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Abstract
A kHz-operated atmospheric pressure plasma jet is investigated by measuring charge transferred
to a dielectric electro-optic surface (BSO crystal) allowing for the measurement of electric field
by exploiting the Pockels effect. The electric field values, distribution of the surface discharge
and amount of deposited charge are obtained for various parameters, including gas flow, applied
voltage, target distance and the length of the capillary from ground to the end. A newly formed
surface discharge emerges at the target when enough charge is deposited at the impact point and
electric fields are high enough, i.e. 200 pC and 9±2 kV cm−1. The maximum amount of charge
transferred by a single ionization wave (‘plasma bullet’) is 350±40 pC. Due to the emerging
new surface discharge behind the impact point, the total charge deposited on the surface of the
dielectric target can increase up to 950 pC. The shape of the secondary discharge on the target is
found to be mainly driven by gas flow, while the applied voltage allows us to utilize longer
distances within the boundaries set by this gas mixing. Finally the ionization wave is found to
lose charge along its propagation on the inner walls of the capillary. The loss is estimated to be
approximately 7.5 pC mm−1 of travel distance inside the capillary.

Keywords: electric field, guided ionization waves, plasma bullets, atmospheric pressure plasma
jet, Pockels effect, charge transfer, dielectric target

(Some figures may appear in colour only in the online journal)

1. Introduction

Atmospheric pressure plasma jets have been introduced in the
last decade for the purpose of surface treatment and plasma
medicine [1–7]. Besides the investigation of radio frequency
(RF) powered plasmas, a significant amount of work has been
done investigating guided ionization waves produced using a
pulsed DC or AC system [8]. Many different atmospheric
pressure plasma jet designs are presented in the literature [9].
As such every jet system will have its own operating para-
meters concerning applied voltages and frequency, amount of
gas flow, type of gas, capillary dimensions and design
regarding distances between the electrodes, capacitance, etc.

From an application point of view often a target is treated by
delivering the so-called plasma cocktail to the surface, con-
taining charged species, radicals, electric field, (UV) radiation
and heat [10]. Therefore the exposure time and distance to
target are additional parameters important for the under-
standing of the effects on the target [11].

This work presents electric field measurements of guided
ionization waves on the surface of an electro-optic BSO
(Bi12SiO20) crystal produced using an atmospheric pressure
plasma jet. The electric field measurements are used to cal-
culate the amount of charge deposited on the dielectric target.

Guided ionization waves are also referred to as plasma
bullets or guided streamers in the literature and the key dif-
ference with regular streamers is their reproducibility. It is
assumed that the preferred trajectory for guided ionization
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waves is caused either by gas mixing effects (the front pro-
pagates in the more favourable noble gas atmosphere) or that
the leftover ionization and metastables from previous dis-
charges create a memory effect, or both. Recently repro-
ducible surface discharges have been observed [11] and it has
been shown [12] that streamer-to-bullet transition takes
approximately a second on the surface of a BSO crystal.

The size of guided ionization waves depends on the jet
design and other operating parameters, but at atmospheric
pressure they are a few millimetres at most [11, 13, 14]. As
such they are easily influenced and metallic probes or
antennas are not ideal for electric field measurements. Di-
electric BSO surfaces provide a less intrusive way of mea-
suring electric field, both spatially and time resolved. Where
(metallic) probes perturb the discharge as well, the dielectric
BSO surface allows for the investigation of a discharge clo-
sely related to the discharges applied in practice to dielectric
surfaces. Previous work [15] has been performed on a similar
system where the target dielectric was in contact with a large
grounded plane, which inevitably changed the properties of
the ionization wave. There are, consequently, a number of
effects that have been observed in the setup used in this work
and not in the setup in [15], such as the elaborate evolution of
surface discharges [11] whose properties can be quantitatively
discussed using the electric field measurements presented in
this paper.

The general aim of this article is to gain better under-
standing of the influence of plasma jet operating parameters
on guided ionization waves in the presence of a dielectric
target. The main focus lies in the influence of the applied
voltage, helium gas flow, position of the ground and target
distance. This is investigated by measuring the electric field,
capturing the distribution of surface discharge and calculating
the amount of charge deposited on the surface.

Relevant for the use of the Pockels effect for similar
purposes, this article presents remarks that are of importance
when measuring inhomogeneous electric field or surface
charge.

