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Abstract
Thomson scattering using a Bragg grating notch filter is used to determine the electron properties
of a pulsed, kHz-driven, non-thermal atmospheric pressure plasma jet in helium expanding in air.
The plasma jet is allowed to freely expand or interact with targets with different electrical
properties, i.e. glass, copper and water. With the same setup, Raman scattering is used to
determine spatially- and time-resolved the densities and rotational temperatures of oxygen and
nitrogen molecules entrained into the jet. Fast imaging is used to determine the development of
the discharge in the plasma jet as well as its behavior in the plasma-target interaction zone. As
the discharge approaches the target, the rise of electron density was followed by the fall of
electron temperature. The discharge is influenced only over a few millimeters before it hits the
target. The electron density and temperature during the spreading of the discharge on the low-
permittivity target are measured to be resp. 2×1019 m−3 and ≈1eV. During the return stroke
on the high-permittivity and the metallic target the densities rise with a factor 1.5 resp. 2.2, and
the temperature with a factor 2.5 for both cases. The discharges on the high- and low-permittivity
targets extinguished soon after the initial impact of the ionization front, while the diffuse
discharge on the metallic target extinguished only after the end of the voltage pulse (with a
duration of 1 μs). In the diffuse discharge the electron temperature reaches 3.4eV, the gas
temperature increases by approximately 100K and the electron density increases by
approximately a factor three with respect to before its formation.

Keywords: atmospheric pressure, plasma jet, Thomson scattering, electron density, targets,
electron temperature, Raman scattering

1. Introduction

Atmospheric pressure plasma jets are intensively studied for a
wide variety of applications from medicine to agriculture to
dielectric and metallic surface modifications. The key com-
mon point for those applications is the plasma-target inter-
action. There are many open questions such as (i) how are the
fundamental plasma properties, like the electric field and
charge density, affected by the different targets and through
which mechanisms; (ii) in the case of liquid targets, how high

are the amounts of charge at the interface and how does that
influence the liquid chemistry; (iii) is any type of target of
interest capable of changing the way the plasma is sustained
and through which mechanisms; (iv) is there a shift towards
higher-temperature operation modes of the plasma because of
target properties and through which mechanisms?

Several observations of the influence of the target on the
plasma interacting with it have been made for non-thermal
atmospheric pressure plasmas [1–4]. The target influences
the abundance of OH in the discharge, where the OH
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concentration is higher when the discharge interacts with skin,
liquid or metal when compared to a freely expanding jet
[5, 6]. The presence of a target also increases the He meta-
stable density [7, 8]. When interacting with low-permittivity
targets surface ionization waves are initiated and their speed,
morphology, radius of spreading and surface charging depend
on the electrical properties of the target [9–13]. High-
permittivity and metallic targets can induce a return stroke
(also referred to as restrike, rebound, reflected ionization
wave or backwards ionization wave) instead [10, 14–18].
Finally, a formation of a subsequent diffuse discharge was
observed on metallic targets, classified as glow-like [7, 17].

Electron properties are important in discharge develop-
ment and in the process of sustaining a plasma. While the
determination of the chemical composition and pathways in
the complex oxygen- and nitrogen- based chemistry of
atmospheric pressure discharges is frequently researched,
there are only a handful of measurements of the electron
properties in freely expanding atmospheric pressure plasma
jets [19–24]. The experimental data on electron properties
when a plasma jet interacts with a target is scarce [25]. The
data from numerical simulations show that the influence of
the electrical properties of different targets on the plasma is
significant [2, 10, 11, 16, 18, 26–29] and therefore well worth
studying experimentally.

Furthermore, the mixing of helium flow with the sur-
rounding atmosphere in atmospheric pressure plasma jets is
essential for the production of reactive oxygen and nitrogen
species and is therefore of primary importance, especially for
biomedical applications [30, 31]. However, only a few studies
report on the proportion of air entrained in a plasma jet.
Schlieren imaging is often used to visualize the structure of
the gas flow but this technique, sensitive to the gradient of
refractive index, does not provide quantitative data on gas
composition. Laser induced fluorescence (LIF) on OH has
been used to determine the gas composition based on the
quenching of the excited electronic state and the vibrational
relaxation rate [6, 32]. Using a picosecond laser, the mea-
surement of the quenching rate of two photon LIF of O atoms
in the excited state O(3p3P1,2,0) becomes feasible and the gas
composition can be calculated [33]. The direct probing of N2

and O2 densities is reported on in this work and in [34].
In this work we study the electron properties and the

admixing of air in a pulsed, kHz-driven non-thermal atmo-
spheric pressure plasma jet in helium, while freely expanding
or interacting with targets of different electrical properties:
glass, water and copper. The aim was to examine the way in
which the target influences the electron properties. We pro-
vide the values for electron density and temperature time- and
spatially-resolved as the discharge approached the target and
as it interacted with the target. The electron properties during
the spreading of the discharge on the low-permittivity target
are obtained, as well as during the return stroke on the high-
permittivity and the metallic target. The long-lasting diffuse
discharge is characterized in the same manner.

Gas and electron properties are acquired through com-
bined Raman and Thomson scattering measurements from a
scattering setup which has been designed to perform rota-
tional Raman scattering in e.g. a dielectric-barrier discharge
[35] and glow discharge [36]. The volume Bragg grating that
was introduced as an ultra-narrow-band filter to reject Ray-
leigh and stray light is demonstrated to be effective for the
acquisition of near-distortion-free Thomson signal as well,
following up on a call from Hübner et al [21] on the
exploration of using such grating for Thomson spectroscopy.
In a recent publication, Vincent et al demonstrated this as
well in a hollow cathode plasma [37].

2. Experimental methods

2.1. Jet and scattering setup

The helium jet under study is schematically shown in
figure 1(a). The jet consists of a Pyrex capillary with an inner
and outer diameter of 2.5mm and 4mm, respectively. The
gas inlet (0.8 and 1.6 mm, inner and outer diameter, respec-
tively) is located in the center of the capillary and functions
also as the charged electrode. An electrode ring with a width
of 3mm is fastened around the capillary, 5mm from the end
of the charged electrode and 20mm from the exit of the
capillary, and is grounded through a 1kΩ resistor. The jet in
use is described in more detail in [9, 38].

The jet is powered by unipolar (positive) pulses at 5kHz
repetition frequency, 1μs in duration, 100ns rise time and
6kV in amplitude. One ionization wave (also known as a
guided streamer or plasma bullet) is formed and expelled into
the room atmosphere in each voltage pulse, without the
appearance of microdischarges.

The flow of He gas of 5.0 purity at 1500 SCCM was used
throughout the experiment. The gasline consisted of stainless
steel only. The jet was operated vertically, pointing downwards.

