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Abstract— A new surface dielectric barrier discharge source
containing a matrix of holes in the dielectric slice is put forward
in this paper, for which the plasma characteristics and the
delivery of reactive species to the downstream sample are studied
for three experimental conditions, i.e., EC1 with a helium gas
flow of 1 SLM through the holes, EC2 with an artificial air
flow of 1 SLM, and EC3 without any gas flow. All the other
conditions are kept the same. For the same discharge power of
2 W, it is found that the surface plasma in EC1 is comparatively
more homogeneous, the discharge voltage is lower by ~12%,
and the densities of reactive species are much higher, since the
emission spectral lines of N;(C), N;'(B), He(3s3S), and O(3p5P)
are stronger by at least sixfold. A petri dish of deionized water
is put 5-mm downstream the surface discharge, in which the
concentrations of nitrite, nitrate, HyO,, and NO are measured
after the plasma treatment of 3 min. Compared with ECI1,
EC2, and EC3, it is found that the gas flow can increase
the concentration of HyO, by ~1.4-fold, but when helium is
participated, a further increase of sixfold is achieved. Similarly,
further increase is also found for the other three reactive species,
which may be ascribed to the higher densities of gaseous reactive
oxygen and nitrogen species in the helium-participated plasma
and their larger diffusion coefficients in helium compared with
that in air.

Index Terms— Characteristics, surface dielectric

barrier discharge (DBD).

delivery,

I. INTRODUCTION

IELECTRIC barrier discharges (DBDs) are one of
the most common sources for generating cold plasma,
of which a special structure, namely, surface DBD, is inten-
sively studied in recent years [1]-[8]. Surface DBD nor-
mally consists of a dielectric slice sandwiched between the
high-voltage (HV) and grounded electrodes, and at least one
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electrode has a mesh or strip structure [1]-[8]. This structure
allows plasmas be generated on the dielectric surface in the
mesh and/or strip area, which has several application advan-
tages, including ambient air operation, near room temperature,
and macroscopically homogeneous plasma over a large sur-
face area of hundred square centimeters [9]-[12]. Therefore,
surface DBD has great potential for various applications, such
as biomedicine [1], [5], [13], environmental protection [3], [8],
and airflow control [2], [7].

Surface DBD in open air can generate various kinds of
reactive species, especially the reactive oxygen and nitrogen
species (RONS), which are deemed to play a dominant role in
the biomedical applications [14], [15]. However, the nature of
air, such as high breakdown voltage, low thermal conductivity,
and high electronegativity, limits the yield of RONS in room
temperature, which restricts the application efficiency of the
surface discharge. Moreover, the sample that to be treated is
normally located millimeters to centimeters away from the
surface plasma, and hence some plasma-generated RONS have
low possible to reach the sample due to their short lifetimes.
For example, the diffusion distance during lifetime of OH is
less than 1 mm in air [4]. Therefore, besides the yield of
RONS, the delivery of them from the surface discharge to the
downstream sample is also crucial for the applications. This
motivates us to modify the conventional surface DBD structure
to overcome the above application restrictions.

In this paper, a new surface discharge source is presented.
Compared with the conventional sources for surface DBD,
a matrix of small holes exists in the dielectric slice, which
allows a weak gas flow through it. The helium gas flow
decreases the discharge voltage, increases the plasma homo-
geneity, and also increases the densities of gaseous RONS as
well as the delivery of them to the downstream sample, making
the surface discharge more suitable for various applications.

This paper is organized as follows. The experimental setup
is described in Section II. The experimental results including
the electrical characteristics, the emission spectra of the plas-
mas, and the concentrations of the RONS in the downstream
water, are presented and discussed in Section III. Finally,
the conclusions are given in Section I'V.

II. EXPERIMENTAL METHODS

The schematic of the experimental setup used in this paper
is shown in Fig. 1. The surface discharge source consists of
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Fig. 1. Schematic of the experimental setup.

