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Abstract

This study reports an experimental comparison of two types of atmospheric pressure plasma jets
in terms of their fundamental plasma characteristics and efficacy in bacterial sterilization. The
plasma jets are fabricated by inserting a high voltage electrode inside a one-end closed (double
DBD plasma jet) or both ends open (single DBD plasma jet) quartz tubes which are further
enclosed inside a second quartz tube containing a ground electrode. Both plasma jets are
operated in contact with water surface by using a unipolar pulsed DC power supply with helium
as the working gas. Results from electrical and time-resolved imaging show that the single DBD
configuration induces 3—4 times higher accumulation of charges onto the water surface with
significantly faster propagation of plasma bullets. These results are accompanied by the higher
discharge intensity as well as stronger emissions from short-lived reactive species which were
analyzed through optical emission spectroscopy at the plasma-water interface. The rotational
temperature for the single DBD configuration was observed to be higher making it unsafe for
direct treatments of sensitive biological targets. These characteristics of the single DBD
configuration result in the production of more than two times higher concentration of H,O, in
plasma activated water. Shielding of the HV electrode reduces the plasma potential which in
turn reduces the electric field & electron energy at the plasma-water interface. The reduced
electric field for the double DBD configuration was lower by =463 Td than the single DBD
configuration. The bactericidal efficacy of the two configurations of the plasma

jets were tested against Escherichia coli, a well studied Gram-negative bacterium that
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can be commensal and pathogenic in human body. Our results demonstrate that although
single DBD plasma jet result in stronger antibacterial effects, the double DBD configuration

could be safer.

Keywords: atmospheric pressure plasma jets, plasma medicine, optical emission spectroscopy,
hydrogen peroxide, bacterial sterilization, plasma diagnostics, Antimicrobial effects

(Some figures may appear in colour only in the online journal)

1. Introduction

In the last two decades, there has been increasing interest
over the use of atmospheric pressure plasma jets (APPJs) for
biological and medical applications including wound heal-
ing, sterilization of surfaces, blood coagulation, root canal
treatment and cancer treatment [1-6]. APPJs are useful in
these applications as they generate reactive oxygen species
(ROS) and reactive nitrogen species (RNS) through the inter-
action of electrons, ions, and excited species with ambi-
ent species [7-9], while remaining at or near room tem-
perature. The synergistic action of ROS and RNS (together
called reactive oxygen and nitrogen species (RONS)) is
known to be highly effective in decontaminating a range
of pathogenic bacteria important for medical applications
[3, 10].

The APPJs used for the production of RONS usually con-
sist of a high voltage electrode and a ground electrode that
are separated by a spacing up to few centimetres within a
dielectric tube [11-13]. Upon application of a sufficient elec-
tric field, the gas between the electrodes is ionized, creating
energetic electrons and ions that lead to the formation of dif-
ferent RONS in the presence of parent species such as water,
oxygen, and nitrogen via electrochemistry. The RONS are
then carried to the downstream application region. APPJs are
easy to construct and as a result many different jet config-
urations have been reported. In one commonly used config-
uration, the internal high voltage (HV) electrode is enclosed
inside a dielectric material which is further surrounded by
a second dielectric material [14, 15]. In another commonly
used configuration, a single dielectric material separates the
HV and the ground electrode [11, 16]. Both configurations
of the plasma jets have been studied for different applica-
tions including biomedicine and water purification [17-21].
Despite the scale of their applications, there is considerable
ambiguity as to their relative characteristics and merits for
the aforementioned applications, thus making direct compar-
isons between studies difficult. This ambiguity also highlights
an important knowledge gap in APPJ physics and chemistry.
In this article, the effect of dielectric shielding of the HV
electrode on the characteristics of an atmospheric pressure
helium plasma jet is investigated. Two identical plasma jets,
the first one with one dielectric material between the HV
and the ground electrode (termed as single dielectric barrier
discharge (DBD) plasma jet) and the second one with two
dielectric materials between the HV and the ground electrode
(termed as double DBD plasma jet) are constructed to invest-
igate their physicochemical properties in contact with water
surface at identical operating conditions. The antibacterial

efficacy of the two APPJs in a real-world application is then
demonstrated by applying the plasma jets to kill E. coli
(E. coli), pathogenic strains of which can be found in the
human body.