The measurements were performed with the jet freely
expanding in room air as well as while impinging on three
different targets. The targets (table 1) were placed 10mm
away from the exit of the capillary, on a plastic support
without contact with conductors. The demineralized water
was in a standard 35mm Petri dish filled to the top, while the
copper target was on floating potential.

The jet is placed in the laser setup as shown in
figure 1(b). The exit of the capillary is positioned just above
the focal point of a Nd:YAG laser (Spectra Physics, Quanta-
Ray, Lab-190-100), operating at 100Hz with 140mJ per
pulse at a frequency doubled wavelength of 532nm. The jet
can be translated freely in all directions to tune the distance
from the nozzle at which the ionization wave is probed by the
laser. The focal point of the laser is matched with the center of
the jet by translating the jet horizontally until the lowest
Raman scattering signal is found, hence the least amount of
air mixing.
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The scattered light is collected at an angle of 90° with
respect to the beam direction and its vertical polarization. The
Rayleigh scattered light is removed from the signal by

collimating the light and passing it through a volume Bragg
grating (OptiGrate, BragGrate, BNF-532-OD4-12.5M), which
reflects the laser wavelength with full-width at half-maximum
(FWHM) of 0.20nm≡7cm−1 [35]. The remaining Raman
and Thomson scattered light is then focussed into the
spectrometer (Jobin-Yvon, HR 640) which is equipped with a
1200 l mm−1 grating (Horiba, 530 24 Holographic Grating,
blazed at 500 nm). The light is then recorded with an intensi-
fied camera (ICCD), resulting in a scattering spectrum with a
frequency range of 510cm−1 and a resolution of 0.398cm−1.
The spectrum is convolved with a Voigt shaped machine
broadening with a FWHM of 2.82cm−1, having an equal
Gaussian and Lorentzian contribution. The laser setup is dis-
cussed in more detail in [36].

The laser and plasma are synchronized by using the
100Hz laser clock to trigger a burst of 50plasma ionization
waves with an interval of 200μs, see figure 1(c). The laser
clock is further used to trigger the intensifier of the spectro-
meter-ICCD combination with a gate time of 70ns, which is
long enough to catch the full laser pulse, and short enough to
reject spontaneous plasma emission. In addition, a second
ICCD is gated for 10ns to monitor the timing between laser
pulse and ionization wave, see figure 1(b). The timing
between both can be adjusted as desired by varying the delay
between the laser trigger and the power supply of the jet.

The spatial resolution in the scattering experiments is
maximum 100×100×100 μm3. The focal point of the
laser is constantly monitored with a camera and never
increases above a diameter of 100μm, while the lens imaging
the focal point into the fiber is positioned in a way that a laser
path length of approximately 100μm is imaged on the fiber
core. During the passing of the laser pulse the ionization wave
travels a distance of approximately 2.5mm. Under the
reported measurement conditions, the plume is stable, i.e. any
observed movement in the radial direction is far below the
radial size of the plume.

2.2. Time and spatial series

A distinction is made between two types of measurement
series: a spatial and a time series. In the spatial series, the
head of the ionization wave was followed with the laser,
making sure the beam was synchronized with the most
intense (emission) part of the ionization wave. The positions
measured when using a target were 1.2, 3.2, 5.2, 7.2, and
8.7mm from the capillary exit, while without target 8.7mm
was omitted, while 9.2 and 11.2mm were added.

Figure 1. (a) A schematic cross section of the plasma jet under study
(to scale). The capillary is made from Pyrex, and the metal outer
electrode ring is grounded through a 1kΩ resistor. (b) The laser
scattering setup, including the plasma jet. The laser is focused in the
central axis of the jet, which, for clarity, is rotated 90o around the
central axis of the laser beam. The scattered light is then collected
perpendicular to both the laser beam and the flowing direction of the
jet. Rayleigh scattered light is rejected by the notch filter, after which
the remaining scattering signal is detected by a spectrometer-
intensified camera (ICCD) combination. A second ICCD is used to
image the jet and inspect the timing between the laser pulse plasma
bullet. (c) The 100Hz laser clock is used to trigger the intensifiers of
both cameras and to synchronize the 5kHz power supply of the jet.
In the bottom half the high-voltage pulse length of 1μs can be seen,
as well as an example of the relative timing of the laser and
intensifier with respect to the pulse. The displayed delay of ∼100ns
is a typical time for the plasma to reach the target.

Table 1. Targets used in experiments.

Dissipated energy per pulse
Relative when 10mm away from

Material permittivity the jet (10−6 J) [39]

Glass 4 70
Demineralized water 80 70
Copper (floating) 110
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For the time series, the distance between capillary and
laser was kept constant at 8.7, 1.3mm above the target sur-
face. The position of the ionization wave was varied by
adjusting the delay between the laser and the jet power sup-
ply, defining 0ns when the ionization wave makes initial
contact with the target. The timings measured during this
series were −20, −10, 0, 10, 20, 30, 50, 80, and 130ns. Four
additional measurements were performed for the copper tar-
get, at 230, 530, 830, and 1330ns. The motivation of these
extra measurements was the appearance of a long-lasting
diffuse discharge above the copper surface, which was not
observed for other targets.

The exact timing of the generation of the ionization wave
with respect to the start of the voltage pulse was susceptible to
jitter and it took time for the system to become stable within a
few ns. Therefore, the timings can contain some error, which
was most explicit for the ‘no target’ situation at −20 and
−10ns. The timings of these two measurement conditions
were redetermined by cross-correlating their position to the
positions of the other ionization waves at timings below 0ns
(it will be shown that at these timings the presence of a target
has negligible effect on the wave). The new timings were
determined to be −13.2 and −5.5ns and these are used in the
discussion in the remainder of this work.

3. Scattering—analysis of the spectrum

The algorithm that was used for the data analysis was pre-
viously introduced in [36] and was initially designed to cal-
culate rotational Raman spectra of several molecules, including
N2 and O2. The algorithm is now extended by adding Thomson
scattering. The fitting parameters and their initial guesses for
the analysis of this work are listed in table 2.

The equations that are relevant to calculate the rotational
Raman spectra are discussed in detail in [36]. In the following
section, only the equations concerning Raman intensities are
repeated and related to Thomson scattering, as their relative
intensity is crucial when using a Raman scattering calibration
to determine electron densities.

3.1. General scattering intensity

The general intensity Ps for a scattering mechanism s is given by

P Cn S . 1s
s

sn
s

n=
¶
¶W

( ˜ ) ( ˜ ) ( )

Here, n is the density of the scattering substance, e.g. the density
of N2 in a particular rotational level J or the electron density Ne,
and ss¶

¶W
is the differential scattering cross section, depending on

the mechanism and the induced transition (if any). C is a scaling
constant defined by the setup and dependent on e.g. the laser
intensity, solid angle of detection and the length of the detection
volume. The scaling constant can be determined using a cali-
bration measurement at known density n. Ss n( ˜ ) is the normal-
ized energy dependent shape function.

