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Abstract: The advantages of pulsed low-current high-voltage discharges operated at atmospheric
pressure and the ease with which such discharges can be implemented industrially contributed to
their popularity. However, the high reactivity of a pulsed plasma implies that thorough diagnostics
are needed to fully understand the interactions inside these plasmas. Some of the key parameters
determining plasma properties of low-current discharges are the electron number density and the
temperature of heavy particles. Both parameters can be determined experimentally with spectroscopic
techniques, for example by investigating the broadening of spectral lines due to the Stark effect and
by fitting synthetic spectra to molecular transitions. To the authors’ knowledge, experimentally
determined electron densities for pulsed low-current discharges operated in a power range between
300 W and 1000 W have not been performed in previous works. Thus, in this work, the electron
number density and temperature of heavy particles of one of several commercially available plasma
systems are determined by means of emission spectroscopy.

Keywords: plasma jet; low-current discharge; atmospheric pressure; electron density; stark broaden-
ing; molecular spectroscopy

1. Introduction

The advantages of non-equilibrium plasmas generated by pulsed low-current high-
voltage discharges at atmospheric pressure have contributed to the fact that such discharges
are now well established industrially and are constantly growing [1,2]. In the automotive
and packaging industries, for example, surfaces are treated with such plasmas before bond-
ing, printing or painting [3–6] to improve the quality of the following process. Surfaces are
hydrophilized or hydrophobized by the deposition of layers as a result of a chemical reac-
tion induced by such plasmas [7,8]. Various layers of low-melting materials are coated onto
temperature-sensitive substrates [9–12]. The antibacterial properties of non-equilibrium
plasmas are used and intensively explored in food and medical industries [13–16]. In the
environmental sector, such plasmas are used to neutralize industrial waste gases by the
selective removal of chemical compounds [8,17,18]. Moreover, possible applications to
increase efficiency in the production of synthetic fuels are being explored [19,20]. As a
result of the ever-widening range of applications, especially in the environmental and
health fields [13,20–23], the need for the comprehensive characterization of non-thermal
plasmas seems to become more and more important.

Due to the wide application field and industrial spread of pulsed low-current dis-
charges, a plethora of publications exist in which this type of discharge is studied. However,
often it is not the physical effects that occur in plasma that are characterized, but the effects
achieved as a result of a plasma treatment, as presented in [4,6,14,24–27], to name a few. In
references dealing with the characterization of such discharges, researchers often describe
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their behavior using electrical measurements [10,28–30] or emission spectroscopy. The
latter diagnostic method is primarily used to qualitatively describe the composition of
the plasma [12,24,31,32]. Only a few authors estimated the temperature of heavy particles
or, more precisely, the rotational and vibrational temperatures of molecular bands based
on the fitting of the recorded spectra for pulsed low-current nitrogen discharges in the
analyzed power range [3,33–37]. In some cases, the estimation of the gas temperature is also
conducted by thermocouple measurements [10,12,38]. The last technique may be easy to
implement, but the gas temperature values that can be assessed are significantly limited by
the sensor used and are subsequently less accurate than those determined spectroscopically.
Furthermore, due to the ratio of the sensor size to the measured object size, this method
only allows the recording of integral values. Therefore, spectroscopic measurements or
laser scattering diagnostics should be preferred over thermocouple-based ones for the
evaluation of the heavy particle temperature Th with regard to the chemical reactivity of the
plasma under study, while calorimetric measurements as presented in [39,40] are preferable
if the thermal load of the substrate is to be evaluated.

As mentioned above, the temperature of heavy particles can be assessed experimen-
tally by emission spectroscopy measurements and subsequent fitting of synthetic spectra.
In comparison, the determination of the electron parameters of non-equilibrium plasmas
based on spectroscopic measurements is not so straightforward. Several research groups
estimated the electron density or temperature through modelling [35,37,41–43]. Thereby, in
addition to the estimation of rotational and vibrational temperatures, the measured spectra
are used to estimate the diameter of the discharge channel, which is then used to determine
the current density. Thereafter, the electron parameters can be obtained by solving the
Boltzmann equation [37], an Elenbaas-Heller [43] or a collisional-radiative model [35]. Such
a combined experimental and computational approach is a good estimation method, but
cannot be compared with a purely experimental measurement of the electron parameters
due to approximations adopted during the calculations (for ex. the assumption of thermal
equilibrium). Furthermore, for a pulsed low-current high-voltage discharge in the power
range between 300 W and 1000 W, to the best of the authors knowledge, no data on a purely
experimentally determined electron number density could be found in published works.

