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H I G H L I G H T S

• Plasma-Enhanced Packed Bed Reactor was studied experimentally and via 2-D modeling.

• Impacts of voltage amplitude and polarity were studied.

• 2D model was qualitatively validated through multiple-axis experimental diagnostics.

• At least three discharge types were found to exist at various applied voltages.

• Each discharge type led to different plasma properties, which impact selectivity.
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A B S T R A C T

Plasma enhanced packed bed reactors (PE-PBRs) intrinsically have complex geometries which makes it difficult
to apply conventional scaling laws. For example, controlling the manner of discharge propagation between the
micro-discharges (MDs) that occur between dielectrics in PE-PBRs and surface ionization waves (SIWs) that
propagate along the dielectrics would aid in selectivity during plasma catalysis. An important parameter in that
optimization is the pulse power format. In this work, we investigated the role of applied voltage amplitude and
polarity on time resolved dynamics in an atmospheric pressure dielectric barrier discharge (DBD) operating in
helium having surface topology resembling PE-PBRs using phase and space resolved optical emission spectro-
scopy (PROES). To enable systematic studies, the DBD uses an array of dielectric semi-spheres imaged through a
top transparent electrode and imaged between the two electrodes from the side. The results were compared with
2-dimensional modeling. We identified three discharge mechanisms: filamentary micro-discharges (F-MDs) in
the volume (the space between the surface of the dielectrics and the counter electrode), surface micro-discharges
(S-MDs) between the dielectric semi-spheres near their contact points, and SIWs over the curved or flat dielectric
surfaces. At the lowest voltages, only F-MDs are generated, once in each half cycle. At intermediate voltages,
SIWs also appear which transform into S-MDs at the contact points. When voltage is further increased, several
additional pulses are observed, which generate S-MDs at the contact points or a combination F-MDs and S-MDs.
The voltage amplitude determines the frequency of these pulses. Modeling results show variations in plasma
density and electron temperature for each of the three mechanisms which, in turn, impact production of reactive
species.

1. Introduction

Plasma enhanced packed bed reactors (PE-PBRs) are being in-
vestigated for several applications including gaseous pollution control
and hydrocarbon gas conversion [1–6]. In its basic form, a PE-PBR is an
atmospheric pressure plasma in which the discharge propagates

through and over an array of dielectric pellets. Conventional thermally
driven PBRs are used for chemical conversion aided by the catalytic
properties of the dielectric which are often impregnated with metal
catalytic particles [7]. The augmentation of conventional PBRs with
plasma often enhances conversion efficiency and provides better pro-
duct selectivity [7,8]. This synergistic effect may arise from the
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enhanced chemical reactions of the catalyst due to its activation by the
plasma, plasma produced reactant intermediates (e.g., radicals) at
lower operating temperatures and changes in the plasma due to the
presence of the catalytic (dielectric) pellets.

Several studies have addressed the properties of PE-PBRs using
modeling [9–11]. For example, Van Laer and Bogaerts [9,10] used a
two-dimensional (2D) fluid model of a PE-PBR sustained in helium.
They found an enhancement of the electric field and electron tem-
perature near the contact points between dielectric pellets which be-
comes more pronounced with pellets having higher dielectric constant.
They also observed that the discharge mode changes with the applied
potential from Townsend to glow modes.

Experimentally, researchers have investigated the propagation of
plasmas through PE-PBRs using intensified charge-coupled-device
(ICCD) camera imaging, which provides insights into the plasma igni-
tion and sustainment mechanisms; and their dependence on location
(e.g., discharges between pellets or along the surface of pellets). These
investigations have been performed using randomly packed discharge
beds [12–17], a single pellet [14,15,18,19] and an organized packing of
the dielectric structures [11,20]. Using an organized structure [20],
distinct modes of discharge propagation were observed. The discharge
was sustained by surface micro-discharges (S-MDs) at the contact points
of adjacent pellets, filamentary micro-discharges (F-MDs) in the volume
between pellets and surface ionization waves (SIWs) over the surface of
pellets. However, even in the ordered pellet lattices, it is difficult to
quantify the axial location of the discharge at different phases of the
applied voltage and discern the differences resulting from positive and
negative polarities.

The pulse power waveform is one of the most important system
parameters in optimizing a PE-PBR, including applied voltage ampli-
tude, pulse shape and frequency, all of which contribute to the specific
input energy (SIE) [21,22]. In varying the pulse power format, two
discharge propagation mechanisms were identified – S-MDs at the
contact points (referred to as point-to-point [13,14,16] or partial dis-
charges [15,18]) and SIWs (also called “surface streamers” [15,18]).
Wang et al. [17] found that the location of the discharge changes from
the dielectric pellet surface to the contact points when increasing the
dielectric constant of the pellets and applied voltage. Ogata et al.
[13,14,16] found that discharge properties are not only influenced by
the pulse power format but also by the surface properties of the cata-
lyst, such as by the loading of metal nanoparticles or changing the Si/Al
ratio of the pellet. They showed that loading metal nanoparticles on the
surface of the dielectric beads spreads the plasma over a larger surface
area compared to bare zeolites [14]. They also found that silver na-
noparticle-loaded zeolites achieved the highest surface area coverage of
the plasma and highest rate of decomposition of volatile organic com-
pounds (VOCs).

The random arrangement of pellets in many of these investigations
makes it difficult to translate scaling laws to other systems. Although
time-averaged ICCD images provide keen insights to discharge beha-
vior, additional information can be gained using time resolved imaging.
For example, time averaged ICCD image of a dielectric barrier discharge
(DBD) resembling a PE-PBR [20] suggested that the discharge is gen-
erated only at the contact points. For the same system, time and space
resolved imaging showed three different plasma sustaining mechanisms
occurring at different locations and times.