2. Experimental methodology

2.1. Plasma jet setup

The schematics of the double and single DBD configurations
of the plasma jets along with the overall setup of the experi-
mental setup are shown in figure 1. The plasma jets were con-
structed by inserting a tungsten electrode (length = 76 mm,
outer diameter, OD = 1 mm) inside an inner quartz tube (inner
diameter, ID = 2 mm, OD = 3.10 mm). This acted as the HV
electrode. The bottom end of this inner quartz tube in the first
plasma jet is closed (figure 1(a), double DBD configuration),
while it is open in the second plasma jet (figure 1(b), single
DBD configuration). The distance between the end of the tung-
sten electrode and the end of the inner quartz tube is 2 mm.
The setup is then inserted inside a 1/4’’ nylon Tee compres-
sion fitting (Swagelok). A second or outer quartz tube (ID =
4 mm, OD = 6 mm, length = 45 mm) enclosed the inner tube
and the tungsten electrode within the Tee fitting. Copper tape
is wrapped around the outer tube and used as the ground elec-
trode (length = 6 mm) and placed 2 mm below the tip of the
HV electrode. The length of the outer quartz tube below the
ground is 15 mm. Plasma is generated with an electrical setup
(figure 1(c)) consisting of a SRS DG-645 digital delay gen-
erator (DDG), a unipolar Matsusada +10kV DC power sup-
ply, and a DEI-PVX-4110 pulse generator with a rise and fall
time of 60 ns. The working gas was helium (He) with a pur-
ity of >99.999 % and was metered by a mass flow control-
ler (Model: GES0A013503SBV020, MKS Instruments Inc.))
into the Tee. Both plasma jets were operated at a fixed applied
voltage of 7kV, frequency of 6 kHz, and at a pulse width of
1 ps in freestream mode and in contact with distilled water
(conductivity = 1.8 S cm™!) placed inside a petri-dish. The
volume of water inside the petri-dish was 25 ml and the dis-
tance between the nozzle of the quartz tube and water surface
was 12 mm. Helium was flowed at a constant flow rate of 2
standard liters per minute (SLPM) in both plasma jets.

2.2. Measurement of Electrical Signals

Electrical signals during the discharge were acquired by
connecting a Tektronix voltage probe (Model no. P6015) to
the HV tungsten electrode and a Pearson current probe (Model
no. 2100) to the ground electrode. The signals from the voltage
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Figure 1. Schematics of the (a) double; (b) single DBD configuration of the plasma jets; and (c) overall setup of the experiment.

and current probes were recorded in an oscilloscope (Tek-
tronix MDO3024). During the discharge process, significant
charges could be accumulated on the internal surface of the
quartz tube and also could be carried to the water surface
during the propagation of the plasma bullet. These charges
were measured simultaneously from the ground (copper elec-
trode wrapped outside of the quartz tube) and from inside the
water. For this purpose, two capacitors—each of size 3.34 pF
were connected in series with the ground electrode and the
target liquid respectively. A copper wire (diameter ~2 mm)
remained in contact with the water layer through a hole drilled
and sealed within the petri-dish. The signals from each capa-
citors were carried to the four-channel oscilloscope with two
identical 10:1 voltage probes.

2.3. Time-resolved imaging

The time-resolved images of the double and single DBD
plasma jets were obtained in freestream mode and in contact
with water surface. The signals were recorded by using an
Andor iStar 334T intensified charged coupled device (ICCD)
camera. The camera was synchronized with the trigger signal
from the DDG that also drives the pulse generator. The images
were recorded at various delay times since the start of plasma
bullet formation with the following settings in the ICCD cam-
era: TTL width = 30 ns, accumulation = 1 and exposure
time = 10 s and MCP gain = 4000.

2.4. Optical emission spectroscopy

Optical emission spectra (OES) of the double and single
DBD plasma jets were recorded using a 0.5m Princeton

Instruments SP2500 spectrometer coupled to a PI-MAX 4
1024 x 256 pixel ICCD camera. The spectrometer was cal-
ibrated in wavelength and intensity using the manufacturer
provided calibration lamps (Intellical, Princeton Instruments).
The spectra were recorded by focusing a lens (focal length
10 cm, inclination 45°) to the plasma-water interface. The dis-
charge region above the interface was blocked with a black
tape to only acquire the signals from the interface region. In
order to obtain the time resolved optical emission intensities,
the camera was synchronized with the DDG that also drives
the pulse generator.