a gas chamber, a series of strip electrodes connecting to an
HYV power source, a grounded mesh electrode, a uniform flow
orifice, and a dielectric slice sandwiched between the HV and
grounded electrodes, which is made of polytetrafluoroethylene.
A matrix of small holes exists in the dielectric slice to
allow gas flowing through it, and entrance steps exist around
the holes in the gas chamber to avoid the possible surface
flashover. A uniform flow orifice is located between the gas
inlet and the outlet holes to make the gas flow more uniform
among the holes. Totally, five copper strips are used as the
HV electrode, each of which has a size of 66 x 2 x 2 mm
(Iength x height x width), and each mesh element of the
grounded electrode has a hexagon shape with each side 4 mm
in length, 0.76 mm in width, and 0.5 mm in thickness.
The separation between the HV and grounded electrodes is
1.2 mm. Totally, 31 holes exist in the dielectric slice with
the same diameter of 0.8 mm. As shown in Fig. 2, each
hole locates at the center point of each mesh element, and on
the other side of the dielectric slice, it locates in the middle
position between two adjacent strip electrodes. The electrode
structure of the surface discharge source has, to the best of our
knowledge, never been reported before. An electrode structure
reported by Sakai et al. [16] is similar to have mesh electrodes
with gas flow through the mesh holes, but the mesh hole size is
just ~200 xm, so microhollow discharge is generated. Instead,
here the discharge is a typical surface discharge as will be
discussed in the following.

A sinusoidal voltage with a frequency of 20 kHz was applied
on the HV electrode. The discharge voltage was measured by
an HV probe (Tektronix, P6015A), of which the delay time is
14.7 ns and the bandwidth is 75 MHz. The discharge current
was measured by a current probe (Tektronix, P6021), of which
the delay time is 9.0 ns and the bandwidth is 450 Hz—60 MHz.
The voltage and current waveforms were recorded by a
digital oscilloscope (Tektronix, DPO3000) with a bandwidth
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Fig. 2. Partial views of (a) HV side and (b) grounded side of the electrodes.

of 500 MHz. The discharge power was then obtained based on
the time integration of the voltage and current waveforms over
one cycle, and the delay time differences of the two probes
were eliminated before the integration.

Three experimental conditions were studied for the gas
flow through the holes, namely, EC1 with a helium (5N)
gas flow of 1 SLM, EC2 with an artificial air flow of
1 SLM, and EC3 without any gas flow. The artificial air
contains vol.79% N and vol.21% O, with 99.99% purity.
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In EC1 and EC2, the gas flow rate through each hole is just
~32.3 sccm (1 SLM/31 holes). A comparative study on the
plasma characteristics and the delivery of reactive species was
made for these conditions, of which the discharge power was
kept the same to be 2 W.

The plasma images were taken either by a digital cam-
era (Nikon, D7000) with an exposure time of 0.4 s, or by
an ICCD camera (Princeton Instruments, PI-MAX3) with
much shorter exposure time of 100 ns. The images taken by
ICCD can demonstrate the spatial evolution of the plasmas
in a cycle of the applied voltage. The emission spectra of
the plasmas were detected by a spectrometer (Ocean Optics,
USB2000) with an integral time of 3 min. In order to study the
influence of gas flow on the gas temperature of the plasmas,
a thermocouple probe is used to measure the temperature of the
grounded mesh electrode after the plasma-on time of 3 min.

In order to study the delivery of reactive species to the
downstream sample, a petri dish of deionized water (1 mL)
was put 5 mm underneath the surface discharge source,
and the concentrations of HOp, nitrite (HNO2/NO,),
and nitrate (HNO3/NOj') were measured by using a microplate
reader (Thermo Scientific, Varioskan Flash Reader). The
Amplex Red reagent was added into the water right after
the plasma treatment of 3 min, and it reacted with H,O» in
a 1:1 stoichiometry to produce the red-fluorescent oxidation
product, which was excited at A = 550 nm and emitted at
A =595 nm. Similarly, the Griess reagent was added into the
water to detect nitrite, and the absorbance was measured at
A = 540 nm. A nitrate reductase enzyme was added into the
water in company with the Griess reagent, in which case the
nitrate would transform to nitrite, and therefore the absorption
spectral at A = 540 nm reflects the total concentration of
nitrite and nitrate. The concentration of nitrate was then
obtained by subtracting the nitrite concentration from the total
concentration of nitrate and nitrite, similar to those reported
in the literature [1], [4]. Moreover, the aqueous NO was also
measured by an X-band electron spin resonance (ESR) equip-
ment (BrukerBioSpin GmbH, EMX) after plasma treatment of
3 min. N-(Dithiocarbamoyl)-N-methyl-D-glucamine, sodium
salt (MGD) was used as the spin trapping reagent, which
was added into the water prior to the plasma treatments.
It reacts with NO to produce the stable spin adduct with
a peak intensity ratio of 1:1:1. The ESR measurement was
performed according to the manufacturer’s protocol, as did
in [17]. All measurements were repeated three times.