The electron density can be estimated experimentally from the broadening of spectral
lines due to the Stark effect. The so-called Stark effect arises in an ionized gas, i.e., plasma,
due to the interaction of the atom’s bound electrons with the electric field created by free
electrons within the plasma surrounding that atom. Therefore, one of the aims of this
work is to experimentally estimate the electron density of a pulsed low-current discharge
operated at atmospheric pressure by means of emission spectroscopy. Furthermore, the
heavy particle temperature is determined by the fitting of synthetic spectra to molecular
bands of nitrogen transitions. The estimated heavy particle temperatures are also used
for validation purposes. A commercially available pulsed plasma system Plasmabrush®

PB3 produced by Relyon Plasma GmbH, Regensburg, Germany, is chosen as a test object.
The system is characterized by a simple design comparable to that of other systems on
the market.

2. Theoretical Approach

As stated above, the electron density can be determined from the broadening of
spectral lines due to the Stark effect. The following section describes this effect only briefly.
For a detailed description, it should be referred to [44,45]. Thereafter, in Section 2.2, only
the most relevant aspects of the molecular spectroscopy are discussed. Again, for more
details, it should be referred to [46–48].

2.1. Stark Broadening

Besides the natural (due to quantum mechanical energy uncertainty) and Doppler
broadening (due to thermal velocity of the emitting particle), several further broadening
mechanisms of spectral lines exist. Responsible for the broadening are frequent interactions
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with neutral or charged particles, which are too weak to produce the excitation responsible
for a radiation itself but still strong enough to modify the lifetime of the excited electron.
These interactions are in general of a electromagnetic nature, with the coupling of any
charge q to the electric field being much stronger than to the magnetic field (assuming
that the velocity of the charged particle is much lower than the speed of light, which is
usually the case). If an interaction with neutral particles is considered, the effect is referred
to as pressure broadening. For charged particles, it is referred to as Stark broadening or
the Stark effect [44,45]. The Stark effect occurs due to the interaction of the atom’s bound
electrons with the plasma’s free electrons and can be mainly described by one of the two
following approximations:

1. Quasistatic approximation: The electron distribution within the atom is not spherically
symmetric (such as in the hydrogen atom) and the atom already displays a permanent
electric dipole. In this case, the plasma’s electric free charges can be assumed to act
collectively, direct, as a “cloud”, creating the external electric field ~E0, which interacts
with the atom’s dipole moment. This approximation is also called the linear Stark
effect.

2. Impact approximation: The electron distribution within the atom is spherically sym-
metric (such as in a noble gas atom) and there is no permanent electric dipole. In this
case, the interaction is mediated by two electrons: the first one, which after approach-
ing the atom polarizes the latter for a very short time interval, and the second one,
which during such time interval interacts with the induced, short-lived, electric dipole
moment. This effect is referred to as the quadratic Stark effect. Since a consecutive
collision with two electrons is seldom enough, the quadratic Stark effect is much
weaker than the linear one.

In the case of non-equilibrium plasmas, most commonly hydrogen lines are used to de-
termine the electron number density, for which the quasistatic approximation
applies [49–55]. Typically, the widths of the hydrogen’s alpha line Hα (λi f = 656.28 nm) for
the transition i = 3→ f = 2 and hydrogen’s beta line Hβ (λi f = 486.13 nm) for the transi-
tion i = 4→ f = 2 are used for the estimation according to the model proposed originally
by Gigosos et al. [50] and discussed by Konjević et al. [51]. According to the authors, as well
as to Laux et al. [52] and Palomares et al. [53], the Hβ line represents a good compromise
between an acceptable signal-to-noise ratio and self-absorption, with the latter occurring if
the lines are too strong. It is also less dependent on the electron temperature and thus more
suitable for electron densities in the range of 1021 m−3, which are expected for the plasma
studied in this work at atmospheric pressure [56]. The weak temperature dependence can
actually be nearly completely removed if, instead of the full width at half maximum, the
full width at half area (area contained inside the broadened spectral line, short FWHA) of
the hydrogen line is considered [50]. Therefore, in this work the FWHA of the Hβ line is
used to estimate the electron density according to the correlation

FWHA [nm] = 1.666
(

ne [nm−3]

1023

)0.68777

, (1)

given by Gigosos et al. in [50].

2.2. Molecular Spectroscopy

In case of a molecule, apart from the internal electronic energy and kinetic energy
due to the movement of the whole molecule (i.e., its center of mass) in three directions,
the relative, vibrational motion of the atoms along the internuclear axis and the relative,
rotational motion about two axes perpendicular to the internuclear axis contribute to
molecule’s energy. Since both the vibrational and rotational energy states are quantized,
each transition described by the quantum number ν and J, respectively, emits radiation at a
specific frequency ωi f , resulting in a much more complex spectrum. The radiation emitted
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by each transition forms spectral bands that reflect the rotational and vibrational states, as
exemplified in Figure 1.