2.5. Measurement of RONS formed inside water

To understand the application effect of the double and single
DBD plasma jets, we investigated the production of hydrogen
peroxide (H,O,), a relatively stable molecule formed through
the recombination reactions between highly reactive hydroxyl
(*OH) radicals in plasma activated water (PAW). Preparation
of PAW was done by treating a volume of 350 pul of dis-
tilled water (DIW) in a well of a 96-well plate for (a) dif-
ferent plasma exposure time (1, 3, 5min) at a fixed He flow
rate of 2 SLPM; and (b) He flow rates of 2 & 4 SLPM at a
fixed plasma exposure time of 3 min. The distance between
the end of the quartz tube and the surface of distilled water
was set to 12 mm. Firstly, a calibration curve with known
concentrations of H,O, was constructed by using a colorimet-
ric assay based on o-phenylenediamine (OPD, CAS number:
95-54-5, Sigma Aldrich Corporation) and horseradish peroxi-
dase (HRP, CAS number: 9003-99-0, Sigma Aldrich Corpor-
ation). Reagents were prepared by dissolving OPD and 20
pl of 2mgml~! HRP in 10ml of DIW. HRP catalyses the
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oxidation of OPD in the presence of H,O, to form 2 to 3
diaminophenazine with an absorbance maximum of 450 nm
[20, 22]. The absorbance maxima was measured using a plate
reader (SpectraMax iD5, Molecular Devices). The line of best
fit obtained with the calibration curve was then used to estim-
ate the H,O, concentration in PAW. We also obtained a quant-
itative measurement of nitrites (NO, ) using Griess-reagent
(CAS number: 1465-25-4, Sigma Aldrich Corporation) to get
insights on the concentration of RNS that could be formed by
double and single DBD configurations of the plasma jets inside
water.

2.6. Bacterial culture

Non-pathogenic E. coli (MG1655-pRK100) was obtained
from the Sysoeva lab (Department of Biological Sciences,
University of Alabama in Huntsville) strain collection. This
strain was streaked out from the frozen glycerol stock onto
lysogeny broth (LB) agar plate and grown at 37 °C overnight.
A colony from this plate was inoculated into 4 ml of nutrient
rich LB media and this E. coli culture was grown overnight
with aeration (250 rpm) at 37 °C. The optical density at 600 nm
(ODgpo) was measured and used to adjust cell density to load
onto fresh LB agar plates for consecutive plasma treatment. An
ODyqp of 1 corresponded to 10% colony forming units (CFUs)
per ml. Cell suspension were prepared and spread over the
LB agar using sterile glass beads to achieve the final surface
cell density of 10?, 10* or 10° CFU cm™2. During plasma
treatment, each plate was placed at the fixed height pedes-
tal secured and balanced under the double/single DBD APPJ
assembly such that the distance between the plasma jet nozzle
and agar plate surface was 12 mm. Each plates were treated at
(a) plasma exposures time of 1, 3 and 5 min at a fixed He flow
rate of 2 SLPM; and (b) He flow rates of 2 & 4 SLPM at a fixed
plasma exposure time of 3 min. The plates were then incubated
agar-up at 37 °C overnight and then imaged. The clearance
zones—zones of inhibition (Zol) that were devoid of bacterial
growth were measured in GIMP software as diameter of the
maximal circle without any growth. Triplicate measurements
of each treatment were collected and means and standard devi-
ations calculated.

3. Results & discussion

The results in this paper are presented to illustrate how the
shielding of a high voltage electrode influences the plasma
characteristics (electrical/optical/time-resolved) and how this
influences the production of RONS in plasma activated water.
The importance of double and single DBD configurations of
the plasma jets for practical application is then demonstrated
by comparing their ability to inactivate E. coli.

3.1 Plasma plume lengths

Figures 2(a) and (b) shows photographs of the double and
single DBD plasma jets launched into ambient air. The lengths

i g
0
¥

Figure 2. Photographs of the (a), (c) double; and (b), (d) single
DBD plasma jets in freestream (a), (b) mode and in contact with
water surface (c), (d) (Operating conditions: applied voltage—7 kV,
frequency—6 kHz, pulse width—1 us, He flow rate—2 SLPM).
Points Py, P, and P3 in (a), (b) respectively represent quartz tube’s
nozzle, the point at which plasma bullet starts bending and
maximum distance travelled by the plasma jet.

of the plasma plumes for double and single DBD plasma jets
are measured to be 58 mm and 54 mm respectively. In both
configurations, the plasma plume starts to bend and the dia-
meter increases at ~30 mm below the nozzle of the quartz
tube (point P, in figures 2(a) and (b)). Also, the brightness of
the double DBD plasma jet was observed to be higher while
in contact with water (figures 2(c) and (d)). Additional char-
acteristics of the plasma jets will be investigated using time-
resolved imaging in the next section.

3.2. Electrical characteristics

Figures 3(a) and (b) shows the current (/) and voltage (V)
waveforms of a single pulse discharge for the double and
single DBD configurations of the plasma jet in contact with
water surface. The voltage signals were measured at the HV
tungsten electrode while the current signals were measured at
the ground electrode. The peak value of current for the single
DBD plasma jet during the rise time of the applied voltage
was =474 mA (figure 3(b)). This is two times higher than the
peak value of current measured for the double DBD plasma jet
(/236 mA) (figure 3(a)). The positive discharge current peak
in figures 3(a) and (b) occur through the accumulation of wall
charges on the inner surface of the quartz tube(s) during the
rising part of the applied voltage. These charges are reversed in
polarity during the falling part of the voltage, which gives rise
to the negative discharge current peak. Also, during the opera-
tion of the plasma jets in contact with the water surface, a part
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voltage—7 kV, frequency—6 kHz, pulse width—1 ps, He flow
rate—2 SLPM.