In this work, we expand on previous investigations [22], and report
on the influence of applied voltage amplitude and polarity on three
plasma sustainment mechanisms in a DBD using phase and space-re-
solved spectroscopy (PROES) and computational modeling. The surface
of the DBD has an array of dielectric semi-spheres with the intent of
making measurements in an ordered, optically accessible system that
shares geometrical properties with PE-PBRs. The results show that the
discharge sustainment mechanisms and method of propagation are
sensitive functions of the voltage waveforms. Three discharge propa-
gation mechanisms were observed: filamentary micro-discharges (F-

MDs) in the gap between the dielectric semi-spheres and the top di-
electric, surface micro-discharges (S-MDs) at the contact points of the
semi-spheres, and surface ionization waves (SIWs) over dielectric sur-
faces. At the lowest applied voltage, only F-MDs occurred. With in-
creasing voltage, SIWs appeared in addition to the first mechanism.
With further increase in applied voltage, S-MDs also appear. The se-
quence and intensity of each discharge mechanism are sensitive to the
polarity of the voltage.

The experimental setup and diagnostics used in this study are de-
scribed in Section II, followed by a description of the model in Section
III. Experimental results are described in Section IV and those from the
model are discussed in Section V. Concluding remarks are in Section VI.

2. Description of the experiment

The objective of this work was to understand the role of applied
voltage amplitude and polarity on plasma propagation and plasma-
surface interactions in PE-PBR relevant systems. The conventional PBR
arrangement (i.e., a cylinder randomly filled with spherical dielectric
beads) does not enable sufficient optical access for quantitative ex-
perimental investigation. Therefore, a more accessible quasi-2D geo-
metry has been developed, the patterned DBD (p-DBD), as shown in
Fig. 1. The p-DBD mimics the spherical boundaries between the pellets
in a PE-PBR, and while not a commercially configuration, it allows for
expanded experimental investigation. The reactor is a parallel-plate-like
DBD where one surface consists of a layer of dielectric semi-spheres that
are organized to include both contact points and the empty volumes
between them. This design enables optical access and is scalable in
multiple dimensions. Further details on the p-DBD system are discussed
in Ref. [20].

Briefly, the p-DBD is contained in 100mm diameter, 10 mm high
quartz ring (dielectric constant εr=3.75–3.8) with two tubes for the
gas inlet and outlet. The quartz ring is covered on the top and bottom
with two 1mm thick glass plates. The bottom borosilicate glass plate
includes twelve semi-spherical dome structures having εr=4.6, as
shown in Fig. 1a, set on a grounded electrode. The dome structures are
also made of borosilicate glass and have radii of curvature of 15mm,
spacing of 24mm and height of 6mm. The top glass plate is made of
soda lime glass (εr=7–7.6) coated with ≈220 nm of indium tin oxide
(ITO), a transparent conductor, on its outside surface which serves as
the powered electrode while enabling optical access to the plasma. The
packing material took up 22.5% of the total volume.

A second p-DBD system shown in Fig. 1b is a rectangular quartz
(dielectric constant εr=3.75–3.8) 100mm tube with 1.5mm thick
walls having internal dimensions of 25mm width, 90mm length and a
10mm gap where the plasma is generated. The rectangular quartz tube
is terminated on both ends with quartz rectangular plugs having fittings
for gas inlet and exhaust. The bottom plate (borosilicate glass, εr=4.6)
includes three dome structures having the same dimensions as in the
first apparatus set on a ground plane consisting of copper tape. The
structures accounted for 19.6% of the total reactor volume. The top
powered electrode is also copper tape. This geometry is sufficiently
similar to first that the plasma discharge formation mechanisms are
essentially the same while also allowing for optical observations from
the side. Combining the results from both systems then enables quasi-3-
dimensional perspectives of discharge formation within a p-DBD.

Both configurations of the patterned DBD are simplifications of in-
dustrial scale PE-PBRs. These designs allow for improved optical access
while their geometric simplicity makes them amenable to computations
and model validation. However, these simplifications do have draw-
backs. For instance, due to their random packing, commercial PE-PBRs
have varying degrees of alignment between their dielectric beads and
the applied electric field which impact the properties of the plasma.
Different plasma phenomena may then occur simultaneously in dif-
ferent regions of a full-scale PE-PBR and interact, leading to more sto-
chastic discharge behavior. The results presented here aim to elucidate
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basic plasma formation mechanisms which take place in PE-PBRs re-
gardless of complexity.

Plasma is generated in helium gas (99.999% purity) having a flow
rate of 2 slm (standard liters per minute), using a 10 kHz high voltage
sinusoidal power supply. The plasma was imaged with an Andor ICCD
camera through a 710 nm interference filter with a bandwidth of 10 nm
to isolate the He 706.5 nm (He 33S to 33P) line dominantly populated
by electron impact from the ground state. The threshold energy of He
(33S1) is greater than 21 eV. At atmospheric pressure, the effective life-
time of the emission is sufficiently shortened by collisional de-excita-
tion that emission can be used as a measure of the rate of excitation. For

this level, the excitation is almost all due to electron impact from the
ground state and other mechanisms such as multi-step excitation from
the metastable are small in comparison [23]. As a result, emission from
He(33S1) largely reflects the presence of energetic electrons at that time
or position. The camera is phase synchronized with the power supply
through an external pulse/delay generator and an internal delay gen-
erator to enable phase and space resolved optical emission spectroscopy
(PROES) with 1 µs time resolution. Further details on PROES can be
found in Refs. [24–26]. For the results in Fig. 7, no interference filter
was used with a time integration of 0.1 µs and 0.5 µs steps between
consecutive images.

Fig. 1. Experimental setup with a patterned DBD. (left) Schematic and (right) CCD camera image of the (a) top view and (b) side view.

Fig. 2. Computational geometry. a) Schematic of the
reactor having a height of 10mm, width of 76mm
and a depth of 5 mm. Both electrodes are covered by
a layer of dielectric 0.2 mm thick. b) Computational
mesh. c) Electric field contours resulting from an
applied voltage of 6 kV. The peak electric fields occur
between the top dielectric layer and the apexes of the
dielectric domes. d) Electric field streamlines along
the surface of the dome and relative reduced capa-
citance. Angle between applied electric field vectors
and surface of the dome decreases towards the con-
tact points. Capacitance is lowest near the top of the
domes.
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3. Description of the model

The modeling was performed using the 2D plasma hydrodynamics
simulator nonPDPSIM described in detail in Ref. [27]. Newton’s method
was used to implicitly and simultaneously integrate Poisson’s equation
and continuity equations for charged species over an unstructured, 2D
numerical mesh. Charging of surfaces due to fluxes of ions and electrons
was included in the electrostatic solution at each time-step while in-
cluding secondary electron emission by ion impact with a coefficient of
0.1. The electron temperature was obtained from integration of the
electron energy transport equation. Electron transport coefficient and
rate coefficients as a function of electron temperature were obtained
from a 2-term spherical harmonic solution of Boltzmann’s equation for
the electron energy distribution.

