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The effect of water vapor on the self-organized pattern characteristics of atmospheric-pressure radio-frequency ar-
gon dielectric barrier discharges was experimentally investigated. Under high relative humidity (RH) conditions, no side
discharges were generated between the two surface discharges of the patterns. As the RH gradually decreases, side dis-
charges begin to emerge and evolve through three distinct modes: uniform glow discharge, non-uniform glow discharge,
and filamentary discharge. These structural variations are primarily attributed to changes in breakdown (or maintenance)
voltage induced by varying RH. At lower RH levels, the strongest single pattern exhibited spontaneous motion, which in
turn triggered the collective motion of patterns. The self-organized pattern motion is explained as the shift of re-ignition
position induced by electric interaction between asymmetrical side discharge filaments and the central filament.
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organized pattern, water vapor
PACS: 52.25.Mq, 52.30.—q, 52.65.Yy, 52.65.Kj
DOI: 10.1088/1674-1056/adf181

1. Introduction

Atmospheric-pressure plasma sources have garnered sig-
nificant research interest over recent decades due to their
low production cost, easy implementation and applications
ranging from surface modification, !} [3.4]
In alternating current atmospheric-

pressure gas discharges, uniform glow discharges are achiev-

plasma medicine,
sterilization,>0! etc.

able in dielectric barrier discharges (DBDs) whose metal elec-
trodes are covered with an insulating dielectric layer.!’-10]
However, introducing dielectric into an atmospheric-pressure
low-frequency (several to hundreds of kHz) DBDs does not
ensure a uniform glow, but instead, non-uniform discharges in
the form of self-organized patterns appear within a certain pa-
rameter regime.!' =!8 The well-validated physical mechanism
underlying pattern formation in low-frequency DBDs is the
activation-inhibition effect.!”-!°! Specifically, the formation of
self-organized patterns originates from the following mecha-
nisms. The reignition of filaments first occurs in regions with
the highest surface charge and residual volume charge density
during the first half-cycle (i.e., the first activation region).!]
Simultaneously, charges carried by the discharge filaments dif-
fuse along the dielectric surface, creating inhibition regions
around them that impede the generation of new discharges in
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their vicinity. As the voltage amplitude continues to increase
within the same half-cycle, weak current side discharges can
form at the edges of the inhibition region, known as the sec-
ond activation region. The properties of these side discharges
are strongly dependent on experimental conditions and can ex-
plain many aspects of filament interactions, dynamics, and
pattern formation.”! A wide variety of patterns were pro-
duced and elucidated in extensive experimental and numer-

13,15,16] Self-organized

ical studies on low-frequency DBDs.!
patterns are generally stable when their filament number is
below a certain threshold. The one reported isolated pattern
in low-frequency DBDs is not only stable but also structure-
limited, exhibiting only two distinct configurations: filaments
and columns. [7-20-21]

The addition of small amounts of molecular gases (e.g.,
water vapor) to inert gas DBDs enhances plasma reactivity
and modifies both the structure and stability of self-organized
patterns.!?>>3] For both single filament and multi-filament,
random filament motion is induced by water vapor desorbed
from dielectric surfaces due to heating by the filaments.>]
This phenomenon is attributed to a shift in filament reignition
towards regions of lower breakdown voltage, driven by wa-

ter vapor concentration gradients surrounding the filaments.
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When the water vapor is depleted, self-organized patterns
cease moving.

Compared to low-frequency DBDs, radio-frequency (RF)
DBDs have emerged as a prominent plasma source for
generating stable atmospheric-pressure glow discharge.[24-20]
reduced break-
Un-

der atmospheric-pressure continuous-wave RF excitation in

This configuration offers dual benefits:
down voltage and suppression of arcing discharges.

pure argon or helium, RF DBDs typically operate in uniform
glow discharges.?*?’ However, when nitrogen is introduced
into the inert gas, continuous-wave RF DBDs exhibit self-
organized patterns. 28301

Notably, atmospheric-pressure inert gas continuous-wave
RF DBDs operating in high-power y-mode exhibit elevated
gas temperatures, which limit the applicability in process-
(27 To mitigate gas heat-
ing in continuous-wave RF discharges, pulsed RF excitation
was proposed,*'3%] and is expected to better maintain uni-
form glow discharges when combined with dielectric barri-

€r8S.

ing temperature-sensitive materials.

