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Abstract
To achieve a uniform argon plasma in an atmospheric pressure jet, we explored the possibility of
using dual-frequency excitation in a coaxial dielectric barrier discharge device. Two separate
ring-shaped electrodes outside an alumina tube generate the two frequencies. The upstream
electrode is powered at low frequency (LF, 17kHz), while the downstream electrode is powered
at radio frequency (RF, 27MHz). To assess the interaction with the substrate, a grounded
electrode, covered by a glass substrate, is placed 5mm from the outlet of the alumina tube. We
analyze the device with a fluid model and compare the results with experimental electrical and
optical characterization. As the plasma is ignited by the LF, positive streamers develop from the
LF electrode and reach the substrate in a few hundred nanoseconds. At this stage, the substrate
is charged and a surface discharge propagates on the glass; however, no additional ionization
occurs in the jet. As RF is added, the plasma is sustained by modulation in the Ω regime. At the
same time, the LF polarization propagates through the plasma, influencing the sheaths on the
facing dielectric walls. When the voltage drop in the sheaths exceeds a threshold level, an
additional γ mode originates due to the secondary electrons emitted by the surfaces, leading to
an increase in power dissipation. This coexistence of the two regimes is observed in the
simulation, and it is validated experimentally by time-resolved photoemission measurements.
As a result, the dual-frequency plasma exhibits a filamentary structure similar to that of an
LF-driven jet. However, RF excitation caused diffused pre-ionization of the gas, which reduced
the charge density gradients, resulting in wider microdischarge channels and a lower average
electric field. Streamers propagation is therefore limited, while an ion flow to the substrate is
maintained and controlled by the LF polarization.

Supplementary material for this article is available online

Keywords: APPJ, simulation, dielectric barrier discharge, dual frequency, RF hybrid regime,
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1. Introduction

The prospect of achieving a diffused plasma in a glow regime
under atmospheric pressure conditions has consistently drawn
the attention of researchers. This interest comes from the goal
of improving the reproducibility of processes and of facilit-
ating control over temperature, density, and charge flux [1,
2]. Nevertheless, plasma propagation at atmospheric pres-
sure poses challenges as a result of a highly collisional
regime, which accelerates and localizes energy exchanges.
Consequently, propagation is typically guided by fluctuations,
particularly thermal instabilities [3]. In this scenario, increases
in the confined electron density result in gas heating, leading
to a rise in the reduced field, which, in turn, triggers a pos-
itive feedback mechanism on density. These instabilities are
responsible for the filament-like behavior of plasma propaga-
tion, the unpredictable movement of plasma channels, and
their branching leading to the arc transition.

Historically, this transition was avoided by employ-
ing dielectric layers and capacitive or resistive ballasts.
Nevertheless, these techniques mainly limit the flow of current
within plasma channels without impacting the formation pro-
cess. One method of addressing the ignition, achieving a dif-
fused plasma, is to reduce the electric field required for ioniza-
tion processes. An example is offered by the Townsend regime,
where the electric field is below the threshold required for ion-
ization amplification [4], as dictated by the Meek criterion.
However, this involves compromising the plasma density, and
additionally, the volume of plasma becomes confined between
the electrodes. This does not meet the criteria for a plasma jet
developing outside the nozzle.

A different approach that specifically targets the thermal
instability is to improve energy transfer, for instance, by utiliz-
ing helium, which is known for its high mobility. Furthermore,
particular circumstances may also facilitate an enhancement
in charge diffusion, such as when the mass gas velocity and
the ion drift are comparable [5]. In any case, the most com-
monly employed strategy is based on the use of Penning mix-
tures, in which the energy stored in metastable states diffuses
in the plasma unaffected by the electric field [6, 7]. Gas com-
binations such as helium-nitrogen (He-N2) or argon-ammonia
(Ar-NH3) enable the generation of glowing dielectric barrier
discharges (DBD) over a broad spectrum of frequencies [1].

Since localized heating and thermalization are time-
dependent processes, the self-propagating regime can also
be stabilized by the use of rapidly changing electric fields.
In the case of nanopulsed high-voltage devices, the plasma
propagates as a bullet (an advancing space charge), creating
an intense self- electric field, which allows electrons to reach
high temperatures [8]. However, this configuration is not suit-
able for high-power density applications.

This requirement is usually satisfied by the use of radio
frequency (RF) devices. At megahertz frequencies (RF), the
field oscillation period is comparable to the propagation time
of streamers. In this regime, the ion drift is significantly
reduced, while electrons can still respond to the field oscil-
lations, enabling effective heating. At low pressure collisions
are reduced, so electrons can freely move to shield the electric

field in the bulk of the plasma. As a consequence, elec-
tron heating is confined within the oscillating sheaths; this
regime is called the α-mode. At high pressure, reduced elec-
tron mobility prevents efficient shielding of the electric field
within the plasma bulk, allowing the field to penetrate deeper
and drive heating currents throughout the plasma. This bulk
heating mechanism is primarily resistive, as the energy is dis-
sipated through collisions between electrons and neutrals, and
is therefore termed the Ω mode [9]. Regardless of pressure,
electrons are heated during both the expansion and contrac-
tion of the sheaths during an RF cycle; the modulation of the
ionization process is twice the RF frequency. In RF devices,
dielectric barriers can be removed, enabling better power dis-
sipation and achieving larger plasma densities. However, the
gas temperature increases as a result of Joule heating caused
by collisions between bulk electrons and neutrals, whereas the
electron temperature remains relatively low because of relat-
ively weak electric fields.

As the RF power increases, the voltage drop in the sheaths
also increases, and the secondary electrons emitted by the
walls are accelerated towards the plasma bulk. Therefore,
these secondary electrons act as an additional ionization
source. At low pressure, these electrons can gain enough
energy to directly ionize the neutral gas and lead to the so-
called γ mode. At atmospheric pressure, the energy gain
is lower due to frequent collisions; however, it is sufficient
to directly ionize the gas [10] or more easily excite meta-
stable states, which can lead to ionization through the Penning
process [11]. As the ionization process is enhanced with
increasing power levels, the electron temperature remains low.
Therefore, to improve the nonthermal character of plasma at
atmospheric pressure, structured electrodes [12] or dual fre-
quency setups [13–15] are suggested in the literature. The first
solution achieves electric field enhancements by introducing
sharp angles or holes in the electrode geometry. In the latter,
a constructive interference effect is often exploited by using a
combination of frequencies in the RF band. Both approaches
increase the electron temperature while maintaining a diffused
plasma. However, when used in a jet configuration, the plasma
is confined between the electrodes, and the charge flow to the
substrate is limited.

On the other hand, significant ion fluxes to a substrate can
be achieved in a dual frequency parallel plate configuration
by combining kilohertz (LF) and megahertz (RF) excitations
[16]. This coupling has been investigated both experimentally
and by 1D modeling [11, 17, 18]. As a result of the coupling,
the RF plasma exhibits a hybrid mode with a transition from
the Ω to the γ-mode depending on the relative polarization of
the electrodes. In another perspective, the LF voltage induces
an ions drift to the cathode, reducing the plasma density in the
bulk. In this condition, the Ω excitation is reduced in the bulk
and to the anode. Currently, on the cathode side, alternatively
adding or subtracting the RF voltage, a pulsed emission of
the secondary electrode occurs and, consequently, triggers the
γ excitation when both polarizations are negative. Therefore,
there is a competition between the RF parameters, which con-
trol plasma creation in the discharge bulk, and the LF voltage,
which controls the drift of ions, that is, their losses [18]. At the
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same time, ignition of the γ-mode is gated by satisfying a self-
sustainment criterion and an essential role is identified in the
photons emitted by the excimer Ar∗2 , which enhance secondary
electron emissions [19].

Dual-frequency RF+ LF have also been considered to pro-
duce plasma jets [16, 18, 20]. This configuration appeared to
lead to interesting results in several applications, from the res-
toration of cultural heritage [21] to surface doping [22], treat-
ment in liquids [23] or functionalization of scaffolds for tis-
sue engineering [24, 25]. In a dual-frequency device, the two
waveforms are applied in different regions of the jet and, as
suggested in the literature [16] and probably depending on the
distance, it can be assumed that two spatially separated dis-
charges are generated. However, in this work, we show that
in the coaxial geometry of an atmospheric pressure plasma jet
(APPJ), the simultaneous excitation with different electrodes
supplied with different frequencies generates a single plasma
volume, which, in turn, couples the electrodes. In addition,
that coupling is also transferred to the substrate, through the
same plasma. To provide this information, a 2D simulation of
a coaxial APPJ with a distance between electrodes greater than
1 cm was set up. Electrical and optical characterization was
performed close to the substrate at the outlet of the jet to valid-
ate the simulation findings and better understand the behavior
of the discharge.