In this study, the initial background gas was pure helium at one
atmosphere and 300 K. The reaction mechanism was a reduced form of
that found in Ref. [27] and included 11 species (e−, He+, He2+, He and
seven excited states of atomic and molecular helium) which resulted in
135 reactions. The computational geometry is shown in Fig. 2, and
mirrors the second experimental geometry. Three 24mm wide domes
extend 6mm into a 10mm gas gap between two dielectric plates. The
radius of curvature of the domes is 15mm, separated at the apex by
24mm. All dielectric materials had a permittivity of εr = 4.0 (quartz).
This value is similar to the measured permittivity of the domes in the
experiments (εr=4.6), and the difference should not significantly im-
pact the modeling results nor the validity of the comparison. The
powered electrode was located at the top, while the bottom electrode
was grounded. The width of the reactor was 76mm, with dielectric
covering both of its sides. Given the 2D geometry, the domes are
functionally infinite rods perpendicular to the image in Fig. 2. These
rods intrinsically have less electric field enhancement at their apexes
compared to the 3-dimensional semi-spheres used in the experiments.
For all calculations of volumetric energy deposition we assumed a re-
actor depth of 0.5 cm. The computational mesh included 9241 nodes
with 6834 nodes located in the plasma region. The size of mesh cells
varied between 0.2 mm near the surfaces of the dielectric to 1.8mm at
the center of the domes.

The study included a parameter sweep of positive and negative
(± 5 kV to±8 kV) 200-nanosecond DC pulses, representing the in-
dividual current peaks observed in the experiments. The voltages used
in the computations were higher than those in the experiments to
compensate for the 3-dimensional electric field enhancement in the
experiments that occurs above the domes and inside streamer heads. To
initialize the discharges and to account for residual ionization left from
previous discharge pulses, a uniform background pre-ionization of
1× 106 cm−3 was used.

4. Experimental imaging of discharges in the p-DBD

In this section, we discuss results from experimental ICCD imaging
of discharges in the p-DBD. Time-averaged, and space-resolved images
of the discharge for applied voltage amplitudes Vp of 1.9 kV, 2.25 kV,
2.7 kV and 3.8 kV in the first geometry are shown in Fig. 3. These
voltages were selected to observe transitions between specific phe-
nomena. At a low applied voltage (1.9 kV, Fig. 3a), the plasma forms
only at the center and apex of each dielectric semi-sphere where the gas
gap is smallest and electric field is most intense. For an applied voltage
of 2.25 kV (Fig. 3b), the most intense optical emission occurs at the
apex of the domes and the contact points at the periphery of the domes.
For the higher applied voltage of 2.7 kV (Fig. 3c), emission is margin-
ally produced at the apex of the domes, but is most intense at the
–contact points at the base of the domes. At the highest applied voltage
of 3.8 kV (Fig. 3d), the optical emission is dominated by excitation
occurring at the contact points at the base of the domes. The lack of
observed visible emission along the surface and apex of the domes is
largely due to the high intensity at the base of the domes that tends to

saturate the camera sensor.
Typical discharge current waveforms for different applied voltage

amplitudes (Vp of 1.9, 2.25, 2.7 and 3.8 kV), are shown in Fig. 4. The
voltage and current waveforms are typical for DBDs - the conduction
discharge current appears when the applied voltage exceeds onset va-
lues towards the maxima of the positive or negative phases. The current
pulses are labelled 1, 2 or 3, referring to the three discharge types
observed and discussed below. The discharge current has a sinusoidal
waveform with a few peaks during each half cycle. The sinusoidal part
is largely due to the displacement current of the system, although there
is a weak background ionization that persists from pulse to pulse
[28,29]. The sharp peaks in the current profile indicate the discharge
current. The amplitude and number of discharge current peaks increase
with Vp while also occurring earlier. Note that the current scales were
varied as the voltage increased to account for higher discharge current
peaks.

The PROES measurements as a function of time were performed
over the region shown by the blue box in Fig. 1a, with the results shown

Fig. 3. Time averaged and space resolved images of the p-DBD at applied
voltage amplitudes Vp of a) 1.9 kV, b) 2.25 kV, c) 2.7 kV and d) 3.8 kV.

Fig. 4. Voltage and current waveforms of a p-DBD operated in helium, at a
peak-to-peak applied voltage of (top-to-bottom) 1.9, 2.25, 2.7 and 3.8 kV.
Sinusoidal waveform with no discharge current profile is shown in green in d).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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in Fig. 5. The images in Fig. 5 were taken with different intensifier
voltages and rescaled to enable the emission in the less bright locations
to be clearly discerned. Therefore, the actual emission maxima between
the images cannot be directly compared. The discharge phenomena
remained largely unchanged from one sinusoidal period to the next, and
so only one period is shown in Fig. 5. Space and time-resolved emis-
sions are correlated with the 2D images of the plasma in Fig. 6. Each of
the 2D emission images were also normalized, to enable the emission in
less intense regions to be clearly shown. To interpret the images, the
time resolved changes in the emission are provided by Fig. 5, and the
plasma structure is indicated by Fig. 6.

The time-resolved emission from the discharge for applied voltage
amplitude of ≈1.9 kV is shown in Fig. 5a. The vertical axis shows the
distance (the vertical distance of the dotted rectangle in Fig. 1a), and
the horizontal axis indicates the duration (≈102 µs), one complete
cycle. The applied voltage amplitude of 1.9 kV is the lowest for which a
uniform and stable plasma can be generated. The single emission
structure (indicated as 1 in Fig. 5a) occurs during each half cycle for
approximately 3–5 μs and there is no observable emission for the rest of
the cycle. Overall, at the lowest voltage, the plasma is generated for
only ≈3–5 µs during the cycle. Axially, there are three emission
maxima corresponding to the apex of the three dielectric domes. The
square of the current [Fig. 5a (top)], is related to the power deposition
and correlates well with the temporal maxima of emission [Fig. 5a
(bottom)].