For a known instrumental profile, the molecular spectrum of a particular transition
can be calculated if several selection rules are followed, as described in [46–48]. Thereafter,
the experimentally registered spectral intensity within the infinitesimal spectral window
between ω and ω + dω can be written as

I(ωi f )dω = K SF

(
ω−ωi f

)
nN2

(
ωi f

2πc0

)4
SJ,i f e−

(Erot,i−Erot, f )
kB Trot Sν,i f e

− (
Evib,i−Evib, f )

kB Tvib e−
(Ee,i−Ee, f )

kB Te dω (2)

with nN2 being the number density of the emitting molecules and c0 the speed of light. The
probability of each rotational transition is represented by the Hönl-London factor SJ,i f as
well as by the tabulated Franck–Condon coefficient Sν,i f for vibrational transitions. Fur-
thermore, each transition is described by the according energy difference and temperature,
with Trot being the rotational, Tvib the vibrational and Te the electron temperature. The
transfer function of the experimental setup, denoted with SF above, can be determined
before measurement with a spectral calibration lamp, whereas the detection sensitivity K is
also determined beforehand with a calibrated tungsten ribbon lamp.
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Figure 1. Rotational structure of a band sequence of the (0, 0)-transition of the B2Σ+
u → X2Σ+

g system
of N+

2 measured experimentally at peak current for the discharge operated at 60 kHz. Based on the
calculated fit, a heavy particle temperature of 6300 K was estimated.

As can be deduced from Equation (2), several parameters need to be adjusted iter-
atively for an experimentally measured spectrum to be fitted with a synthetic one. The
ionization and dissociation reactions are governed by the excitation temperature, which
can be assumed to be equal to Te or Th depending on the plasma state [57,58]. According
to Wang et al. [57], for electron densities below 1021 m−3, inelastic atomic and molecular
collisions are mainly responsible for the ionization of nitrogen molecules, since the heavy
particles collide more frequently with each other under such conditions and, due to a
similar mass, more energy is transferred in each collision than in a collision with an electron.
Thereafter, if the rotational energy levels are assumed to be populated by heavy particle
collisions, the computations can be simplified by assuming that Trot = Th, with Th being
the temperature of heavy particles (i.e., gas temperature) [59]. A detailed discussion of
the temperatures governing the dissociation and ionization reactions can also be found
in [58,60].

3. Experimental Setup

Apart from the description of the chosen plasma system and the experimental setup, a
description of the data evaluation methods can be found in this section.

3.1. Plasma System under Study

The aim of this work is to spectroscopically characterize a pulsed, low-current direct
discharge operated at atmospheric pressure. There are several commercially available
systems on the market utilizing a more or less similar working principle [3,10,16,61]. In this
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work, the Plasmabrush® system consisting of a PG31 plasma generator and a PS2000 OEM
power supply is used. This generator can be used for surface activation, decontamination
or deposition of different materials [9–11,15,25].

The PG31 generator has a conventional construction with a positively biased, finger-
shaped non-refractory inner electrode and a copper alloy nozzle acting as cathode. A
conical shaped nozzle of type A450 with an exit diameter of 4 mm is used exclusively
for the experiments. Furthermore, pure nitrogen as well as a mixture of nitrogen and
hydrogen of 99/1 vol. %, both at a flow rate of 35 L/min, are used as plasma carrier gases
in the following, regulated externally by a mass flow controller of type 8626 produced by
Bürkert GmbH & Co. KG, Ingelfingen, Germany. The admixture of 1 vol. % of hydrogen is
sufficient to achieve evaluable line intensities, but has no significant effect on the discharge.
The discharge is driven by unipolar, triangular current pulses with an variable amplitude
of maximal 1 A generated at the output of the PS2000 power supply. The power supply
utilizes a single-phase full-bridge push-pull converter design with the rise and fall times of
the triangular pulses fixed at 5 µs, regardless of the selected pulse frequency. The power
supply can be controlled via a PC software, which allows an adjustment of the output
power between 70–100%, which corresponds to a current amplitude of 0.7–1.0 A at the exit,
whereas the pulse frequency can be varied between 40 kHz and 65 kHz in 1 kHz steps.