3.1.1. Rotational Raman scattering. In this work, scattered
light is collected perpendicular to both the beam direction and
its linear polarization, while the detection branch does not
discriminate between scattering polarizations. The differential
scattering cross section of a pure rotational Raman transition
from initial state J to final state J ¢ then reduces to [40]

b
7

45
. 2J J

J J J J

2

0
2

2 4s p
e

g n
¶
¶W

= ¢
 ¢  ¢˜ ( )

Here, J Jn  ¢˜ is the energy of the scattered photon, ε0 is the
vacuum permittivity, and bJ J ¢ is the Placzek–Teller coefficient
as can be found in [40–42]. The polarizability anisotropy γ

is dependent on the molecular species and the incident
wavelength: at 532nm γ is equal to 12.67×10−41 Fm2 and
7.91×10−41 Fm2 for N2 and O2, respectively [36, 41, 43].

The shape function for Raman scattering SJ J n ¢( ˜ ) is a
Voigt profile, resulting from the convolution of the Lorentzian
pressure broadening and Gaussian Doppler broadening.
However, the FWHM of this profile is much smaller than the
additional broadening by the spectrometer of 2.82cm−1.
Therefore, SJ J n ¢( ˜ ) is approximated as a Dirac delta function
at the scattering energy, J Jd n n-  ¢( ˜ ˜ ).

3.1.2. Thomson scattering. When scattered light is collected
perpendicular to the polarization of the laser, the differential
cross section of Thomson scattering reduces to the classical
electron radius squared [44–46]:

r
e

m c

1

4
2.818 10 m . 3T

e
2

0

2

e
2

2
15 2 2s

pe
¶
¶W

= = = ´ -
⎛
⎝⎜

⎞
⎠⎟ ( ) ( )

Here, e is the elementary charge, me is the mass of the electron,
and c is the speed of light.

The shape function for Thomson scattering ST is
dependent on the angle between the incoming and scattered
photon. Accordingly, the geometry of the laser setup is taken
into account for the equations to follow. Additionally, the
possibility of coherent Thomson scattering should be

considered. If scattering parameter 12

4
L

D
a =

p
l
l
 , that is

if the laser wavelength λL is much smaller than the Debye
length λD, the scattering is incoherent [44–46]. This condition
is met for the discharge under study, where the maximum
electron density of 102 m−3 and typical electron temperature
of 2eV result in α=0.06.

Table 2. List of fitting parameters, including symbol, description,
and guess value for the fit.

Symbol Description Initial value

Trot Rotational temperature 300 K
NN2 Number density of N2 1023m−3

NO2 Number density of O2 1023m−3

Te Electron temperature 2 eV
Ne Electron density 1020m−3
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Assuming that the electron energy distribution is
Maxwellian, ST reduces then to the classical Gaussian shaped
Doppler profile [44–46]:

S
s s

1
exp , 4T

T

2

T
2

n
p

n
= -

D⎛
⎝⎜

⎞
⎠⎟( ˜ ) ˜ ( )

where nD ˜ is the energy difference between incident and
scattered photon and sT is the 1/e width, which is dependent
on the electron temperature Te:

s
k T

m c

4
. 5T

B e

e
2 Ln= ˜ ( )

kB is the Boltzmann constant and 1L Ln l=˜ is the energy of
the incident photon of wavelength λL.

3.1.3. Combined scattering. The combined spectrum of
rotational Raman scattering and Thomson scattering is now
obtained by adding up all individual spectra and convolving
the result with the broadening of the spectrometer. This
machine function is previously introduced to be a Voigt
profile with a FWHM of 2.82cm−1.

The spectra of both scattering forms can now be
calculated proportionally. Scaling constant C in equation (1)

is determined by a calibration measurement on ambient air,
and therefore absolute number densities of molecules and free
electrons are obtained from the data.

3.2. Analysis of a spectrum

Two measured spectra from the time series are shown as
example measurements in figure 2, (a) without a target at
0ns, and (b) with copper at 1330ns. The scattering intensity
is normalized to the maximum intensity of the individual
spectra and plotted versus the energy shift (bottom axis) and
laser wavelength (top axis). The data is represented by dots,
superimposed by the best fit as a solid black line. The
corresponding parameters are listed on the left side. The
individual contributions to the fit by Raman scattering on N2

and O2, and Thomson scattering, are plotted as well.
In panel (a), the fit matches both the Stokes and anti-

Stokes side well. Data points in gray are omitted from the fit
as these positions are sensitive to deformation by the notch
filter. N2 and O2 describe every peak in the included data,
leaving no evidence for a significant concentration of a third
Raman active species. Thomson scattering provides a broad
Gaussian shape that in range covers the majority of the
Raman peaks.

In panel (b), only the anti-Stokes side is fitted. When with
a copper target after 130ns a stable diffuse discharge forms,

Figure 2. Two examples of a scattering measurements, measured at 8.7mm and (a) 0ns, without target, and (b) 1330ns, using a copper
target. The accumulation time is 10 min, averaging 60 000 laser shots. The fit on the data is indicated by a solid black line, while the
contributions of Raman scattering on N2 and O2, and Thomson scattering are shown separately.
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the electron density increases significantly, while emission
peaks start appearing at the Stokes side of the spectrum. The
extrapolation of the fitted curve still largely agrees with the
Stokes data, but the emission peaks are clearly exceeding
calculations at e.g. 65 and 180cm−1. The peaks are not
located symmetrically around the laser wavelength, hence
they do not originate from a Raman process. Furthermore, the
emission is strong enough during the short gating time of the
intensifier (70 ns) to be detected, while it is found that
the peaks almost fully disappear when the measurement is
repeated without laser. This suggests that the signal is a result
from LIF. The peaks show no evidence of rotational structure
and must therefore be emitted by mono-atomic species, likely
N or O, but could not be identified further. The complete time
series with the copper target is fitted only at the anti-Stokes
side, preventing the proposed LIF signal to affect the out-
come, since no significant emission peaks can be detected for
wavelengths below 532nm.

Furthermore, both panels show the presence of two peaks
that are symmetrically positioned around the laser wavelength
at ±7cm−1, largely attenuated by the notch filter. These
Rayleigh satellites are found for every measurement at times
larger than 0ns. To further illustrate this, figure 3 shows a
zoom-in of all measurements in the time series, having water
as a target. The spectra are normalized to the highest intensity
in the displayed frequency range, while two dashed vertical
lines are drawn at ±7cm−1 as a guide to the eye.