of the current flows through the ground electrode while some
part of the current flows towards the surface of water. Due
to this phenomena, there could be some charges accumulated
inside the water surface. In order to validate this hypothesis,
the charges (Q) deposited on the inner walls of the quartz tube
and those inside the water were measured simultaneously (also
see figure 1). These results are presented in figure 4. At the pos-
ition of the ground electrode (figure 4(a)), the maximum accu-
mulated charges for the double and single DBD configurations
of the plasma jets were measured to be 0.40 + 0.01 nC and 0.75
4 0.005 nC respectively. The significant charge accumulation
in the single DBD plasma jet starts at an applied voltage of
~2.75kV followed by the initiation of the discharge, while for
the double DBD configuration this starts at ~4 kV. The higher
voltage for the double DBD configuration is due to the pres-
ence of additional dielectric material covering the HV elec-
trode. When observed through the water surface (figure 4(b)),
the maximum accumulated charges for the double and single
DBD configurations were measured to be 2.20 £ 0.13 nC and
7.51 + 1.08 nC respectively. These results suggest that sig-
nificant charges could be transported with the plasma plume
and deposited onto the surface of water during operation of
the plasma jet in contact mode with the water surface. The
maximum accumulated charges for the single DBD configur-
ation are higher by approximately 2 times and 3—4 times on
the inner walls of the quartz tubes and inside the water sur-
face, respectively. One potential reason for the higher accumu-
lation of charges in the change in the potential of the plasma

2 0 2 4 6 8
Applied voltage [kV]

(b)

Figure 4. Comparison of the Q-V plots measured for the double
and single DBD plasma jets through (a) the ground electrode and
(b) the water placed inside the petri-dish.The measurement of
charges at the two positions was done simultaneously.

jet. In the case of single DBD configuration, the plasma poten-
tial is expectedly similar with the potential of the HV electrode
while the internal dielectric material in the double DBD con-
figuration reduces the potential of the plasma jet. As a result,
less charge is expected to accumulate with the double DBD
configuration [23]. These accumulated charges could induce
higher electric field resulting in the longer length of the plasma
plume (figure 2) and could also increase the chemical reactiv-
ity of the plasma [24].

The Q-V plots as shown in figure 4 were utilized to calcu-
late the dissipated power (P) as:

P=fx Areaon—Vplot:fx/QdV 1)
where, f represents the frequency. The calculation of the area
inside the closed Q-V plot was done through the integration
of Q w.r.t. V using the trapezoidal rule in MATLAB. At the
position of the ground electrode, the dissipated power cal-
culated using equation (1) were found to be close to each
other (9.01 + 3.71 mW and 10.01 + 3.85 mW for the double
and single DBD configurations respectively). Similarly, the
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dissipated power calculated using the Q-V plots from the
water was found to be 109.54 £+ 39.26 mW and 427.99
4 150.23 mW for the double and single DBD plasma jets
respectively.

3.3. Time-resolved imaging

Time-resolved imaging in APPJs is an important technique
to understand the dynamics of discharge emissions that take
place at nanosecond timescales. As it is known that the con-
tact of the plasma with the target material significantly influ-
ences the plasma propagation [25], we have investigated the
propagation of plasma bullets for the double and single DBD
configurations of the plasma jet in freestream mode as well
as in contact with the surface of water. The images have been
captured using an Andor iStar 334T ICCD camera synchron-
ized with the trigger signal from the DDG that also drives the
pulse generator.

Figure 5(a) shows the time resolved images obtained for the
double DBD plasma jet in freestream mode. The first emission
below the ground electrode is detected at a delay time of ~100
ns. This bullet then reaches the nozzle of the quartz tube at
~300ns and at an average velocity of 7.5 x 10* ms~!. After
that, it continues propagating with a bright emission in ambient
air forming the classic plasma bullet. At ~600 ns, the plasma
bullet has travelled ~27 mm from the nozzle of the quartz
tube and it starts splitting into fragments. These fragments are
seen to travel individually in the downstream region after 600
ns. The individual fragments dissipate during collision with
ambient air molecules as they stay or travel more in ambient
air. No emission is detected as the delay time reaches 1050 ns.
At 1075 ns, a secondary glow appears below the ground elec-
trode. Its intensity becomes weaker after 1125 ns, and no glow
is recorded afterwards. The appearance of the secondary emis-
sion at 1075 ns is due to the release of accumulated charges on
the inner walls of the quartz tube. This could be verified as the
pulse width of the discharge (figure 3) is 1 us and the second-
ary emission also appears at =<1 us after the appearance of the
first emission below the ground electrode.