The generator is connected to the power supply by a 9 m long triaxial cable (similar to
a coaxial cable, but with an additional conductive sheath), which serves as an additional
high voltage capacitor by utilizing the properties of such a cable. The total cable length
between PG31 and PS2000 is 10 m. For the experiments, the output power of the source
was set to 100% and pulse frequency to 60 kHz. The typical voltage and current traces
for these parameters are shown in Figure 2 and were measured as close to the discharge
as possible, i.e. in the connection point between the high-voltage cable and the plasma
generator. The energy delivered by the power supply during one discharge pulse averaged
11.1 ± 0.9 mJ, resulting in an average power of 665 ± 50 mJ.
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3.2. Emission Spectroscopy

The measurement of the spectral broadening of hydrogen lines as well as molecu-
lar spectra requires high spectral resolution. Thus, a similar experimental setup based
on a Czerny-Turner spectrograph of type THR1000 made by Jobin-Yvon (now Horiba),
Oberursel, Germany, with a focal length of 1000 mm and a diffraction grating of 1200 L/mm
is used for both. The horizontally placed effluent plasma jet is projected through a 100 mm
planoconvex-fused silica lens onto the vertically oriented entrance slit, as shown in Figure 3.
By mounting the plasma generator perpendicularly with respect to the entrance slit, each
acquired image contains the spatially resolved intensity distribution in the radial direction.
Additionally, the generator is mounted on a micrometer table to vary the axial distance
d from the nozzle exit. Hence, the spectra are measured in 1 mm steps starting from the
nozzle exit. Lastly, an intensified charged-coupled device camera of type 4 Picos from
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Stanford Computer Optics, Berkeley, CA, USA, is placed directly in the imaging plane
of the spectrometer. The spectral response of the image intensifier of the camera, a Gen
II photo-cathode of type S20 with a single-stage microchannel plate and a P43 phosphor
screen, is well suited for the measurement of nitrogen molecular bands as well as the
hydrogen beta line [62].
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Figure 4. The instrumental profile of the spectroscopic setup determined by a Gaussian fit of a
krypton emission line at λ0 = 450.24 nm. The FWHM is 0.1 nm.
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Figure 3. Schematic diagram of the spectroscopic experimental setup. The plasma generator PG31 is
positioned perpendicularly to the vertically oriented entrance slit of the spectrograph on a micrometer
table that allows the axial distance d from the nozzle outlet to be varied.

The instrumental profile is estimated by homogeneous illumination of the 100 µm
wide entrance slit with a krypton spectral calibration lamp of type 6031 produced by Oriel
Instruments, Stratford, CT, USA. For the spectral line at λ0 = 450.24 nm, the resulting
instrumental function depicted in Figure 4 has a full width at half maximum (short FWHM)
of 0.1 nm. The spatial resolution is determined to be 0.07 mm/px. Additionally, an
absolute calibration of the entire experimental setup is performed using a spectral radiance
calibration standard, which is a frosted 50 W quartz-halogen lamp in an integrating sphere
of type ISS-8P-HP-V01 made by Gigahertz-Optik, Türkenfeld, Germany.
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krypton emission line at λ0 = 450.24 nm. The FWHM is 0.1 nm.
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Figure 4. The instrumental profile of the spectroscopic setup determined by a Gaussian fit of a
krypton emission line at λ0 = 450.24 nm. The FWHM is 0.1 nm.

The spectroscopic setup is triggered to achieve temporal resolution, with the image
intensifier being synchronized to the discharge current. In order to achieve this, the working
voltage is stepped down through a resistive voltage divider and triggers a DG645 pulse-
delay generator made by Stanford Research Systems, Sunnyvale, CA, USA, which is used
to adjust the delay. Accordingly, the microchannel plate of the camera is triggered with
the pulse frequency of the plasma generator, utilizing the on-chip integration mode to
achieve a better signal-to-noise ratio. The gain voltage is fixed at 800 V, while the exposure
time of the microchannel plate was varied from 40 ns to 2 µs, depending on the distance
from the nozzle outlet. Since the plasma system operates without a control loop, which
implies fluctuations in plasma and thus in the tapped electrical signals, no exact trigger
time points can be defined. Accordingly, the width of the timeframes in Figure 2 illustrates
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the approximate jitter of the trigger time point. In the following, only the spectra emitted
during the current maximum are evaluated. During the valley current phase between
successive pulses, the emitted light intensity is so low that a temporal resolution cannot be
achieved due to the required extension of the exposure time in order to obtain evaluable
images with the experimental setup.