The Stokes–anti-Stokes symmetry of the peaks suggests
Raman scattering, though likely not of conventional rotational
Raman: the small wavenumber shift implies that the mass of
the molecule exceeds that of N2 or O2. Furthermore, the stable
peak intensity after first appearance at 0ns indicates that the

concerned species is quickly formed in the ionization wave,
after which its concentration stays stable for the remainder of
the measurement period.

It is likely that these Rayleigh satellites have a similar
origin as the Rayleigh satellites of O2, which can be seen in
figure 3 from the O2 part of the fit at 0ns. These satellites
result from the non-zero total spin of O2 (S= 1), which
splits the rotational levels into triplets (=2S+1) [47–49].
Raman transitions between these levels can occur without
an additional change in rotational level. For O2, these tran-
sitions have an energy of ±2cm−1, which falls well within
the profile of the notch filter (FWHM= 7 cm−1), hence
their absence in the data. However, e.g. ions with larger total
spins or larger splitting of the rotational levels might result
in the Rayleigh satellites at 7cm−1. Still, further dis-
turbances of this phenomenon to the Raman spectra could
not be identified, and therefore the spectra are analyzed as
being unperturbed.

3.3. Uncertainties in the fitted parameters

The uncertainties in the fitted parameters that are used in this
work result from the Matlab function nlparci, which
determines the 95% confidence intervals for a nonlinear least
squares fit by using the Jacobian. The error bars in the figures
to follow therefore represent more the interval on which the
used algorithm matches the recorded data than the actual
deviation of the fitting results from reality. The latter is
generally very difficult to determine, hence it is custom to use
the fitting uncertainties as explained.

Although the error bars indicate for a great deal the
uncertainty with which the according parameters are deter-
mined, extra errors play a role which can be different for
different parameters. The most apparent example is the error
that is involved with the number density/intensity calibration
of the spectrum on ambient air, together with any variations in
laser intensity during a measurement or in between mea-
surements. Although the laser intensity is constantly mon-
itored and corrected for, any intensity errors that are
introduced are not recognized by the nlparci method and
are very difficult to quantify using a different method.
Uncertainties in the number densities of N2, O2 or electron
densities are therefore likely to be somewhat larger than
displayed. On the other hand, as these introduced errors only
influence the absolute intensity of a spectrum, the ratio
between the number densities is not affected.

Furthermore, a large Thomson scattering intensity com-
pared to the Raman intensity results in decreased accuracy in
the rotational temperature. The Thomson signal is fitted as
Gaussian (convolved with the Voigt spectral broadening
profile), which is likely to be not completely accurate, e.g.
due to the electron energies not being fully Boltzmann dis-
tributed. This results in a (wavelength dependent) offset for
the Raman signal. For example, in figure 2(b) it can be seen
that around −150cm−1 the fit slightly underestimates the
data, resulting in likely too largely fitted Raman intensities for

Figure 3. A zoom-in of all measurements during the time series with
water as a target. The intensity is normalized to the maximum in the
frequency range under display. The locations of Rayleigh satellites
are approximated by dashed vertical lines. The O2 part of the fit at
0ns is plotted as well.
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increasing rotational level J, overestimating the temperature.
These errors are not fully captured in the nlparci method.

4. Results and comparison to existing work

4.1. Imaging—the return stroke and its dependency on the
target

Figure 4 shows the development of the discharge after it left
the capillary and as it approached the target. The exposure
time was 10 ns. The targets were placed at 10mm from the
end of the capillary. The moment 0ns is determined when the
ionization wave has reached the target or the 10 mm mark in
the reference case without the target present. The visible
length of a plasma plume without a target present when
observed by the naked eye is several cm [39], however in this
work we did not focus on the distance beyond 10mm.

In the case of the glass target the discharge timing and
behavior was identical to the reference without the target until
the impact of the ionization wave on the glass surface. After
impact, the spreading of the discharge on the surface was
observed, similar to the behavior described previously [9].
The discharge was visible on the target 130ns after the initial
impact.

The demineralized water target was neither in contact
with nor near metal surfaces, yet it has significantly influ-
enced the behavior of the discharge. After the initial phase
where the ionization wave approached the target in a manner
similar to the reference case, approximately 10ns after initial
impact a return stroke developed, propagating back towards

the capillary. The discharge remained cone-shaped and gra-
dually lost intensity, still being visible 130ns after the initial
impact.

The metallic target was on floating potential. The initial
phase where the ionization wave approached the target was
similar to the reference case. In less than 10ns after the initial
impact of the ionization wave on the target a return stroke
developed. This discharge also assumed a conical shape until
approximately 130ns after the initial impact, when it started
traveling back towards the metal surface, shaped once again
like a plasma bullet. After it has again reached the copper
surface, the plasma was sustained at the copper surface for
most of the remainder of the voltage pulse (1 μs). Our ima-
ging measurements did not go beyond 530ns after the initial
impact.

4.2. Electron density and temperature

Figure 5 shows electron properties near the head of the dis-
charge as it was propagating towards the target (left) as well
as the evolution of electron properties in time, as the dis-
charge approached the target, impacted on it and how it
behaved afterwards (right). For all three targets, at the exit of
the capillary the electron density was 0.1×1019 m−3 and the
electron temperature was 3.0eV. The targets made a differ-
ence in electron density just within the 3mm above the target.

Just above the target surface, the electron temperature
was the highest as the ionization wave approached the target,
at time −10ns, as this is when the laser beam intersected with
the head of the discharge or just in front of it. The tempera-
tures at this point in time have larger errors due to a relatively

Figure 4. Emission of the ionization wave versus time. The dotted lines at 10mm from the opening of the capillary represents the position of
the target, while the green lines at 8.7mm represent the laser position. 0ns is defined as the moment when the ionization wave makes initial
contact with the target. The exposure time was 10 ns.
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low electron density, making the Thomson profile rather flat.
Afterwards the electron temperature stayed constant for
approximately the next 130ns. This was true for all targets,
despite the absence of detectable emission in the reference
case and on the glass target. The electron density showed a
sharp rise on the target at the time of impact. Densities were
stable afterwards, but at different levels.

The electron density in the afterglow of plasmas in a
freely expanding jet and in the case of a glass target remains
at a fairly constant levels for some 150 ns after the ionization
wave. This is expected, as demonstrated by the numerical
simulations [50, 51]. However, it is possible that this high
density is due to the ionization of Rydberg states at relatively
high laser intensities, as suggested in [52]. However, the
photoionization that would result in the electron density of the
order of magnitude of 1019 m−3 from helium metastables at

room temperature by a monochromatic laser beam would
cause a distortion of the EEDF, namely two Gaussian dis-
tributions, where one would be characterized by the laser
energy of 2.33 eV. All our Thomson scattering signals fitted a
single Gaussian without any discernible distortions.