The images shown in Fig. 6a for an applied voltage of 1.9 kV in-
dicate that in both halves of the cycle (i.e., t= 8 µs and 59 µs), the
discharge is generated at the apex of each dielectric dome at the posi-
tion of the minimum distance between the dome and top electrode. The
discharge is terminated by charging of dielectrics as in conventional
DBDs. The residual voltage left across the gap and the surface charging,
which combined generate a parallel component of the electric field

along the surface, is not sufficient to support a surface ionization wave
(SIW) of significant magnitude. The outline (or surface) of the dome is
visible in the images, however, with low emission intensity.

The space and time-resolved emission from the discharge for
≈2.25 kV amplitude is shown in Fig. 5b. Two emission structures form
during each half of the voltage cycle, indicated by 1 and 2. Again, the
axial emission (bottom) correlates well with the square of the current.
The general behavior and structure of the discharge are similar during
both halves of the cycle, but the peak current and the number of current
peaks differ. The first emission structure in both halves (labeled 1) re-
sembles that of the lower voltage, where there are three maxima oc-
curring at the apex of the domes. Compared to the lower voltage, the
emission intensity appears more homogenous.

The second peak in emission during both halves of the cycle (labeled
2) consists of emission propagating away from the apex of the domes.
The emission structure has a ring-like shape propagating along the
surface of the dome with increasing diameter until reaching the contact
points at the base of the domes at ≈6 µs. At this time, the discharge
brightens (ICCD counts increase ≈15%) at the contact point (at ≈9 µs)
followed by dimming at ≈17 µs (ICCD counts decrease ≈78% com-
pared to 9 µs). These images are likely explained by a surface ionization
wave [11,20], where surface charging produces a tangential electric
field which supports propagation of an ionization front. The speed of
the SIW changes during the journey from the apex to the contact point
which cannot be quantitatively determined with the current time re-
solution. Qualitatively, the speed of SIW is lowest at the apex of the
dielectric structure. The speed of the SIW increases as it approaches the
contact point.

The speed of the SIW is determined, in part, by how long it takes to
charge the dielectric under the head of the SIW. In a conventional DBD
with parallel plates, filamentary microdischarges (F-MDs) will be
quenched if the dielectric underneath the streamer is fully charged

Fig. 5. Time resolved variation of the (top) square of the current and (bottom) axial emission from the He (33S1) state for voltage amplitudes of (a) 1.9 kV, (b)
2.25 kV, (c) 2.7 kV and (d) 3.8 kV. The corresponding 2D emission images are shown in Fig. 6.
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Fig. 6. Time-resolved images of the discharge for applied voltages of (a) 1.9 kV, (b) 2.25 kV, (c) 2.7 kV and (a) 3.8 kV. The corresponding time resolved axial emission
is shown in Fig. 5.
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depending on the specific capacitance of the dielectric - Co (F/cm2),
capacitance per unit area of the dielectric material. In a conventional
DBD, the Co is essentially constant at all locations because the ratio of
the dielectric constant of the material and its thickness is constant. In a
patterned DBD, however, this capacitance varies laterally along the

surface of the electrode since the effective thickness of the dielectric
varies. This variation can be seen in Fig. 2d. The reduced capacitance
was calculated as C0= εr/d, where εr is the permittivity of the domes,
and d is the distance from the surface of the dome to the bottom
electrode. This means that the amount of surface charging also varies as
a function of position. The Co is smaller at the apex of the dielectric
structure and larger near the contact point, because the dielectric
thickness is larger at the center and smaller near the contact point. On
this basis, the SIW would be expected to propagate faster near the apex
of the dielectric structure and slower near the contact point due to the
increase in Co. However, we observe the opposite trend – the SIWs
propagate faster as they move toward the contact point.

This phenomenon can be explained by the direction of the electric
field at the tip of the ionization wave. In the absence of plasma, the
electric field would be directed from the anode and toward the cathode
– perpendicular to the surface at the top of the domes, and nearly
parallel to the surface near the contact points. This dependence is
shown in Fig. 2d as streamlines of the electric field vectors. When the
SIWs first form near the apex, they experience little or no external
electric field parallel to the surface. However, as the ionization fronts
propagate along the hemi-spherical surfaces, the external electric field
begins to increasingly point in their direction of travel which causes the
SIWs to accelerate. It appears for these conditions that the speed of the
SIW is more sensitive to the parallel component of the electric field than
Co.

The emission during the second half of the cycle (with the opposite
polarity) generally has a similar ring-like structure as during the first
half. There are SIWs generated at 52, 55 and 58 µs. The SIW structure is
dissimilar during the two halves. This is because during one half of the
cycle the propagation is over the flat dielectric while during the other
half, it is over the curved dielectric. This implies that the SIW travels a
longer distance during the positive half over the dome and shorter
distance during the negative half in this configuration. Also, the effect
of Co will not be important during the negative half when the SIW
travels over the flat dielectric.

The discharge with a bias of 2.7 kV generates a larger number of
current peaks and emission structures during each half of the voltage
cycle compared to the lower voltage. The duration of the SIW decreases
with the increase in applied voltage. The capacitance of the dome is
constant while the current density increases with increasing voltage.
This leads to a more rapid charging of the surface, which produces the
tangential components of the electric field that sustains the SIW, re-
sulting in a higher propagation speed.

Following the SIWs reaching the contact points, several successive
emission structures were observed, which are labeled 3. The 2D images
indicate intense plasma generation at the contact points ranging from
17 µs to 61 µs. This emission corresponds to the timing of the current
peaks. Other peaks in current, however, do not exactly correlate with
the axial emission as the plasma is generated at the edges of reactor
(Fig. 6b, t= 10 μs and 67 μs) which is outside the region recorded by
the ICCD. The current peaks at ≈10 µs and 67 µs have the highest
amplitude (compared to S-MDs on similar half cycle ≈120 and 200%,
respectively), which indicates that at moderate voltages edge effects
play an important role.