3.3. Data Evaluation of the Hβ Line

To extract the Hβ line, a pure nitrogen spectrum and a nitrogen–hydrogen spectrum are
recorded, consecutively. In both cases, an average image is first calculated from all recorded
images (at least 100) for further processing, and subsequently, each measured pixel line is
corrected with the according pixel line of the radiance calibration measurement. Afterwards,
due to the fact that the hydrogen line is superimposed on the nitrogen spectrum, as shown
in Figure 5, each nitrogen image is multiplied by a variable scaling factor and subtracted
from the nitrogen–hydrogen image to obtain an image containing only the hydrogen line.
The scaling factor averaged about 0.85± 0.7 and was adjusted for each parameter set.
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Figure 5. The left plot shows an N2 and an N2/H2 spectrum after correction with the radiance
calibration standard, recorded with similar camera settings at nozzle axis (r = 0 mm) for an axial
distance of d = 2 mm. The plasma generator was operated at 60 kHz and the experimental setup
was triggered at peak current of ∼ 1.0 A (power setting of 100 %). The hydrogen β-line shown in the
right plot is obtained after subtracting the pure nitrogen spectrum (multiplyied by a variable scaling
factor) from the hydrogen-containing measurement.
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Figure 5. The left plot shows an N2 and an N2/H2 spectrum after correction with the radiance
calibration standard, recorded with similar camera settings at nozzle axis (r = 0 mm) for an axial
distance of d = 2 mm. The plasma generator was operated at 60 kHz and the experimental setup was
triggered at peak current of ∼1.0 A (power setting of 100%). The hydrogen β-line shown in the right
plot is obtained after subtracting the pure nitrogen spectrum (multiplied by a variable scaling factor)
from the hydrogen-containing measurement.

As briefly mentioned in the previous section, the shape of the recorded hydrogen line is
determined by a convolution of several broadening mechanisms, the most significant being:
broadening due to instrumental profile, Doppler, van der Waals (short vdW) and Stark
broadening. The parameter evaluation is easiest if an assumption can be made that the Stark
broadening is dominant and described by a Lorentzian curve. Then, the measured data can
be approximated with a Voigt profile, i.e., the convolution of a Gaussian and a Lorentzian
profile, where the width of the Gaussian component is taken as the width of the instrumental
profile, and the width of the Lorentzian component is taken as the Stark broadening. The
additional, weaker influence of the Doppler and vdW components can be estimated by
formulas given in [52,54]. For the expected heavy particle temperatures, the Doppler
broadening is more pronounced with ∆λDopp ∼= 0.03 nm than the vdW broadening with
∆λvdW

∼= 0.01 nm. Nevertheless, the width of the instrumental profile of the spectroscopic
setup (depicted in Figure 4) will increase only by less than 5% when convoluted with the
above ∆λ. Thereafter, the Doppler and vdW contributions are neglected in the evaluation.

After the nitrogen background is subtracted, prior to the fitting of a Voigt profile to the
resulting data, the local intensity distribution of the hydrogen line is calculated using the
Abel transform, assuming that the line is optically thin and axially symmetric. The Voigt
profile is recommended for the Hβ line [53,54]. The assumption is generally valid if the
effluent plasma jet is nearly homogeneous or at least axially symmetric, which is only satis-
fied if no time resolution is considered. On a short time scale, especially in the region where
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the discharge is blown out of the nozzle, an assumption of rotational symmetry can only be
made locally, i.e., for the region in direct proximity of the nozzle axis. The assumption is
further supported by the fact that average images are used for parameter evaluation. Hence,
only a radius range of 0.6 mm from the generator axis is analyzed. Thereafter, the local Hβ

profiles are fitted by a Voigt profile, where the Lorentzian component is varied to achieve
the best possible fit of the measured data. With the so determined FWHA, the electron
number density is finally calculated using the approximation Formula (1). Furthermore,
three measurements are made and evaluated for each parameter set, so that the results
discussed in Section 4 represent an average of these measurements.

3.4. Data Evaluation of Molecular Bands

To determine the heavy particle temperature, two molecular transitions in the visible
range, the C3Πu → B3Πg transition of the excited nitrogen molecule called the second
positive system (short SPS) and the B2Σ+

u → X2Σ+
g transition of the ionized nitrogen

molecule, called the first negative system (short FNS), are used. More precisely, when the
spectral resolution of the experimental setup is taken into account, the (0, 0)-SPS-transition
with the band head at 337.13 nm and the (0, 0)-FNS-transition with the band head at
391.44 nm are evaluated in the following.

