electric field components cause retar-
dance, with λ = 530 nm is the wavelength of the light, no the 
unperturbed refractive index of BSO and r41 = 4.8 pm V−1 
the Pockels coefficient of BSO. The optical path d∗ through 
the crystal is larger than the crystal thickness d = 0.5 mm due 
to the 45◦ angle of the sample.

For the second case when light enters at normal incidence 
to the crystal surface, only the z-component (parallel to the 
optical path of light) is causing retardance for BSO, see equa-
tion (4). When the Felinbo crystal is used it is not the axial 
field but the radial electric field (x and y components) that 
causes retardance for light travelling through, see equation (5) 
with r11 = 6.8 pm V−1. As a result, this allows us for the first 
time ever to measure the radial (Ex  and Ey) fields, since until 
now Ez was always measured when the Pockels technique in 
target configuration was used.

BSO at 0◦





L0/90 = 2πd
λ ∆n0/90◦ = 0

L45/135 = 2πd
λ n3

or41Ez

 (4)

Felinbo





L0/90 = 2πd
λ n3

or11Ey

L45/135 = 2πd
λ n3

or11Ex.
 (5)

As mentioned above, by setting a delay relative to the dis-
charge cycle the Mueller matrix can be obtained right before 
and right after impact of the ionization waves. Acquisitions 
by the iCCD are done with the plasma jet continuously oper-
ated, as such the Mueller matrix obtained before impact 
still includes response due to transferred heat. Electric field 
response is only present after impact, in addition to the 
response regarding the temperature gradients. As such by sub-
tracting the linear retardance before and after impact the effect 
of only electric field is obtained [21, 22]. This is because a 
steady state temperature profile is expected, due to the large 
number of discharge events that have occurred [34].

Optical response crystals

Figure 3 shows the logarithmic decomposed matrix of BSO 
when light travels at 45◦ through it (case 1), after impact of 
the guided ionization waves. A broader introduction to the 

Mueller matrices of electro optic crystals under plasma expo-
sure can be found in [34].

Every element of the matrix relates to an optical property 
in a certain coordinate system. Depolarization properties are 
left out since they contain no relevant information, showing 
empty diagonal elements. Besides a non zero circular retard-
ance (element {2,3} and {3,2}), there is also a non zero linear 
diattenuation in the 0/90 system (element {1,2} and {2,1}) 
and linear retardances in both coordinate systems (elements 
{2–3,4} and {4,2–3}).

Circular retardance is always non zero, due to the rotatory 
power of BSO [42]. The non-zero linear diattenuation in the 
0/90 coordinate system is present due to the inclined angle 
between propagation of light and crystal axis (Fresnel laws of 
reflection). Linear retardance is a result of both temperature 
induced strain and electric fields caused by charges deposited 
at the surface.

Figure 4 shows the logarithmic decomposed matrix of 
Felinbo (case 3) after impact of the guided ionization waves. 
Felinbo lacks any rotatory power, hence there is no circular 

Figure 3. Logarithmic decomposed matrix of BSO with light 
propagation at 45◦, obtained after impact of guided ionization 
waves. Depolarization is left out and the images cover a 10 by 
10 mm range. A dashed border is used for the range −1.0 to  +1.0 
rad, while a solid border indicates a range of −0.20 to  +0.20 rad.

Figure 4. Logarithmic decomposed matrix of Felinbo with light 
propagation at normal incident, obtained after impact of guided 
ionization waves. Similar remarks as in figure 3 apply.

J. Phys. D: Appl. Phys. 51 (2018) 115203
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retardance. Additionally, the crystal is examined at normal 
incidence, resulting in an absence of diattenuation. Again both 
temperature induced strain and electric fields are responsible 
for linear retardance.

The response to electric field is separated from temper-
ature by subtracting the linear retardances obtained before and 
after impact of the ionization waves. The results are shown 
in figure  5. This is possible because the temperature in the 
sample has reached a steady state profile due to the accumula-
tion of many discharge events.

The patterns observed relate to the analytical relations 
obtained earlier. For BSO at 45◦, the linear retardance in the 
0/90 coordinate system scales with the y-component of the 
electric field, while in the diagonal system a combination of 
the x and z-component is seen, like equation (3).

For case 2, when BSO is examined under normal incidence 
there is no retardance induced by electric field in the 0/90 
system and all the retardance obtained in the diagonal system 
is related to the axial Ez field. This component is parallel to 
the propagation direction of light perpendicular to the crys-
tal’s surface. In this case, the plasma jet impacts at an angle 
of 45◦ relative to the jet and not perpendicular like in the first 
case. As a result, there is a surface discharge behind the impact 
point of the ionization waves in the direction of the gas flow.

For the last examined case 3, with normal incident light and 
the plasma jet at 45◦, the retardance induced in the Felinbo 
crystal is directly related to the radial field components. By meas-
uring the 0/90 and diagonal coordinate system separately even 
the radial components Ex and Ey are automatically separated. 
These comp onents are tangential to the surface of the crystal. 
The absolute values of the induced linear retardance due to the 
radial field components are higher than shown by the results in 
case 1. This is expected since the analytical expressions, equa-
tions (3) and (5), show that they scale with different factors.

Resulting electric field patterns

Naturally these results can be combined to retrieve the external 
electric field patterns that have caused the anisotropy. The 
resulting axial electric field is shown in figure 6(a), while the 
radial electric field is shown in figure 6(b). Results from cases 
2 and 3 are used for this, by inverting equations (4) and (5). 
To our knowledge, the local pattern of the radial electric field 
values in a dielectric target have never been measured before.

