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Abstract. Microfilaments of dielectric barrier discharge are known for their multiple re-appearance at the
same spot on dielectrics. This effect of localized re-appearance is driven by residual excited species and
ions, surface charge deposited on the dielectric and the local temperature build-up resulting in the local
increase of reduced electric field E/AN. To assess the magnitude of the latter, the breakdown voltage vs.
temperature up to 180 °C was carefully measured at coplanar DBD and used as an input into the numerical
simulation of heat build-up by the train of discharge pulses. An average reduction of breakdown voltage was
found to be 20 V/K. The model predicted a quasi-stable microfilament temperature into which the thermal
build-up rapidly converges. Its magnitude agreed well with the reported rotational temperature of similar
electrode configuration. The impact of quasi-stable temperature on microfilament formation dynamics is

further discussed.

1 Introduction

Spatial stabilization, i.e. localized re-appearance, of dielec-
tric barrier discharge (DBD) microfilaments represents an
inherent and technologically unwelcomed phenomenon re-
sponsible for non-uniform plasma treatment leading even-
tually to material pinholing. In connection to the problem
of material pinholing it is important to realize that the
energy released by a single occurrence of DBD microdis-
charge is quite small (in air: 0.1 nC ~ 107¢ J). Taking
into account the heat capacity of typical polymer materi-
als, microdischarge must repeatedly strike the same spot
on material for considerable number of times (102—103%), in
order to cause some detectable thermal damage. Therefore
any reduction in the number of localized re-appearance
would have positive effect on the output of DBD treat-
ment of heat sensitive materials or on better macroscopic
uniformity of treated surface.

The physics behind the localized re-occurrence of vol-
ume DBD microfilament in air was thoroughly analyzed
in works of Akishev et al. [1-3]. They concluded that the
spatial “memory” of microdischarges originates from a
local reduction of inception voltage caused by the com-
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bination of two effects: slow recombination of plasma
species created within the microdischarge channel (micro-
filament) and the surface charge left by microdischarge
on the dielectric barrier. The former effect is consis-
tent with our common laboratory experience that the
increase of driving frequency (i.e. shortening the time
lag between two consequent micro-breakdowns) makes
the spatial stabilization more pronounced. Latter effect
is claimed to be responsible only for the time jitter of
micro-breakdown and its magnitude. This was a novel
insight into the process, which slightly contradicted the
so far generally accepted opinion that the surface mem-
ory charge played a primary role in microdischarge spatial
stabilization [4,5].

Spatial stabilization of DBD microfilaments occurs
also in DBD with coplanar geometry electrodes. One of
the authors’ (Cech) recent time-correlated visual and elec-
trical measurements of coplanar DBD microfilaments re-
vealed that the number of detected current pulses ex-
ceeded the number of observed microfilaments [6]. The
difference rose for wider inter-electrode gaps. A natu-
ral explanation is the presence of multiple breakdowns
within the same microdischarge channel. Multiple break-
downs, however, cannot be caused by surface charge, since
it is reducing the instantaneous local electric field. It
must be related to effect of volume residuals from de-
cayed plasma channel, namely to either of: (1) enhanced
number of seed electrons arising e.g. from negative ion
electron detachment, Penning ionization etc.; (2) increase
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of first ionization coefficient o due to local rise of temper-
ature, which provides local growth of reduced electric field
E/AN [7]. Owing to the slow rate of radial diffusion losses
with respect to the typical DBD frequencies, both contri-
butions of (1) and (2) display a substantial cumulative
effect. Hence the multiple breakdowns are an inevitable
consequence of localized re-appearance and provide fur-
ther positive feedback to its spatial stabilization. At the
same time, the very existence of multiple breakdowns pro-
vide a valuable information on the relative importance of
acting forces — local enhancement of gas ionization due to
cumulative effects is greater than the electric field reduc-
tion from deposited surface charge.