2. Pockels effect for electric field determination

The Pockels effect is the electro-optical property of a class of
materials in which the refractive index of the material changes
linearly with applied electric field. Moreover, different values
for refractive indices can be induced along different crystal
axes. Consequently, if light passes through such a material,
depending on its polarization state, a retardance is induced
which can be measured using e.g. the Sénarmont setup,
shown in figure 1. Previous studies used the Pockels effect for
the investigation of streamers [17], but also the electric field
induced by guided ionization waves [15, 16, 18].

In figure 1 the setup is shown, where the light first passes
through a polarizer at 45 degrees, then through the Pockels-
active crystal and finally through a quarter wave plate.
Retardance is induced by a certain local distribution of charge
on one side of the crystal. The final polarizer, i.e. the ana-
lyzer, is used to probe the final polarization state of the light.

The intensity of light reaching the detector is dependent on
the angle β and the retardance Γ induced in the crystal.

For light passing through the Pockels-active crystal at
normal incidence (i.e. along the z-axis) the phase velocity dif-
ference Dvp induced by the Pockels effect causes a delay Γ

experienced in the crystal. Besides the wavelength of the light
l = 633 nm, the index of refraction n0=2.54, the crystal
thickness =d 0.5 mm and the Pockels coefficient =r 4.841 pm
V−1 [16], retardance depends on the electric field parallel to the
propagation direction of the incident light. The distribution of
electric field (strength) throughout the thickness of the crystal
will affect the retardance, and the usual expression relates the
average electric field strength Ez to the retardance according to
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According to Sénarmont’s setup, when measuring at half-
maximum of the transmission curve, the recorded intensity is a
linear function of retardance [19], and the average electric field
can be expressed as follows:
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Half-maximum intensity is found by rotating the analyzer by an
adequate angle beta. I and I0 are the measured light intensities,
obtained at 50% transmittance in order to linearize the trans-
mission function, respectively with charge on the crystal and
without. The intensity difference is normalized using the max-
imum intensity Imax and minimum intensity Imin by changing
the analyzer to 55° and 145°, without charge on the crystal. The
extra 10° comes from the rotary power of the BSO material and
is not related to the applied electric field, as such 50% trans-
mittance is reached when b = 100 [19, 20].

When the thickness d of the crystal is small in compar-
ison with the area A over which charge Q is spread, the
electric field inside the crystal can be approximated to be
uniform. This depends on the surface charge σ and the di-
electric constant of the material e = 56r for the BSO

Figure 1. The Sénarmont setup used for electric field measurements
based on the Pockels effect. The transmission depends on the
retardance Γ, induced by charges deposited on the surface of the
crystal, and the angle β of the analyzer [12, 16]. The axis to which
the light propagates along is referred to as the z-axis.
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(Bi12SiO20) crystal [21]
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The factor 2 is included since in this case the charge is
only deposited on one side of the crystal. When the uniform
field approximation is valid this can be used to calculate the
amount of (surface) charge present by using the measured
electric field obtained with the Pockels effect.

If the charge is distributed over a surface that is com-
parable to or smaller than the thickness of the crystal, e.g.
when using a plasma jet on a 0.5 mm thick crystal, the
validity of the uniform field approximation is questionable.
The validity of the uniform field approximation can be
examined numerically by comparing the average field inside
the crystal—which is the one measured with the Pockels
effect—with the surface field value. For that purpose the
electric field inside the crystal is calculated using Coulomb’s
integration law for a uniformly charged disk of variable size
at the surface of the crystal.

Figure 2 shows the axial and the radial electric field
profiles inside the crystal at various positions z, where the
charge is distributed over a circular surface whose radius is
equal to the thickness of the crystal. The calculation is done
using equation (4) for the electric field ( )E E E, ,x y z at ( )x y z, ,
inside the crystal for a uniformly charged disk at the surface
(z= 0) with radii a and b equal to the thickness of the crystal,
i.e. 0.5 mm. The surface charge density σ was set to
22 nC cm−2 because this value is of the order of magnitude
present in our experiments.

Clearly visible is the decrease of the field through the
thickness of the crystal. Consequently, when using the uni-
form field approximation for the calculation of the applied
surface charge, compensation is necessary in this and similar
conditions.

Figure 3 further explores the effects of using the uniform
field approximation for small features of surface charge. Using
the electric field profiles from figure 2, the average field
through the crystal was calculated and then used to calculate
the surface charge (equation (3)) Qave. This value was then
compared to the true surface charge Qsurf that was initially
applied to the crystal. It shows, thus, the ratio of the true sur-
face charge Qsurf and the surface charge Qave that would have
been obtained when using the uniform field approximation.