The time resolved emission for an applied voltage ≈3.8 kV is shown
in Fig. 5d. The first two peaks in each half cycle show discharge
structures similar to those observed at lower voltages. The second peak
in each half of the cycle (t≈ 51 µs and 102 µs) is produced by the SIWs
and has the highest intensity (up to ≈9 times the ICCD count compared
to F-MD). Due to their high speed of propagation, the SIW quickly reach
the contact points between the domes. The current peaks dominantly
generate emission at the contact points (≈10, 14 and 61 µs) or edges
(≈6 µs). This likely results from the thickness of the bottom dielectric
being smallest in these regions, leading to increased capacitance. The
larger capacitance enables a larger fluence of current to the surface at
those locations prior to the dielectric fully charging and the

Fig. 7. Time-resolved images of total discharge emission in the (a) positive and
(b) negative halves of the applied voltage for an amplitude of 1.5 kV. The
images are recorded without interference filters with an integration time of
0.1 µs and a time shift of 0.5 µs between successive images. The dotted (curved)
and solid (flat) red lines indicate approximate location of the dielectric surfaces.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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microdischarges extinguishing. Compared to the lower voltages, the
discharge here is more uniform and covers most of the contact points,
indicating that the S-MDs dominate.

2D images of the total emission viewed from the side (as shown in
Figs. 1b and 2) during the positive and negative cycles are shown in
Fig. 7. Due to changes in geometry, the minimum voltage required for
breakdown in this configuration was lower, and plasma was produced
at 1.5 kV. These images were recorded without interference filters due
to the low emission intensity. The integration time is 0.1 µs with a time
shift of 0.5 µs between successive images. The shorter integration time
was selected in order to better resolve the transients.

During the positive portion of the cycle, emission first occurs (at
t= 1 µs) in front of the anode, which is followed by a positive streamer
being initiated near the flat dielectric and moving towards the cathode
at the bottom. When the streamer reaches the top of the dome at 2 µs, it
begins to charge the dielectric surface [maximum ICCD count
(MIC)≈ 10,000]. The plasma which resulted from the propagation of
the streamer is the F-MD in the gap, observed at 2.5 µs (MIC≈ 12,000).
As the surface of the dome charges, the potential drop between the
dielectrics decreases and ionization in the gas gap ceases. This then
leads to a decrease in the intensity of emission at 3 µs (MIC ≈1400),
and the F-MD dissipates at 3.5 µs. During the negative half cycle, similar
behavior is observed. However, now a negative streamer is initiated
near the apex of the dielectric and is directed towards the anode at the
top. This sequence of events is typical of DBDs [30] regardless of
packing geometry. However, in the packed DBD the F-MD is pre-
ferentially generated at the location of the minimum gap. When the
gaps at different locations have the same dimension, multiple F-MDs are
synchronized in time.

Images of He(33S1) emission observed in the side geometry for po-
sitive and negative half cycles at an applied voltage amplitude of 3 kV
are shown in Figs. 8 and 9, respectively. In both cases, the images were
recorded for an integration time of 1 µs and step size of 1 µs between
successive images. Each image is tagged with one of the three me-
chanisms: 1 – Positive streamer (PS) and Filamentary microdischarge
(F-MD), 2 – Surface ionization waves (SIWs), and 3 – Surface micro-
discharges (S-MDs). As for the case with an applied voltage of 1.5 kV,
the initiating discharge during the positive half cycle is a cathode-di-
rected streamer originating at the top dielectric and propagating
downwards towards the apex of the domes. By 3 µs, the filamentary
microdischarge is fully formed (MIC≈ 6000). The successive images
from 4 µs to 10 µs show the generation of the SIWs which accelerate
from the apex of the dielectric dome towards the contact points at their
base. The MIC≈ 7000 at 4 µs, which decreases to ≈1900 at 5 µs, and
later increases to ≈10,000 at 8 µs. The MIC is consistent with the SIW
decelerating during the initial journey and later accelerating closer to
the contact point. At 11 µs, the SIW propagating on the surface of ad-
jacent domes merge prior to reaching the contact points. This is similar
to the image from the top in Fig. 6b at 14 µs. Finally, the SIWs reach the
contact points at 12 µs and a higher density plasma occurs in the form
of a surface microdischarge [similar to 15 µs and 18 µs in Fig. 6b]. In
addition to the SIWs on the domes, weaker emission occurs from SIWs
on the flat dielectric (indicated by arrows). The intensities are MIC of
≈1700 at the flat dielectric compared to ≈10,000 at the dome for the
image at 8 µs. These SIWs also move away from the apex of the domes.

When the SIWs reach the contact points between the domes in the
positive cycle, several additional pulses of emission occur, indicated in
Fig. 9 as mechanism 3. This emission is produced by surface-micro-
discharges (S-MD) at the contact point (such as at 24 µs) or a filamen-
tary microdischarge (F-MD) in the volume (more intense at the edges)
such as at 16 µs (MIC ≈24,000). Due to the high capacitance of the
dielectric in the region of the contact-points, the discharge can be
sustained for many microseconds before the dielectric is fully charged,
as shown by the emission between t= 12 μs and t= 24 μs in Fig. 8.

The optical emission during the negative half-cycle (Fig. 9) is similar
to that during the positive half-cycle with the direction of propagation

being reversed. Here, the cathode directed streamer propagates from
the surfaces of the domes towards the flat dielectric. At 5 µs, a fila-
mentary microdischarge occurs. The successive images from 6 µs to
12 µs show the generation of SIWs on the flat dielectric surface begin-
ning directly above the apex of the domes. The SIWs propagate radially
outward until SIWs from adjacent domes merge at the location axially
opposite the contact points at 14 µs. (The merging corresponds to the
image from the top in Fig. 6b at 64 µs). In addition to the SIWs pro-
pagating on the flat dielectric, there is some weak emission at the
surface of the curved dielectric (indicated by arrows), resulting from
SIWS which also move towards the contact points. Following their
merging, there are successive pulses of emission at 14 µs and 20 µs,
which is again similar to mechanism 3 from the top view.