Our work presented in this article is focused on eval-
uating the actual effect of local temperature increase
on microfilament stabilization. An interesting feature of
the temperature increase has practically no dependence
on chemical kinetics involved within the microfilament.
Therefore it can provide information on the fundamental
minimum of stationary appearance of filamentary DBD
regime. Thermally induced reduction of E/N was stud-
ied mainly in the connection with repetitive nanosecond
pulsed sparks [8,9], or sparks in general [10]. While simi-
lar in their timescale and repetition rate, pulsed sparks are
distinct from DBD microdischarges by their considerably
higher amount of energy being released. Akishev et al. [3]
implemented ohmic heating and diffusive losses to their
numerical model of DBD microdischarge to account for
some temperature changes. But their impact on local re-
duction of E/N was not discussed there. With respect
to the DBD formation dynamics it is important to real-
ize, that even 1% of local breakdown voltage reduction
(i.e. ~100 V in air) makes a significant time advantage
over adjacent locations. At the time of electrode polar-
ity reversal, where the breakdown of continuously pow-
ered DBD typically occurs, this represents up to 100 ns
head start on adjacent microdischarge. Formation of those
would be consequently hampered by already deposited
surface charge of the favoured microdischarge, whose life-
time in air is only in the order of tens of nanoseconds.
Therefore, the knowledge of actual reduction of E/N by
a single DBD microdischarge is an important prerequisite
for any further analysis.

Simulations of microdischarge formation in different
DBD geometries presented in reference [11] had shown
that maximum energy is released near the vicinity of elec-
trodes — at cathode layer for volume DBD, or at both
cathode and anode layer for coplanar DBD. Since the
thermal conductivity of common DBD dielectrics is ~103
greater than the conductivity of gases, a close proximity of
dielectrics to the microdischarge channel (microfilament)
may provide more rapid heat dissipation and suppress the
effect of localized re-appearance. This is true especially for
coplanar DBD (or surface DBD in general) where micro-
filaments are formed along the dielectric surface. There-
fore, the knowledge of actual role of dielectric bound-
ary played in local temperature build-up is important
as well.

Our paper presents a simple yet straightforward ap-
proach to assess the contribution of local rise of tem-
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Fig. 1. Schematic cross-cut view of discharge reactor set-up.
For the sake of clarity HV feedthroughs and pot lid are omitted
from the illustration.

perature of localized re-appearance in air coplanar DBD.
High speed camera was used to measure average residence
time of spatially stabilized microdischarges. To evaluate
the impact of local temperature rise on E/N reduction we
measured thermal dependence of breakdown voltage. By
doing so, we were able to evade the contribution of resid-
ual plasma species and got direct experimental data on the
effect. Finally we made a COMSOL numerical model for
residual heat buildup which employed our measured de-
pendence. The model was used to get better insight into
the role played by nearby dielectric wall, and allow sim-
ple implementation of Navier-Stokes equations into the
model.

2 Experimental

Coplanar DBD with two concentric circular electrodes was
used (Fig. 1). Azimuthal symmetry of discharge electrodes
pair eliminated the effect of stray electric field. At the
same time, planar geometry of electrodes provided a uni-
form temperature field across the discharge region; and an
unobstructed view for high-speed camera imaging. Mea-
surements were done on 0.635 mm thick AIN (ALUNIT —
CeramTec AG) and 96% Al;O3 (Elceram a.s.) dielectric
plates at driving frequency of 40 kHz in atmospheric pres-
sure air. Relative humidity of air was 30—40% during the
meassurements. Therefore the surface of both ceramic ma-
terials contained adsorbed water vapor. The diameter of
inner circular electrode was 20 mm; inter-electrode gap
was 2 mm; outer diameter was 37 mm. Using the hollow
metallic cylinder the powered side of coplanar electrode
was immersed into insulating oil heat bath (Dow Corning
561 Silicone Transformer Liquid), with the temperature
adjustable up to 180 °C by induction cooker Hendi 3500D.
Opposite (i.e. discharge) side of electrode was exposed to
still ambient air. The temperature of dielectric surface was
measured by infrared thermometer OPTCSLT10K (Optris
GmbH). Amplitude of feed voltage corresponding to the
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Fig. 2. High-speed camera images for 40 kHz air coplanar dis-
charge on AloO3 with concentric circular electrodes. Individual
exposure times were 4 us, 200 us, 2 ms and 1/10 s.