2. Method

2.1. The experimental setup

The APPJ device used for the model and its experimental
validation was based on Plasma Stylus Noble (Nadir srl)
[26], which already implements dual frequency generation.
However, in our custom experimental setup, the design was
simplified by removing nozzles at the outlet. The device,
shown in figure 1, was designed with a coaxial configuration
with two excitation-ring electrodes positioned outside an alu-
mina tube. The tube had a diameter of 9 mm and a wall thick-
ness of 0.5 mm. The spacing between the two high-frequency
(LF) electrodes upstream was 2 mm, with the one downstream
grounded. A radio frequency electrode (RF)was placed 13mm
downstream, 3 mm from the jet outlet. A glass substrate was
placed 5 mm below the end of the tube. The argon flux in
the tube was kept at 5.0 slm using a Bronkhorst Mass-View
controller.

In the model, the environmental gas was assumed to be
pure argon, whereas during the experimental observation the
gas flows to the open air without any confinement. Since the
distance between the jet outlet and the substrate was 5 mm,
from previous studies [27, 28] it can be expected that the air
concentration in the plasma region on the glass surface could
be around 1-2%. However, during propagation in open air,
the plasma moves through argon channels, where the con-
centration of the noble gas is higher [29]. In our case the
flow has a speed of about 5 m s−1 and considering the geo-
metry, the Reynolds number is below 500, indicating laminar
flow conditions. A potential transition to turbulent flow can be
triggered by the plasma ignition and to the associated localized

Figure 1. Scheme of the dual frequency APPJ. Argon flows through
an alumina tube, with a microscope glass slide positioned in front of
the outlet. Ring-shaped electrodes are placed externally around the
tube. Upstream, a low-frequency (LF) electrode and a ground
electrode are positioned, while a radio-frequency (RF) electrode is
located downstream. A resistor R1 and capacitive C1 divider are
used to measure the electrodes voltages, while C2 and C3 to
measure the charge collected to ground through the substrate and
the ring along the tube. The optical emission, temporally resolved, is
obtained by collecting the parallel light passing through horizontal
slits positioned at 1 cm from the jet and detected by a photon
multiplier tube (PMT). On the left grayscale side of the scheme, the
positions where simulation data are used to discuss the discharge
behavior in the article are highlighted in red: 1a,b refer to substrate
interaction figure 6 and 2a,b,c to the coupling mechanism between
the electrodes figure 9.

heating, because electrohydrodynamic forces are negligible in
argon. However, as can be observed from the ICCD images in
figure 4, plasma propagation follows laminar flow lines, indic-
ating that no Kelvin–Helmholtz instabilities were activated.
Under these laminar flow conditions, the plasma propagation
regime is not affected within the laminar flow channel, and
the argon metastables remain within the channel, which is
also where streamers develop [29]. We therefore expect that
the model can overestimate the density of electrons and argon
metastables in the outer regions, but this should not signific-
antly affect the overall qualitative description of the propaga-
tion mechanism, particularly in the regions characterized by
laminar flow.

The LF generator was a Nadir high voltage power supply
up to 15kV, with sinusoidal waveform and frequency regula-
tion from 15 to 21kHz. During the experiments, the frequency
was manually set to 17kHz to optimize the power transfer.
The RF power supply was a SEREN R301 that worked at
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27.12MHz and the plasma impedance was matched by an LC
network specifically designed. The electrode and the matching
box were connected by a 15cm long RG174 coaxial cable. An
aluminum tape, grounded and wider than the area where the
plasma touches the glass, was positioned beneath the micro-
scope slide, which serves as the soda-lime glass substrate.

The LF voltage was recorded through a capacitive divider
C1 with five RF High-voltage barrel capacitors C1 122pF
(High Energy Corp. HT50) in series and a last ceramic
capacitor to ground C1a of 4.7 nF (Vishay 615R series).
The voltage was measured with a voltage probe in C1a
(Tektronix TPP1000, 1 GHz bandwidth). All electric signals
were acquired by a Tektronix MSO44 oscilloscope (1 GHz
bandwidth). The RF voltage was monitored using a resistive
divider R1 (Vishay / Techno CRHA high voltage thick film
chip resistors) placed between the RF electrode and the LC
network. The resistive divider was calibrated at the working
frequency of 27MHz by applying voltages of up to 2kV to the
RF electrode. The voltage was read across R1a connecting dir-
ectly to the oscilloscope (impedance 1Ω) in parallel. To estim-
ate the charges on the glass surface, an aluminum tape was
connected to ground by a series capacitor C3= 22pF (Vishay
564R series). The charge collected on C3 was measured with
a voltage probe (Tektronix TPP1000, 1 GHz bandwidth). The
charge collected on the ground ring of the LF discharge around
the alumina tube was recorded by voltage measurements on a
series capacitor C2 of 680 pF (Vishay 564R series).

Light emission was captured using a converging lens with
a 60 mm focal length, aligned perpendicularly to the jet flow.
A 2 m long optical fiber with a 400µm core was placed at
the focal point of the lens to collect light from the collimated
beam. To delineate the volume of plasma under investigation,
a horizontal slit parallel to the glass surface 1 cm was placed
away from the jet. The slit was 200µm in height and 1 cmwide
and was placed 500 µm above the glass surface. The fiber was
connected with a Hamamatsu E5576 fiber adapter to a pho-
tomultiplier tube (Hamamatsu PMT H11901-20). The PMT
was managed by the power supply C7169, the control voltage
was set to 1 V. The PMT signal output was directly connected
to the TektronixMSO44 oscilloscope (1 GHz bandwidth). The
recorded signal is shown in figure S6, the sampling was set at
3.125 GS/s, the intrinsic rise time of the PMT is 0.57 ns and
the resulting width of the PMT signals is about 1.6 ns, which
is in agreement with the oscilloscope bandwidth. The slit was
adjusted to a height that enabled the collection of ample stat-
istical data while ensuring that the detection signals from dif-
ferent photons did not overlap. As shown in figure S6, peaks
corresponding to single-photon detection events were counted
and associated with the other electrical signals for histogram
construction. Spectrally, no corrections were made to take into
account the PMT spectral sensitivity and fiber optical trans-
mission. The number of photons derived, therefore, is not an
absolute measurement but the number of photons detected by
the PMT.

The oscilloscope, in combination with a RIGOL DG2072
arbitrary function generator, was also used to trigger a gated
camera (PSEL ICMOS Photonic Science) to visualize plasma
propagation.

2.2. The fluid model

The simulation work was carried out using laminar flow and
plasma modules in COMSOL 6.0. The geometry included a
3cm long tube and a 2cmwide substrate 5mm away from each
other. Taking into account the total volume and length of the
surfaces in contact with the plasma, which required a mesh of
about 3 µm, the model required several approximations.

First, the gas flow and plasma evolution were solved sep-
arately under stationary conditions and in the time domain,
respectively. The time evolution of the plasma was simulated
for a 60 µs long time interval starting from the LF discharge
ignition. Taking into account a gas flow of 5slm in a tube
of diameter 9mm, the gas speed would be on the order of
5ms−1. Despite the fact that the plasma gas heating may cause
the velocity to increase twofold [30], the maximum move-
ment of the gas species caused by the flow during the simula-
tion remains at 0.6mm. Thus, the effect of the fluid dynamics
is considerably smaller compared to the geometrical dimen-
sions of the model on that short time scale. This suggests
that, as an initial approximation, the effect of gas heating can
be disregarded. In addition, although the stationary solution
of the bulk speed of gas can also contribute to the spatial
distribution of plasma and vortex formation, its influence on
discharge frequency coupling was deemed negligible in this
study. This approximation simplified the calculations, avoid-
ing iteration between the different physics modules. Anyway,
the plasma evolution was solved by taking into account the
stationary velocity and pressure fields obtained in the fluid
dynamic module.

To further reduce the calculation time, a 2D axially sym-
metric geometry was considered; therefore, a full descrip-
tion of the filamentary structure of the plasma could not be
resolved. However, with respect to the 1D models used to
study parallel plate configurations, the 2D models offer the
ability to consider the spatial arrangement of different elec-
trodes relative to the plasma volume, in particular the LF, the
RF, and the substrate.

2.2.1. Fluid dynamic module. As the flow model was
resolved separately from the plasma, energy conservation was
not taken into account. Since the model starts in a plasma-off
condition and then simulates ignition for few tens of micro-
seconds, we selected from the literature a background temper-
ature for the argon gas of 450K. This temperature is consist-
ent with an off-period of discharge in an RF APPJ in pulsed
mode [30]. To reach thermal equilibrium by plasma heating, it
would require a longer time than 60µs considered in the simu-
lation. However, as the plasma is ignited, the gas temperature
certainly increases. A typical spectrum of the OH band (A-
X) is shown in figure S3 and shows rotational temperature in
the dual frequency mode on the order of 620 K, which sets
an upper limit on the temperature increase. The main source
of gas heating is the RF power. In figure S5 the thermal load
on a copper plate is presented as a function of the RF power
and distance. The results clearly highlight the dependence on
the RF power, whereas the influence of distance is negligible.
In any case, in our model approximation, since we do not
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take into account the gas heating by the plasma, a change
in the gas temperature used in the fluid dynamic model only
affects the overall gas density. Therefore, we considered these
changes in equilibrium temperature negligible relative to the
other approximations made.