Fig. 8. Time-resolved images of He (33S1) emission for the positive half cycle
for an applied voltage amplitude of 3 kV. The images are recorded with an
integration time and time shift of 1 µs.
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These results can be summarized as follows. Multiple current peaks
occur in each half cycle which produce short discharges and pulses of
optical emission. The number of discharge pulses increases with in-
creasing voltage. The peaks in the current correlate well with the time
and space resolved optical emission. Increasing voltage initiates the
discharges earlier, with the first current peaks manifesting themselves
as F-MDs initiated as a cathode directed positive streamer. At the lowest
voltage which has a single current peak, only F-MDs are generated at
the apex of each dome. With increasing voltage, a second peak in
current occurs, and SIWs are generated over the flat topp dielectric
during the negative cycle and over the curved dielectric of the domes
during the positive cycle. The SIWs from adjacent domes propagate
towards each other and eventually merge with speeds that increase
with increasing voltage.

Similar trends in the evolution of plasma formation mechanisms
were observed experimentally by Butterwroth et al. [19]. The authors
used a single dielectric bead to study the impact of dielectric constant
and applied voltage on plasma propagation. As the voltage was in-
creased, they observed formation of Townsend avalanches,

microdischarges and surface streamers. Van Lear et al. performed a
computational investigation of a 2-bead PBR. [9]. They found that the
plasma was initiated at the points of greatest field enhancement re-
gardless of voltage. However, as the peak-to-peak potential increased
from 4 kV to 7.5 kV, a transition from microdischarge-like plasma to a
surface-dominated discharge took place.

With positive polarity, the merging that occurs at the contact points
of adjacent domes produces bright emission, which is enabled by the
high capacitance at those points. SIWs produce the brightest optical
emission as well as the highest peak current, consistent with previous
observations [11].

5. Simulations of discharges in the domed structures

The base case for the 2D modeling uses a 200 ns voltage pulse of
+6 kV, with a 5 ns rise time and a 5 ns fall time, followed by 600 ns of a
voltage-off period. With the simulations being performed in 2-dimen-
sions, higher voltages are required to reproduce the same phenomena
as in the experiments. This disparity in voltage is due to the larger
electric enhancement that occurs at the apexes of the 3-dimensional
semi-spherical domes and hemispherical ionization fronts in the ex-
periment compared to the 2-dimensional representation of these
structures as cylinders or rods in the model. Although the majority of
the experimental phenomena are reproduced and explained by the
model, the applied voltages at which these phenomena occur are larger
in the model, which then reduces their timescale.

The electron impact ionization source term and electron density
during the base case discharge are shown in Fig. 10. As a positive po-
tential is applied to the top electrode, electrons quickly respond to the
electric field, drift upwards, and deposit charge on the top dielectric.
Heavy ions are left behind in the gas-gap, resulting in formation of
positive space-charge with a peak positive density of 3.7 nC-cm−3. The
production of positive charge enables formation of positive streamers
between each of the domes and the top dielectric, shown at t= 35 ns in
Fig. 10a and t= 37 ns in Fig. 10b. The electrons in the streamer head
have temperatures of Te≈ 6.0 eV, resulting in electron impact ioniza-
tion peaking at Se-impact≈ 1×1020 cm−3-s−1. Once the streamers
breach the gas gap, micro-discharges form (Fig. 10b, t= 62 ns). Fila-
mentary microdischarges between the domes and the top dielectric are
the initiating discharges seen in experimental results in Fig. 5,
Fig. 6(a)–(b), Fig. 7a and Fig. 8; and identified as 1. Once plasma forms
in these regions the high conductivity reduces the E/N (electric field/
gas number density) which produces lower electron temperatures
(0.1 eV≤ Te≤ 4.3 eV). The electron-impact ionization in the region
largely ceases (−1.6×1020 cm−3-s−1≤ Se-impact≤ 1.8× 1017 cm−3-
s−1), and only remnant plasma remains, shown in Fig. 10a, t= 60 ns.

As plasma charges the dielectric domes, electric fields parallel to the
surface form, leading to development of surface ionization waves
(SIWs), shown at t= 60 ns and 62 ns in Fig. 10. The electrons in the
ionization fronts of the SIWs have electron temperatures peaking at
7.3 eV, which lead to high rates of ionization (6×1022 cm−3-s−1), as
well as high densities of excited and light-emitting species
(2×1016 cm−3). This stage of the discharge corresponds to that iden-
tified as 2 in Fig. 9 (from the side) at 5 µs and as rings expanding around
the domes in Fig. 6b (from the top) at 11 µs. While light emitting species
are still present in the bulk plasma, their densities are 3 orders of
magnitude lower than those in the SIW fronts near the surfaces, and so
emission from the SIWs dominates. As the SIWs spread, ionization in
the bulk gas ceases (Fig. 10a at t= 189 ns) as the high conductivity
plasma in the bulk plasma lowers the local E/N. As in the experiments,
the SIWs across the domes merge at the contact points where the
highest electron density occurs, 6× 1015 cm−3. The thinness of the
dielectric in these regions produces high capacitance which supports a
high surface charge density (peaking at 20.4 nC-cm−2). These com-
puted results correspond well with the experimental results shown in
Fig. 8, where the brightest optical emission occurs from contact points

Fig. 9. Time-resolved images of the He (33S1) emission for the negative half
cycle, for an applied voltage amplitude of 3 kV. The images are recorded with
an integration time and time shift of 1 µs.
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between domes when SIWs merge. With the voltage pulse ending at
t= 205 ns, the charge deposited on the dielectric leads to restrikes, as is
shown in Fig. 10a at t= 209 ns, and an increase in the electron density
in the microdischarges shown in Fig. 10b at t= 211 ns. While not
shown in Fig. 8, this process also occurs in the experiments when the
polarity of the voltage is reversed. In Fig. 6b, for example, the S-MDs at
t= 26 μs transition into F-MDs at t= 56 μs due to the same restrike
phenomenon.

The base case was repeated with the positive voltage varied
between+4 kV and+8 kV. No breakdown occurred at+ 4 kV. At
V=+5 kV, only microdischarges developed at the apex of the domes
shown in Fig. 11a. These structures are similar to the experimental
trends observed from the top at Vp=1.9 kV (Fig. 6a) and from the side
at V=1.5 kV (Fig. 7a). While SIWs begin to form, the plasma densities
in the F-MDs are relatively low (peak ne≈ 5×1013 cm−3), leading to a
low rate of charging of the dielectric domes (peaking at 5.9 nC-cm−2 at
the end of the pulse – approximately 5 times lower than in the+6 kV
base case). This low rate of surface charging did not produce a large
enough parallel component of the electric field (peaking at 13.2 kV/cm)
to support propagation of SIWs while the voltage was on.