Clearly visible is that the uniform field approximation is
only valid when the diameters Rx and Ry of the uniformly
charged disks are at least one order of magnitude larger than
the thickness of the crystal d. The ratio decreases from 95% to
approximately 5% for < <- +R d10 101 1, which is usually
the range at which filamentary plasmas are examined using
the Pockels effect [15, 22–25]. Consequently, the electric
field measured shows the average throughout the target
material, which is still relevant for applications [26], but not
the electric field strength on the crystal surface. Additionally,
this value can therefore not be used to calculate the surface
charge directly. Mu et al [27] already showed that the uniform
field approximation cannot be used when the electric field in
the dielectric target is highly non-homogeneous. Electric field
profiles obtained numerically by Norberg et al [28] show that
indeed this is the case.

Nevertheless, the value for the total surface charge
obtained with the uniform field approximation can be cor-
rected by using the values in a figure similar to figure 3.
Therefore the size (area) of the charged spot is needed, in

order that figure 3 can be used to match the measured value to
the real surface value. Figure 3 is valid for the case of a
uniform elliptical charge distribution. For example, if the
radius of the circular spot of charge equals the thickness of the
crystal, the measured total surface charge has to be multiplied
by»1.5 to obtain the true amount of surface charge. Again, a
uniformly distributed surface charge is assumed for the
calculation.

To obtain the value of electric field at the surface instead
of averaged inside the target, a similar lookup table (or figure)
can be used. Figure 4 gives an example of the ratio between
the average throughout the thickness of the crystal and the
surface value for the maximum electric field in the centre of
the spot.

In the rest of the article this procedure for data correction
for obtaining more accurate values for surface charge and
surface electric field will be called compensation procedure.

3. Experimental setup and data analysis

The jet used in the experiments is shown in figure 5 and is
described more comprehensively in [16]. Helium flows
(0.5–1.5 SLM) through a stainless steel pipe acting as
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powered electrode operated at 30 kHz AC with an inner
diameter of 0.8 mm. The stainless steel capillary is housed in
a larger dielectric Pyrex capillary (inner diameter 2.4 mm and
outer diameter 4 mm) that is open on one side. A copper
ground 2 mm thick is attached on the outer side of the
capillary. The source size is defined as the distance between
the powered electrode and the copper ground. The distance
from ground to the end of the capillary is called travelling
distance throughout this paper. The position of the ground
with regard to the end of the inner electrode and the length of
the outer capillary are both varied, to examine the influence of
both source size and travelling distance.

The reference settings are an applied voltage of 2 kV
amplitude (sine-wave AC, 4 kV peak-to-peak), a helium flow

Figure 2. The electric field components, ( )E x y z, ,z in (a) and
( )E x y z, ,r in (b), throughout the crystal at {=z d 20, d 4, d 2,

d3 4 and }d , calculated using equation (4) for a spot with radius
equal to the thickness of the crystal.

Figure 3. The ratio between the charge calculated using the unifrom
field approximation Qave and the actual charge on the surface of the
crystal Qsurf. Rx and Ry are the axis lengths of the elliptical surface
charge profile, and d is the thickness of the crystal.

Figure 4. The ratio between the measured electric field Eave

representing the average field throughout the thickness of the crystal
and the field strength at the surface Esurf. Only the z component is
discussed. Rx and Ry are the axis lengths of the elliptical surface
charge profile, and d is the thickness of the crystal.

Figure 5. Top view of the setup used for producing guided ionizaton
waves impinging the dielectric BSO crystal used for the measure-
ments [16]. The source size, travelling distance and the distance to
the crystal were varied in the experiments.
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of 700 sccm, a source size of 5 mm and a travelling distance
of 17 mm. When operated at 30 kHz, the plasma jet produces
exactly one ionization wave each period in the positive half
cycle. This has been confirmed using fast imaging and current
measurements at the ground.

The electric field is measured by making use of the
Pockels effect, as described the previous section, on a 0.5 mm
thick BSO (Bi12SiO20) crystal. The jet was operated hor-
izontally in a way that the symmetry axis of the jet is at 45
degrees relative to the surface of the BSO crystal.

The electric field measurements were performed time-
resolved using an iCCD detector and 1 μs exposure times,
averaged over 50 exposures. Determination of the electric field
requires the measurement of four intensities (equation (3)):
three reference intensities I0, Imax and Imin, as described in the
previous section, and the intensity I of the signal at the detector
when the plasma is switched on.