As can be deduced from Section 2, the fitting procedure of a molecular spectrum is
quite complex and cannot be performed manually. Each transition is characterized by
a different set of tabulated data and follows different selection rules, which have to be
implemented into the fitting procedure. Moreover, several transitions overlap in certain
wavelength ranges of a measured spectrum, further complicating the fitting procedure. For
these reasons, a commercially available software Specair 3.0 made by SpectralFit S.A.S.,
Antony, France is used for the parameter evaluation from the measured nitrogen molec-
ular spectra. This software is well established in the scientific world and used by many
researchers [41,52,63–65]. Before the parameter evaluation, the measured data are prepared
as follows. Similarly to the evaluation of Hβ, an average is calculated from single images (at
least 100), then corrected with the radiance calibration measurement and Abel transformed
for local intensities. Afterwards, each pixel line of the locally resolved spectra is imported to
Specair, where the synthetic spectra are calculated under consideration of the instrumental
profile of the setup. An example of the resulting fit is shown in Figure 1. Again, three
measurements are taken for each parameter set, evaluated and averaged, subsequently.

4. Results

As presented in Figure 6, the estimated electron number density on the axis of the
plasma jet varies insignificantly, up to a distance d of about 3 mm downstream from
nozzle exit when operating at a pulse frequency of 60 kHz. Thereafter, the values decrease
for larger distances from the nozzle exit. The radial distribution of the electron number
density increases somewhat unexpectedly by about 17% towards larger radial positions
r. Nonetheless, after consideration of the measurement error, the electron density can be
assumed to be constant at 0.52× 1021 m−3 for distances d < 3 mm and r < 0.3 mm.
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Figure 6. Average electron density (ne) and heavy particle temperatures (TSPS, TFNS) estimated on
nozzle axis (first row of plots denoted with r = 0 mm) for different distances d downstream from
nozzle outlet and for different lateral positions r at a distance d = 2 mm (second row of plots). In
both cases the experimental setup was triggered at peak current.
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Figure 6. Average electron density (ne) and heavy particle temperatures (TSPS, TFNS) estimated on
nozzle axis (first row of plots denoted with r = 0 mm) for different distances d downstream from
nozzle outlet and for different lateral positions r at a distance d = 2 mm (second row of plots). In both
cases, the experimental setup was triggered at peak current.

Similarly to the electron density, the temperature of the excited nitrogen molecule
TSPS decreases from 6500 K to 5500 K across the analyzed distance of 7 mm downstream
from nozzle outlet on the axis of the effluent jet. The temperature along the nozzle axis,
i.e., for r = 0, can be assumed constant up to 3 mm and then gradually decreases with an
approximate gradient of −250 K/mm. A similar behaviour of the estimated temperature
values is observed for the (0, 0)-transition of ionized nitrogen molecule, although the
temperature difference is more significant within the analyzed distance range of 7 mm in
comparison to the excited molecule. The TFNS values in the right-hand side of Figure 6
decrease from almost 8000 K to 4600 K on the nozzle axis, although a rather high deviation
from the mean values is observed at a distance of 1 mm. This uncertainty is probably
caused by imaging errors, as can be observed in Figure 7, and thus should be considered
as an outlier. At d = 2 mm, the temperature falls radially from 7000 K on nozzle axis to
about 6300 K at r = 0.6 mm, almost twice the value compared to a temperature difference
of only 350 K in the case of SPS spectra. A zone of almost constant temperature of approx.
6600 K spreads between 3 mm to 5 mm from the nozzle exit. Nonetheless, considering the
measurement errors and inaccuracies in the temperature estimation, the discrepancies of
the TSPS and TFNS estimates appear to be insignificant and can be assumed to be equal
in the analyzed distance range. Thus, the heavy particle temperature for the pulsed low-
current discharge under study can be assumed to range between 6000 K and 7000 K in the
proximity of the jet axis.
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Figure 7. Experimental data used for estimation of ne (left hand-side) and Th (right hand-side). Due
to imaging errors, a significantly lower intensity was recorded for a distance of 1 mm downstream
from nozzle exit in both cases.

5. Discussion

As mentioned in Section 1, several researchers have analyzed spectroscopically compa-
rable plasma systems to the one studied here [3,24,35,36,40,41], but none have determined
the electron number density purely experimentally using hydrogen line broadening. Some,
as will be discussed in the following, calculated the electron density based on recorded
molecular spectra.