The behavior of the plasma bullet propagation for the single
DBD plasma jet in freestream mode is shown in figure 5(b).
As compared to the double DBD plasma jet configuration,
the plasma bullet is seen to travel faster and dissipate much
earlier, before the falling edge of the applied voltage. The first
emission near the ground electrode in figure 5(b) is recor-
ded at =~75ns. By 150ns, the bullet is seen to have already
crossed the exit of the outer quartz tube. The speed of the
bullet exiting the quartz tube considering the moment it first
appeared near the ground electrode is >2.5 x 10° ms~'. The
bullet continues propagating in ambient air with a bright emis-
sion until 275ns. At 300ns, the plasma bullet has travelled
~29 mm from the nozzle of the quartz tube and it is seen
to split into at least two fragments. More splitted fragments
from the bullet are observed at 325 ns. The emission from the
fragments then weakens and no emission from the bullets is
recorded afterwards. At 1075ns (i.e. exactly 1 us after the
appearance of the primary discharge emission), a secondary

(b)
—1.00 - , - - 3.00
g —Intensity (Single DBD) @
=0.80 - - Intensity (Double DBD) {2.40 &£
s " —Speed (Single DBD) | 0
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X ,‘\ ! ] b4
040N 1 1.20 .
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9 1 NS4 o) wn
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(c)

Figure 5. Temporal evolution of plasma bullets in a (a) double DBD
and (b) single DBD plasma jet in freestream mode. The first dotted
line on each rows represent the bottom of the ground electrode and
the second dotted line represents the nozzle of the quartz tube. Each
image is obtained with single shot at a TTL gate width of 30 ns and
exposure time of 1 us (Operating conditions: applied voltage—7
kV, frequency—6 kHz, pulse width—1 ps, He flow rate—2 SLPM).
A plot of pixel intensities and propagation speeds computed from
corresponding images in (a), (b) are shown in (c).

emission is observed below the ground electrode. This emis-
sion is observed to be stronger than the double DBD plasma
jet and lasts until 1250 ns.

A plot of pixel intensities and plasma bullet propagation
speeds derived from figures 5(a) and (b) for the double and
single DBD plasma jets against different delay times are sum-
marized in figure 5(c). The maximum intensity for single
DBD configuration occurs at a delay time of 200ns while
for the double DBD configuration, it occurs at 400 ns. These
time points in figures 5(a) and (b) correspond to the time
at which the plasma bullet formed during the rising part of
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the applied voltage has just exited the nozzle of the quartz
tube. The emission intensity then decreases and another max-
ima, with lower intensity than the previous one is observed at
1125 ns. This maxima corresponds secondary discharge due
to the accumulated charges inside the quartz tube. The max-
imum pixel intensity in both primary and secondary discharges
are higher for the single DBD plasma jet. Also, it can be seen
in figure 5(c) that the propagation speed for the single DBD
plasma jet remains higher until the plasma bullet travels along
the quartz tube and it continues to decrease afterwards. A sim-
ilar phenomena is observed for the double DBD configuration.
We also observe that the speed of plasma bullets for the single
DBD plasma jet is much higher than the double DBD plasma
jet. These values were measured to be: 7.5 x 10* ms™! &
>2.5 x 10° ms™! (at the quartz tube’s nozzle ) and 8.31 x
10*ms~" and >1.94 x 10’ ms~! (in ambient air before split-
ting into fragments) for the double and single DBD plasma jets
respectively. The higher speeds could be the result of higher
electric field & higher plasma potential caused through higher
accumulation of wall charges inside the quartz tube. Previous
studies [26, 27] also suggest the strong dependence of plasma
potential in the propagation of the plasma bullets. In our case,
the shielding of the HV electrode could reduce the plasma
potential and result in the significant reduction of the speed
of plasma propagation.

In figures 5(a) and (b), the plasma bullet starts splitting
into fragments after it has travelled a distance of ~27-29 mm
below the nozzle of the quartz tube in both double and single
DBD configurations of the plasma jets. This also corresponds
to the point (point P; in figure 2) at which plasma plume starts
bending. As the flow rate of helium in both plasma jets is the
same and the plasma jets were designed in identical configura-
tion, we speculate this to have happened due to the quenching
by air molecules (mostly oxygen) diffusing into the ionization
channel [28, 29].