breakdown event was measured by a pair of Tektronix
P6015A HV probes attached to Tektronix TDS2024B os-
cilloscope. In-house built HV generator was modified to
allow fine tuning of HV amplitude at fixed frequency.
Measurement was done by slow rise of applied voltage at
constant rate until the gas breakdown occurred. The mo-
ment of breakdown event was detected by triggering os-
cilloscope with the first discharge current pulse, detected
by Pearson 2877 current monitor equipped with capacitive
current compensation tool [12] made from and COMET
HV vacuum variable capacitor (5—250 pF). After detect-
ing the breakdown event, discharge was turned off and
left for 1 min to recover its dielectric surface into initial
state. To prevent any hysteresis effect measurements were
performed at both temperature rise and temperature fall
cycles. Thermal dependence of reactor capacitance was
measured by LCR meter HM 8018 (HAMEG Instruments
GmbH) at measuring frequency of 25 kHz. The Princeton
Instruments PI-MAX 1024RB-25-FG-43 intensified CCD
camera (ICCD) equipped with 50 mm, /2.8 UV lens, and
CASIO Exilim F1 digital camera (for high-speed movie
recording) were used to detect average residence time of
microdischarge channel at the same location.

3 Results

Figure 2 presents visual appearance of discharge at gradu-
ally increased exposure times to verify the presence of lo-
calized re-appearance in our coplanar arrangement. Owing
to its geometrical symmetry discharge took form of multi-
ple (35 £ 2) rather equidistant microfilaments. The max-
imum number of microfilaments was the same for both
tested dielectric materials and was not affected by an
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Fig. 3. Temperature dependence of AIN breakdown voltage.

increase of applied voltage. Extending camera exposure
time over a number of discharge periods allowed docu-
menting a sub-milliseconds discharge patterning. Position
of microfilaments remained stable for 40—60 consecutive
half-periods (i.e. 0.5—0.8 ms). Afterwards microfilaments
had shifted sideways which resulted in the broadening of
their trace on the photograph. Recorded high-speed cam-
era movies revealed that the whole ensemble of microfila-
ments rotated in a fairly regular manner along the cir-
cumference of discharge electrode. At longer time-scale
(above 200 ms), the patterning became blurred on ac-
count of irregularly appearing novel microfilaments within
the former inter-filamentary spaces; leading to formation
of macroscopically uniform appearance to the naked eye.
With respect to the work of reference [2] it is interesting
to notice that microfilaments of volume DBD operated
at similar conditions (1.2 mm gap; 100 kHz) required as
many as 300 consecutive halfperiods to offset their posi-
tion. An explanation for smaller microfilaments mobility
in reference [2] can be: two and half times higher driving
frequency comparing to our set-up, which shortened the
cooling time between two consequent micro-breakdowns,
and the less effective heat dissipation by a dielectric com-
paring to the coplanar DBD. Both options points out to
the importance of heat dissipation.

Figures 3 and 4 show temperature dependence of
breakdown voltage for AIN and Al;O3 respectively. Both
materials exhibited expected breakdown voltage decline
with increasing temperature. In case of aluminum ni-
tride AIN the decline was linear with the rate of (17 +
0.3) V/K. Alumina ceramics (96% Al;O3) possessed more
complex temperature dependence. Up to 80 °C a strong
(almost 30%) reduction of breakdown voltage was present.
It was followed by plateau region between 80—130 °C and
further breakdown voltage reduction at slower pace com-
pared to the initial one. We have found, by testing sev-
eral specimen of Al,O3 ceramics, that the deviation from
linear dependency was a natural material characteristic
of our alumina plates. The initial (20—50 °C) and final
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Fig. 4. Temperature dependence of 96% Al,Os breakdown
voltage.

(130—180 °C) rates of AloO3 breakdown voltage reduction
rate were found to be (34 £3) V/K and (13.6 £0.1) V/K
respectively.