However, self-organized patterns have been observed
in both experiments and numerical simulations of low duty-
cycle pulsed RF DBDs,[31:3-33] exhibiting pattern discharges
analogous to those in low-frequency DBDs. Recently, the
structural characteristics and generation mechanism of pat-
terns in pulsed RF DBDs were experimentally investigated
by varying the driving frequency.'®>! The results demonstrate
that within the low-to-medium driving frequency range (3.0-
9.0 MHz), the largest single-pattern cluster consists of a cen-
tral filament and side discharges (glow or filaments) surround-
ing the central filament. New filaments are generated via the
splitting of the strongest side discharges. In low-frequency
DBDs, side discharges not only explain the dynamic behavior

of patterns, such as splitting, merging, generation and annihi-
lation, but also elucidate the collective long-range migratory
motion of a rotating pair of traveling filaments.!'3! Although
pulsed RF and low-frequency patterns share the same forma-
tion mechanism, their excitation frequencies differ by several
orders of magnitude. The use of RF excitation induces elec-
tron trapping in the oscillating field, significantly affecting lat-
eral discharges.?®) Simultaneously, during the pulsed RF dis-
charge process, the periodic variation of the RF voltage within
a single pulse cycle induces dynamic evolution of the side
discharges. >3 Despite systematic studies on frequency effects
in pulsed RF DBDs, two issues remain unresolved: (1) how
molecular gas content (e.g. water vapor) regulates the self-
organized pattern structure, and (2) the stability of these pat-
terns.

In this paper, we report the effect of water vapor on the
structure of self-organized patterns in atmospheric-pressure
pulsed RF DBDs, and analyze the motion of patterns under
low relative humidity (RH) conditions.

2. Experimental setup

The experimental setup is schematically shown in Fig. 1,
and the details are described in Ref. [35]. The circular copper
electrodes (¢ = 60 mm) were covered with square alumina-
sheet (99.999% purity, 80 mm in side length, 0.64 mm in
thickness). The gas gap between two alumina sheets was set
at 1.0 mm. The discharge electrodes were sealed in an acrylic
box, in which the gas pressure was maintained at 760 Torr
at an argon gas flow rate of 1.0 L/min. Other discharge pa-
rameters are as follows: a driving frequency of 9.0 MHz, a
pulse repetition frequency of 10 kHz and a duty ratio of 7%.
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Fig. 1. Experimental setup.
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The pulsed driving frequency signal was generated with a sig-
nal generator (Tektronix AFG 3102) and then amplified by an
amplifier (AR 500A100A). The pulsed RF voltage applied to
the electrodes was measured with a voltage probe (Tektronix
P6015A). The net pulsed RF power (incident power minus
reflected power) was read from the AR amplifier’s built-in
power meter. Discharge images were recorded from a side
view of the electrodes with a Canon camera (EOS 50D) at
a shutter speed of 1/100 s, with a lens aperture of F5.6 and
an ISO of 3200. The recorded 32-bit RGB (red, green and
blue) true-color images in JPEG (joint photographic experts
group) format were converted to 32-bit grayscale (0 to 255
scale) files by the image processing software ImageJ using
the average method, enabling the numerical analysis of the
radial plasma profiles in the discharge image. Gray value
analysis of discharge images has been shown to be an effec-
tive method for determining the intensity and uniformity of
plasma at atmospheric-pressure discharges.3”) Water vapor in
the air could penetrate the discharge box through imperfectly
sealed interfaces, and its concentration decreased with argon
gas flushing. RH and OH emissions were monitored using a
thermohygrometer (Testo 625) and an optical emission spec-
trometer (Andor Shamrock 500i), respectively. The humidity
probe exhibited a measurement accuracy of 0.1% RH. Prior
to each experiment, high-purity argon gas was continuously
purged into the discharge box. The RH was monitored in real
time using the thermohygrometer until it stabilized at 9% RH,
after which pulsed RF pattern discharge experiments were ini-
tiated.