The dynamics of plasma bullet propagation for the double
and single DBD plasma jets in contact with water surface
are represented in figures 6(a) and (b). The intensities of dis-
charge emission at different delay times and measurable velo-
cities are summarized in figure 6(c). The acquisition settings
in the ICCD camera were the same as those in figure 5. For
the double DBD configuration (figure 6(a)), the first emis-
sion below the ground electrode is detected at a delay time
of 100 ns. The bullet travels along the quartz tube at a velo-
city of ~7.5-9.0 x 10* ms™' until it reaches the nozzle
of the quartz tube (300ns). After 325 ns, its speed sud-
denly increases to 1.07 x 10° ms~! as it exits the nozzle
of the quartz tube. The sudden increase in the speed is due
to the presence of water in the downstream region which
acts as second ground. The speed of the plasma bullet fur-
ther increases to 1.67 x 10° ms~' at 375 and the plasma
bullet splashes in water. At this point, a bright emission is
observed in the region between the nozzle of the quartz tube
and water surface. The emission intensity in the discharge
region then weakens. At ~1100ns, the accumulated charges
inside the quartz tube result in the formation of secondary
discharge. This emission is only observed below the ground

(b)
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Figure 6. Temporal evolution of plasma bullets in a (a) double
DBD and (b) single DBD plasma jet in contact with water surface.
The first dotted line on each rows represent the bottom of the ground
electrode, the second dotted line represents the nozzle of the quartz
tube and the third dotted line represents the surface of water. Each
image is obtained with single shot at a TTL gate width of 30 ns and
exposure time of 1 us (Operating conditions: applied voltage—7kV,
frequency—o6 kHz, pulse width—1 us, He flow rate—2 SLPM). A
plot of pixel intensities and propagation speeds computed from
corresponding images in (a), (b) are shown in (c).

electrode and becomes weaker after 1175 ns. Similarly, the
mechanism of plasma bullet propagation in the single DBD
plasma jet in contact with water surface is represented in
figure 6(b). The first emission below the ground electrode is
detected at a delay time of 75 ns. It then continues propaga-
tion along the quartz tube and towards the surface of water.
By 150ns, the plasma bullet already crosses the nozzle of
the quartz tube and it splashes in water before 175 ns. Sim-
ilar to double DBD configuration, the propagation speed is
seen to increase when the plasma bullet approaches the sur-
face of water. The propagation of the bullet before splashing
into water was measured to be 4.20 x 10> ms~'. As the bullet
splashes in water (175 ns), the discharge region between the
main ground electrode and the surface of water appears with
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Figure 7. (a) Optical emission spectra of the discharge between 300
and 400 nm for the double and single DBD plasma jets in contact
with water surface. The spectrums recorded at central wavelengths
of 309 nm, 337 nm and 375 nm were combined in order to obtain
the plot. The intensities for single DBD configuration have been
reduced by half in order to show the emissions clearly in the same
scale. Only the emission from the interface region was acquired and
the upper area was blocked (see inset image for the single DBD
configuration). (b) Time-resolved optical emission intensities for the
two jet configurations at 309 nm, 337 nm and 390 nm. Operating
conditions: applied voltage—7 kV, frequency—6 kHz, pulse
width—1 us, He flow rate—2 SLPM.

a bright emission. This brightness continues for the next 25 ns
probably due to the ionization of water molecules and sub-
sequent emission from excited species. After 200 ns, the dis-
charge intensity decreases. At 1075—1100 ns, another emission
is below the ground electrode and above the surface of water.
The intensity of the secondary emission is much brighter than
the double DBD configuration and this lasts until 2200 ns. The
formation of secondary discharge is due to the accumulated
charges that were formed on the inner surface of the quartz
tube and inside the surface of water (figure 4). The higher
emission intensity is thus attributed to the higher accumula-
tion of charges. The secondary discharge emission above the
surface of water for the double DBD configuration was weak.
This is probably due to the lesser charges accumulated on the
surface of water or the acquition settings used in the camera
were not optimum to detect them.

3.4. Optical characteristics

3.4.1. Optical emission spectra.  Figure 7(a) shows the OES
of the discharge recorded in the range of 300—400 nm for the
double and single DBD plasma jets. The optical fiber was

inclined at an angle of 45° and focused to the plasma-water
interface (see inset image) to only obtain the spectra from
the interface region. The region between 300 and 400 nm
is mostly composed of the emissions from hydroxyl radical
(*OH) at ~309 nm, several bands of nitrogen second positive
system (N, SPS, 313 nm, 316 nm, 337 nm, 371 nm, 375 nm,
380 nm, 394 nm, etc), and nitrogen first negative system (N,
FNS, ~394 nm) [16, 30, 31]. Emissions from hydroxyl rad-
icals appear due to the dissociation of water vapor molecules
present in the feeding gas or in the ambient environment. The
emissions from excited nitrogen is due to the dissociation of
nitrogen molecules present in the ambient environment. In
figure 7, it can also be observed that the optical emission
intensities at all wavelengths for the single DBD configuration
are higher than the double DBD configuration. These higher
intensities could be the result of higher concentrations of short
lived RONS formed during the discharge.