The flow was then found as a function of the velocity u of
the gas, solving the continuity and Navier–Stokes equations
for incompressible fluids

ρ∇· u= 0 (1)

ρ(u ·∇)u=−∇p+∇·
[
µ
(
∇u+(∇u)T

)
− 2

3
µ(∇· u)I

]
(2)

where p is the pressure and µ the dynamic viscosity, which
is the only parameter dependent on the gas temperature in
our case. A no-slip boundary condition was enforced at the
walls and on the substrate surface. The velocity and density
of the gas was assigned at the glass tube inlet, and a recircu-
lation boundary condition was assigned at the open boundar-
ies downstream of the tube tip. The results of the simulation
are shown in the Supplementary Material (figure S1). The res-
ulting flow is compatible with the laminar assumption with
a Reynolds number less than 500 and a maximum compres-
sion coefficient of about 0.01. The maximum speed resulted
in approximately 5ms−1 in the middle of the alumina tube,
which is on average lower than in other experiments found in
the literature due to the wider diameter of the tube.

2.2.2. Plasma module. The plasma fluid model was based
on a simplified reaction kinetic model to reduce the compu-
tation time. The model considered electrons, atomic (Ar+ )
and molecular (Ar+2 ) ions, as well as excited states (Ar∗),
which were treated as a single compound state, grouping the
resonant and metastable states of the 4 s system. Since the
energy of metastable and resonant states is very close, there
is a high probability that a metastable will transition into a
resonant and a resonant will transform into a metastable by
electron collisions [19]. Therefore, we assumed that they are
in Boltzmann equilibrium with the electron temperature and
assigned to the compound state an average decay frequency.
We do not expect that this simplification compared to more
comprehensive reaction schemes [44], where resonant (1s2
and 1s4) and metastable states (1s3 and 1s5) are treated sep-
arately, would affect the description of discharge evolution.
In addition, we avoided including the lumped higher states
(2p10...5 and 2p4...1) since their density is lower than that of 4 s
[45]. On the other hand, we preferred to include the molecu-
lar excited states of argon Ar2 (1Σ+

u ) and Ar2 (3Σ+
u ) that are

known to strongly affect discharge at atmospheric pressure
[46]. In addition, through reactions 7 and 8, which require low-
energy electron impact, they are a major source of Ar+2 ions
[45].

At first, a 0D model was run to obtain the rates of the elec-
tron impact reactions and electron transport coefficients by
solving the 0D Boltzmann two-term equation for electrons,
considering electron-electron interactions as functions of the

reduced electric field and degree of ionization. The computed
EEDF depends on the fraction of each species considered
in the gas mixture (Ar,Ar∗,Ar2 (1Σ+

u ) ,Ar2 (3Σ
+
u )). However,

since the addition of three other parameters would affect the
computational burden in the 2D model, to provide a qualitat-
ively accurate estimate of the mixture, we performed a simula-
tion of the 2D problem limited to a LF-only discharge, assum-
ing a Druyvesteyn EEDF and all reactions included in table 1.
The density of the molecular species was then evaluated in
three different stages of discharge close to the cathode and
the anode as a function of the distance from the alumina tube
wall (figure S2). Based on the results obtained in the domain
region with the highest electron density ne, metastable Ar and
molecular species were expressed as Ar∗ = 5 · ne, A2(1Σ+

u ) =
10−1 ·Ar∗, Ar2(3Σ+

u ) = 10 ·Ar∗. These ratios were then used
to determine the input mass fraction for the Boltzmann solver.
As an output result, we obtained the lookup tables of the rates
of electron impact reactions (1-2,5-8,13) and electron trans-
port coefficients, which are indicated in the table 1 as a func-
tion, in fact, of the mean electron energy and density f(ϵ̄,ne).

Later, we considered the 2D model with rotational axial
symmetry based on the jet geometry design (figure 1) that
included all the reaction kinetics considered in table 1. In this
case, the model was solved in the time domain without con-
straints in species relative densities and using the lookup tables
obtained in the 0Dmodel for electron impact reaction rates and
transport coefficients. The 2D fluid model was solved using
COMSOL 6.0 under the local mean energy approximation.
The governing equations for electrons are as follows:

∂ne
∂t

+∇·Γe = Re− (u ·∇)ne (3)

where the electron flux Γe in the drift diffusion approximation
and neglecting thermal diffusion can be expressed as

Γe =−(µe ·E)ne−De∇ne. (4)

As previously presented, electron mobility µe and diffus-
ivity De were obtained as a solution of the 0D Boltzmann
equations. The generation rate Re of electrons was determined
using the complete set of reactions, including the electrons in
table 1. The laminar flow solution is included in the equation
due to the neutral fluid velocity vector u. The electron density
ne is solved coupled to the electron energy density nϵ = neϵ̄
following the equations

∂nϵ
∂t

+∇·Γϵ = Sen− (u ·∇)nϵ (5)

Γϵ =−(µϵ ·E)nϵ −Dϵ∇nϵ. (6)

Electron energy mobility µϵ and diffusivity Dϵ were also
obtained by solving the 0D Boltzmann equation for electrons.
The electron energy loss Sen was calculated considering the
contribution of the different inelastic collisions as presented
in table 1. The densities of all other species considered were
obtained by solving the respective equations (3) and (4). The
electrical mobility of the ions was calculated as a function of

5



Plasma Sources Sci. Technol. 34 (2025) 025010 A Patelli et al

Table 1. Reactions included in the plasma model. The dimensions of the rate coefficients are (m3 s−1) for two-body reactions, (m6 s−1) for
three-body-reactions and (s−1) for radiation processes. The electron temperature Te = 2ϵ̄/(3kB) is specified in (K), and the heavy particle
temperature in our model is fixed at Tg = 450K.

No. Reaction Rate coefficient ∆E(eV) References

elastic
1 e+Ar→ e+Ar f(ϵ̄,ne) − [31]

excitation
2 e+Ar→ e+Ar∗ f(ϵ̄,ne) 11.5 [32, 33]
3 Ar∗ + 2Ar→ Ar∗12 +Ar k= 2.5 · 10−44 − [34]
4 Ar∗ + 2Ar→ Ar∗32 +Ar k= 8.3 · 10−45 − [34]

electron impact ionization
5 e+Ar∗ → 2e+Ar+ f(ϵ̄,ne) 4.427 [31]
6 e+Ar→ 2e+Ar+ f(ϵ̄,ne) 15.8 [35]
7 e+Ar∗12 → 2e+Ar+2 f(ϵ̄,ne) 3.15 [36]
8 e+Ar∗32 → 2e+Ar+2 f(ϵ̄,ne) 3.23 [36]

9 Ar+Ar+Ar+ → Ar+2 +Ar k= 2.25 · 10−43 ·
(

300
Tg

)0.4
− [37]

associative ionization
10 Ar∗ +Ar∗ → e+Ar+Ar+ k= 5.60 · 10−16 − [38]

recombination

11 e+Ar+2 → Ar∗ +Ar k= 8.1 · 10−13 ·
(

300
Te

)0.64(
300
Tg

)0.86
−2.5 [39]

12 e+Ar+Ar+ → Ar+Ar k= 1.0 · 10−37 − [40]
de-excitation

13 e+Ar∗ → e+Ar f(ϵ̄,ne) −11.5 [32, 33]
quenching

14 Ar∗ +Ar→ Ar+Ar k= 3.0 · 10−21 − [41]
15 Ar∗ → Ar k= 2.01 · 106 − [42, 43]
16 Ar∗32 → 2Ar k= 3.13 · 105 − [42, 43]
17 Ar∗12 → 2Ar k= 2.38 · 108 − [42, 43]

the reduced electric field [47–49], while the diffusion coeffi-
cient for all heavy species was set at 1.0 · 10−4m2/s. The elec-
tric field was obtained from the electrostatic potential, which,
in turn, was computed by solving a Poisson problem.

The boundary conditions of equations (3)–(6) were estab-
lished taking into account the axial rotational symmetry along
the axis of the alumina tube and the surface charge of
the dielectric surfaces. A zero flux boundary condition was
enforced for the electrons at the inlet and outlet of the domain,
while the flux to the dielectrics was modeled with a reflec-
tion coefficient of 0.3 [45]. The thermal emission of electrons
from the surfaces was not included. The secondary emission
coefficient due to the flux of charged species onto the walls
was set to γe = 0.02, following previous works in the liter-
ature involving dielectric surfaces [45]. When hitting a wall,
heavy species neutralize and de-excite to the ground state. For
the Poisson equation, the boundary conditions were consist-
ent with the LF and RF supply voltages at the electrodes and
with the ground potential at the downstream LF electrode and
beneath the substrate. The relative permittivities considered
for the tube alumina and the substrate silica slide were 10 and
3.75, respectively.