Results per target type are given below.

4.2.1. The reference case—freely expanding jet. Electron
temperature varied from 3.0eV down to 1.1eV in the freely
expanding jet when it traveled from the exit of the capillary
beyond the 10mm mark, and the electron density varied from
0.1×1019 m−3 to 3.0×1019 m−3. At the 8.7 mm mark the
electron temperature was approximately 1eV, and the
electron density stabilized at 2×1019 m−3.

The values in this study can be compared to other
experimental work using Thomson scattering on He jets,

Figure 5. Rotational temperature, molecular densities of N2 and O2 and their ratio, electron temperature, and electron density for the spatial
and time series. The spatial series show the properties in the head of the ionization wave as it travels towards the target and the time series
shows the properties of the discharge just above the target, as a function of time.
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pulse-driven in the kHz range. As the discharge traveled away
from the capillary the electron temperature in this work was
falling slightly, reproducing the measurements from [20, 21]
and simulations from [16]. The electron density rose as the
discharge traveled away from the capillary, with the electron
temperature falling. The maximum electron density from the
cited experimental works was 1.75×1019m−3. However,
while our measured electron temperature dropped from 3eV
at the capillary to 1.4eV 10mm away, the experimental
works cited above showed the maximum electron temperature
of 2.5eV and 1.6eV, respectively, and the minimum of
0.2eV and 0.1eV, respectively. The numerical study showed
much higher electron temperatures, falling from 8 to 5eV.
The cause for the difference between our work and the
simulations might be in the spatial resolution, which is much
higher in simulations. Somewhat more spatially and time
integrated results from the experiments have a contribution
from the lower-energy electron population as well.

The comparison is possible between the pulse-driven jet
in this work and the same jet driven in AC at 30kHz and at
2kV amplitude [53]. The AC-driven jet exhibited the same
overall behavior of the electron densities, but they were
estimated to be one order of magnitude lower. As there are no
previous comparisons between AC and pulsed-driven jets in
the same jet geometry and other parameters such as gas flow,
we refer to velocity measurements in AC and pulsed jets,
where it has been shown that the ionization waves in freely
expanding AC jets are 5 times to an order of magnitude
slower than those in pulsed jets [14, 54–58], suggesting a
possible correlation with electron density. The electric fields
in the same jet configuration in the AC and the pulsed case,
are, however, similar [39, 59].

The effect of the rising electron density as the discharge
got further away from the capillary was probably caused by
the constricting of the discharge as it travels away from the
capillary, also affecting the electric field in the head of the
discharge, as already described [53, 59]. This trend was
obtained in simulations as well, for example in the case
without direct interaction with the target in [16]. The electron
densities that were obtained there were, however, an order of
magnitude lower than in this work.

4.2.2. Glass. As the discharge was approaching the target,
its properties were very similar to the ones of the freely
expanding jet. The electron density rose from 0.1×1019 m−3

to 3.1×1019 m−3 and the electron temperature varied from
3.0eV down to 1.8eV as the ionization wave approached the
target. At impact the electron density and temperature were
measured at 3.7×1019 m−3 and 2.1eV, to then stabilize at
2.4×1019 m−3 and the electron temperature dropped
to 1.2eV.

To our knowledge, there are no measurements of electron
properties in a pulsed kHz He plasma jet with which the
results of this work can be compared. A simulation study
focusing on the influence of different targets on the properties
of the plasma jet [10] put the accent on the plasma parameters
at the moment of impact of the discharge on the target and the

subsequent effects on the target. In the case of a low-
permittivity target with εr=5, relevant for the measurements
on glass, shortly after the moment of impact the electron
density was approximately 2×1019m−3 and the electron
temperature was 5.3eV near the target surface. The
measurements and the simulation show a very good
agreement. The low-permittivity dielectric target has little
influence on electron properties of the jet before impact. The
surface ionization waves that formed subsequently have been
previously discussed in terms of morphology and the
associated electric field [9, 60–62].

4.2.3. Water. The measured electron densities were rising as
the discharge was approaching the target, starting from
0.1×1019 m−3 at the capillary to 4.4×1019 m−3 near the
target, which is also reflected in electric field values [63]. The
electron temperature was approximately constant at 3eV.
During the return stroke the values were 4.2×1019 m−3 and
2.5 eV. After the initial impact and during the return stroke
the values were stable at 3.5×1019 m−3 and 2eV.

Again, to our knowledge, there is no experimental data
with which the results in this work can be directly compared.
Recently work was published on Thomson scattering in a
dielectric-barrier discharge over water, operated at reduced
pressure [64]. The values for electron temperatures were
comparable to the ones shown here, but the electron density
was one order of magnitude larger. However, as that work
was performed at reduced pressure, it is likely that the
concentration of water in gas was significant, affecting
electron properties.

The numerical study on the behavior of the plasma jet
with liquid-covered biological tissue [16] showed that the
electron density was rising as the discharge approached the
target, from 0.1×1019m−3 to 1.0×1019 m−3. The electron
temperature was constant at about 9eV.

The development of the return stroke was obtained in the
simulations as well [10], with the electron density at
2×1019m−3 and electron temperature at 6.3eV as the
discharge impacted the target and the return stroke developed.
Our results show a stabilized electron density at
3.5×1019 m−3 and electron temperature at 2eV.

It is clear that both the discharge behavior (the return
stroke and the establishment of a conductive channel) and the
trends of electron properties in this work are very well
reproduced in numerical studies. Like for the other targets, the
electron densities in this work are somewhat higher and the
electron temperature somewhat lower than in the numerical
studies, which could very well be caused by the increased
spatial resolution in the numerical work.

4.2.4. Copper. Electron temperature was constant at 3eV as
the ionization wave approached the target, with the electron
density varying from 0.1×1019 m−3 to 6.4×1019 m−3.

On the target, after the initial drop the electron
temperature stabilized at approximately 2.5eV and the
electron density at 5.5×1019 m−3. Figure 6 shows electron
properties in an extended time frame. The measurements
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show that a peak in electron temperature was reached between
200 and 300ns, with the measurement point being at 230ns
after the initial impact, which is when the imaging shows the
second target-directed discharge in the case of the metallic
target. This peak is at 3.4eV. Afterwards the electron
temperature stabilized at 2.5eV and stayed at that value even
after the end of the voltage pulse (1 μs). The electron
temperature again dropped below detection limit before the
next pulse. The electron density in the extended time frame
showed a maximum at 16×1019 m−3, approximately three
times as large as the electron density caused by the initial
impact of the discharge on the metallic target.

