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ABSTRACT

This Letter focuses on the discharge mechanisms of an atmospheric pressure micro-plasma jet optimized for endoscopic applications in biol-
ogy and medicine. This capacitively coupled plasma (CCP) features a concentric double flow allowing for shielding the Helium or Neon
plasma gas with carbon dioxide from the humid ambient air. High-resolution optical emission spectroscopy allows for the analyses of the
Stark effect of the He I 492.19 nm and the Hydrogen Hp lines to determine the electric field (EF) and the electron density spatially resolved
along the discharge expansion outside the source. EF in Neon at atmospheric pressure was reliably determined with the Stark shift measure-
ment of the weak Ne I line at 515.196 nm. In both gases, the EF diagnostic revealed a steep transition from CCP afterglow to streamer dis-
charge with a magnitude up to 30 kV/cm. This research is a significant step forward in the field of plasma medicine with a plasma source
capable of delivering a reactive chemistry with or without an intense EF to the target.

For decades, non-thermal plasmas (NTPs) have been studied and
used in a variety of applications ranging from materials processing and
thin film deposition to, more recently, the treatment of agricultural
products and medical applications.' In the emerging field of plasma
medicine, the use of NTPs as a medical tool in several experimental
and clinical procedures has already been effectively established.” Cold
plasma not only has been used for the disinfection of oral- and skin-
based pathogens and treatment of chronic wounds but has also been
investigated as a promising tool against tumor cells when in combina-
tion with other conventional methods.’

Considering the different application fields, specific requirements
concerning the plasma source configuration, electrode geometry, and
feed gas are important to be considered. Plasma jets are capable of gen-
erating a discharge in open air when flushing the electrode’s region
with a gas flow and/or enhancing the electric field along the jet axis.*
This unconstrained discharge allows the treatment of punctual and
irregular targets, which is especially attractive for medical applica-
tions.” However, some applications require a certain flexibility from
the plasma source design. The use of plasma for oral or intra-corporeal
treatments demands not only an improved flexibility of the plasma jet

device but also a rather small dimension and the possibility of operat-
ing inside hollow bodies.” Several approaches have already been
reported in the literature that implement such requirements.” '’ The
micro-plasma jet studied here meets all of the aforementioned criteria
and is the first to effectively demonstrate antiviral efficacy under
defined safe operating conditions.”'"'* Tt is based on a capacitively
coupled configuration and has been initially designed for endoscopic
applications.” It offers a unique degree of versatility with its capability
to switch from one discharge mechanism to another. This is different
to the so-called conducting and non-conducting modes while applied
to a treated surface.'”'* Hence, getting deeper insight on the plasma
properties from the physics of gas discharge is the main motivation of
this work.

Taken as a whole, the geometry of this miniaturized plasma jet
reminds of the general concept of atmospheric pressure plasma jet
devices." This involves guiding a double flow of an inner—noble—gas
shielded by an outer inert gas through an outward-opening tube fitted
with a pair of electrodes connected to a generator. The latter initiates
the gas breakdown and delivers the energy to maintain the discharge,
which expands in the ambient yielding a plasma plume ranging from a
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few millimeters to a couple of centimeters. In the following, one will
focus mainly on the specific features of this micro-plasma jet, while a
detailed description has been documented in Refs. 6, 12, and 13. To
form two separated gas channels, two nested flexible PTFE tubes of dif-
ferent diameters are used. The internal PTFE capillary has a diameter
of 0.9mm with a wrapped copper wire on its outer surface. This
assembly is placed within the second PTFE tube of 1.5mm inner
diameter. This concentric geometry is realized by ceramic nozzle
placed at the outlet of the jet. By pressing the outer tube tightly over
the thicker portion of the nozzle, the outer tube is attached to the
ceramic nozzle. This thicker portion of the nozzle features several
grooves to allow the shielding gas to exit the outer tube while sur-
rounding the inner gas used to ignite the discharge. The inner capillary
is fed with 300 sccm (standard cubic centimeter) Helium or Neon—
with a purity of 99.999%. The latter flow pattern is shielding from the
ambient air by feeding the larger tube with 300 sccm carbon dioxide
(CO,) as previously introduced with the kINPen source.” The
wrapped copper wires act as high voltage (HV) electrode to ignite the
discharge within the inner capillary fed with the noble gas. The elec-
trode is powered to a customized self-tuning HV generator delivering
a sinusoidal excitation waveform at 0.467(20) MHz. The HV is modu-
lated with a lower frequency signal at 1.0 kHz and a duty cycle set to
32%. Figure 1 shows the HV and current excitation waveforms mea-
sured with the help of a HV probe (P6015A, Tektronix) at the genera-
tor output. The total current is obtained by measuring the voltage drop
across a shunt resistor (100 Q) connected to a thin wire placed around
the capillary outlet with a 100x voltage probe (model TT-HV-250,
Testec). The HV amplitude peak-to-peak is set to (4.5 + 0.2) kV for
Helium and (2.7 * 0.2) kV for Neon, which is sufficient to induce an
electric field above the breakdown field while preventing breakdown in
the CO, shielding. Conveniently, CO, is also used instead of the noble
gas to measure the displacement current as shown in Fig. 1. An inter-
esting property of this micro-plasma source is the electrical regime of
excitation, which is in the smooth transition range between a high
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FIG. 1. Time evolution of the measured voltage and current waveforms of the circuit
in Helium with and without plasma. ljasma oFF COrresponds to the displacement cur-
rent, while the curve lasma on refers to the total current.
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frequency AC excitation and a radio frequency (RF) plasma."” In
Fig. 1, the current is leading the HV with a phase shift of (86° * 2°),
which is close to the behavior of an ideal RC circuit. Thus, this micro-
plasma jet is electrically operating in a capacitively coupled discharge
within the capillary nozzle. With a mean velocity of 40 m/s for a gas
flow rate set at 300 sccm, an afterglow is, thus, produced at the exit
yielding a thin plasma plume. The rather weak electrical matching
between the capacity of the jet head and the generator allows for dissi-
pating a very low power around (150 = 25) mW (viz., jets 03-04 in
Ref. 12).