Due to the existence of a background signal, as discussed
in [12], the final result for the average electric field through
the crystal has to be additionally corrected. For that reason a
measurement is taken just before the guided ionization wave
reaches the crystal, as shown in figure 6(a), which represents
the background. This profile is subtracted from any other
measurement after the ionization wave has reached the crystal
(figure 6(b)) and their difference gives the true electric field
profile (figure 6(c)). The iCCD camera is triggered using the
current peak measured at the ground around the capillary.

Some aspects of the dynamics of the plasma on the
crystal surface have already been described in [12]. Upon

impact of the ionization wave on the surface of the crystal, the
charge remains on the crystal for approximately 13 μs after
which a back discharge is initiated when the AC voltage
changes polarity and an effective discharging is observed on
the electric field profile. In this paper a lot of attention is given
to the initial electric field and charge profile on the crystal
surface caused by the ionization wave from the plasma jet and
separately to the continuation of this discharge somewhat
later in time. The initial profile is circular around the impact
point of the ionization waves where charges are deposited on
the surface (throughout the text referred to as the spot). The
additional elongated structure observed extending along the
direction of the gas flow for certain discharge parameters is
referred to as the tail.

In order to separate the spot from the tail, as well as to
ease the calculation of the associated surface charge and
exclude noise from the other parts of the crystal, a mask was
developed, shown in figure 6(d). To calculate the total charge
a summation has to be done over the pixels relevant for either
the initial impact spot (yellow in the figure) or the entire
structure on the surface (orange and yellow in the figure). To
create the mask a cutoff level of the electric field was applied,
depending on the amount of noise but varying between 0.9
and 1.2 kV cm−1. The spot is chosen as the largest possible
circular shape at the centre of the impact point.

Since the validity of the uniform field approximation
depends on the surface discharge size, the dimensions are also
obtained and the data from figures 3 and 4 are used to com-
pensate the charge and electric field strength value for the
inappropriate use of the uniform field approximation.

4. Results

4.1. The effect of helium gas flow

Helium flow is varied from 400 sccm to 1300 sccm, while
using reference settings for the remaining parameters. At
5 mm from the crystal, the measured average field in the
target as a result of surface discharge is shown in figure 8. For
low flow the surface discharge is small and contains only the
spot around the impact point. When the flow is increased,
larger surface discharges are observed. At first the surface
discharge is prolonged with higher flow, but from 900 sccm
the discharge is widened instead.

Maximum electric field values are taken in the spot at the
impact point from figure 8 and compensated to estimate the
value at the surface. Values are shown negative, since the
electric field is oriented opposite to the propagation direction
of the incident light. Where average values are measured
between –3 6 kV cm−1 in the target, the surface values vary
between –8 11 kV cm−1, see figure 7. Higher values are
measured with a larger gap between the jet and the target.

Since the measured electric field is negative, the depos-
ited charges at the target side where the ionization waves
impact have to be positive. This is because the ionization
wave is generated only during the positive half period of the
applied AC cycle. This relates with findings presented by

Figure 6. The electric field (kV cm−1) right before (a) and after (b)
the guided ionization wave impacts. (c) shows the difference and (d)
the mask which shows the pixels that are included in the calculation
of total charge (yellow and orange) and spot charge (only yellow).
Colorscale shown for (b) is also valid for (a) and (c). More
information about the background structure is found in [12].
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Pechereau et al, who found that the deposited charges on a
dielectric target are of the same polarity as the voltage that is
applied [29]. No ionization event is present during the
negative half period, except for the (back) discharging at the
surface of the crystal when the voltage polarity changes. This
removes the earlier deposited charges [12].

Figure 9 shows the calculated and compensated amount
of charge as a function of helium flow speed and the distance
between the capillary and the crystal. Both the total surface
charge and the charge in the spot are measured. At all dis-
tances there is an influence on the flow, extending the dis-
charge behind the spot with an increase of flow. There is a
clear onset point for the appearance of the tail: the elongated
discharge behind the initial contact spot.

A minimum amount of charge deposited in the spot is
required for the elongation of the discharge, i.e. approxi-
mately 200 pC. When the gap size between the jet and the
target is small this is reached with a relatively low flow, 600
sccm, but for larger distances higher flows are needed,
respectively 800 and 1200 sccm. Though the tail further
increases in size with higher flow, the spot seems to be
maximally increased to a point where 350±40 pC is
deposited. The total charge however can increase up to 950
pC. Figure 9 stresses the importance of the gas flow in
combination with distance to the target.