III. RESULTS AND DISCUSSION
A. Discharge Characteristics

The discharge images taken by the digital camera are shown
in Fig. 3(a) and (b) for the discharge conditions EC1 and EC2,
respectively. The discharge image of EC3 is very similar to
that of EC2, and hence not shown here. It is noted that only
partial area of the surface plasmas is shown in Fig. 3. Totally,
31 mesh elements are ignited for all the three experimental
conditions, covering an area of ~17.16 cm?.

As shown in Fig. 3, both images have good mesh-to-
mesh homogeneities, but in comparison, their patterns are
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Fig. 3. Discharge images taken by the digital camera under the conditions
of (a) EC1 and (b) EC2. (Exposure time is 0.4 s.)

much different. In particular, the image pattern of ECI has
a brightest center in each mesh element, but for EC2 nearly
no emission is observed there. This may be attributed to:
1) the breakdown strength of helium is lower than of air
by several times [18] and 2) the special electrode structure
which makes the electric field larger in the edge region of a
mesh than that in the center part [19]. The gaps between two
adjacent HV strip electrodes on the other side of the dielectric
slice [see Fig. 2(a)] inhibit the plasmas to be generated on
the opposite surface area, resulting in strips of nondischarge
areas in EC2 [Fig. 3(b)]. By contrast, nearly the whole area
of each mesh is covered by plasma in EC1 [Fig. 3(a)].
So, helium gas flow makes the surface plasma much more
homogeneous in macroscale (the exposure time is 0.4 s).
Considering that the plasma covers an area of ~19.7 cm?,
the gas flow rate of helium is very low, i.e., ~50.7 sccm/cm?.
This gas consumption is much lower than that for a plasma jet
array with similar plasma area of section [20], and therefore
providing a cheaper method for large-area plasma treatment.

The spatiotemporal evolutions of the surface plasmas in a
single mesh in EC1 and EC2 are plotted in Fig. 4, in com-
pany with the corresponding discharge voltage and current
waveforms. Again, it is noted that the time-resolved discharge
images of EC3 are also similar to that of EC2, and hence not
shown here. The discharge voltage has a peak-to-peak value
of 8.8 kV in EC2 [see Fig. 4(b)], but it decreases to 7.7 kV
in EC1 [Fig. 4(a)] due to the presence of helium. More burrs
exist in the current waveform of EC1, which may also because
helium is easier to breakdown.

As shown in Fig. 4, the evolutions of image patterns are
much different for the two experimental conditions. Four main
discharges happen in each cycle of the applied voltage in ECI,
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Fig. 4. Waveforms of the discharge voltage and current under the conditions of (a) EC1 and (b) EC2, as well as the corresponding time-resolved discharge
images of a single mesh in the temporal regions of P,1, P42, Ng1, Ng2, Pp1, and Ppy. The boundaries of the temporal regions are marked in (a) and (b) with
red lines in a voltage cycle, while the instants for photographing are provided in each discharge image. The exposure time for the images is 100 ns.

i.e., in the temporal regions P, and P,» for the positive half
cycle, as well as N, and N, for the negative half cycle. In the
temporal region P,, the discharge occurs in the edge region
of the mesh element at the instant of ~2.36 us, and then,
it also happens in the center part at ~3.16 us. The circular
pattern in the center part expands till ~4.26 us and then
shrinks, while on the other hand, the luminous pattern in
the edge region changes a little from ~3.16 to ~4.76 us.
The luminous patterns in the center part and in the edge region
disappear simultaneously at ~5.56 us, indicating the cease
of the first discharge. The second discharge in P, occurs
at ~1.8 us latter, which also originates in the edge region.
Both the luminous patterns in the center part and in the edge
region expand first and then shrink, and the luminous pattern
in the edge region disappears in prior to that in the center part.
Compared with the first discharge, the luminous patterns are
much weaker especially for that in the edge region. However,
the second discharge lasts from ~7.36 to 15.26 us, more than
twofold longer than the first one. The third discharge occurs at
~28.96 us in the negative half cycle, and ceases at ~31.76 us.
Interestingly, no luminous pattern is observed in the center
part. The luminous pattern emerges again in the last discharge,
which is more brighter and lasts more time compared with the
third one. It can be seen from the discharge images of EC1 that
the plasma covers nearly the whole mesh area around 4.26 us
in P,1 and 33.76 us in Pgyy.