Parasitic effects that might be interfering with our
measurements were: electrode geometry changes due to
thermal expansion; and changes in dielectric permittiv-
ity of involved materials. Manufacturer specified coeffi-
cients of thermal expansion are positive and similar for
both types of ceramics: 5—7 x 107% K~!. For temperature
change of 150 °C this gives maximum linear expansion of
only 0.1% (i.e. 2 pm for our 2 mm gap width). More im-
portantly, the change would have been occurring in the di-
rection which should cause a growth of breakdown voltage,
unobserved in our measurements. A possibility of thermal
expansion evoking the reduction of breakdown voltage was
therefore rejected. Relative permittivity of 96% AloO3 and
AIN is known to rise with temperature [13,14]. In copla-
nar DBD the rise of dielectric permittivity causes local
increase of surface electric field strength by refracting its
field lines closer to the dielectric surface. This would re-
duce voltage needed to sustain gas breakdown. Although
the rise of dielectric permittivity was expected to be neg-
ligible within our temperature range, for the sake of ar-
gument we have measured the temperature dependence of
reactor capacitance, which is directly proportional to the
system dielectric permittivity. As can be seen from insets
to Figures 3 and 4, contrary to our expectation the reactor
capacitance had been decreasing when temperature grew.
We could therefore reject also the possibility of breakdown
voltage being reduced by the rise of ceramics plate permit-
tivity. Our further analysis revealed that the decrease of
capacitance was due to lowering the permittivity of insu-
lating oil. In contrast to solid dielectrics, the permittivity
of insulation oil decreases with rising temperature [15].
However, it follows from the distribution of electric field
that the change in oil permittivity does not affect elec-
tric field at the opposite side of our discharge dielectric
plate.
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4 Discussion

Although we found that breakdown voltage reductions are
material specific, the reduction coefficient had similar av-
erage value of k &~ 20 V/K, which was in a good agreement
with the following theoretical estimation. At some given
value of breakdown reduced electric field Ey,/N = EkT/p,
a small rise of temperature AT lowers the actual break-
down electric field strength E, by AE, which obeys:

AEy AT

E, T

The relation states that for 1 K rise at 300 K we should
expect 0.3% smaller electric field strength to initiate a
self-sustained discharge. The relative drop in the break-
down electric field strength can be expressed via the rel-
ative drop of applied voltage U as follows. The maxi-
mum of electric field between two conductive plates can be
written as:

E=Qa,

where @ is total electric charge on conductive plates
and « is some geometric factor depending only on suit-
ably chosen spatial coordinates and physical units [16].
This formula comes e.g. from applying Gauss’s law to
the nearest neighbourhood of conductive plates, where
the maximum of F is expected. Employing differentiation
chain rule to this formula we can express the change of
maximum electric field made by small change of applied
voltage U as:

dE  dEdQ

= dagav ~ ¢

where C' states for the system capacitance. By combining
both above equations, geometric factor « can be cancelled
out and we obtain:

dE  oaCdU  dU

E  Qa U’
We can see that relative change of electric field strength
in the vicinity of electrodes is proportional to the relative
change of applied voltage. If we assume that the relative
change of local electric field strength is non-sensitive to its
actual spatial coordinate, the above expression would hold
also for the breakdown field Ej, which is located further
away from the electrode of our geometry. Then we can
obtain following final formula for the drop of breakdown
voltage:

dUy _AE, AT

v, = B, T

After substitution we can see that relative reductions on
breakdown voltage for 1 K rise at 300 K, i.e. 17 V/9kV =
0.2% for AIN; 34 V/11.5 kV = 0.3% for Al,Og, are in good
agreement with predicted ratio of 1 K/300 K = 0.3%.
Gas expansion time evaluated as the ratio of the
channel radius to the sound velocity was 7 = 600 ns,
therefore we might safely exclude shock waves from our
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considerations, and assume, that at 40 kHz driving fre-
quency the microdischarge of the subsequent half-period
would be affected only by a local reduction of gas density
due to the temperature rise. Application of calorimetry
formula to the volume of our microfilament (L = 2 mm;
2R = 0.2 mm) being ohmically heated by 9 x 1076 J of
single current pulse, resulted in an estimated increase of
microfilament average temperature by AT ~ 100 K. Such
value was consistent e.g. with earlier estimation of refer-
ence [17], where AT < 40—100 K had been stated. How-
ever, for the train of re-occurring microfilaments this tem-
perature increment should gradually slow down. Firstly
there will be an enhanced heat flux due to the growth
of temperature gradient. Secondly the drop of breakdown
voltage U, would inevitably cause also some drop in dissi-
pated electric power, which is proportional to the square
of Ub.

Using the COMSOL simulation software we made a
numerical calculation of such train of reoccurring micro-
filaments, to take an account for the rate at which mi-
crofilaments’ channel temperature converges to its final
temperature, and to assess its actual magnitude. A mi-
crofilament was modelled as an air column (L = 2 mm,
2R = 0.2 mm) located in a free space, at initial tem-
perature of 300 K, periodically heated by 10 ns pulses
at 2 x 40 kHz repetition rate. The heat source was mod-
elled to have a Gaussian profile with ¢ = 0.05 mm, which
corresponded to 95% of heating power being dissipated
within the microfilament’s 0.2 mm diameter. Energy per
pulse was calculated from known breakdown voltage at
average temperature of microfilament’s channel and from
the electrode capacitance per single microfilament. For
higher temperatures the breakdown voltage was extrapo-
lated from our measured linear dependency of U vs. T for
AIN (ie. K = 17 V/K). Simulation was made for AIN
only since it possessed more simple thermal dependence
of breakdown voltage.

Figure 5 shows the saw-like pattern of average tem-
perature growth. Initial burst of temperature by the in-
stant 10 ns release of heating is followed by gradual de-
cline due to the thermal dissipation. One can clearly see
that in approximately 20 repetition cycles the microfila-
ment reached a quasi-stable temperature of approximately
500—550 K. This value is in good agreement with the
peak rotational temperature of 600 + 20 K, determined
from second positive system of nitrogen for microfilament
at equivalent geometry of coplanar DBD [18]. At atmo-
spheric pressure Tyt is considered to be an appropriate
estimation of neutral gas temperature [19]. The simula-
tion allowed us to evaluate the effect of convective heat
transfer by its comparison with purely conductive heat
transfer model. Gas convection allowed faster transfer of
heated gas from the centre of microfilament to its borders,
which contributed to the higher average temperature of
microfilament channel. Obtained difference in the range
of 10 K was not significant however.

The rise of temperature to 550 K represents local re-
duction of breakdown voltage almost to the half of its
initial room temperature value. In such a way the residual
heat built-up alone is capable of spatially stabilizing the
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Fig. 5. Simulation of average temperature inside microfil-
ament’s column volume, built by the train of re-occurring
localized breakdowns.

microfilament. However, whether the sole “heat” scenario
could be carried out is determined by actual performance
of the first few of microdischarges. As it can be seen from
the modelled data in Figure 5, first microfilament deliv-
ered more than 50 K of average local temperature increase
to its subsequent follower. This corresponds to almost 10%
reduction of local breakdown voltage. Referring to our
analysis in the Introduction section, even a lesser relative
reduction represents a substantial comparative advantage
over the adjacent microdischarges, when their extremely
short lifetime is taken into account. Unfortunately there
is a lack of experimental data, chiefly due to the detec-
tion limits of currently available spectroscopic techniques,
which could directly confirm our predicted step-wise tem-
perature additions at this magnitude and time scale. With
this respect, the most straightforward experiments would
in our opinion involve some adaptation of laser schlieren
deflectometry [20].