It is not trivial to invert the results from case 1 to electric 
field. First of all, the individual electric field components are 

Figure 5. Response to electric field by the difference in linear 
retardances obtained before and after impact. Shown for both 
coordinate systems and for the three difference cases of BSO at 45◦, 
BSO at normal incident and Felinbo and normal incident.

Figure 6. Axial and radial electric field (kV cm−1) patterns retrieved 
using the observed retardances and the inverted equations (4) and 
(5). Electric fields are induced by charges deposited on the target’s 
surface by the plasma jet impacting horizontally from the left-hand 
side at a 45◦ angle at 7 mm distance. Operating parameters of the 
plasma jet are a 1000 sccm helium flow and a 30 kHz AC sine wave 
with 2 kV amplitude. Red dots indicate the location in between a 
cross section is examined, shown in figure 7.

J. Phys. D: Appl. Phys. 51 (2018) 115203
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entangled and secondly the optical path through the crystal 
is not at normal incidence, creating a shift in the images. 
Despite those shortcomings, it is the only way to simultane-
ously measure all the electric field components and addition-
ally place the plasma jet geometrically at a 90◦ impact angle. 
By analyzing figure  5, it is clear that the charge pattern in 
case 1 is different from cases 2 and 3. This is because the area 
of impact is larger when the jet impacts at a target perpend-
icularly, like in case 1.

Measured field values of approximately 6 kV cm−1 are 
lower than measured [16] or modelled [43] in the helium 
plasma plume, where values are reported between 10 and 
20 kV cm−1. Electric fields shown in figure  6 are due to 
charges deposited at the dielectric surface, measured after the 
discharge event has passed. The charges are removed and the 
observed electric field goes to zero everytime the polarity of 
the applied AC voltage changes, approximately 10 to 15 μs 
after the initial discharge event [21].

The fields shown are an average throughout the thickness 
of the crystal, meaning the surface field values will be higher 
than the 6 kV cm−1. An average is obtained because the linear 
retardance is an accumulation along the optical path of the 
light that travels through the sample. Using a compensation 
procedure it is possible to translate average electric field 
values to values at the surface, like is shown in [22]. Typically, 
the peak average electric field of 6 kV cm−1 corresponds to 
approximately 10 kV cm−1 at the surface. In additions, it is 
possible to estimate the total amount of charge at the surface 
that has been deposited [22].

A vertical cross section through the impact point is taken 
from the patterns, shown in figure 7. Even though different 
crystals are used, the axial and radial fields overlap almost 
perfectly. This indicates the surface charge distribution is sim-
ilar. This could be due to the comparable dielectric constants 
of both crystals, which is a crucial parameter as is shown in 
work by Norberg et al [12].

The axial electric field is only present at the area of impact 
where charges are deposited, while the radial field extends 
much further. This is important for the field of plasma medicine 
where various targets are treated with a plasma jet. A numerical 
study done by Yusupov et al shows the effect of electric field to 
oxidized cell membrames [44], which could lead to electropo-
ration of the cells with high enough local electric fields.

The diagnostic technique used to obtain the individual 
electric field patterns is not just relevant for discharges gener-
ated with a plasma jet. In general, it allows for the study of 
streamer dynamics at dielectric surfaces.

Earlier work by Kawasaki et al reports imaging of charge 
density distributions induced by streamers on grouded 
di electric targets [45, 46], exploiting the same BSO crystals as 
used in this research. However, the investigation of the elec-
tric field patterns induced by surface discharges in dielectric 
targets is lacking. Experimentally, this is quite a phenome-
nological discipline [47, 48] making it difficult to compare 
to numerical investigations [49, 50]. Most importantly, con-
cluded from those investigations, is that a dielectric surface 
lowers the threshold electric field value needed for propaga-
tion and ignition of a surface discharge.

As such, the possibility to seperately image the individual 
(axial and radial) field patterns is crucial. When axial electric 
fields are strong enough, this could reignite a discharge on 
the backside of the dielectric material [51], while with sig-
nificant radial electric field the surface discharge will prop-
agate further along the target’s surface. The latter occurred 
for the discharges examined in this work in cases 2 and 3. 
There, a surface discharge was present after the impact point 
of the guided ionization waves following the helium flow at 
the target. The flow of helium impacting the target lowers the 
surface field needed to propagate at the surface, in comparison 
with surface discharges in air.

Also for plasma catalysis or surface functionalization the 
imaging of all the individual electric field components is 
important, since the absorption energy of molecules depends 
on the surface field which is present. Electric field imaging 
allows further investigation of the surface reactivity as a 
result of discharges at the target’s surface. Until now this is 
only studied using modeling [52, 53], where for instance it is 
shown that the plasma assisted growth of carbon nanotubes 
depends on the electric field present and even low range fields 
(0.1–10 kV cm−1) change the dynamics that are involved [54]. 
Lastly, to use surface discharges as actuators for the possi-
bility of flow control [55] it is more useful to image radial than 
axial electric field to understand the dynamics involved.

Concluding, this work has shown new ways to image the 
three components of the electric field induced in a di electric 
target by surface discharges. Mueller polarimetry is used to 
investigate electro-optic crystals in a target configuration 
before and after impact of guided ionization waves produced 
by an atmospheric pressure plasma jet. We have shown it is 
possible to image the individual electric field components by 
either changing the orientation of the crystal or by using a set 
of crystals with different and well-chosen symmetry point 
groups (eg. Bi12SiO20 and Fe:LiNbO3). For the first time, the 
pattern and local values of both radial and axial electric field 
are captured separately. By capturing both field patterns sepa-
rately, it is possible to study the dynamics of surface discharges 
at a target in a new way, applicable for many different fields.

Figure 7. Electric field along vertical cross sections going through 
the center of the impact point, indicated in figure 6 with red dots.
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