To get a better insight on the discharge expanding from the jet
outlet into the ambient, optical emission spectroscopy (OES) is a
method of choice due to its non-intrusive nature. The experimental
approach is similar to that used in a previous study,'® where the entire
plasma plume is imaged onto the entrance slit of a spectrograph using
a couple of lenses. This makes it possible to record a spectrum at every
point in space along the axis of propagation of the plasma plume. The
performance is newly improved with the use a double-stage triple grat-
ing imaging spectrometer with an effective focal length of 1.5 m
(DuoVista DM77, S&I). A 16bit cryogenic cooled CCD array of
1340 x 400 pixels (PyLoN, Teledyne Princeton Instruments) is
mounted at the exit to capture the spatially resolved spectra. The whole
system is able to record the spectra from 200 to 1200 nm with a spec-
tral resolution down to 4 pm depending on the grating, the entrance
slit width, and the central wavelength. Spatially resolved OES diagnos-
tics—with a resolution of 15um/px and a depth of field equal to
5mm-—is realistic due to the stable experimental conditions and the
highly reproducible plasma source.

The electric field (EF) and the electron properties are key features
in the physics of non-equilibrium plasmas. Getting access to the EF
strength in the discharge will reveal important information on the gov-
erning elementary processes. In practice, the EF in Helium discharges
can be investigated by analyzing the emission line profile of the
n-polarized linear Stark splitting and shift with their forbidden coun-
terparts. The advantage of this method—like other Stark methods—is
its ab initio nature. Several atomic Helium lines can be used to estimate
the EF,"” but they all suffer from a rather low emissivity, making them
difficult to observe. For this reason, the allowed He I transition
(4d'D — 2p'P%) line at 492.19 nm—with its forbidden transition
(4f 'F — 2p 'P®)—is chosen for its reasonable emissivity and its sensi-
tivity to the EF. As demonstrated in Ref. 18, high-resolution space-
resolved EF measurements are achieved with time-integrated OES
emission recorded during the streamer growth. Several studies found
in the literature have demonstrated the consistency of this method to
diagnose streamer-based discharges,w e.g. DBDs,”’ plasma jets,18 and
cathode sheath.”"**

Figure 2 shows the spectral evolution of the He I line at
492.19nm spatially resolved along the expansion direction of the
plasma plume. The main focus is on the central line, A = /o, while the
other multiple lines (e.g, —1nm < A — 49 < —0.35nm) correspond
to some rotational transitions from highly excited vibrational bands of
molecular nitrogen. Note that the emission from the second positive
system of N, increases within the last millimeter of the plasma plume.
This is explained by the efficient action of the shielding gas in the first
millimeters from the nozzle to shield the free stream core area from
ambient air species diffusion into the plasma plume after 3 mm dis-
tance. About the He I line, it is remarkable to observe that its
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FIG. 2. Spectrally resolved image along the propagation direction of the micro-
plasma jet. The nozzle outlet is set to 0.0 mm, and the spectral window is centered
on the He | line, 2o = 492.19nm. The intensity is normalized to the maximum of
the spectrum (horizontal axis) recorded at each distance. Integration time: 20 min;
collected light: p-polarized.