The simulations were started with a Gaussian seed charge
with a peak value of the order of 4.0 · 1017m−3 of electrons,
maintaining and constraining electroneutrality using argon
ions. The seed charge was placed 1mm away from the wall

of the alumina tube and 4mm from its outlet. Two different
simulations were run, with and without RF. The LF voltage
was set with a frequency of 17kHz and a maximum voltage
of 5kV. In the case of coupled electrodes, the LF voltage was
turned on after running 41.5 µs of the only RF, which corres-
ponds to more than 1000 cycles. This measure was taken as
a precaution to accelerate the computation time by applying
the voltage supply sequentially, but it proved to be unneces-
sary. In the article, the time line for the RF+LF configuration
was changed to facilitate comparison with the LF-only case;
therefore, 0 µs refers to activation of the LF electrode. Both
cases were solved using adaptive triangular grids constituted
by up to 225 000 triangular elements. The regions near the
walls were discretized as boundary layers, and the plasma in
contact with the dielectric walls required a mesh resolution of
about 2.5 µm.

3. Results

To better highlight the differences between a dual frequency
discharge and a streamer discharge, the model was run with
and without RF. This approach allowed us to investigate how
the discharge is affected by RF insertion under equal approx-
imations. In addition, the LF-only simulation allowed us to
benchmark the model against a standard LF DBD streamer
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Figure 2. Results of the simulation of the LF-only discharge in argon. (bottom) In the graph are reported as a function of time the surface
charge and the Ar+ flux integrated over the entire surface of the glass substrate, and the LF electrode voltage. (top) Six critical events are
identified, and the respective simulation snapshots of the electron density and electric fields vectors together with voltages in the dielectrics
are illustrated.

discharge. The results of the simulation of discharge evolution,
with and without RF, are shown in figures 2 and 3 over an
LF cycle. In the model with LF-only, the RF electrode was
removed while the LF electrodes were placed close to the out-
let. This geometry change was required because if the LF elec-
trodes were not shifted closer to the outlet the plasma stream-
ers would not reach the substrate, both in the simulation and
experimentally.

To follow the spatial plasma propagation, for each of the
two cases, the time evolution of the LF voltage, surface charge,
and Ar+ ion flux integrated over the entire glass substrate sur-
face are shown. For six time instants, a color plot of the plasma
density and electric field is provided, along with the electric
potential distribution on the surrounding structures.

3.1. LF-only discharge evolution

The discharge evolution with LF-only on can be summarized
in the following snapshots, which correspond to the six critical
events identified in figure 2.

(1) 5.8 µs The cycle starts by applying a negative bias to the
upstream electrode; the voltage is shown in black in the
lower frame of the figure. At this stage, a positive streamer
develops from the ground electrode to the upstream elec-
trode. The streamer propagates on the surface of the alu-
mina tube and covers the LF electrode in a few tens of
nanoseconds. Consequently, a current peak 100ns long
with a maximum intensity of about 120mA is recorded at
the LF electrode. At the same time, the plasma expands in
the direction of the glass substrate with densities of the
order of 1015m−3. Consequently, the substrate starts to
charge negatively, and a sheath is formed up to reaching an
equilibrium between the ion and electron flux. This initial
stage of the substrate charging process is evidenced by a

noticeable surge in argon-ion flux reaching the substrate,
as depicted in the bottom graph of the figure.

(2) 18 µs The negative bias on the LF electrode begins to
reduce; however, the glass surface remains negatively
charged. The plasma retracts from the LF cathode because
the dielectric surface facing the electrode is positively
charged.

(3) 30 µs The voltage of the LF electrode is close to the ground
potential; therefore the electric field generated is negli-
gible. However, because of charges on the dielectrics, the
positive streamer now propagates to the grounded elec-
trode and is branched, because of electric field gradients.
The surface of the glass maintains a nearly constant neg-
ative charge.

(4) 38.5 µs The LF electrode reaches almost its maximum
positive potential. The LF electric field generated slowly
drifts the ions to the tube outlet until their density is
high enough to initiate a positive streamer to the sub-
strate. The streamer covers the distance between the out-
let and the glass surface in approximately 100ns, and the
formed channel is about a hundred micrometers wide. The
streamer then propagates on the glass surface for about
1 µs. At 40.5 µs the entire glass is plasma covered as can
be observed by the accumulated surface charge, which
reaches a maximum charge of 30 nC (figure 2, blue curve).
Consequently, a positive flux of ions can be detected on the
order of 1016 s−1 (figure 2, green curve).

(5) 50 µs After the plasma covers the entire substrate, the glass
surface is still positively charged; however, the charge is
roughly constant and the electric field in the whole plasma
volume is strongly reduced.

(6) 62 µs The low frequency electrode starts a new cycle with
negative bias and again a positive streamer develops to the
LF cathode. In the direction of the substrate, the electron
flux restores negative charge on the glass surface.
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Figure 3. Results of the simulation of the discharge in the dual frequency RF+LF in argon. The RF discharge has already ignited at time
0µs. (bottom) In the graph are reported as a function of time the integrated surface charge and Ar+ flux on the whole glass substrate
together with the LF electrode voltage. (top) Six critical events are identified, and the respective simulation snapshots of the electron density
and electric fields vectors together with voltages in the dielectrics are illustrated.

The evolution of streamer discharge observed in the LF-
only simulation is consistent with the literature. Operating a
jet on a dielectric surface often results in the propagation of
only positive streamers because they require lower voltages to
initiate. The ion density in the streamer core was of the order
of 1019m−3 and was related to both Ar+ and Ar+2 .

The Ar+ ionization requires a higher electron energy and
therefore could only be observed on the head of the propagat-
ing streamers where space-charge separation induced high
electric fields. At the same time, the decay of argon ions
is relatively fast. Therefore, the Ar ionization process at
the jet outlet was present only during streamer propagation
to the glass substrate at stage (4). The impact of stream-
ers on substrates has often been shown to cause damage to
temperature-sensitive substrates as a result of localized energy
loss.

The Ar+2 ions showed a longer lifetime and were prepon-
derant in all other areas and when the streamer propagation
stopped. Their generation, indeed, is mainly related to meta-
stable state collisions (reactions 3,4 table 1) and to low-energy
electron impact ionization reactions (reactions 7,8 table 1).
However, their contribution should not be underestimated,
as the charge pathway connecting the substrates with the
electrodes exhibited high electrical conductivity (Ar+2 ∼ 5 ·
1017m−3) and significant concentrations of metastable species
(Ar∗ ∼ 1016m−3), leading to a memory effect for subsequent
cycles.

3.2. RF+LF discharge evolution

The same computational model was then used to simulate the
coupled configuration, where both the LF and RF electrodes
were switched on. Similarly to the LF-only case, the evolution
of the discharge is described through the time evolution of the

integrated surface charge and Ar+ flux on the whole glass sub-
strate together with the LF electrode voltage, and six critical
events are identified and presented in six different snapshots,
as shown in figure 3.

(1) 5.8 µs The cycle starts by applying a negative bias to the
upstream LF electrode. As in the previous case (when only
the LF electrode was modeled), a positive streamer devel-
ops in the LF electrode region and covers the surface of
the alumina tube in front of the electrode in a few tens
of nanoseconds. The same peak currents of 100ns and
about 120mA can be detected as in the LF-only discharge.
However, here the LF electrode is further away from the
substrate, and therefore, the plasma does not extend out of
the jet and no charging is induced on the substrate. The ion
flux on the glass is constant (approximately 107 s−1) and
is caused by the interaction with the RF plasma. At this
stage the two discharges appear to be fully spatially and
electrically separated.

(2) 9.2 µs In the LF region the plasma reaches density of up
to 1019m−3. The plasma shields the LF bias, however the
region presents a negative potential. Conversely, in the RF
plasma region, the voltage oscillates, exhibiting both con-
cordant and discordant voltages within each RF cycle. As
a results, a diffused plasma channel starts to connect the
two excitation zones.