4.2. The effect of the applied voltage

The influence of the applied voltage is examined under
reference settings, by varying voltage amplitude from 1.2 to
2.3 kV. Figure 10 shows the measured electric field averaged
throughout the thickness of the crystal caused by the
impinging guided ionization waves, at 5 mm between the

capillary and the crystal. With increasing applied voltages the
surface discharge is enlarged to an extended discharge of
2–2.5 mm in length.

A minimum voltage with amplitude of 1.2 kV is neces-
sary for the plasma jet to operate continuously. From 1.2 kV a
steady state is reached where one guided ionization wave is
created every two periods instead of one. Voltages of 1.4 kV
or higher generate one discharge every period, during the
positive half-cycle. The applied voltage is not increased above
2.4 kV, since with this jet design micro-discharges appear at
this voltage and dissipate heat, which can melt the capil-
lary [30].

Maximum field values of the electric field in the target
are obtained and used to estimate the field at the target’s
surface using the compensation procedure. The applied volt-
age does not seem to have a significant effect on the max-
imum induced values, which relate to the values shown in
figure 7, i.e. 9±2 kV cm−1.

The calculated and compensated charge is shown in
figure 11. At standard conditions of 700 sccm He flow at 5mm,
the initial impact spot is extended with an additional surface
discharge, even for low voltage. Again a minimal amount of 200
pC charge is needed, deposited in the initial spot, for the
appeareance of the tail. The charge measured in the initial
impact spot is a stable value for a given distance of the crystal
from the capillary, from around 300±40 pC at 5 mm to
140±30 pC for the distance of 10mm. It has already been
shown [12] that the extension of the discharge on the surface, the
tail, appears later in time than the induced initial charge profile at
the impact spot where the ionization waves reach the target.

The effect of voltage is less influential than gas flow,
since the extended discharge behind the spot only appears
when the jet is close to the crystal and the total charge is
increased maximally up to 700 pC. The differences in
influence with gas flow and voltage are clearly visualized in
figures 12 and 13. When the plasma jet is only 3 mm from
the target, the surface discharges are very dependent on the
gas flow. Unfortunately the capillary is partially blocking the
view, making it impossible to calculate charges that are
deposited. However, clearly visible with higher gas flow is
that the extending tail splits up into two arms and widens
significantly. The dependency with voltage is also visible
and though the length of the tail is altered, the distribution
is not.

4.3. Source size and travelling distance

The influence of both the source size and travelling distance
of the discharge in the capillary is examined at standard
conditions by varying the position of the grounded electrode
attached around the outer capillary.

As visualized in the schematic representation in figure 5,
travelling distance of the discharge in the capillary and source
size are mutually dependent variables, connected through the
length of the capillary. Figure 14 shows the effect for the
surface discharge as a function of a change in the ground
position at the capillary, varying from 4 mm to 11 mm away

Figure 7. The maximum electric field values (kV cm−1) as a function
of flow and distance to the target. Both the average throughout the
thickness of the crystal and the compensated value for the field at the
surface are given.
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from the powered electrode. Since the combined length of
source size and travelling distance for this capillary is 22 mm,
the travelling distance behind the ground automatically
decreases from 18 to 11 mm. At 7 mm distance between the

capillary and the target this causes an increase in surface
discharge, as is shown in figure 14.

By using two extra capillaries which are respectively 5
and 10 mm longer than the original one, the influence of

Figure 9. The compensated total surface charge for different flows and distances to the crystal. A distinction is made between total charge,
containing the spot and tail, and solely the charge deposited at the spot around the impact point.

Figure 8. The measured average electric field (kV cm−1) for varying speed of helium flow at 5 mm from the target. The induced retardance is
measured right before and after the ionization wave impacts the crystal, averaging 50 exposures of m1 s with the plasma jet at reference settings.
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source size and travelling distance can be separated. Figure 15
shows how charge measurements relate when having the
same travelling distance but varying source size. At each
distance between the jet and the target, the calculated total
deposited charge on the target surface is approximately con-
stant for measurements with the same travelling distance but
varying source size. Only when the source size is increased
above 15 mm does it influence the discharges, since no longer
stable ionization waves are generated.