The electron number density is reported to range between 1020 m−3 and 1021 m−3 for
low-current discharges operated with a direct current [56]. However, several researcher
groups report slightly higher values for pulsed discharges. Pai et al. determined a density
of about 1× 1021 m−3 (and electron temperature of about 30,000 K) for the nanosecond
pulsed discharge operated in the air by 8.3 kV high voltage peaks pulsed at 30 kHz [41,42].
For these working conditions, Pai et al. measured peak current values of 30 A. The electron
density was determined by the authors based on calculations of the discharge radius, which
was determined from the SPS (0, 0)-transition spectrum, and collision frequency between
electrons and heavy particles. The higher ne values can be, however, caused by the current
peaks, since the current density j is directly proportional to the electron density ne according
to j = −qeneve,d, with qe being the electron charge and ve,d the drift velocity of electrons [66].
An even higher ne was calculated with a collisional-radiative model by Gröger et al. for a
gliding arc plasmatron operated with nitrogen at a constant current of 230 mA [35]. The
density was estimated to be 1.6× 1021 m−3. Moreover, in this case, the calculations were
based on the relation between the measured intensity of the SPS (0, 0)- and FNS (0, 0)-
transitions of nitrogen molecules [35]. According to observations of Machala et al. [65], an
increase in electron density can be observed for gliding arc discharges if they are constricted
by a tube, which is the case for the plasmatron studied in [35]. Another possible explanation
can be the existance of short duration current peaks, which can occur during an shortening
of the discharge channel, as shown by Fulcheri et al., who investigated a compact plasma
torch driven by a low-current high-voltage direct current discharge [28]. Such peaks were
observed at certain currents in the range between 150 mA and 400 mA, at which the
discharge behaved like a gliding arc, i.e., the current peaks were caused by a reignition of
the discharge at a shorter distance between the electrodes after it had been blown out by the
gas flow. The discharge motion of a gliding arc plasmatron has been described in detail for
an operation with CO2 by Ramakers et al. [67], but the presented results were not correlated
with time-resolved progressions of voltage and current. Thus, although the motion of a
discharge channel depends on many factors, such as the geometry of the generator as well
as the type and flow rate of the gas used, this effect may lead to an increase in electron
density and cannot be excluded.

The electron density values determined experimentally in this work are slightly lower
compared to the above references, but this is probably the result of lower pulse current
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amplitudes, as indicated above. Due to the design of the PG31 plasma generator and the
observations made during measurements, the length of the discharge channel does not
change significantly when operating at a frequency of 60 kHz. Even though the discharge is
pulsed, it behaves similarly to the continuous regime described in [28], where the discharge
is blown out of the nozzle, reverses and forms an attachment point at the nozzle lip. Thus,
the channel length remains relatively constant, which in turn leads only to a small variation
in the voltage and current waveforms, as shown in Figure 2.

Furthermore, it should be noted that the above referenced ne values are calculated
rather than determined experimentally, which also may lead to small discrepancies. Nonethe-
less, the values estimated in this work are of the same order of magnitude as the referenced
ones and thus are assumed to be plausible.

The lower value of electron density at a distance of 1 mm downstream from nozzle
outlet, as well as the high deviation from the mean values observed for the molecular
temperatures at the same distance, are most likely due to an imaging error. As presented
in Figure 7, a significantly lower intensity was recorded for this distance in both cases. At
other distances, the progression of recorded intensities is as expected and decreases with
increasing distance from the nozzle outlet.

The somewhat counter-intuitive increase in ne for higher distances from jet axis (see
Figure 6) was also observed in [68,69] and might be caused by an effect described by
Jonkers et al. [70]. The latter researcher group used laser scattering to estimate electron
parameters of a plasma torch with axial gas injection driven by microwaves and operated
with argon as well as helium at atmospheric pressure. A significant increase in both electron
density and temperature was observed with increasing lateral distance from the torch axis.
The effect was reduced by changing the ambient atmosphere from air to argon. Thus, the
authors concluded that the increase is attributed to air entrainment from the surrounding
cold atmosphere [70]. However, since the discharge in this work is operated with pure
nitrogen, the above hypothesis does not seem to prove the effects satisfactorily.

Another possible explanation for such an increase in values in the radial direction
can be given if the beam geometry of the spectroscopic setup is considered in detail. A
nearly Gaussian distribution can be assumed in a first approximation for the intensity
radiated by the discharge plasma channel, which is then imaged by the spectrograph
onto the sensor plane of the camera, where an integration of the signal in the viewing
direction takes place. However, the integrated signal contains no information about the
distribution of the emitted radiation in the direction of observation and thus an additional
assumption is needed to describe the intensity distribution in the viewing direction. If
again, a nearly Gaussian intensity distribution is assumed in the viewing direction, then
as a result the emitted intensity can be approximated by a two-dimensional Gaussian as
shown in Figure 8. If the intensity peak is now positioned slightly off-center from the nozzle
axis and moves e.g., rotationally, as marked in Figure 8, then a bimodal distribution of the
intensity is observed as a result of the integration on the camera sensor. Looking at such a
bimodal distribution, it becomes apparent that the estimated values can increase towards
further radial positions if the experimental setup is well aligned with the axis of the plasma
generator. Thus, according to this discussion, the lateral motion of the discharge channel is
most probably responsible for the increase in values for increasing radial distances. The
effect is further increased since average images are used for the parameter evaluation.
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Figure 8. A two-dimentional Gaussian approximates the intensity emitted by the discharge channel.
After integration on a detector, a bimodal intensity distribution can be observed when the movement
of the channel is taken into account.
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After integration on a detector, a bimodal intensity distribution can be observed when the movement
of the channel is taken into account.