We also observed the temporal evolution of 309 nm OH,
337 nm N, and 391 nm N at the plasma-water interface and
these results are presented in figure 7(b). Similar to figure 6(b),
two maxima are observed from each species. The first max-
ima corresponds to the emission from excited species formed
during the rising part of the applied voltage. The second max-
ima is from the discharge caused by the accumulated charges.
For all three wavelengths, the emission intensities from single
DBD plasma jet are higher than the double DBD one. The peak
emission intensities from 309 nm OH, 337 nm N5, and 391 nm
N ;r for the single and double DBD plasma jets appear at delay
times of 320 ns and 520 ns respectively. The peak plasma bul-
let intensities for the single and double DBD jets in figure 6(b)
also occur at an interval of 200 ns. This suggests that the delay
in the occurrence of optical emission intensities for the double
DBD configuration are caused by the slower motion of the
plasma bullet.

In the next step, we utilized the intensity ratios from two
optically closed lines corresponding to 391.4 nm N;r FNS and
394.3 nm N, SPS (R39;/304) to get an estimate of the reduced
electric field for the double and single DBD plasma jets [32].
This technique relies on the measurement of the ratio of intens-
ities of two optical transitions with different thresholds/cross-
sections and relates the ratio to the electric field knowing the
dependence of rates of excitation by electron impact, radiat-
ive lifetime and the quenching rates. Assuming that excitation
takes place by direct electron impact with the ground state of
molecular nitrogen and the decay of the emitting states takes
place by natural radioactive decay & collisional quenching by
N,/O;, molecules, the calculation of reduced electric field can
be made as [32, 33]:

£ £\ 05
R391/304 (N> = 46exp l—89 (N> ] (2)

where (%) is the reduced electric field strength. The values of
electric field derived from equation (2) are found to be 806.27
=+ 128.06 Td 1269.20 £ 133.20 Td respectively for the double
and single DBD plasma jets respectively. The intensity ratios
of 391 nm N;r FNS to 337 nm N, SPS (figure 7) are also higher
for single DBD configuration supporting our observations for
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Figure 8. Sample fits of (a) 337 nm N, SPS; (b) 365-380 nm N,
SPS bands obtained with MASSIVEOES for the determination of
rotational and vibrational temperatures respectively. The sample
spectra are obtained with the single DBD plasma jet in contact with
water surface.

higher electric field. Additionally, the electric field strength in
APPJs is also determined from the intensity ratios of 667.8 nm
He to 728.1 nm He emissions (Res7.3/728.1) [34]. The aver-
age ratios of Reg7.3/728.1 for the single and double DBD con-
figurations were measured to be 4.26 and 2.94 respectively.
These results also provide additional support for higher elec-
tric field in single DBD plasma jet. The higher electric field
could be related to our observations in figures 5—7. The shield-
ing of the HV electrode in the double DBD configuration thus
reduces the plasma potential and the electric field resulting in
the slower propagation of plasma bullets & lower emission
intensities from reactive species.

The OES recorded for the single/double DBD plasma jets
were further utilized to estimate the rotational/vibrational tem-
perature, electron density and electron temperature. These will
be discussed in the next sections.

3.4.2. Rotational/Vibrational temperature. Because of
the high collision frequency at atmospheric pressure, the
translational temperature of the plasma is close to rotational
temperature and can be approximated from the N, SPS
emission [35]. The experimental spectra obtained from N,

SPS were fitted by using a simulated spectra generated by
MASSIVEOES developed by Vorac et al [36-38] and the
results from best fit were used to estimate the rotational/vibra-
tional temperature. A sample of the fitted spectrum of the N,
SPS for the 337 nm band and the 365-380 nm bands for the
single DBD configuration are shown in figures 8(a) and (b)
respectively. The fitting from 337 nm N, SPS band was used
for the estimation of rotational temperature while the fitting
from 365 to 380 nm N, SPS bands were used for the estim-
ation of vibrational temperature. The rotational temperatures
derived from the fitted spectra were obtained to be 305.57 +
9.29K and 329.54 £+ 6.56K for the double and single DBD
plasma jets respectively. Similarly, the vibrational temper-
atures for the double and single DBD configurations were
measured to be 3437.62 + 40.67K and 4150.43 4+ 23.54K
respectively. A higher temperature for the single DBD config-
uration is attributed to be the result of higher discharge current
(figure 3).