A change in travelling distance does influence the total
charge deposited, especially with the jet positioned 7 or
10 mm from the target. Figure 16 shows the compensated and
calculated amount of charge deposited on the target for
varying travelling distances. At 10 mm distance between the
jet and target not enough charge is deposited in the spot for
the extending tail to be present. Less charge is deposited when

the travelling distance is increased. A linear fit is used for the
charge Q in the spot in pC at the three different distances to
the target as a function of the travelling distance l in mm:

( ) ( ) ·
( ) ( ) ·
( ) ( ) · ( )

=  - 
=  - 
=  - 

Q l
Q l

Q l

428 22 7.3 1
296 27 7.5 1
261 16 8.0 0.7 . 5

5mm

7mm

10mm

The linear relation is used to get an estimate for the loss
term induced by interactions with the inner side of the
capillary. Using the estimation from equation (5) it seems that
approximately 7.5 pC charge is lost in every millimetre of
travelling distance inside the capillary. The offset in the
empirically obtained relationship between the charge on the
target and the travelling distance (equation (5)) varies with the
distance to the crystal because of additional charge losses
in air.

Figure 10. The measured average electric field (kV cm−1) for varying voltage amplitude at 5 mm from the target. Again, similar to figure 8,
the field is obtained with m1 s imaging of the retardance right before and after the ionization waves reach the target.

Figure 11. The compensated total surface charge for different voltage amplitudes and distances to the crystal. A distinction is made between
total charge and the charge only in the spot.
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5. Discussion

There are several results that are of importance. Firstly the
formation of an extension of the initial discharge on the
surface of the dielectric target; secondly the influence of gas
flow and applied voltage to the amount of charge deposited on
the crystal; and thirdly the effect of the travel length on the
amount of charge delivered to the dielectric target.

5.1. Newly formed surface discharge

It has already been shown that when ionization waves impact
a dielectric target, it is possible to observe extended surface
discharges [11]. The size and shape of these discharges

depend mostly on the impact angle, distance to the dielectric
target and gas flow. The same development in time has been
reported with electric field measurements [12]. The process is
as follows. First the ionization wave reaches the dielectric
surface and forms a circular spot at the impact point in the
case of the 45 degree impact angle. Subsequently another
ionization front starts propagating on the dielectric surface,
forming a tail whose shape and size depend on the gas flow
and the distance between the capillary and the dielectric tar-
get [11, 12].

When there is visual contact between the plasma jet and
the target, the measured spot in the electric field profile at the
impact point is always present. However the extending tail
appears only in certain conditions, e.g. for high gas flow and

Figure 12. The electric field (kV cm−1) induced in the target with the plasma jet at 3 mm from the target for different gas flow (with 2 kV
applied voltage). The capillary partially blocks the view of the target. Higher flow causes widening of the surface discharges.

Figure 13. The electric field (kV cm−1) induced with the plasma jet at 3 mm from the target for different voltage (with 700 sccm gas flow).
Again, the capillary partially blocks the view of the target. Higher voltage extends the surface discharges.
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when the jet is in closer proximity to the target. As can be
seen from figures 8(a) and (c), the spot is clearly distin-
guishable from the subsequently forming tail. The spot is
smaller than 0.8 mm, while if the tail is present the entire
discharge length is larger than 1.75 mm, see figure 17.

In order to find the origin of the newly formed tail, values
of flow, voltage amplitude, travelling distance, source size
and distance to the crystal were scanned in over 300 mea-
surements. It has been shown in figures 9, 11 and 16 that at
least 200 pC has to be deposited at the spot around the impact
point for the extended discharge to be present. When enough
charge is deposited at the surface, electric fields are high
enough for the initialization of a new wave front creating
the tail.

For the appearance of the tail an average field through the
crystal of 5±1 kV cm−1 is needed. This relates to 9±2 kV
cm−1 on the crystal surface, see figure 17. Electric field values
relate to values found both experimentally [31] and numeri-
cally [32], though the field is induced in the target due to
charges deposited instead of measured directly in the plasma
plume itself. Also, Sretenović et al showed higher electric
field values further in the plume away from the jet [33]. This
relates to observations from figure 7 where the highest values
are measured with the largest distance between the plasma jet
and the target.

Since the tail is a newly formed discharge, the amount of
charge in the spot is believed to be directly related to the
amount of charge being transferred in a single guided ioniz-
ation wave. Depending on the plasma jet operating para-
meters the total surface charge of the initial spot and the
extending tail can reach 950 pC. The amount of charge that is
transferred by the ionization wave from the jet to the dielectric
target is maximally 350±40 pC.