3. Results and discussion

3.1. The influence of water vapor on the self-organized
pattern structure

After igniting a 9.0 MHz pulsed RF discharge, the net
RF input power was kept constant at 70 W by adjusting the
impedance matching network. Discharge images and pulsed
RF voltage waveforms under different RH conditions were si-
multaneously recorded. Figure 2 shows the temporal charac-
teristics of both the applied RF voltage and corresponding dis-
charge current under operating conditions (10 kHz pulse repe-
tition frequency, 7% duty cycle, 9.1% RH). The inset displays
waveforms at the pulse plateau, demonstrating characteristics
analogous to those of continuous-wave RF discharges.!?>-3]
For conciseness, the peak amplitude of the measured pulsed
RF voltage is denoted as Vy,p1. The RH dependence of Vipp is
shown in Fig. 3, revealing a strong correlation between mois-
ture content and discharge behavior. Representative discharge
images captured at different RH values are presented in Fig. 4.
Notably, at 3.5% RH, optical emission from the OH band in
the range of 306.0-312.0 nm confirms the presence of water
vapor within the discharge box (see Fig. 5).
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Fig. 2. Pulsed RF applied voltage and discharge current at the pulse
repetition frequency of 10 kHz, duty cycle of 7% and RH of 9.1%. In-
set shows the voltage (red trace) and current (blue trace) waveforms for
the pulse plateau section.
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Fig. 3. Amplitude of pulsed RF voltage applied to the electrode as a
function of RH. Voltage amplitude is taken at the plateau of the RF
pulse. X-axis shows RH in decreasing order to highlight the trend un-
der declining humidity conditions.

As the RH decreases, the most noticeable change in Fig. 4
is the progressive transition of discharge coloration from pink
through pale pink to white. Significantly, even after achiev-
ing full white emission (see Fig. 4(f)), persistent water vapor
recycling within the discharge box is confirmed by OH emis-
sion spectroscopy (see Fig. 5). Concurrently, both the num-
ber of patterns and surface discharge lengths exhibit strong
RH dependence between 9.1% and 4.2% RH. Within this
range, the pattern count decreases sharply while surface dis-
charge lengths increase substantially, despite maintaining con-
stant discharge power (70 W). Below 4.2% RH (Figs. 4(e)-
4(1)), both parameters show gradual evolution, with the pat-
tern count ultimately stabilizing at a minimum of six patterns
at 2.9% RH (Fig. 4(i)).

More critically, the structural transformations of patterns
demonstrate higher sensitivity to RH variations compared to
chromatic evolution and surface discharge length. At the mea-
sured highest RH of 9.1% (see Fig. 4(a)), each pattern con-
sists of a central filament and two surface discharges dif-
fused along the dielectric surface. The regions between the
surface discharges are dark spaces without gas breakdown.
This structure is usually easier to observe in low-frequency
DBDs. 720211 When the RH decreases to 6.1%, faint yet uni-
form side glow discharges emerge between the surface dis-
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charges of patterns in the central electrode region. At 4.8%
RH, these side glows first become inhomogeneities, with the
strongest regions evolving into filaments. In this case, a sin-
gle pattern consists of a central filament, side glow discharges
around the central filament and several side filaments at the

boundary.

(p) TS RS S 7s

Fig. 4. Discharge images (a)—(i) recorded at different RH; images (j)—(1)
and (m)—(p) recorded at RH of 3.0% and 2.9%, respectively, but for dif-
ferent times. In images (j)—(1), the side filaments become unstable, but
the central filaments remain motionless; in images (m)—(p), the central
and side filaments began moving.
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Fig. 5. OH optical emission measured at RH of 3.5%.

When the RH was reduced to 3.5%, the side glow dis-
charges intensified while the number of side filaments dimin-
ished. Under these conditions, the structure of the pattern
is consistent with that of a 9.0 MHz discharge at different
powers (see Fig. 6 in Ref. [35]). Subsequent RH reduction
(below 3.5%) yields no further structural reorganization of
patterns. Notably, at 3.0% RH the side filaments exhibited
slight positional displacement under constant power condi-
tions, while the central filament maintained remarkable stabil-
ity (see Figs. 4(j)—4(1)). Compared with the discharge image
with a RH of 3.0%, when the RH is reduced to 2.9%, although
the structure of the pattern does not change significantly, the
pattern undergoes random motion as the relative positions of
the side filament discharges change, and the discharge image
is shown in Figs. 4(m)—4(p).

The influence of water vapor on pulsed RF discharge orig-
inates from its characteristics as an electronegative molecular
gas. The introduction of water vapor primarily increases both
the breakdown and maintenance voltages through enhanced
dissociation and electron attachment processes. However, nu-
merical simulations have revealed a non-monotonic relation-
ship between breakdown voltage and water vapor concentra-
tion in gas mixtures.?®! The breakdown voltage initially de-
creases with increasing water vapor content at low concen-
trations, then rises in higher concentration regimes. Figure 3
shows the relationship between maintenance voltage and RH.
However, their dependence is consistent with that of the break-
down voltage on the RH stated above, possibly implying that
the breakdown voltage in our pulsed RF discharges also varies
monotonically with the water vapor. When the water vapor
content is extremely high, the attachment of electrons to water
molecules is enhanced, leading to the discharge ignition at a
higher voltage. Meanwhile, the discharge maintenance volt-
age decreases with reducing water vapor content. However,
when the water vapor content is lower than a certain value,
the increase in water content instead promotes the enhance-
ment of water-related reactions (such as Penning ionization
reaction, charge transfer reaction, etc),mj resulting in the de-
crease in both breakdown voltage and sustaining voltage with
the increase in water vapor.