Different to EC1, only two main discharges (P»; and Np1)
happen in EC2 either in the positive or negative half cycle.
Without the presence of helium, the luminous patterns for both
discharges are confined in the edge region of the mesh element,
lasting for around 10 us before they disappear. The luminous
patterns have similar evolution characteristics, but in compar-
ison, the discharge in negative half cycle is slightly stronger.

The emission spectra of the surface plasmas in EC1 and
EC2 are shown in Fig. 5. The plasma emission spectrum of
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Fig. 5. Emission spectra of the surface plasmas for EC1 and EC2.

EC3 is similar to that of EC2, and hence not shown here.
Only the emission lines of OH(A), N2(A), and N;(C) are
observed for EC2, but for EC1, the emission lines at 706 nm
[He(3s’S)—He(2p>P)] and 777 nm [O(3p P)—O(3s°S)] are
also observed. Moreover, the emission lines of OH(A), N»>(C),
and N; (B) have their intensities increase with the presence of
helium, e.g., the spectral line of OH(A) at 308.9 nm increases
by 13.5-fold, the spectral line of N»(C) at 337 nm increases
by sixfold, and the spectral line of N2+ (B) at 391 nm increases
by 29.1-fold. Given that the emission intensity is proportional
to the density of the corresponding excited species, its increase
indicates that the surface plasma in EC1 is much more efficient
for the production of excited reactive species.

Considering the large area of the surface plasma, the gas
flow of helium is very weak (~50.7 sccm/cmz), so intuitively,
it is so strange that the production efficiency of reactive
species can be increased such much. However, the thickness
of the discharge is approximately 100 nm on the dielectric
surface [21], where the helium has not yet been well diluted
by the open air. Furthermore, the plasmas in EC1 (see Fig. 4)
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are mainly generated around the holes, where the helium
concentration must be high. With the presence of helium,
more electrons can be generated by the Penning ionization,
and consequently, the generation rate of those excited species
is enhanced [22]. On the other hand, the quenching rate of
excited species in helium is much lower than that in air, which
also leads to higher densities of excited species in EC1 [23].
So, the plasma characteristics are changed significantly by the
relatively weak gas flow of helium.

Helium gas flow also has an advantage of inhibiting the gas
temperature rise of the plasma, which can be reflected by the
temperature rise of the grounded mesh electrode. After the
plasma-on time of 3 min, the temperature rise of the mesh
electrode is ~1.8 K for EC1, while it is ~2.5 K for EC2 and
~4.6 K for EC3. The difference between EC2 and EC3 should
be attributed to the gas flow, and for the further decrease of the
gas temperature rise in ECI, it should be because the thermal
conductivity of helium is larger than that of air. From the
application point of view, the plasmas in EC1 have the lowest
temperature rise during a whole plasma treatment procedure,
and hence benefit the temperature sensitive applications, such
as plasma biomedicine.

B. Delivery of Reactive Species to the Downstream Sample

For the applications of surface discharge, the sample to
be treated is normally located in the downstream region
millimeters to centimeters away from the plasma, and hence
it is of importance to efficiently deliver the plasma-generated
reactive species, especially for the RONS, to the sample.
Compared with the three experimental conditions, the gas
flows in EC1 and EC2 benefit for delivering the reactive
species, and the presence of helium is also a favorable factor,
since the diffusion coefficient of reactive species is larger in
helium than that in air. For example, the diffusion coefficient
of OH in atmospheric-pressure helium is 0.87 cm?/s, but in
air, it is just 0.21 cm?/s [24]. In order to quantify the effect
of the air gas flow (EC2 versus EC3) and the presence of
helium (EC1 versus EC2) on the delivery of RONS, a petri
dish of deionized water was put 5 mm underneath the surface
discharge source, and the concentrations of long-lived species,
including H>O3, nitrite, and nitrate, as well as the short-lived
species NO were measured and then compared for the three
experimental conditions.