Using Lissajous cycles, Dang Van Sung Mussard et al
also obtained the charge in a single ionization wave, between
0.3 and 12.7 nC depending on the operating parameters [34].
However jet configuration (pin-to-ring), operating parameters
(10 kV applied voltage) and method of obtaining the charge
(metallic probes present) are different. By using metallic
probes, the discharges are disturbed in an additional way,
which does not happen when using a dielectric target. With a
dielectric target the plasma that is under investigation should
be closely related to the plasma applied in practice to e.g. skin
tissue, water or other dielectric surfaces. As such this paper
brings for the first time values of charge via a non-intrusive
method.

From the obtained charge value an estimate is made for
the average number charge density. Using the diameter of the
spot (approximately 0.8 mm) to calculate and estimate the
volume of a single ionization wave, the number charge den-
sity is estimated to be 8·1018 m−3. For DC pulsed helium-in-
air generated guided ionization waves the computated number
charge densities presented in the literature are similar,
( – ) ·1 10 1019 m−3 [35], 1018 m−3 [36], –10 1011 13 cm−3 [37]
and 1019 m−3 [38].

5.2. The effect of helium flow and applied voltage

Results in figures 8 and 9 show the influence of applied gas
flow for the resulting surface charge at the target. With higher
gas flow the surface discharges are first prolonged and then
widened. As has been shown by imaging [11] and here with
the electric field profiles, at high enough flows the initiated
surface discharge (the tail) forms in a structure with two
propagating arms, widening the structure on the surface, see
figure 12. Imaging shows higher light intensity at the edges of

Figure 14. The average electric field through the thickness of the crystal (kV cm−1) measured for different locations of the grounded ring at
7 mm from the target. As such there is a varying source size/travelling distance.
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Figure 16. The amount of total charge as a function of travelling
distance. Since multiple capillaries are used with varying length
some measurements overlap. Linear fits are added for the charge
deposited in the spot.

Figure 15. The calculated and compensated amount of total charge
deposited at the target for varying source size while having constant
travelling distances. For larger source sizes, it is more challeging to
sustain the discharge.
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this structure [11] and that is also where the electric field is
highest.

The increase in the length of the surface discharge relates
to the increase of plume length with higher gas flow in the
laminar regime, most likely due to a change in gas mixing
[39–43]. With higher helium gas flows there will be less air
entrained into the volume where the ionization wave propa-
gates both in the space between the capillary as well as on the
target.

The widening of the surface discharge and splitting up
into two extending arms could have the same origin as the
appearance of the ring structure when the ionization waves
leave the capillary [41, 44]. Due to helium in air mixing a
region is formed where the energetic electrons from the
ionization wave are able to ionize nitrogen, which has a lower
ionization level than helium, while the losses due to attach-
ment to oxygen are minimal. At higher flows the edges of the
mixing region are far enough apart from each other for the
two extending arms to be visible, see figure 12. However
more research on gas flow mixing is necessary, especially
when a target is present.

The dependence on applied voltage has been examined
and described in the literature with regard to plume length
[13, 39, 41, 42, 45, 46]. A gradual increase of plume length is
observed with increasing voltage, until a certain point where
the growth of plume length stagnates. Most likely this is also
related to helium/air mixing, determining the maximum
plume length. These findings relate to the shape of discharge
observed for which the electric field is captured in figure 10.
An initial increase of the discharge is observed, until it
stagnates.

This is also visible in figure 11. At 5 mm a maximum
amount of charge is 650 pC, which is the same as can be seen

in figure 9 for 700 sccm. Also at 7 mm and at 5 mm the
amount of charge stagnates at respectively 200 and 120 pC,
because the flow is kept constant at 700 sccm.

There is no additional effect due to voltage. It determines
how much the discharge is able to utilize the conditions set by
the gas flow. Higher gas flow induces a different gas mixing
with less oxygen and more helium along the axis of propa-
gation for the ionization waves. As such the ionization waves
are exposed to fewer losses due to attachment and are able to
move further and deposit more charge on the target if the
voltage is increased. However if the voltage is increased when
the gas flow is low this will not have that effect, since the
losses due to higher oxygen levels are dominant. As such gas
mixing is most important, and the effect of voltage is sec-
ondary, since the extension is always limited by how far the
ionization waves are ‘allowed’ to travel by the gas mixing.
This is clearly shown in figures 12 and 13. If a strong over-
voltage would be applied the effect of voltage might not be
secondary.