The structural evolution of patterns is governed by mod-
ifications in the side discharge characteristics. A reduction
in RH from 9.1% to 3.0% produces pattern structural evolu-
tion comparable to that observed when increasing the driving
frequency from 3.0 MHz to 9.0 MHz (see Figs. 3, 5 and 6
in Ref. [35]). This analogy extends to the RH-dependent de-
crease in maintenance voltage, which parallels the frequency-
dependent voltage reduction documented in prior work (see
Fig. 8 in Ref. [35]). The generation of side discharges re-
quires applied voltages exceeding a critical threshold during
the same half-cycles, as supported by both experimental and
numerical results.!”**! In pulsed RF DBDs, side discharges
cannot occur during all RF half-cycles, but rather during one
of the half-RF cycles when the RF voltage amplitude exceeds
a critical value.3>! At 9.1% RH, the RF pulse plateau voltage
remains below the side discharge ignition threshold, and there-
fore no side discharges are generated. When the RH decreases
to 6.1%, the concomitant reduction in V,pp; is offset by a more
substantial decrease in breakdown voltage, enabling adjacent
RF half-cycle voltages near the pulse plateau to attain the side
discharge threshold. With further RH reduction, the continu-
ing decline in RF breakdown and maintenance voltages causes
side discharges to transition from diffuse glow to filamentary
structures. As discussed above, the reduction in breakdown
and maintenance voltages, as well as the generation and evo-
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lution of side discharges at this stage, are fundamentally at-
tributed to the weakened electron—water molecule attachment
effect caused by the decreasing RH. Notably, at constant V1,
the absorbed power of patterns within identical electrode re-
gions exhibits variations arising from nonuniform distributions
of discharge parameters including gas flow, thermal gradients
and dielectric surface conditions. These inhomogeneities are
manifested as small differences in the structure of the pattern
within different electrode regions in the same discharge image.

3.2. Motion of self-organized pattern

At9.1% RH, self-organized patterns maintain stable mor-
phology without side discharges. When the RH decreases to
6.1%, faint glow mode side discharges emerge but exert negli-
gible influence on central filaments, thereby preserving pattern
stability across the electrode regions. As the RH is further re-
duced from 6.1% to 3.0%, the side filaments shrink from glow
to filaments, but the intensity of the side filaments is still very
weak, thus maintaining the stability of the pattern. A gradual
reduction in RH from 3.0% to 2.9% over 100 min resulted in
progressive power attenuation of edge-located patterns due to
gas cooling effects, ultimately leading to the extinction of the
weakest pattern. Under constant RF power, surviving patterns
demonstrate increased power density following pattern num-
ber reduction, and the side filaments are enhanced. Notably,
spatial or intensity variations in side filaments modulate their
electrostatic coupling with the central filament, inducing lat-
eral displacement of the single pattern. This instability triggers
collective stochastic motion through nearest-neighbor interac-
tions. To confirm this speculative conclusion, the stability of a
single pattern was further investigated.

Figure 6 shows the discharge image of a single pattern
under varying RF power at 2.9% RH and 9.0 MHz driving
frequency. The annotated power levels represent critical op-
erational thresholds. Figure 6(a) corresponds to the mini-
mum sustaining power threshold, below which immediate dis-
charge extinction occurs. Conversely, Fig. 6(d) indicates the
maximum pattern-stable power, beyond which a new pattern
will be generated. As the power increases, the pattern struc-
ture changes. The side discharge has a uniform glow at low
power (Fig. 6(a)), which evolves into non-uniform discharge
at medium power (Fig. 6(b)), and unstable filaments at high
power (Figs. 6(c) and 6(d)). To quantify RF power effects
on side discharge intensity, the radial distribution of the gray
value of the pattern in Figs. 6(a)-6(c) is calculated, and the
results are shown in Fig. 7. The axial positions are referenced
to the midpoint between surface discharges (see the position
shown by the red dotted line in Fig. 6(a)). Figure 7 shows that
increasing the applied power enhances the side discharge in-
tensity while diminishing the spatial symmetry. In Figs. 6(a)-

6(c), the position of the central filament remains almost un-
changed, indicating that the pattern is in a quasi-stable state.
This quasi-stability ceases and the entire pattern moves ran-
domly with the further increase in power (see Figs. 6(d) and
6(e)). The spatial instability is further demonstrated in the im-
ages in Figs. 6(f)—6(j) recorded at different times but at the
same power (48 W). In Figs. 6(f)-6(j), those filaments at the
two sides of the center filament are not always symmetric with

respect to the center (see Fig. 6(h)).