As shown in Fig. 6, the measured concentration of HyO; for
EC3 is 3.83 um, it increases by 1.37-fold due to the air flow
of 1 SLM (EC2), and further increases by sixfold due to the
presence of helium (EC1). This trend is also true for nitrite and
nitrate, and the increments for all the three species from EC3 to
EC2 are similar, but the increments from EC2 to EC1 are much
different. For example, the increment of nitrite concentration
from EC2 to ECI is just 1.27-fold, more than four times
lower than that for HyO,. As discussed above, the plasma
characteristics change a little by the air flow, so the air flow
increases the delivery of RONS mainly by advection, which
is the same for all the three species. This may be why the
differences of their concentrations in EC2 and EC3 are similar.
On contrast, the presence of helium in EC1 changes the plasma
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Fig. 6. Concentrations of HyO», nitrate, and nitrite in deionized water for
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Fig. 7. (a) ESR spectra of the spin adduct of NO and (b) its concentrations
for EC1, EC2, and EC3, respectively.

characteristics greatly, especially for the densities of gaseous
reactive species, and hence influences the delivery amount of
reactive species to the downstream water. The change in the
densities of RONS should be different for different species,
and hence the increments from EC2 to ECI1 are different
among each other.

NO is chosen as a representative to study the influence
of helium gas flow on the delivery of short-lived species.
Although the water is 5 mm away from the surface plasmas,
the aqueous NO can be detected by ESR for all the three
experimental conditions. As shown in Fig. 7(a), each of the
ESR spectra has three characteristic peaks with an intensity
ratio of 1:1:1, demonstrating the existence of NO in the plasma
treated water [12]. The concentrations of the spin adduct are
shown in Fig. 7(b) for EC1, EC2, and EC3, respectively.
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These concentrations represent the relative values of that for
aqueous NO, rather than the absolute values. This is because
the spin adduct has much longer lifetime than the original
free radical, and hence can accumulate to a relatively large
concentration to be detected by ESR [25]. It can be seen from
Fig. 7(b) that the concentration of NO increases by 1.3-fold
from EC3 to EC2, similar to that for the long-lived species.
The increment from EC2 to EC1 is about 2.6, suggesting that
the presence of helium also benefits for the delivery of short-
lived species. It should be noted that the aqueous NO may not
be diffused from the gas phase, instead it may be generated in
situ in the plasma-activated water, but in the latter case, it is
also generated by the other short-lived species originated from
the gas phase [26].

From Figs. 6 and 7, it can be concluded that the helium
gas flow can greatly increase the delivery of RONS to the
downstream sample, although the flow rate is very weak. This
is partially attributed to the gas flow itself, which leads to
~1.4-fold increment, and also attributed to the gain in densities
of RONS in the surface discharge as well as the increase
of diffusion coefficient in helium-mixed gas gap between the
discharge and the water.

IV. CONCLUSION

A new surface discharge source is put forward in this paper,
which consists of several HV strip electrodes, a grounded
mesh electrode, and a dielectric slice sandwiched between
the HV and the grounded electrodes. The dielectric slice has
many small holes of 0.8 mm diameter, which is located at the
center point of each mesh element, while on the other side of
the slice, they are in the middle position between two strip
electrodes.

Three experimental conditions are studied for comparison,
ie., ECl with a helium gas flow of 1 SLM, EC2 with
an artificial air flow of 1 SLM, and EC3 without any gas
flow. All the other conditions are kept the same. Helium
gas flow is only 32.3 sccm per each holes (~50.7 sccm/cm?
of the plasma), but it changes the plasma characteristics
greatly. It is found that the surface plasma is comparatively
more homogeneous in ECI1, because in that case, the gas
content of helium is much higher in the center region of each
mesh, and consequently the gas breakdown can happen there
although the electric field is lower than that in the edge region.
For the same discharge power of 2 W, the peak-to-peak value
of discharge voltage in ECI is comparatively lower by 1.1 kV,
but the densities of reactive species are much higher, since
the intensities of emission spectral lines of N(C), NEL(B),
He(3s3S), and O(3p5P) are stronger by at least sixfold.

The delivery of reactive species to the treated sample is
studied by putting a petri dish of deionized water in the
downstream region 5 mm away from the surface plasma. After
plasma-on time of 3 min, the concentrations of nitrite, nitrate,
H>0,, and NO in the water are measured for the three experi-
mental conditions. It is found that the gas flow can increase the
concentration of H,O» by only 1.4-folds (EC2 versus EC1),
but when helium is participated, a further increase of sixfold is
achieved (EC1 versus EC2). This further increase is also true
for the other three reactive species, especially for NO, which
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has a very short lifetime in gas phase. In principle, it may
be ascribed to the higher densities of gaseous RONS in the
helium-participated plasma and the larger diffusion coefficients
in helium compared with that in air.
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