Several authors determined the temperature of molecular transitions for comparable
discharges. Thus, these results can be used as a validation of the experimental setup in this
work. Thereafter, the above-discussed nanosecond pulsed discharge studied by Pai et al.
reached a rotational temperature of 5300 K about 40 ns after a discharge pulse took place.
The temperature was determined by fitting synthetic spectra to the SPS (0, 0)-transition [41].
Gröger et al. estimated a temperature of about 6000 K for the gliding arc plasmatron by
fitting synthetic spectra to the SPS (0, 0)- and FNS (0, 0)-transitions [35]. According to the
discussion given in [35], if the rotational temperature of the excited nitrogen molecule and
the rotational temperature of the ionized nitrogen molecule are similar, both states are
populated by an electron impact exitation,corresponding to conditions of high electric field
and low electron density. This is the case for the discharge under study, considering the
results in Figure 6. Furthermore, Kubota et al. analyzed a commercially available plasma
system operated at a pulse frequency of 19 kHz with nitrogen flowing at 30 L/min and a
peak input power of about 1.5 kW in [36], reported rotational temperatures of about 5000 K
inside the plasma generator and between 3000 K and 4000 K at nozzle exit. Similarly to
previous references and also to this work, the authors based the estimation on the second
positive (0, 0)-transition of molecular nitrogen. For the same plasma system, also pulsed
at 19 kHz but working with a compressed air gas flow rate of 76.6 L/min, Dowling et al.
estimated a rotational temperature of about 1760 K at nozzle exit using the (0, 2)-transition
spectra of the second positive system [3]. If a linear relationship between gas flow and
temperature would be assumed in a first approximation for this result, than a rotational
temperature of approx. 4500 K at an air flow rate of 30 L/min could be expected. Heavy
particle temperatures between 5500 K [43] and 5800 K [56] can be found in further references
for low-current discharges driven by direct current under atmospheric pressure. A gas
temperature of ∼5500 K was reported in [71] by Lebouvier et al., who modelled the plasma
generator investigated by Fulcheri et al. in [28]. The heavy particle temperatures given in
Section 4 are in a similar temperature range compared to the above references, and therefore
the temperatures presented in this paper are considered plausible, with the exception of
the values estimated for an axial distance of 1 mm, where the results were most probably
affected by imaging errors, as discussed above.

6. Conclusions

In this work, a pulsed, low-current high-voltage discharge was spectroscopically
examined to experimentally determine the electron number density and heavy particle
temperature. Up to date, no data on a purely experimentally determined electron number
density from the broadening of spectral lines due to the Stark effect could be found in
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published works for discharges in the power range between 300 W and 1000 W. Based on
the broadening of the hydrogen beta line, an electron density of about 0.5× 1021 m−3 was
determined for a nitrogen discharge driven by triangular current pulses with an amplitude
of 1 A at a pulse frequency of 60 kHz. The electron density values estimated in this work
were reached for peak current and are of a similar order of magnitude to the calculated
values reported in [35,41] for comparable discharge types. Furthermore, for the same
operating conditions, a heavy particle temperature of about 6500 K was determined by the
fitting of synthetic spectra to SPS- and FNS-transitions of molecular nitrogen. Moreover,
this value appears to be plausible after comparison with various literature references in
which comparable discharges have been studied. According to the observations made
during the measurements, the voltage and current traces for the parameters studied show
small amplitude deviations, indicating only insignificant changes in the length of the
discharge channel. Thus, although the discharge is pulsed at 60 kHz, it appears to behave
similarly to a dc discharge operated in a continuous regime, as described by Fulcheri et al.
in [28]. As discussed in Section 5, higher electron density can be expected for parameters
where higher current pulse amplitudes are achieved, for ex. when operating at higher gas
flow rates. With this knowledge, a model of the chemical composition of the plasma can be
developed in the future.
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