(3) 15 µs The plasma density in the channel connecting the
electrodes reaches values of the order of 1018m−3. The
plasma expands in the direction of the substrate and thanks
to the RF excitation the density starts to increase also close
to the glass surface which charges negatively. This effect
is also reflected in the ion flux on the substrate (figure 3,
green curve), which shows an RF modulation.
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(4) 26.3 µs In the region of the RF electrode the plasma even-
tually reaches densities of the order of 1019m−3. The
plasma density obtained is distinct from other RF devices,
emphasizing the activation of a specific ionization regime.
Similar values have sometimes been reported in the liter-
ature in kHz [50] and RF [51] DBD jets. To support the
validity of the result, the Hβ line was recorded and the
electron density was estimated by Stark broadening [52].
The results showed a plasma density at the jet outlet of the
order of 1020m−3 (figure S4), which, even though at the
limit of reliability of the method used, confirmed a rather
high density of the plasma at the jet outlet.
The plasma density increases also close to the glass

surface. As it reaches values of the order of 1018m−3

like a slow streamer propagates attracted by the negat-
ively charged substrate. This propagation lasts several RF
cycles. It seems that the ions accelerates to the substrate
due to an electric field enhancement. Consequently, the
Ar+ flux increases by more than 5 orders of magnitude,
and later on the plasma starts to propagate along the glass.
The plasma requires more than 10 µs to cover the entire
substrate and throughout this period the ion flux remains
at the same order of magnitude. The maximum value of
the Ar+ flux is relatively similar to that of the LF-only dis-
charge, while the plasma channel connecting the substrate
with the electrodes is wider, reaching more than 400 µm.

(5) 42.5 µs The plasma covers the whole glass surface. The
total surface charge is of the order of 30nC, as in the LF-
only model. Consequently, the electric field in the whole
plasma volume is strongly reduced. However, contrary to
the LF-only discharge, the Ar+ flux remains of the order
of 1015 s−1.

(6) 62 µs A new cycle starts, the LF electrode is negatively
biased again and the glass surface consequently becomes
negatively charged. However, the ion flux to the glass
remains constant, retaining the RF modulation.

The direct comparison of the two simulations highlights
the differences in the discharge propagation and in the plasma
interaction with the substrate. Even if the LF and the RF sup-
plies are spatially separated, they are connected by the plasma
itself. The resulting plasma is driven mainly by RF excita-
tion, which changes both temporally and spatially the plasma
volume expansion, hindering the streamer propagation. The
LFmay influence the drift of the ions. As a major consequence
of the substrate treatment point of view, the flux of argon
ions remains higher than 1015 s−1 throughout the LF period. If
the simulation continues into a subsequent cycle, the presence
of background Ar+2 ions and argon metastables, which have
longer lifetime, supports the maintenance of the plasma chan-
nel, resulting in a memory effect. Furthermore, the Ω regime
also ensures continuous ionization in the bulk. As the voltage
of the LF electrode transitions from negative to positive again,
the sheath in front of the glass surface expands, leading to a
new enhancement in the ion flux to the substrate and in the
overall plasma density. Nevertheless, the plasma does not re-
propagate along the glass surface because the area is already

ionized. However, as the simulation progresses, the gas heat-
ing cannot be neglected further. Therefore, we stopped at the
first cycle, which already suggests a propagation mechanism
that can be compared to the experimental results.

3.3. The experimental comparison

To support the prediction of the simulation, ICCD images of
the jet are shown in figure 4 for both the LF-only and RF+ LF
configurations. The time exposure is 500 ns; therefore, it can
be considered a static condition for fluid dynamics. However,
in both configurations, the filaments are not stable, but they
move in space below the jet, and the time for the ignition
of the streamer can shift by approximately ±5 µs (figure 7
and S8) relative to the LF voltage from cycle to cycle. This
instability is mainly due to variations in the surface charge on
the dielectrics. The images presented were obtained by syn-
chronizing the exposurewith the LF voltage and varying a time
delay, however, since they correspond to different LF cycles
and the plasma is not stable, their association with the surface
charge and LF signal presented in figure 4 was reconstructed.
Therefore, the positioning of the time in figure 4 should be con-
sidered non-quantitative and only indicative of the time stage
relative to the LF cycle for comparison with the simulation.

As can be observed in both configurations, the streamers
propagate vertically out of the jet, supporting the laminar flow
condition [29]. With LF-only, the streamer propagates nearly
straight, perpendicular to the substrate, and then propagates
on the glass surface. Light emission is concentrated in the fil-
ament core, which is no more than 100 µm in diameter. Light
emission is concentrated in time stage (4) where a positive
surface charging step is detected on the substrate. This step
always occurs during the positive slope and positive values
of the LF voltage, in agreement with the simulation results
obtained. In addition, the time duration of the charging in the
simulation and in the measurement is fully comparable and on
the order of 500 ns. Outside of time stage (4), light emission
is off, as are the ionization and the Ar+ flux to the substrate in
the simulation.

In the dual frequency configuration, the luminous filaments
are more diffused, and as they reach the substrate, they show a
bending before propagating on the glass surface. The absence
of a perpendicular impingement of the plasma channel on the
substrate underscores the different propagation mechanisms
and is consistent with the simulation results. In the simula-
tion, the plasma channel is also broader, and light emission
remains continuous throughout the entire LF cycle. The emis-
sion is mainly visible in the plasma column connecting the jet
to the sample. Only in stage (4) an additional light emission
appears to start from the substrate and then propagates on the
glass surface and through the whole column. This increase in
light emission corresponds to the positive charge step of the
sample, which, this time, lasts about 2 µs. The general descrip-
tion of the propagation mechanism obtained by light emission
imaging suggests that the results obtained in the model, even
with the approximation of neglecting gas heating and air inter-
action, are qualitatively reliable.
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Figure 4. ICCD images of the plasma jet on a glass substrate (500 ns exposure) in the two configurations: (left) (a) LF-only and (right) (b)
RF+LF. The capture was synchronized with LF voltage and the surface charge recorded during a single cycle is also reported. The ICCD
images were not acquired across different cycles relative to the electric signal; they are instead associated with the time stages discussed in
the simulation ((1)–(6)). From cycle to cycle streamer or γ-regime ignition can shift by several microseconds (figures 7 and S8) and the
filaments spatially move. As a visual aid, the sketch of the jet outlet featuring the alumina tube, the coaxial external LF or RF electrodes and
the glass sample are superimposed onto the photos.

To further validate the accuracy of the RF+LF simulation
predictions, we recorded the electrical signal and optical emis-
sion as a function of timewith the jet device in the same config-
uration as in the model. The only relevant difference was that
the device was operated in an open air rather than in a full-
argon environment. LF and RF voltages were continuously
monitored and the RF power was kept constant at 15W. We
also recorded the charge on the substrate and the light emitted
close to the glass substrate. When the LF voltage was set to
1kV, the substrate showed a capacitive coupling with both RF
and LF. However, very few photons could be detected (figure
S8). This suggests that at such low LF voltage the ion drift
to the substrate was probably insufficient to initiate plasma
propagation outside the jet.

As the LF voltage increased, the plasma visually propag-
ated outside the jet and on the glass surface. Figure 5 com-
pares the experimentally recorded charge on the glass surface
and the related optical emission to the surface potential from
the simulation at position 1a (figure 1) on the glass. The optical
emission data was obtained with 150 accumulations.

As a first observation, it is evident that the optical emis-
sion persists throughout the LF cycle, indicating the continu-
ous presence of an ionization process. This finding is fully
in agreement with the simulation results, which attribute the
primary ionization role in the dual-frequency discharge to the
RF excitation.

In addition, just below the alumina tube on the glass sur-
face the simulation shows a fast increase, like a step, in the
surface voltage. This event corresponds to stage (4) in the
description previously presented and is associated with the RF
plasma being accelerated to the glass surface, which is negat-
ively charged. At this time, the LF voltage is small; therefore,
the external LF field is negligible. Therefore, the sources of
the electric field are the RF electrode and the negative charge
on the glass.With respect to the relative oscillations amplitude,
the experimental step height matches well with the simulation.
Although the surface voltage on the glass cannot be measured
directly through experiments, it is proportional to the charge
that is collected. Therefore, the measured step supports the
simulation predictions.
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Figure 5. Comparison of simulation results (bottom) with
experimental data (top) across an LF cycle. The simulation shows
the LF voltage and the glass surface voltage at position 1a in
figure 1, while the experimental data present the LF voltage, the
surface charge on the glass, and the optical emission near the
substrate, represented by the histogram of the photons detected by
the PMT. The optical emission is obtained with the accumulation of
150 cycles.

Moreover, the step duration exceeds 1µs in both the exper-
imental and simulated results, compared to the approximately
100 ns typical of streamer discharges. This duration corres-
ponds to more than ten RF cycles. The occurrence of multiple
steps in the experimental data is likely attributed to the exist-
ence of various filaments within the discharge.

The experimental data, therefore, validate the overall
description of the dual frequency discharge where the RF
hinders the propagation of the positive streamers by provid-
ing a pre-ionized media. Moreover, LF induces an ion drift
enhancing ionization close to the substrate during a specific
time frame within the LF cycle.