Discharges at higher voltages (Vp=+7 kV and+8 kV) generally
followed the same sequence of plasma structures as the base case, and
so only the results for Vp=+8 kV will be discussed in detail. (See
Fig. 12.) The discharge was initiated by a positive streamer beginning
on axis above the apex of each dome, which evolved into a F-MD.
However, due to higher applied voltage, the electron temperatures in
the streamer head were larger (Te≈ 6.8 eV compared to 6.0 eV for the
base case) and the resulting electron densities doubled from the base

case value of 8.0× 1011 cm−3 to 1.6×1012 cm−3. The time required
for the plasma to breach the gas gap decreased from approximately
41 ns to 18 ns. Similar behavior was observed in experimentally mea-
sured discharge current (Fig. 4) and space resolved emission (Fig. 5),
where with an increase in applied voltage from 1.9 to 3.8 kV, the F-MD
initiated≈10 µs earlier. The increases in energies and densities enable
the SIWs to develop and propagate more quickly.

With an applied voltage of+ 8 kV, plasma nearly fully covers the
domes by t= 50 ns, as shown in Fig. 12. As the surface of the dome
charges, the potential lines are bent (Fig. 12b), leading to electric field
enhancement and larger E/N, which supports an electron temperature
Te≈ 8.5 eV, and electron impact ionization source peaking at Se-im-

pact≈ 1×1025 cm−3-s−1 in the head of the SIW. Due to the resulting
high electron densities (peaking at 1×1016 cm−3, Fig. 12c) when the
SIWs reach the contact points between the domes, the capacitance of
the surface is quickly charged, and the discharge extinguishes. This
sequence is not observed experimentally, likely due to the applied
voltage being lower. In the model, once the capacitance of the contact
points was fully charged, plasma acted as a conductive sheet on top of
the domes. At this time, the potential at the top of the domes becomes
nearly equal to the potential at the contact points. This equality leads to
an increase in electric field and ionization rate in the bulk plasma
shown in Fig. 12b and 12e, where electron impact ionization sources
are shown directly before and after the SIWs merge. As a result, a short-
lived burst in bulk ionization took place (Fig. 12e).

The voltage sweep was also performed for negative polarity (−4 kV
to−8 kV). No discharge occurred at−4 kV as this voltage is lower than
the breakdown field of helium. At −5 kV, only the F-MD formed, as
shown in Fig. 11b. The discharge evolution for −6 kV is shown in
Fig. 13 in the same format as the positive voltage base case. In a similar
fashion to positive polarity, the discharge begins with electrons moving
away from the cathode and charging the dielectric domes. A positive
streamer developed as positive space-charge was left behind in the gas-
gap (shown in Fig. 13 at t= 35 ns and 37 ns). The resulting micro-
discharge was more diffuse than those at+ 6 kV, which is typical of
negative discharges [31]. As the microdischarges charged the top di-
electric, surface ionization waves formed (Fig. 13 t= 83 ns and 85 ns).
The structure is similar to the experimental results observed from the
side in Fig. 9, at 4, 9 and 10 µs. The SIWs over the top dielectric were
less intense (Se-impact = 1.6×1019 cm−3-s−1) than those on the sur-
faces of the domes (8.3× 1021 cm−3-s−1) due to the topology. The top
dielectric surface is perpendicular to the applied electric field, requiring
that parallel electric fields to sustain SIWs be produced dominantly by
surface charging. The electric field at the surface of the domes has a
component parallel to the surface, which enhances initiation and pro-
pagation of SIWs.

In the negative voltage base case, electrons spread across the sur-
faces of the domes, but their density is relatively low, peaking at
ne≈ 5×1012 cm−3 (Fig. 13 at t= 149 ns and 150 ns). The electrons
along the surface were not self-propagating ionization fronts; but are
rather due to electron transport along the electric field lines. The sur-
faces of the domes charged to −9 nC-cm−2, while the top dielectric
reached +34 nC-cm−2. Once the applied voltage was turned off, this
surface charge resulted in a peak electric field of ≈16 kV-cm−1 which
was sufficient for breakdown and the formation of a restrike, as shown
in Fig. 13 at t= 205 ns and 210 ns. These trends are similar to the
experimental results in Fig. 9 (negative half) at 14 and 18 µs. The dif-
ference in location of the restrikes between the model and experiment
could be explained by the fact that in the experiment the SIWs over the
flat dielectric merge at a location above the contact point. The F-MD or
re-strike occurs at the same location. However, in the simulation during
this time, the SIWs from the two sides do not merge together and
therefore the restrike is near the center of dielectric structures.

In general, increasing the magnitude of the voltage resulted in si-
milar trends, regardless of polarity. The evolution of E/N, electron
impact ionization source term with equipotential lines and electron

Fig. 10. Evolution of a) electron impact ionization source and b) electron
density during the discharge in the base case (+6 kV) displayed using log
scales. Times and peak plotted values are noted in the figures.
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density are shown for −8 kV in Fig. 14. Following the initial upward-
directed positive streamer, plasma spreads across the domes, while an
intense SIW propagates along the top dielectric (Fig. 14b and 14c).
Since the electrons near the domes follow the electric field lines, a re-
gion of low electron density (≈1011 cm−3) forms at the top of the
domes, (Fig. 14f). The plasma here is less conductive than with the
positive polarity pulse. As a result, the potential does not redistribute,
and the burst of ionization which occurs with+ 8 kV does not form.
This sequence is shown in Fig. 14e.