5.3. The influence of travelling distance: amount of charge lost
on the inner side of the capillary

The influence of the travelling distance can be explained by
charge losses on the inner wall of the capillary. Larger tra-
velling distance means more interaction and as such a higher
loss for the propagating ionization wave. As a result less
charge is deposited on the crystal, smaller discharges are
observed and lower electric field values are obtained. The
dependence on position of the grounded ring around the
capillary has not been reported in literature to the best of our
knowledge. Jiang et al [47] show that for different widths of
the electrode the appearance of the plasma plume changes.
Increasing ground width and consequently decreasing tra-
velling distance causes the plasma plume to reach greater
length, similar to observations presented in figure 14.

Using figure 16 an estimation can be made for the loss
per millimetre of travelling distance on the inside of the
capillary. With a linear approximation both the initial charge
and loss per millimetre to the capillary wall are obtained. The
initial amount of charge does differ at different distances,
which can be because of a different gas mixing between the
jet and the target since the distance is altered. The extra-
polated value of the initial charge gives an estimate of the
amount of charge leaving the capillary.

Approximately 7.5 1 pC of charge is lost per milli-
metre of capillary added to the travelling distance. It corre-
sponds to 0.1 nC cm−2 using the inner dimensions of the
capillary. Jánský et al [48] reported 4nC cm−2 from simula-
tions under the grounded electrode. Other numerical work by
Jánský et al [49] gives values inside the capillary ranging
from 30 to 50 nC cm−2, however these higher values are for
an air discharge which requires a higher voltage to ignite. The
charge loss per millimetre of travelling distance depends most
likely on the tube properties, e.g. diameter and permittivity, as
suggested in simulations [49].

Figure 17. The maximum electric field values (kV cm−1) as a
function of discharge length for varying flow. Values at the surface
are estimated to be 9±2 kV cm−1 in the spot, before the discharge
is enlarged from a single spot (smaller than 0.8 mm) to the extending
tail (larger than 1.75 mm). The two points in between these regimes,
could be due to the averaging of 50 measurements.
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6. Conclusions

Operating parameters for an atmospheric pressure plasma jet
are examined by measuring the electric field using a Pockels
technique. The electric field profile measured in the electro-
optic BSO crystal is used to calculate the amount of charge
transferred to the surface by the guided ionization wave. The
use of a look-up table is proposed to compensate for the
values obtained from the inappropriate use of the uniform
field approximation, since the surface discharges are of the
same order of size as the thickness of the crystal.

Electric field profiles captured show the existence of a spot
at the impact point of the ionization wave and an extending tail
discharge behind it. The field measured in the spot relates to the
charge transferred by the ionization wave. A minimal amount of
charge of 200 pC is needed in the spot at the impact point for an
extended discharge to be present. With this extending tail the
amount of charge can be increased up to 950 pC for high enough
gas flow. The charge transferred by the guided ionization wave
is measured to be maximally 350±40 pC. The number charge
density is estimated to be 8·1018 m−3. Electric field profiles fit
very well with the profile of emitted light reported in [11].

The ionization wave greatly depends on the gas flow. At
every distance from the target the flow can be increased to an
extent at which enough charge is deposited in the impact
point for the tail to emerge. The hypothesis is that the gas
mixing sets the boundaries for where the guided ionization
waves are ‘allowed’ to be generated and the applied voltage
determines how much of this potential region is utilized.

As such, the applied voltage is less influential for
ionization waves. Initially an increase of voltage causes larger
surface discharge to form and more charge will be deposited,
resulting in higher fields that are measured. For higher vol-
tages this effect stagnates, which could be due to helium/air
mixing determining the maximum discharge length.

The influence of the jet design is investigated as well.
The distance between the powered electrode and the ground
attached around the capillary does not change the surface
discharge induced by the guided ionization waves impinging
on the target; unless the source size is more than 15 mm,
which makes it challenging to generate stable ionization
waves. The travelling distance, i.e. distance from ground to
the end of capillary, does influence the surface discharge.
Increasing this distance enlarges wall interactions and smaller
discharges are observed at the target. Less charge is deposited
and the extending discharge behind the spot is only generated
when the jet is close to the crystal. A value for charge loss
along the capillary tube is reported, i.e. 7.5 pC mm−1, for the
first time in a non-intrusive manner.
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