4. Discussion

4.1. Plasma regime on the glass surface

The data collected from this experimental jet setup exhibited
a notable resemblance to the dual-frequency excited parallel
plate configuration discussed in literature [17]. Indeed, in both
configurations, the plasma is driven by RF excitation, while
LF predominantly affects the ion drift. Thus, the jet would
likely exhibit the coexistence of the Ω and γ regimes, sim-
ilar to parallel plates. Furthermore, this coexistence can may
be observed on the substrate at a distance of centimeters from
the electrodes. To confirm that this is the case in our jet con-
figuration, we considered the simulation during an RF cycle
at three different stages: when the plasma reached the sub-
strate (4), during the positive (5) and negative (6) phases of
the LF voltage (figure 6). The corresponding 2D plasma dens-
ities taken from figure 3 are reported on the left to facilitate
visualization of the respective condition. In the same plasma

density map, the red lines indicate the positions where the vari-
ous parameters are measured relative to the distance from the
glass surface. Different regions of the discharge can be easily
identified: near the glass, the sheath is visible, whose thick-
ness oscillates as a function of RF. Above the sheath, there is a
high plasma density layer that confines the positive net charge
zone (indicated by the black contour). Proceeding further from
the glass substrate, at stage (4) the bulk of the plasma column
is found. In stages (5) and (6) there is a zone without plasma
since it is propagating horizontally on the glass surface. The
complete representation of the space charge density together
with the deposited power on electrons is shown in the 2Dmaps
in figure 6, right column.

Stage (4) is shown in the first row of figure 6. At this time,
the plasma has not made contact with the surface so far. In
the 2D plasma density map (right) the glass appears in blue,
indicating a negative potential relative to the ground. Thus, the
total charge on the glass is negative. In the graph in the second
column, indeed, the electric potential of the glass in position
1a (green dashed line) settles at values that remain negative
throughout the entire RF cycle. The surface potential oscillates
as a function of the RF and exhibits a very small phase delay
with respect to the RF electrode voltage (blue dashed line). The
sheath voltage, calculated as the potential difference between
the glass surface and the region beyond the positive net charge
boundary, is represented by a dashed red line on the graph. The
sheath potential follows the temporal evolution of the voltage
difference between the RF electrode and the glass surface.

At the peak positive voltage of the RF electrode, the sheath
exhibits a voltage drop of around 1 kV. The sheath thick-
ness is approximately 0.5 mm in stage (4). By examining the
Ar+ production rate and the electric field Ez perpendicular to
the glass surface in the maps, one can see that this voltage
maximum in the sheath aligns with an increase in the field
toward the substrate and a noticeable increase in ionization.
This ionization is promoted by secondary electrons acceler-
ated through the sheath, which correspond to the γ excita-
tion regime. This excitation appears to be active only during
a small fraction of the RF cycle and is probably related to
the sheath voltage values [11]. The acceleration of the ions to
the glass surface observed in the stage (4) of the simulation is
reality fostered by the activation of this additional ionization
mechanism.

On the opposite boundary of the positive net space charge
region, above about 1 mm from the glass surface, along the
plasma column that connects the substrate with the electrodes,
the Ar+ production rate is also modulated by RF. However, it
does not appear to be affected by the plasma interaction with
the glass, showing a frequency twice that of RF. In addition,
in terms of phase, the maximum ionization rate occurs when
the RF voltage crosses 0V, when the alternating displacement
current between the sheath and the RF electrode reaches its
maximum. This mechanism is also confirmed by the electric
field Ez, which alternates through the RF cycle corresponding
to the currents moving back and forth. Therefore, in the plasma
column, the excitation mechanism can be associated with the
Ωmode. TheΩ-mode and the γ-mode seem therefore to coex-
ist in different regions of the discharge, even on the substrate.
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Figure 6. Simulation results during an RF cycle for three of the critical events identified in figure 3 ((4)26.3µs (top), (5)42.5µs (center)
and (6)62.0µs (bottom)) for the dual-frequency RF+LF configuration. On the left are reported the relative 2D maps of the plasma density
of figure 3 indicating location 1a and 1b in red from which the data are extracted as a function of the distance from the glass surface. The
data are then presented as a function of time. The first column includes line graphs of the voltage of the RF electrode, the glass surface, and
sheath drop. The 2D maps show as a function of the distance form the glass surface the rates Ar+, the component of the electric field Ez
orthogonal to glass surface, and in the last column, the space charge and the deposited power on electrons (black pattern). In the 2D maps,
the black lines correspond to the contour region of positive charge, which identifies the sheaths.

The same representation of discharge evolution is offered
by the power dissipation P in the plasma, evaluated as the
scalar product between electron flux and force on electrons
P= eϕ⃗e · E⃗. In the 2D maps, the region of power dissipation is
shaded by a black line pattern. In the plasma bulk, the power
dissipation is modulated with a frequency twice that of the RF.
Within the sheath, maximal power dissipation occurs at the
peak voltage of the sheath, coincidingwith the highest electron
flux and electric fields and therefore with the same frequency
of the RF.

On the other hand, the Ar+2 production rate at this stage
does not show any modulation during the RF cycle. Indeed, as
we already reported looking at the evolution of discharge on
the LF cycle scale, Ar+2 is mainly produced by reactions that
involve metastable states.

In stages (5) and (6) the plasma has already spread onto
the substrate as a surface discharge. For these stages, the
radial position 1b was chosen far from the jet axis to examine
whether the propagation regimes were consistent throughout
the glass surface.

In stage (5), the LF voltage is close to its positive maximum
and the glass surface appeared to also be positively charged,
showing an average voltage higher than the RF amplitude.
The resulting voltage across the sheath is less than 100 V.
Therefore, even if the ion flux on the glass enables secondary
electron emission from the surface, their acceleration is lim-
ited. As a consequence, γ excitation cannot be initiated. The
sheath on the substrate can be identified by the region of the
electric field Ez pointing to the substrate (in blue), which is

approximately 0.05 mm thick in stage (5). Beyond the sheath
lies a 0.3 mm thick layer characterized by a high plasma dens-
ity. This layer can be easily identified in the power dissipation
pattern and in the Ar+ production rate map, since both depend
on the presence of electrons. Both parameters exhibit mod-
ulation at twice the RF frequency. Ionization in this region,
indeed, is driven by propagation of the RF electric field along
the plasma channel, parallel to the glass surface. Therefore,
ionization occurs in the Ω regime in this layer as well as in the
plasma column and is continuous even during the positive part
of the LF cycle. This observation agrees with the continuous
ion flux observed on the glass surface presented in figure 3 and
is also corroborated by experimental optical emission results.
In the direction orthogonal to the substrate, the Ez field con-
fines the electrons in the plasma channel, pushing them back
on both sides.

At stage (6), the LF voltage enters in its negative part of
the cycle; however, the glass still shows a positive voltage on
the surface. Therefore, the sheath voltage is on the order of
a few hundred volts. The ionization process and the structure
of the layers are very similar to those observed at stage (5).
However, the positive charge on the glass is reduced; there-
fore, the plasma layer will expand later on, reaching again a
thickness of about 0.5 mm, as in stage (4).

As a result, we can conclude that the simulation suggests
the presence of the Ω regime near the substrate, which is
always active throughout the whole LF cycle. The excita-
tion is enabled by the RF electric field propagating vertic-
ally to the substrate in the plasma channel below the jet to
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the substrate and then radially parallel to the surface of the
glass. The voltage on the glass surface is determined by the
LF voltage, which strongly affects the sheath thickness. As
the voltage drop in the sheath is above a certain threshold,
the γ regime is activated as additional ionization mechanism.
However, the γ mode is switched on only under favorable con-
ditions of both RF and LF voltages. Thus, the discharge near
the substrate operates in both RF regimes.

4.2. Observation of the Ω and γ coexistence

The optical emission from de-excitation processes or quench-
ing and recombination in a plasma can also be an indication
of the presence of ongoing ionization. By selecting a specific
wavelength, it is possible to improve this connection, such
as, for example, using the Ar (3p54p→ 3p54s) lines [43]. If
there is no self-absorption, their intensities are representative
of the excitation rate of their upper states [16]. In our case, we
decided to observe the entire emission spectrum close to the
substrate without any spectral filtering. Nonetheless, since we
operate in pure argon, the most intense emission lines within
the spectrum correspond to argon in the 700–900 nm range,
which primarily pertain to the 3p54p→ 3p54s transitions. This
configuration enhanced the optical signal while maintaining a
nanosecond-scale temporal resolution, required to scan an RF
period of approximately 37ns.

The optical signal was collected on a PMT as a function of
time in the LF cycle after synchronization with the RF signal
(figure 7). Light was collected from a 200µm slit, with a length
of 1 cm, positioned parallel to the glass surface at a distance
of 0.5 mm. The analog signal of the PMT was then processed
to obtain the histograms of the number of photons detected
by the PMT, using 200 acquisitions. Electrical signals such as
the voltage of the LF electrode and the charge collected in the
sample for the whole 200 acquisitions are shown in figure 7
to correlate the emission with the different stages of plasma
propagation during the LF cycle.