46w (@

3 -

Fig. 6. The 9.0 MHz discharge images of single pattern under different
powers ((a)—(e)), and the same power at different times ((f)—(j)), with
a RH of 2.9%. Power in images (f)—(j) is constant at 48 W. All power
readings in this figure are from the built-in amplifier’s digital meter. All
images were captured in single shooting mode. Times in images (g)—(j)
are referenced to that in image (f).
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Fig. 7. Radial profiles of gray values of single pattern at different pow-
ers. Profiles for 45 W, 46 W and 47 W are calculated from the images
in (a)—(c) in Fig. 6. Position of the gray value in the axial calculation
is the center of the discharge of the two surfaces of the pattern, and the
width is 3 pixels, as shown by the red dotted line in Fig. 6(a).

The preferential reignition mechanism at new spatial
locations provides the most plausible explanation for pat-
tern motion in low-frequency DBDs.[*!*?l This framework
successfully accounts for both vibrating and traveling mo-
While the vi-

brating motion physical mechanism is well characterized in

tion induced by asymmetric filament pairs.

Ref. [42], its traveling motion counterpart remains less rigor-
ously defined.*!! For the traveling paired filaments that are
more closely spaced, the ignition of the weaker filament is
more delayed due to the stronger suppression of the electric
field of the inverted surface charge deposited by the more in-
tensive filament ignited earlier. Consequently, the weak fil-
ament has less time (the breakdown voltage is closer to the
maximum of the external applied voltage) to grow before its
extinction. As a result, the weaker filament is always weak,
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and vice versa. In this case, the interaction between the elec-
tric fields of the surface discharge from the two paired fila-
ments always leads to a new reignition in the front of the weak
filament and thus the traveling pair.[4?]

As described in Section 1, Stollenwerk et al. attributed
their observed filament motion at high RH to the preferential
reignition due to the concentration gradient of water vapor. >3]
However, our observations of pattern motion at low RH con-
tradict this proposed mechanism. In pulsed RF discharges,
the pattern with the strongest discharge consists of a central
filament and several asymmetric side filaments. On the one
hand, the pulsed RF pattern resembles low-frequency travel-
ing paired filaments, because the central filament is always
stronger than the side filaments surrounding it. On the other
hand, the side filaments are located on both sides of the central
filament. Crucially, however, side filaments exhibit intrinsic
asymmetry governed by localized parameters (e.g., gas gap,
surface secondary electron emission coefficients, water vapor
concentration). Thus, the resultant motion is directed to the
location of the weaker side filament. Furthermore, the varying
local conditions can also reverse the location of the weaker
side filament in a pattern with respect to the central filament,
leading to an unpredictably irregular motion. If the side fil-
aments achieve transient quasi-symmetry over a time interval
with respect to the central filament, the pattern remains quasi-
static (see Fig. 6(h)). Nevertheless, when the transient quasi-
symmetry is destroyed, the pattern again starts to move.

4. Conclusion

In summary, water vapor serves as a critical control pa-
rameter governing both structural evolution and stability of
self-organized patterns in atmospheric-pressure pulsed RF ar-
gon DBDs. Our systematic investigation reveals three dis-
tinct operational regimes: (1) at high RH (RH > 9.1%), pat-
terns maintain complete stability without side discharge for-
mation; (2) at moderate RH (6.1%—4.8%), uniform glow mode
side discharges emerge without compromising pattern stabil-
ity; (3) below 4.8% RH, side discharges spatially contract from
uniform glow to inhomogeneous filamentary structures. The
reduction in RH attenuates the electron—water molecule at-
tachment effect, leading to a reduction in the RF breakdown
(or maintenance) voltage. Meanwhile, the threshold voltage
for igniting side discharges also decreases, which is the fun-
damental cause of the pattern structure changes. At critically
low RH (2.9%), the strongest single pattern undergoes sponta-
neous motion driven by asymmetric distributions of side fila-
ments, subsequently inducing collective motion across neigh-
boring patterns. The instability originates from the shift of
the re-ignition position caused by electrostatic interactions be-
tween the center and side filaments. These findings establish

water vapor as a pivotal control parameter for tuning pattern
structure or stability, providing actionable insights for opti-
mizing pulsed RF DBDs in applications requiring controlled
self-organized patterns.
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