Paradoxically, spatial stabilization leading through
the thermal build-up to the formation of quasi-stable
temperature of microfilament is responsible also for its
observed lateral drift. Figure 6 shows temporal develop-
ment of radial temperature profile of re-occurring localized
microfilaments. Quasi-stable temperature is first reached
at the centre of microfilament, from where it spreads ra-
dially according to the heat transfer constants of working
gas. When the quasi-stable temperature is reached (i.e. in
approximately 20 repetition cycles), the half-width of vol-
ume occupied by heated gas is almost twice of the initial
microfilament. Therefore, owing to the stochastic nature
of discharge formation, the probability of discharge ap-
pearance at slightly offset position to its predecessor is
increased as well; and continues to rise with further ra-
dial spreading of residual heat build-up. At this point it
is appropriate to notice, that the used thermal diffusivity
coefficient is similar in magnitude to the mass diffusivity
of molecules involved (10~° m?/s). Therefore the mod-
elled radial expansion of thermal profile corresponds also
to the radial expansion of plasma formed active species;
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providing that there is some quasi-stable concentration
reached over several tens of initial repetition cycles. In
that case the probability of lateral drift would be further
enhanced by the growth of volume with a uniformly en-
hanced production of seed electrons.

As a final point we have attempted to evaluate the role
of dielectric plate (with its 10% higher thermal conductiv-
ity comparing to any gas) in the model of coplanar DBD
geometry. Free space environment of our volume DBD
model was replaced by infinite wall of AIN, placed at nor-
mal distance of 0.2 mm from the microfilament’s central
axis. As can be seen in Figure 7, the presence of dielectric
wall introduced a thermal body force acting on the micro-
filament’s channel in the normal direction away from the
wall; causing a gas flow at velocities of 0.3 m/s. The body
force originated from the temperature asymmetry in the
normal direction as shown in Figure 8a. Highly conductive
wall provided an effective cooling of its adjacent region.
Thus the region of higher temperature (hence lower gas
density) can move only away from the wall, creating the
pressure difference in this direction. Figure 8a also shows
that the position of peak temperature drifted in normal
direction as well, which in real situation would mean its
drift to the space of lower electric field. Our COMSOL nu-
merical model however did not take into account this ef-
fect. In the direction parallel to the wall (lateral direction)
the temperature profile remained symmetric (Fig. 8b), al-
though its lateral spreading slightly lagged behind the
spreading of free microfilament of Figure 6. As can be
seen from Figure 5, heat dissipation of wall reduced also
the absolute value of quasi-stable temperature to which
the microfilaments train approaches by some 100 K. Nev-
ertheless, the pace at which this quasi-equilibrium was
established remained unaffected.

It can be concluded that the model pointed out the
necessity of introducing a hydrodynamic aspect into con-
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sideration when analyzing the stability of coplanar DBD
or surface DBD in general. Although the general dynam-
ics of process leading to eventual quasi-stable temperature
is similar, coplanar microfilament is inherently less sta-
ble due to the asymmetric nature of acting thermal body
force.

5 Conclusion

Our experiments confirmed a theoretically predicted tem-
perature reduction of DBD breakdown voltage, being in
the order of 20 V/K. Due to the insufficient rate of heat
dissipation between two consecutive half-periods, lower
gas density in the residual heat trace is sufficient to pro-
mote local breakdown at lower applied voltage. The ef-
fect appears to be significant even for the first breakdown
pulse; therefore microfilament can be spatially stabilized
by the residual heat buildup alone. At the same time, there
is a quasi-stable temperature to which the microfilament
channel temperature rapidly converges. Its modelled am-
plitude agrees well with formerly determined rotational
temperature of coplanar DBD microfilaments. The exis-
tence of quasi-stable temperature offers a natural explana-
tion for the observed lateral drift of DBD microfilaments.
As the channel of favoured breakdown condition is growing
in diameter the breakdown probability is equalized within
its interior. Our results imply that quasi-stable tempera-
ture should be taken as a more adequate background gas
temperature when modelling chemical processes within
the microfilament’s channel. The proximity of dielectric
wall to microfilament’s channel affects the symmetry of its
temperature profile, giving rise to the thermal body force.
It provides a natural explanation for known lower spatial
stability of coplanar DBD microfilaments in comparison
to microfilaments of volume DBD.
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