The sums of the densities of species which emit in the visible
spectrum at t= 800 ns are shown in Fig. 15 for each of the applied
voltages. These states include He(3P), He(3S), and He(21P). At ± 5 kV,
only a microdischarge between the domes and the top dielectric

formed. Surface ionization waves formed, but the pulse length was too
short to allow for their propagation along the entirety of the dielectric.
At higher voltage magnitudes, plasma covered the entirety of the
domes, and the highest densities of light-emitting species were at the
top dielectric layer during negative pulses [Fig. 15(a)–(d)] and at
contact points between the domes when the applied voltage was posi-
tive [Fig. 15(e)–(h)]. The highest densities of excited He species oc-
curred at +8 kV, with peak value of 6.9× 1014 cm−3 at t= 55 ns,
which then decreased to 3.7×1012 cm−3 at t= 800 ns. Of the light-
emitting species, He(21P) and He(3P) had the highest densities, peaking
at 2.7× 1014 cm−3 and 3.7×1014 cm−3, respectively, at t= 55 ns.
Their densities decreased to 3.6× 1012 cm−3 and 6.0× 1012 cm−3 at
t= 800 ns, indicating that the He(3P) state is the main source of visible

Fig. 11. Evolution of electron density, equipotential lines (left) and reduced electric field (right) for a)+ 5 kV and b) −5 kV voltage pulses. Formation of positive
streamers, filamentary micro-discharges and surface ionization waves are shown at times noted in the figure. Each equipotential line represents a potential change of
500 V. Electron densities are plotted on a log-scale.
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light.
The structure of the plasma also varies as the polarity reverses at a

given voltage amplitude. When the applied voltage is negative the
plasma is largely diffuse and fills a greater fraction of the volume of the
reactor. However, the peak densities of light-emitting species, are
greater during a positive-polarity pulse. These trends are due to the
topology of the dielectric with respect to the applied electric field. The

curvature of the domes enables the applied electric field to have com-
ponents parallel to the surface. When the applied voltage is negative,
the direction of the vector electric field enables electrons to drift
downward and along the curvature of the domes, diffusing into regions
further away from the initiating microdischarge. Conversely, during a
positive polarity pulse, the electrons move towards the flat dielectric
layer at the top of the reactor and the plasma remains more compact.

In summary, the simulation produced qualitatively similar phe-
nomena to the experiment. Experiments and simulations indicate that
the discharge is sustained first by F-MDs, followed by the SIWs and S-
MDs at the contact points and F-MD after the first two mechanisms.
With these experimental and computational results as a background,
the discharge dynamics during positive and negative voltage are sum-
marized in Fig. 16. Discharges with both negative and positive pola-
rities begin with a positive streamer directed towards the cathode. This
is the precursor to the formation of filamentary microdischarges (F-
MDs) across the gap at the apex of the domes, which is the minimum
gap between the two dielectrics. While similar combinations of positive
streamer and filamentary microdischarges generate plasma in conven-
tional parallel plate DBDs, in the case of the packed DBD, the genera-
tion of the streamer and F-MDs are usually at the location of the
minimum gap and only happen once during each half cycle. This phase
is followed by the SIW travelling over the dielectric surface from the
center of the dome (or the location on the flat dielectric facing the
dome) towards the side. With a positive polarity, the SIW propagates
over the curved dielectric dome and in the negative cycle the SIW
propagates over the plane top dielectric. There is a weaker SIW on the
opposite dielectric for both polarities, on the flat and curved dielectrics
during the positive and negative polarity, respectively. SIWs on ad-
jacent domes may merge before reaching the contact point. For both
polarities, the SIW from the sides result in S-MD either at the contact
point or at the location on the flat dielectric axially opposite the contact
point. The second current pulse starts as SIWs propagate across the
dielectric and current peaks when the opposing SIWs merge at the

Fig. 12. Reduced electric field (E/N), electron impact ionization source term,
electron density for +8 kV applied voltage. Electric potential lines are overlaid
on electron impact ionization source term contour plots, with each line re-
presenting a 1 kV change. Times and peak plotted values are noted in the fig-
ures.

Fig. 13. Evolution of a) electron impact ionization source term and b) electron
density during the discharge in the negative base case (−6 kV). Times and peak
plotted values are noted in the figures. Log scales.
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contact point. For sufficiently high voltage, multiple current pulses may
be generated with the number of current pulses increasing with voltage.
Each current pulse results from microdischarges either as S-MDs or a
combination of S-MDs and F-MDs. These S-MDs and or F-MDs could be
more intense at the edges or in the center depending on conditions.

The sensitivity of plasma structures and discharge types on applied

voltage shown here can have important broader implications. For ex-
ample, formation of SIWs leads to higher electron temperatures, and
therefore higher rates of ionization and dissociation of strongly-bonded
molecules such as N2. Controlling the formation of SIWs is therefore an
additional pathway to selectivity. The proximity of SIWs to catalysts
will enable plasma-produced reactive species with short diffusion
lengths and lifetimes to interact with surface sites at a greater rate.
Careful packing design was also shown to be of importance. The to-
pology of the packing material can determine the direction, mor-
phology and intensity of plasma discharges. These factors will then
impact energy efficiency, selectivity and throughput of commercial

Fig. 14. Reduced electric field, electron impact ionization source term, electron
density for −8 kV applied potential. Electric potential lines are overlaid over
electron impact ionization source term contour plots, with each line re-
presenting a 1 kV change. Times and peak plotted values are noted in the fig-
ures.

Fig. 15. Sums of the densities of excited species of Helium emitting in the
visible spectrum at 800 ns, and at different applied voltages.
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plasma packed bed reactors.

6. Concluding remarks

The dynamics of plasma formation and propagation as a function of
applied voltage amplitude and polarity were investigated in a patterned
DBD operated in helium through experiments and modeling. The ma-
jority of the experimental phenomena were reproduced and explained
by the model. The discharge initiates as a positive streamer between the
apex of dielectric structure and opposite dielectric plate (at the location
of minimum distance), which transforms into a filamentary micro-
discharge in the gap. The surface charging of the dielectric generates
surface-parallel electric fields which enable propagation of surface io-
nization waves (SIWs) from the apex of the dielectric structure towards
the contact points (for the positive polarity). The SIWs across the domes
merge at the contact points where the highest electron density is pro-
duced, as the smallerdielectric thickness at the contact point produces
high capacitance which supports a high surface charge density. The SIW
was followed by a restrike or F-MD due to high surface charge resulting
in an electric field sufficient for breakdown.

At the lowest voltage, the plasma densities in the F-MDs are rela-
tively low which do not produce a large enough parallel component of
the electric field to propagate the SIW, shown in both model and ex-
periment. Experimentally, when increasing the voltage amplitude, the
dominant mechanism changed from F-MD to SIW to S-MDs. The model
showed that plasma parameters, especially the electron temperature,
are very different for each of these mechanisms.
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