As shown in figure 5, at the moment when the LF voltage
crosses zero with a positive slope (time stage (4)), there is a
noticeable step in the collected charge, accompanied by an
increase in optical emission. The reproducibility within the
different cycles is somewhat limited on the microsecond scale,
and the maximum charge collected on the glass may vary, but
the overall behavior is preserved. The optical emission is con-
tinuous through the whole LF cycle as already observed in
figure 5. The RF modulation cannot be visually resolved in
the graphs on the LF timescale, therefore, on the right column
is presented the histogram of the optical emission for a series
of four RF periods. As a reference of the RF cycle the modula-
tion of the surface charge on the glass, normalized in arbitrary
units, overlaps with the optical signal.

The zoom on the RF scale is proposed for four selected time
periods that span the LF cycle, corresponding to different time
stages of the simulation. At 20µs the LF voltage is positive and
the glass is also positively charged. In this case, the conditions

Figure 7. (left) The left column shows the correlation among the
optical emission with the electrical signals such as the LF electrode
voltage and the charge collected on the glass surface. The results are
obtained through 200 accumulations with maximum LF voltage of 3
kV and 20 W of RF power. (right) The right column shows the
correlation of the optical emission with the RF modulation of the
charge on the glass surface (a.u.). Four specific times, 20, 40, 60,
and 69 µs, corresponding to different time stages of the simulation
((1), (2), (4), (5)) have been selected and indicated in the LF cycle
for reference.

are similar to stage (1) of the simulation (figure 3). The sheath
voltage is therefore low and only the Ω regime is expected. In
figure 7, indeed, the emission is not constant but is modulated
with a frequency that is twice the RF. In addition, this emission
is out of phase of 90◦ with respect to themaxima or theminima
of the charge on the sample. The frequency and phase char-
acteristics confirm the presence of the Ω regime close to the
substrate. The result, moreover, agrees well with the reduced
thickness of the sheath.

As the LF cycle proceeds at 40 µs the LF voltage is neg-
ative (stage (2)), as is also the charge on the glass surface. At
these time frames the condition is similar to the previous stage,
and in discharge is present the only Ω regime. The optical
emission, indeed, confirms theΩ ionization mechanism, keep-
ing the modulation of twice the RF and the 90◦ phase shift
with respect to voltage. However, from the general emission
in the LF it can be observed a reduction of the overall number
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of photons recorded. This may be linked to an expansion of
the substrate sheath, which pushes back the ionization region
far from the glass surface. The probed region of the optical
emission is in fact 0.5 mm above the glass surface.

Time 60 µs is selected exactly at the step in surface
charge, where an ion flux is therefore expected. This condition
resembles the simulation stage (4) (figure 6), when the plasma
accelerates to the substrate. At this time frame, the electric
field in the sheath is of the order of 1kV and the γ mode is
activated. In the optical emission, indeed, we see the presence
of an additional peak among the Ω ones, more intense, with
the frequency of the RF and in phase with the maximum on the
surface charge. These characteristics fully coincide with the γ
excitation mode. Therefore, the experimental data validate the
coexistence of the Ω and γ regimes close to the substrate and
also agreed on their position relative to the glass surface and
the timing with respect to the LF cycle.

After the positive step the charge collected on the substrate
still shows a slow increase, which agrees with the simulation.
However, the optical emission is strongly reduced and mainly
presents ionization in the Ω-regime. As the surface is posit-
ively charged after the step, in fact, the substrate sheath is again
reduced, even if the positive flux of Ar ions to the substrate is
maintained because of the increasing voltage of the LF elec-
trode. However, the optical emission is collected from an area
located 0.5 mm above the glass, resulting in the emission of
the γ regime being no longer observed.

4.3. Self-sustain in γ regime

The transition from Ω mode to γ mode can occur only if
the ionization mechanism initiated by the secondary electrons
emitted by the surface induces a self-sustaining process. This
aspect was already explored by Robert et al [19] in a detailed
modeling effort of dual frequency planar plate discharge in a
Penning gas process. In particular, the model was refined with
the addition of excimer emission ionization. In this work, we
did not include radiation as an ionization source; nevertheless,
we used the same analysis to further describe the interaction
of the jet with the substrate and confirm the presence of the γ-
mode. If the secondary electrons emitted by the wall can gen-
erate a self-sustaining discharge mechanism, this means that
they produce more ions in the sheath for each electron [17,
53]. The self-sustaining criterion can then be summarized in

γiΓi,sheath
ΓSEE

> 1, (7)

where γi is the secondary electron emission coefficient,
Γi,sheath is the number of Ar+ ions produced per unit of time
in the sheath, and ΓSEE is the secondary electron emission
flux from the wall [18]. Γi,sheath was obtained by integrating
the rate of ion production into the sheath thickness, which
was identified by the region of negative field Ez close to the
glass as a function of time. The criterion was calculated at
the respective positions 1a and 1b in the glass for stages
(4)–(6) of figure 3. The self-sustaining parameter is shown

Figure 8. Evaluation of the self-sustain criterion starting by the
simulation results resolved within an RF cycle for three different
events identified in figure 3 ((4)26.3µs (top), (5)42.5µs (center)
and (6)62.0µs (bottom)) for the dual frequency LF+RF
configuration. Secondary electrons emission flux and sheath
potential above the glass surface are presented in the left axis of the
graphs.

in red in figure 8 together with the secondary electron emis-
sion flux and the sheath potential. In stage (4) the plasma
is reaching the substrate, which is negatively charged. The
sheath potential reachesmore than 1kV as its thickness is close
to 0.5mm. Secondary electron emission follows the ion flux
and their energy the sheath potential. However, the criterion
for self-sustaining is satisfied only during a small part of the
cycle, when the emitted electrons gain enough energy to boost
ionization.

Compared to stage (4), in (5) the secondary electron flux
increased by two orders of magnitude. The improvement was
strongly related to an increase in the plasma density as a con-
sequence of the interaction with the substrate and the propaga-
tion on the dielectric surface. Despite the increase in emit-
ted electrons, the γ-mode was not initiated. The surface of
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Figure 9. Results of the simulation during the connection between the LF and the RF discharges. The distance from the alumina wall is
reported on the vertical axis. The x-axis shows the time for three different positions in the tube: (2a) at the border of the RF and (2c) LF
ground electrodes and (2b) in the middle between the two. The 5−20 µs range graphs have a resolution of 0.1 µs, while those with a range
of an RF cycle of 0.5ns. The time corresponding to the RF cycles is indicated as dashed lines in the wider-range plot. In blue/red is
presented the Ar+ production rate, while in brown/blue the magnitude of the reduced electric field. In the middle graph of the left column is
also reported the time evolution of the plasma density at a distance from the alumina wall of 0.9mm.

the glass was indeed positively charged and the plasma sheath
voltage oscillation was lower than 100V. Under this condition,
the electron did not gain enough energy to promote a self-
sustaining ionization mechanism.

As the LF voltage decreased in stage (6), the electron flux
remained of the same order of magnitude, since the plasma
density was similar. However, the positive charge on the glass
decreased and the sheath voltage began to rise again with an
oscillation of about 200V. This potential was enough to shift
the self-sustaining parameter close to the threshold; as the LF
voltage continued to decrease, the γ-mode was again ignited.
Therefore, as expected, the criterion parameter is not related to
the plasma density and to secondary electron emission itself,
but rather to the energy gained by the electrons in the sheath.

The model considered three reactions that can lead to the
production of Ar+: electron impact ionization with argon in
the ground and in the excited state (table 1 No. 5, 6), and asso-
ciative ionization between two metastable argon species (No.
10). In the model, no Penning reactions were included because
it considered only argon as a gas species. From the reaction
rates obtained in the simulation, reaction No. 5 was the only
one connected to ignition of the γ-mode. This can be explained
by its direct relation to the number of electrons and by its
dependence on the electron temperature. Reaction rate No. 6
is also derived by solving the Boltzmann equation; however,
the density of the excited argon with respect to the base gas is
one order of magnitude lower. Instead, the dependence of the

associative reaction on time is limited because the metastable
species do not interact with the electric field and the reaction
does not involve the electrons. On the other hand, the role of
the excited states becomes prominent in the Ω-mode region,
where the electron temperature is lower.

In fact, the overall description coherently describes the sub-
strate as an electrode participating in the discharge and all
electrodes as somehow connected by the plasma. Therefore,
the coexistence of different regimes observed in parallel plate
devices [17] also adapt well to the dual frequency APPJ.

4.4. The RF and LF plasma merging

To highlight that it is the same plasma that connects all elec-
trodes with the same hybrid regime, we present the discharge
evolution between the RF and LF electrodes in figure 9. The
interval of connection of the two separated discharges was
observed as a function of time and distance from the alumina
wall. As shown in figure 3, channel formation is a relatively
slow process. It starts approximately 5 µs after the initiation of
the LF voltage supply and ends around 20 µs, encompassing
stages (1), (2), and (3). We selected three different positions,
reported also in figure 1: (2a) at the RF electrode border, (2c)
at the ground electrode, and (2b) in the middle between the
two.