With a pulsed kHz He jet on a metallic target Tomita et al
[25] obtained the electron density of 3×1021m−3 and the
electron temperature at 2.2eV. The conditions were some-
what different than in this work: the target was only 2mm

away, causing the conductive channel to be much shorter and
presumably more conductive. The numerical work on a
metallic target [2] was done at reduced pressure. The electron
density at impact was 6×1020m−3 and the electron
temperature was 28eV.

The numerical study [10] reproduced the return stroke
and the long-lasting charged channel in the space between the
capillary and the metallic target. At the target the electron
temperature at impact was at 6.3eV and the density during
the return stroke was calculated at 6×1019m−3. The
electron temperature dropped to 3eV in the charged channel.
At the target in the established conductive channel the density
was at 1.7×1020 m−3. These results agree very well with the
values obtained in this work.

4.3. Gas composition and temperature

4.3.1. At the head of the discharge. Figure 5 shows the
densities of electronic ground state nitrogen and oxygen
molecules as well as their ratio as the discharge traveled
towards the target. As expected, the further from the end of
the capillary the measurement was taken, the more air was
entrained in the gas flow. Even though nitrogen densities
seem to differ for different targets, the values still overlap
within the error bars. The ratio of nitrogen and oxygen will
therefore be taken to be the same for all targets, but it is
visible from the graph that it deviates from the 78:21 ratio
of air.

The densities of neutral nitrogen and oxygen were
calculated in the fit of the Raman spectrum for every
measurement, as described in section 3.1. A forced 78:21 fit
did result in a very similar shape, and it is thus difficult to say
how accurate the ratio in the graph in figure 5 is. It is,
however, clear that the results showing a ratio slightly lower
than 78:21 are consistent throughout the experiment, while
measurements within 4mm of the capillary exit as well as
calibration measurements in open air consistently resulted in
the air ratio of 78:21.

The ratio of molecular nitrogen and oxygen densities
deviating from the 78:21 ratio in air has been a topic of
discussion in [34]. There it is suggested that such a difference
indicates vibrational excitation. However, rotational cross
sections and peak positions do not significantly change for
higher vibrational levels of N2 or O2 [40, 65].

Concerning the possible error in the determination of the
densities of the electronic ground state nitrogen and oxygen
molecules, we have considered the following. The square of
the polarizability anisotropy γ, as introduced in section 3.1.1,
is the parameter relevant for the difference in cross sections
for different molecular species and was determined as
described and published in [36]. It is difficult to determine
these anisotropies from polarization measurements and
therefore uncertainties of up to 10% are common for the
squared values. The anisotropy of O2 is determined relative to
the one of N2 and therefore the absolute uncertainty is of the
same order of magnitude. However, the relative uncertainty is
the one relevant for the ratios, and is very small (less than 3%
for the square of the anisotropy). This becomes clear from the

Figure 6. Rotational temperature, molecular densities of N2 and O2

and their ratio, electron temperature, and electron density just above
the target, as a function of time, during the entire voltage pulse. The
dashed vertical line at 900ns indicates the end of the high-voltage
pulse, 1μs after initiation.
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weighted mean of the ratios in all calibration measurements in
open air which is 3.73±0.03, which is exactly the ratio of
3.73 expected from air. As a reminder, the ratio in the He
plume before arrival of the bullet was 3.27±0.02, hence
deviated by 0.46±0.02 from air ratio. The fitting routine
was exactly the same for both situations, at very similar
rotational temperatures during acquisition, while no Thomson
signal was present. Therefore, we believe any errors from the
cross sections or systematic errors related to the fitting routine
are reasonably ruled out.

The densities of N2 and O2 in figure 5 show an increase
of the air admixing into the He flow from 0.1% of the total
gas density at 1mm from the nozzle, to 1.0% at 9mm. With
larger flow and larger diameter of the capillary, the air
admixtures of ∼0.1% and ∼3% are given at 10mm from the
nozzle respectively in [6, 32]. The air admixture profile as a
function of distance from the nozzle obtained here is very
similar to the gas composition calculated in [59] for the same
configuration from Navier–Stokes and diffusion equations for
a He–air mixture. However, it corresponds to a lower air
content than given in [66] for a helium gas jet with a
Reynolds number of 40. With the geometry and gas flow used
in this work, the gas velocity at the nozzle is about 1.4ms−1

and both the Reynolds number (Re) and the Froude number
(Fr) giving the ratio of momentum flux to buoyancy flux
[66, 67] are small, being respectively Re≈25 and Fr≈15.
The helium flow in our conditions is therefore expected to be
laminar and stable, but with the buoyancy force not strongly
dominated by the imposed gas flow, which is why a small
perturbation induced by the plasma can induce observable
modifications of the flow structure and the gas mixing.

The temperature of air at the head of the ionization front
rose as the discharge approached the target and was between
320 and 370K for all targets as the discharge reached the
target. The effect is most probably connected to a
fundamental electron property in molecular gases, where
low-temperature electrons (<2eV) lose their energy mostly
through vibrational excitation of molecules, while in atomic
gases like helium, is it through elastic collisions. Molecular
gasses are therefore more likely to have a larger increase in
gas temperature at low electron temperatures [68].

4.3.2. At the target surface. Figure 5 shows that the densities
of electronic ground state nitrogen and oxygen molecules as
well as their ratio are close to the same values throughout the
entire time the discharge approaches the target, impacts and
forms a new discharge afterwards. As above, even though
nitrogen densities seem to differ for different targets, the
values still overlap within the error bars. In addition, the
actual error in the densities is somewhat bigger than shown as
previously discussed, since these bars are determined from the
Jacobian of the fit. Errors made by e.g. different laser
intensities during measurement and calibration are being
corrected for when preparing the data for the analysis, but are
hard to fully eliminate. Ratios between molecular densities
are more reliable as they do not depend on these factors. The
gas temperature is constant until the extinction of the

discharge for all targets except the metallic one. Looking at
the graph with the extended time axis, the gas temperature
rises to 460K as the diffuse stable discharge forms just above
the surface of the copper target.

5. Discussion

5.1. Return stroke or surface ionization waves

The results from the imaging (section 4.1) show that the
behavior of the discharge was significantly influenced by the
presence and the type of the target. The glass target (εr≈4)
caused the discharge to spread on the surface, forming surface
ionization waves, after which it extinguished. However, the
water target (εr≈80) caused a return stroke, extinguishing
afterwards, and the copper target caused both the return stroke
and the appearance of a diffuse discharge in contact with the
metal until the end of the voltage pulse.

The evolution of the discharge into either a return stroke
or a surface ionization wave was reflected in electron prop-
erties at the target. The return stroke was manifested in higher
electron densities and temperatures, while the properties
associated to the discharge forming surface ionization waves
were the same as the properties of the freely expanding jet,
within the error bars.