dispersion increases together with the distance position along the
plasma plume. Two regions can be identified: from the nozzle exit
ranging from 0.0 to 1.0 mm, the optical transition exhibits a single line
with a constant broadening due to the Van der Waals interactions
with other atoms. Starting at 1.0 mm distance, the second region is
characterized with a significantly progressive broadening of the He I
line. The dispersion pattern observed in a spectral image made of
many individual spectra clearly evidences an evolution of the profile
line shape of the He I transition. Qualitatively, the so-called field-free
component is in the center (4), and it originates from the plasma vol-
ume where the EF is negligible. Its forbidden emitted counterpart is
gradually appearing on the left side, but it becomes partly overlapping
with the emission of excited N, coming from the impurities. In the
case of Fig. 2, the most striking characteristic is the shift to the red of
the He I line, which is the signature of the Stark effect. The reader may
refer to Fig. 3 in Ref. 23 for comprehensive identification of the He I
492.19nm line shape. Essentially, the Stark effect is the change in
energy levels of an emitter exposed to an EF that can result from a
strong longitudinal gradient of external field in the discharge or from a
high density of charged particles—often electrons. There is no doubt
that the electron density (n.) in atmospheric pressure plasma jets is too
low to produce Stark profile of this magnitude.”* Consequently, the
observation of the Stark broadening reveals the presence of a large and
monotonically rising longitudinal EF within the second region plasma
plume. In other words, the discharge physics and the underlying ele-
mentary processes involved in first region (0.0-1.0 mm) are of different
nature in the second part starting at 1.0 mm. A quantitative analysis of
the spectra shown in Fig. 2 will be discussed later in order to study in
more detail the EF profile along the plasma plume.

To ensure that this is not a peculiarity of the He discharge, the
micro-plasma jet is then operated with neon gas. This choice is not
only motivated by the possible use of this plasma source in medical
endoscopic applications™" but also for the opportunity to diagnose
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the EF by OES. Indeed, Ne gas—like any other atomic element in the
gas phase—can have its electronic transition affected by the Stark effect.
However, the observation is often unfruitful due to its negligible contri-
bution compared to other broadening mechanisms.”> Conveniently, Ne
I lines Stark effect studies have recently been directed toward lower EF
values allowing for suitable diagnostics in non-equilibrium plasma. An
in-depth comparison of the Stark shift of numerous Ne I lines with the
known 7m-polarized linear Stark effect of Hydrogen shows remarkable
agreement with the measurement of the EF value in the cathodic sheath
region of a low-pressure discharge.”” Nevertheless, the emissivity of the
most sensitive Ne T lines to the Stark effect is very weak compared to
other emission lines from the discharge, which makes the detection chal-
lenging. In the current study, the transition Ne I (5d2P°[5/2]2
— 3p2P°[3/2]1) at 515.196 nm is the only line that could be observed
without any overlapping with the molecular emission bands—of residual
impurities from the gas bottle (e.g., N,). The spectral evolution of the Ne
I line spatially resolved along the expansion direction of the plasma
plume is shown in Fig. 3. Here again, two regions are identified: The first
closer to the nozzle (from 0.0 to 1.8 mm) with a non-shifted Ne I line at
A — Ao = 0nm. The second region starts at 1.8 mm distance from the
jet outlet and is characterized by a sudden shift to the red of the Ne I
line. This is a clear evidence of the Stark effect resulting from a signifi-
cant increase in the EF in this second part of the plasma plume.
Qualitatively, this reminds of the situation with He gas, which indicates
that it is not feed gas dependent—although the separation between the
two zones slightly differs in space and can be explained by a longer
plume length in Ne than in He. This strong and localized discontinuity
indicates a change in the discharge operation. It also means that the ele-
mentary processes involved in the ionization to sustain the discharge are
different. This motivates a quantitative evaluation of the EF for both
gases and the measurement of n..

The relation between the Stark shift (AA) of the Ne I line and the
EF is detailed in Ref. 26 and is also validated in Ref. 27 for values up to
14.55kV/cm. It reads
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FIG. 3. Spectrally resolved image along the propagation direction of the micro-
plasma jet. The nozzle outlet is set to 0.0 mm, and the spectral window is centered
on the Ne | line, 49 = 515.196 nm. The intensity is normalized to the maximum of
the spectrum (horizontal axis) recorded at each distance. Integration time: 45 min.
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AL = —(JoF)* -k, 1)

with k& = —22.9 x 1073 cm/kV? for the transition A, at 515.196 nm.”®
To analyze the spectra shown in Fig. 3, a line shape model is used to
accurately determine values of AA. It is described by two Voigt profiles
corresponding to the field-free and the shifted lines. An example of the
excellent agreement with a recorded spectrum is shown in Fig. 4. The
Gaussian contribution to the Voigt profiles corresponds to the instru-
mental profile—previously characterized. It is fixed to 9 pm. Apart
from the transition point around 1.8 mm where both the field-free and
the shifted lines emit together in some proportion, only the shifted
component is found. In order to keep the position of the field-free
component in the model, reference spectra from a low-pressure Ne
lamp are previously recorded for each row of the CCD array. This is to
correct for the possible optical aberration of the spectrometer, which
might artificially shift the line on the edges of the array (i.e., astigma-
tism) and would affect the value of AZ.