Before 6 µs, the two discharges are separated. Plasma dens-
ities are of the order of 1015m−3 at the positions 2a and 2b
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(figure 9 in the middle graph of the left column, right y-axis),
and the ionization rate is negligible. In location 2c, the plasma
density is higher, as the positive streamer discharge extends
also on the ground electrode. In this position 2c, the ionization
process has already started and is visible because of the higher
plasma density (figure 9 left column). The reduced electric
field at this stage (figure 9 right column) is lower than 10Td.
However, we can observe that the reduced electric field oscil-
lates in the tens of nanoseconds scale; therefore, we can link
its origin to the RF electrode.

As a result of this oscillating electric field, the electron
density between the electrodes slowly increases. The ioniza-
tion begins to rise at the middle point 2b at a distance of about
1mm from the surface of the alumina wall. Close to the ground
electrode, at position 2c, ionization remains mainly constant,
while close to the RF electrode, at a2a, the increase in ion-
ization rate arrives approximately 5 µs later. As the plasma
density grows, the reduced electric field also increases, reach-
ing values of the order of 30Td and maintaining its oscillat-
ing character. This increase in electric field is due to the LF
voltage, which continues to decrease its negative value until
its minimum at 14 µs. Later, as the plasma density reaches a
density higher than 1017m−3, the ionization loses its diffused
character on the millimeter scale, and a more dense channel
is formed connecting the electrodes. In the ionization region
there is also a drop in the reduced electric field, which turns
back on the order of 10Td.

To better investigate these two regimes, the Ar+ reaction
rate is resolved within an RF period before and after the crit-
ical point at about 14 µs (middle columns in figure 9). After
the transition at about 18.5 µs the ionization process concen-
trates in a channel of a few hundred micrometers at the middle
point 2b and clearly shows a frequency double that of the RF.
Therefore, the ionization process can be linked to theΩ-mode,
the same which later occurs in the plasma column connecting
the substrate. However, before the transition at about 11.5 µs,
the Ar+ reaction rate shows the same periodicity of the RF in
all three positions considered 2a, 2b, and 2c. The voltage in
the LF region is, indeed, negative, therefore, during the pos-
itive half-cycle of the RF electrode, the reduced electric field
can reach values of 30 Td. The diffused character of the ioniz-
ation process, which shows a maximum at the middle point
2b and the slow growth of the density, which lasts tens of
microseconds, suggests that this electric field is sufficient to
enable like a pulsed diffused avalanche discharge. This ioniz-
ation mechanism, therefore, shows the periodicity of the RF
as can be observed from the zoom at 11.5 µs in figure 9. As
the plasma density reached 1017m−3, the electric field is con-
fined in the sheaths in front of the electrodes and the transition
occurred.

After the transition, as the plasma density increases close
to the electrodes in positions 2a and 2c, the electric field also
increases in the sheaths, reaching values of up to 50Td with
RF modulation. In the sheath, the γ regime can be initiated
correspondingly, as can be observed by modulation at the RF
frequency in the figure close to the alumina wall at the height
of the electrodes. Therefore, once the channel connecting the
electrodes is formed also inside the tube, we can observe the

coexistence of the two different regimes also in the channel
connecting the electrodes.

4.5. The plasma/substrate interaction control

Therefore, in the discharge processes presented, different
modes with their own periodicity overlap: an Ω-mode with a
frequency twice that of the RF and a γ-mode with the same
frequency as the RF and a LF capacitive coupling; moreover,
the γ-mode switches on and off with the frequency of the LF.
These dynamics in non-linear media like the plasma generate
the propagation of the respective harmonics. These harmon-
ics were easily detected on the substrate charge signal in the
frequency domain, which could be acquired separately from
the time domain in our oscilloscope. In particular, in addition
to the harmonics of the RF and LF frequencies, at each RF
harmonic, the pattern of the LF harmonics overlapped (figure
S3), again highlighting the interconnection of the frequencies
in the ionization process.

The described dual-frequency APPJ showed the ability not
only to obtain a plasma plume in the open air as the RF jets
but also to excite the plume in RF regimes on the substrate
surface, enabling a uniform flow of ions to the treated sub-
strate. A clear advantage would be the possibility to control
such a plasma/surface interaction. To show that, we meas-
ured the charge on the glass surface as a function of the LF
voltage for different values of the distance from the jet and
the maximum LF voltage (figure 10). A distance variation in
the range of 5mm did not appear to introduce any changes in
discharge characteristics. The maximum charge on the glass
changes coherently as a function of the capacitance, as can
be observed by the progressive reduction of the slope of the
straight part of the loop as the distance increases. However, the
steps in the positive part of the LF cycle are always of com-
parable size and duration, highlighting the mitigation effect in
streamer propagation linked to the RF bias. In addition, the
plasma power delivered to the sample, calculated as the area
included in the loop, remained constant throughout the range
of distances considered. Therefore, the distance between the
sample and the jet showed a limited impact on the interac-
tion, which facilitated the application of the dual frequency jet
for surface treatments. This behavior is also in agreement with
the thermal load measurements (figure S5), which showed no
changes as a function of the copper plate distance.

On the other hand, the change in the maximum LF voltage
allowed us to tailor the interaction of the plasma with the
sample glass surface. At 1kV the coupling is only capacit-
ive, and no power is delivered to the plasma on the surface.
Visually, the plasma did not even propagate on the glass sur-
face. As the voltage increased at 2kV, the plasma spreads over
the dielectrics, and the first charge steps described above began
to appear. Their duration is always on the microsecond scale,
and the charge per streamer collected on the surface is lim-
ited. The Q-V curve now exhibits a loop, which proves the
energy dissipation in the plasma at the surface of the substrate.
As the LF voltage increased further, additional charging steps
were added during the positive part of the LF cycle, respect-
ively, improving the power delivered. The increase in steps
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Figure 10. Charge on the glass sample as a function of the LF
electrode voltage at different distances of the tube outlet from the
substrate (left) and of the LF maximum voltage (right). The total
power calculated as the area included in the loop is reported with an
error of ±10%.

is probably due to the increase in the number of filaments
reaching the substrate. The LF maximum voltage was there-
fore able to control the power delivered to the plasma close
to the substrate, confirming also in an APPJ the possibility to
tame the plasma surface interaction by means of the dual fre-
quency configuration.

5. Conclusions

Based on both simulation and experimental results, it can be
concluded that the coaxial APPJ exhibits excitation coupling
in dual frequency mode, similar to what occurs in parallel
plate setups. This coupling occurs even when the electrodes
are spaced a few centimeters apart and can also be detected on
the insulating substrate exposed to the jet.

Plasma evolution in the jet was first described by model-
ing the discharge in a 2D revolution geometry for approxim-
ately 3cm. The model was validated by verifying the continu-
ous ionization through the LF cycle. Furthermore, the model
and the optical emission measurements agreed in showing the
coexistence of the Ω and γ regimes in the discharge. The Ω
mode provides continuous ionization in the bulk of the plasma,
whereas the γ mode occurs in the sheaths only when the
voltage drop is sufficient to initiate a self-sustained discharge.

The advantages of such a discharge configuration can there-
fore be summarized in enhanced ionization and high plasma
density on the substrates, absence of streamer propagation,
and therefore no localized heating. At the same time, a con-
tinuous flux of ions is ensured to the substrate. In addition, it
was shown that the interaction with the substrate is not sens-
itive to the jet distance and that the substrate coupling can be
controlled by the LF voltage.

As a drawback, the dual frequency discharges maintain an
RF character which is characterized by low electron energy
and potential gas heating. In addition, the coupling of the sub-
strate leads to the flow of tens of milliamperes current to the
treated objects.

The dual frequency APPJ, therefore,emerges as an inter-
esting configuration for processes implementation. A not-
able application is the deposition of coatings on sensitive
substrates, where achieving uniformity and conformability is
crucial [24, 25, 54]. The advantage is not only that streamer
propagation is hindered; therefore, localized damage, heating,
or defects in the coatings are avoided, but also that low-power
RF discharges do not switch off even in the presence of pre-
cursors in the plasma [55].

Another field of application is related to processes that
require large fluxes of electrons and ions to the substrate.
The dual frequency can, indeed, be efficient in reduction pro-
cesses as, for example, in the deposition of metals for sur-
face wiring or in enabling field-assisted ion exchange pro-
cesses. Additionally, the dual-frequency APPJ holds potential
for advancing plasma-liquid interface studies. In the region
between plasma and liquid and, in particular, in the sheath,
there is a peculiar environment that still has to be fully
understood [56]. The dual frequency with the high flux of ions
and electrons and with the potential control of the γ regime
would, indeed, widen the available process variables.

The examples provided pertain to the field of materials sci-
ence; nonetheless, the features of the dual-frequency APPJ
can also facilitate progress in environmental applications and
plasma medicine. In the latter scenario, managing the ion flux
with LF and being unaffected by substrate distance can aid,
for instance, in regulating the plasma dose administered to
patients.
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