The appearance of the return stroke in ionization waves is
known from streamer discharges [69] as well as the formation
of glow discharges [70]. They were observed experimentally
in plasma jets as well when the discharge was interacting with
a metallic target [14, 15, 17] and with water [71]. Simulations
have demonstrated that the appearance of the return stroke is
highly dependent on the electrical properties of the target
[10, 16, 18]. Darny et al [17] and Viegas et al [18] argued in
favor of the return stroke, or multiple return strokes, being
caused by the impedance mismatch between the electrical
system with the high-voltage electrode at its end, the con-
ductive channel and the target, where the conductive channel
has a much larger impedance than the other two elements.
The behavior of the discharge is consequently strongly
influenced by parameters such as the distance of the target and
channel conductivity.

In the numerical study of Norberg et al [10] of a helium
discharge in air the metallic target caused a return stroke and
was able to sustain the discharge for the longest time after the
initial impact of the ionization wave on the substrate. The
high-permittivity dielectric target (εr=80) that is relevant for
our measurements using water showed the appearance of the
return stroke, but the discharge was not sustained as long after
the initial impact, and the associated electron temperature and
density were lower. This result closely reproduces our
experimental observations, which is clear from figure 5. High-
permittivity and metallic targets thus promote the return
stroke and the formation of a conductive channel.

The glass target, which represents low-permittivity di-
electric targets, exhibited the formation of surface ionization
waves and was characterized with the electron densities 2.5
times lower compared to copper and with lower electron
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temperature. The surface ionization waves when this jet is
used on a dielectric surface were observed in previous studies
as well [9], and the propagation of the electric field into the
material was measured [60–62, 72].

In the numerical study [10] the low-permittivity dielectric
targets (εr=5 or εr=2) gave rise to surface ionization
waves and the propagation of the electric field into the treated
material instead of the return stroke. The study showed a
significantly lower electron temperature and density than
when using a high-permittivity or a metallic target, which is
also the case in this work.

Another simulation of the interaction of plasma and a
dielectric representing a wound [73] has also shown that the
electrical properties of the wound, such as relative permit-
tivity and conductivity, significantly affect the spreading of
the plasma on the surface. Another study [11] showed that
even among low-permittivity target materials (εr between 2
and 10) there was a notable difference in the effects on the
surface discharge. The spreading was largest and the surface
charge density was lowest for the target material with lowest
permittivity. The same relationship between the distance of
the spreading of the surface ionization wave and permittivity
was found in [12].

The conclusion is that the choice between the appearance
of the return stroke and the surface ionization wave is gov-
erned by the electrical properties of the target. The explana-
tion offered in [10] is that the smaller permittivity of the target
results in a smaller RC time constant for charging the surface.
Consequently, a more rapid production of the horizontal
component of the electric field occurs that sustains the surface
ionization waves and more rapid depletion of the vertical
electric field. The charge measurements for this jet driven by
AC voltage [61] indeed show charging and discharging of the
dielectric target as the ionization waves form on the surface.

On the other hand, in high-permittivity and metallic tar-
gets there is no charging of the surface and the full voltage
drop remains across the gap. This causes a larger electron
production rate coefficient, which causes larger electron
densities (shown in this work and discussed below), allowing
for a return stroke and a long-lasting diffuse discharge at the
metallic target. Water acts as a charge sink, resulting in sol-
vated electrons [74].

5.2. The diffuse discharge on the copper target

After the return stroke a discharge that was diffuse and stable
in time developed on the copper target. This can be seen after
the first 130ns in the imaging results in figure 4. Our mea-
surements of electron properties show that the electron
temperature in this discharge was stable around 2.5–3eV and
the electron density stabilized at 12×1019 m−3.

Works [7, 17] refer to it as glow-like, supported by the
fact that in [17] the target was grounded and the current
measured through it rose to hundreds of mA. In this work the
metallic target was not in contact with another piece of metal,
therefore not grounded. Consequently, the current could
neither have been measured nor could it have been supplied in
order to sustain a classical glow discharge.

This particular version of a diffuse discharge is very
poorly known. It is not a classical glow discharge but it is also
not one of the identified transient glow discharges in DBD
configurations [75]. As an example, in a recent publication
[76] a multitude of diffuse discharges of the DBD type has
been gathered, however in all of them electron densities are
orders of magnitude lower than measured in our system. The
electron density is lower as well. The key difference, how-
ever, between those discharges and our system is that the
target, while floating, was not covered by a dielectric layer.

The published results from numerical studies are often
not suitable for comparison because they typically do not
model the system beyond the first contact of the ionization
wave and the target. Still, a publication from 2015 [10] did
show the simulation of the process including the first return
stroke. Even though their conditions are different than ours
with respect to the overall speed of the process and the
applied parameters, they did show that in the first return
stroke the electron density increased, as well as electron
temperature.

The electron source for sustaining this discharge could
have been partly the secondary electrons caused by ion impact
on the copper target. The secondary electron emission coef-
ficient (γ) is of the order of magnitude of 0.01 for noble
gasses on copper [77]. In this case the floating copper target
would charge significantly during the voltage pulse. This is
not something we can measure due to the fact that the target is
floating, however we do observe a back discharge at the end
of the voltage pulse, which can easily discharge the copper
target. This discharge is visible in the overall discharge cur-
rent. Another source of electrons to sustain the diffuse dis-
charge is possibly the charged electrode through the weakly
conductive channel left in the wake of the ionization wave,
however, significant current that would correspond to the
diffuse discharge is not observed flowing through the charged
electrode.

5.3. Gas mixing and temperature

Studies based on flow visualization techniques such as
Schlieren imaging or numerical simulations have reported
about the modification of helium flow by atmospheric pres-
sure plasma jets due to either gas heating and/or ion-induced
electrodynamic force [51, 59, 67, 78–82]. Differences in gas
flow structures governed by the polarity of the applied voltage
are in [79, 80] attributed to the influence of positive and
negative ion drift and the resulting electrodynamic force.
However, the increase in gas velocity due to the lowering of
gas density resulting from heating is suggested to be the
dominant cause for flow modification by the plasma in
[81, 82]. Their estimate is based on the heating due to elastic
collisions between electrons and neutrals for values of
Ne=1020m−3 and Te=2 eV leading to an increase of gas
temperature of ΔT=35 K. In [67] a similar conclusion is
drawn taking into account a ΔT between 10 and 30K at the
exit of the capillary.