The spectral line shape of He I shown in Fig. 2 is analyzed accord-
ing to Ref. 23. A line shape model including the three components of
the He 1492.19 nm is computed and adjusted to the experimental data
in order to determine the central position of each contribution. Then,
the spectral distance between the forbidden and the allowed compo-
nents is used to determine the EF value according to the well-known
formalism reviewed in Ref. 17. The evolution of the EF along the
plasma plume is shown in Fig. 5 for both gases. The measurement of
n, is made with the line profile analysis of the Hydrogen Balmer beta
line (Hp). An example of the recorded profile is shown together with
the fit result of a Voigt distribution—constrained by fixing the instru-
mental broadening contribution. The model describes the Hy profile
over almost three orders of magnitude, which is very convincing when
it comes to determining n. from its full width at half maximum
(FWHM). Figure 5 resembles a typical EF dynamic observed in the
growth of streamer head in He. The magnitude ranges from 10 to
30kV/cm, which is in excellent agreement with the values found in the
literature of He ionization waves.'®'”**** The streamer initiation is
located at 1.0 mm distance for a value of 10 kV/cm, which corresponds
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FIG. 4. Comparison of the recorded line shape of the Ne | line at 2o = 515.196 nm

with the result of a fitting model. The data correspond to the spectrum recorded at
1.9 mm distance from the nozzle (see Fig. 3).
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FIG. 5. EF and n, distributions along the plasma plume with the micro-plasma jet
operated in He (a) and Ne (b). The inset plot shows the profile line shape of Hg
together with the best fit model.

to the breakdown field of He.” It should be noted that an evaluation
of the EF beyond the position starting at 2.5 mm was not possible due
to the overlapping of the Stark broadened He line by rotational struc-
tures, which became relatively important (see Fig. 2). The n, distribu-
tion describes a monotonic trend over the measurement range. This
transition is also observed on the axial profile of n., which remains
constant around 1 x 10" cm? in the afterglow region (0 to 1.0 mm)
before a significant enhancement in the streamer part.

A sharp rise of EF is also diagnosed with the micro-plasma jet
operating in Ne, with a moderate EF enhancement after the streamer
initiation position (1.8 mm), as shown in Fig. 5(b). Interestingly, the
EF of the Ne ionization wave is in the range 5.5-7kV/cm, which is
lower than in He. According to the author’s best understanding, the lit-
erature does not report on EF values in ionization waves in Ne gas.
Meanwhile, Ne is known to have a significantly higher ionization rate
than He as well as a lower breaking field.”® This would also support
the constant EF profile compared to the He case. Regarding the n,, it is
lower than for the He case. The n, distribution is not monotonic, with
a maximum close to the end of the afterglow region (at 1.2 mm). At
the streamer initiation position (1.8 mm), n. is reduced by half its max-
imum value. This value of 5 x 10'* cm?, which, under the current con-
ditions, is sufficient to satisfy the Meek criterion for streamer growth,
results in an increase in n, up to 1 X 10 cm?, as observed in the
experiment.

In this Letter, a capacitively coupled micro-plasma jet operating
in two noble gases, namely, He and Ne, is investigated with regard to
the discharge characteristic. By means of advanced OES techniques,
the produced plasma plume was diagnosed along its expansion direc-
tion. As a key parameter in gas discharge, the induced electric field was
effectively measured space-resolved. While the Stark effect in He gas
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has been effectively applied in the diagnostics of ionization waves, this
work extends the possibility to measure the EF in Ne gas APP]. The
observation and the subsequent analysis of the red-shifted Stark line of
Ne I (5d2P°[5/2]2 — 3p2P°[3/2]1) at 515.196nm were used to
quantify the EF in the Ne streamer head. The localized and strong
enhancement of the EF is found in the plasma plume with both gases
(i.e., 5.5 to 7kV/cm in Ne and 10 to 30kV/cm in He). The self-
induced EF of this magnitude in a gas discharge is the evidence of the
ionization wave inception and the signature of an abrupt transition
from afterglow to streamer growth. In essence, the elementary pro-
cesses are different in the afterglow and streamer regions. This is
obviously reflected in the electron density n. and the resulting non-
equilibrium chemistry. Undoubtedly, this unique feature of the micro-
plasma jet opens exciting opportunities for biomedical and medical
applications, depending on whether biological matter is exposed to
reactive plasma chemistry with or without intense EF.
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