Despite the large error bars, the gas temperature mea-
sured in this work does show an increase above room
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temperature. The measured values are 30K above room
temperature for the free jet and 70K for the copper target, but
with a higher temperature at 10mm from the nozzle than at
the exit of the capillary (figure 5). With the same jet config-
uration but in an AC-driven jet at 30kHz we have also
measured an increase of ΔT of approximately 30K with a
maximum at approximately 8mm from the nozzle [59]. One
possible cause for the increase of gas temperature above the
copper target is the significantly increased electron density
and during the entire voltage pulse, resulting in an increased
energy transfer to the vibrational excitation of molecules.

The amount of air entrained in the helium flow is con-
stant in time suggesting that any possible influence of the
plasma on the flow structure happens after a cumulative effect
over several periods of the voltage cycle as shown in [78, 79].

Above water and copper targets the density of air is
slightly lower than above glass or in the free jet at the same
distance. A similar lowering of air content has been observed
above water (distilled and saline) and metal targets in [6] and
referred to as helium channeling. When the discharge
impinges on a conductive target, depending on the repetition
frequency of the power supply and the voltage polarity, a gas
channel with high purity level of helium is extended up to the
target surface because of the ion drag force [79, 80]. In [78]
this channeling effect is also observed, however, for a given
distance to the target and a given gas flow, the impingement
of the discharge on the metal surface results in a turbulent
wavefront along the surface. Negative ions have a longer
lifetime than positive ions and a background of negative ions
can be achieved in the channel of a plasma jet impacting on a
metal target when the repetition frequency is above 5kHz as
it has been measured by mass spectrometry in [82]. However,
in this work the voltage pulse polarity is positive and the
copper target induces also higher electron density, as well as
higher electron and gas temperatures than other targets.
Therefore the helium channeling effect could also result from
lowering the overall gas density by the heating resulting from
a higher current in the diffuse discharge.

5.4. Impact on applications

The consequences for the applications are likely to be sig-
nificant. Plasma interacting with a low-permittivity dielectric
target will not change its properties significantly, but it will
cause fast ionization waves and charging of the surface,
which is of great importance for research fields that are cur-
rently developing, such as plasma catalysis [83]. The charging
of the surface can influence the adsorption of species on the
surface, and therefore the resulting reactivity, which is rele-
vant for plasma catalysis [83].

The interaction of non-thermal atmospheric pressure
plasmas with complex targets is a general issue in the field of
plasma medicine. There are large gaps in knowledge on this
topic, starting from the determination of the most important
properties of the target that influence the plasma. Whether the
target is living tissue, model membranes suspended in a
solution or bacterial or cell cultures, it is still not known in
which way they determine the properties of the plasma and

through which mechanisms, whether the electrical properties
of the targets are the only important parameter or not, and
consequently how should complex targets such as tissue be
approached in the plasma physics research.

Interaction with water is significant in the field of plasma
medicine and in plasma agriculture [84]. This work shows
that the presence of water can increase both the electron
density and temperature by a factor two when compared to a
freely expanding jet. The increased density at the water
interface might cause a larger density of solvated electrons,
thereby affecting the OH production in the interface layer in
the water [74, 84, 85].

Metallic targets cause the formation of a long-lasting
diffuse discharge on the target surface, accompanied by an
order of magnitude larger electron density than that of a freely
expanding jet and an increase of gas temperature by more
than 100K. It is suggested in [86] that the interaction with
living tissue resembles the interaction of plasma and metallic
surfaces. These results show that the effect of living tissue on
plasma should be studied in a much greater detail to deter-
mine the exact operating parameters usable in plasma
medicine.

6. Conclusions

This work explores the electron and neutral gas properties in a
kHz-driven pulsed He plasma jet by imaging and Raman and
Thomson scattering.

(i) A volume Bragg grating, which was previously shown
to be a suitable filter to reject Rayleigh scattering for
pure rotational Raman measurements, has been demon-
strated here to provide satisfactory rejection for
Thomson measurements as well.

Next to a freely expanding jet, the measurements
were done using three targets with different electrical
properties—a low-permittivity dielectric (glass), a high-
permittivity dielectric (demineralized water) and a
metallic target (copper). Electron densities and tem-
peratures, as well as temperatures and densities of
electronic ground state nitrogen and oxygen molecules,
were obtained spatially- and time-resolved. The effects
of the targets on the plasma were profound. The
following conclusions can be drawn:

(ii) When non-thermal plasma jets interact with low-
permittivity targets, surface ionization waves are
initiated. High-permittivity and metallic targets cause
a return stroke instead. The choice between the two
behaviors seems to depend on the capacitance of the
target, and thus the time constant for charging the
surface. It is suggested that low-permittivity targets
(glass) cause rapid charging of the surface and a fast
progression of surface ionization waves. The low
impedance of the high-permittivity (water) and metallic
targets cause the full voltage drop to remain across the
gap, inducing higher electron production rates, thus a

13

Plasma Sources Sci. Technol. 27 (2018) 085004 B L M Klarenaar et al



return stroke and in the case of the metallic target a
long-lasting diffuse discharge in addition. The argu-
ments in favor of this explanation are the measured
electron properties above the target surface. The low-
permittivity target is associated to lower electron
density and temperature above the target and a shorter
lifetime; the high-permittivity and metallic target
produced higher electron densities and temperatures.

(iii) To our knowledge this work brings the first measured
electron properties associated to a pulsed kHz-driven
He plasma jet for a variety of conditions: while
impacting on a glass, water or copper surface; during
the development of a surface ionization wave on glass
and return stroke on water and metal; during the long-
lasting diffuse discharge on copper. On glass the
stabilized values were 2×1019 m−3 and 1.2eV, on
water 3.5×1019 m−3 and 2eV and on copper
5.5×1019 m−3 and 3eV.

(iv) After the return stroke a diffuse discharge develops on
the metallic target that lasts throughout the duration of
the voltage pulse (1 μs) with persisting high electron
density at 11–16×1019 m−3 and temperature at
2.5–3eV. The long duration of this discharge is
accompanied by the rise in gas temperature to
400–460 K. Its long duration also indicates that when
metallic targets are concerned the local chemistry above
the target will be significantly influenced compared to
the freely expanding jet, having consequences on the
‘memory effect’.

(v) Gas temperature profiles show that gas heating becomes
more significant as the percentage of air grows in the
helium flow, most probably because of the collisional
transfer of electron energy into vibrational excitation in
molecular gases.

(vi) For most experimental conditions, the [N2]/[O2] ratio
consistently indicates a decreased density of N2 (or an
increased O2 density) with respect to the standard air
ratio. Air ratios are only found in calibration measure-
ments in open air and in the plasma jet, when the
ionization wavefront is closer than 4mm from the
capillary opening. If the electron density is below
detection limit, i.e. near the target and before wave
impact, the same ratio is found as during the plasma-
target interaction. The underlying mechanism(s) could
not yet be identified and are open for debate.
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