3.4.3. Electron density.  Electron density (n.) is a key para-
meter in APPJs as it strongly influences the discharge prop-
erties and formation of reactive oxygen and nitrogen species.
A commonly used method for the determination of 7, is the
atomic line stark broadening. This method is popular as it gives
a straightforward relation between the line width caused by
ne and stark broadening. The atomic emission from hydrogen
alpha (H,,) line at 656 nm was utilized to estimate the values of
electron density for the two configurations of the plasma jets.
At atmospheric pressure, its broadening is influenced by sev-
eral effects which mainly include, Doppler broadening (caused
by thermal motions of excited hydrogen atoms), Van der
Waal’s broadening (caused by the collision of excited hydro-
gen atoms with helium atoms), and instrumental broadening
(the characteristic instrumental function of the optical system).
Some other broadening mechanisms such as natural broaden-
ing (which arise due to the finite lifetime of the excited levels)
and resonant broadening (occurring for transitions involving a
level) due to their very small value are usually neglected. The
profiles coming from these mechanisms can be well approx-
imated to Gaussian (effect of Doppler and instrumental broad-
ening) or Lorentzian (effect of Van der Waal’s and stark broad-
ening), and the combination of them (convolution) known as
Voigt profile. The Gaussian profile was determined by both the
Doppler and instrumental broadening, in which the full-width
at half maximum (FWHM) of the Gaussian is given by [39]:

AXg = (ANS + AN)? 3)

where AMp and A\ are the FWHM of the Doppler broaden-
ing and instrumental broadening respectively.

Doppler broadening (AAp) mainly depends upon the gas
temperature (T,) of the emitter and it is calculated by using
the expression of its FWHM as [40]:

T
Alp=7.16 x 1077\ (ﬁ) “4)
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Figure 9. Determination of the instrumental broadening through
Gaussian fit of the experimental spectrum. A monochromatic light
emitted by He—Ne laser source was used for estimating the
broadening.

where A is the emission wavelength, T, is the gas temperature
of the plasma in kelvin and M is the atomic weight of hydrogen
atoms in g mol .

The determination of Van der Waals broadening (A)y) is
done by the expression of its FWHM as [40]:

g

7.\ 03
)N
I

AAW:K< 5)

where  is the reduced mass of H-He pairs and N is the neut-
ral density which can be obtained from the gas temperature 7
via the ideal gas law. K; is a constant depending on the spec-
tral line and emitter polarizability. For plasmas operating in
air with helium as the working gas, equation (5) is reduced to
the following form [39, 41]:

242

A)\V: @

(6)

The instrumental broadening is determined by measuring
the FWHM of the He—Ne laser source (Model no: 05-LLP-
805, Melles Griot) at a wavelength of 632.4 nm. The slit width
in the spectrometer was 25 pm and a grating with 1200 lines
mm~! was used. A fit of the experimental spectrum is shown
in figure 9. The value of instrumental broadening is obtained
as:

AN = 0.068 nm. @)

The value of stark broadening A)g is obtained from the
FWHM of Lorentzian broadening A\ and Van der Waals
broadening by using following expression [40]:

Ads = AL — Aly. ®)
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Figure 10. Voigt fit of the experimental H,, emission at 656 nm for
the (a) double DBD and (b) single DBD plasma jet. Both spectra
were recorded at the plasma water interface. Operating conditions:
applied voltage—7 kV, frequency—6 kHz, pulse width—1 us, He
flow rate—2 SLPM.

In equation (8), AAL is obtained from the Voigt fit of the
experimental spectrum and AMy is obtained from equation
(6). The Voigt fits of the experimental spectrum for the double
and single DBD plasma jets are shown in figures 10(a) and (b)
respectively.

Finally, the value of electron density is obtained using the
following expression [39]:

The values of electron densities calculated using equation (9)
for the double and single DBD configurations are found
to be 7.49+£0.86 x 10* m~* and 7.304+0.23 x 10 m~?
respectively, (figure 10).

_ e
1023m73

A&:me( ©9)

3.4.4. Excitation temperature.  The generation of active spe-
cies through collisions and subsequent production of react-
ive species are essentially controlled by electron temperature
and electron density. For a plasma in local thermodynamic
equilibrium (LTE), a Boltzmann plot of the excited emission
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Figure 11. Excitation (Exc.) temperature measured using excited
helium emission lines for the (a) double DBD and (b) single DBD
plasma jet at plasma-water interface.

lines derived from the OES measurement could be used for
the determination of electron temperature. But, for a plasma
in non-LTE this method could give an approximation of excit-
ation temperature (7exc) [42, 43]. Intensities from several
excited helium lines (471.31 nm, 492.19 nm, 501.57 nm,
587.56 nm, 667.80 nm, 706.52 nm and 728.13 nm) were
included in the model assuming a Boltzmann distribution of
the population of the atomic level as [42]:

(10)

where ) is the wavelength, I is the measured intensity, Ay is the
transition probability, g; is the statistical weight of the upper
level, E is the energy level of the upper level, Kg Boltzmann’s
constant and 7 is the temperature in Kelvin. The slope of the
straight line (KIT) obtained from equation (10) gives the value
of excitation temperature. Typical Boltzmann plots obtained
with excited helium emission lines are shown in figure 11.
Some of the points in the plot appear away from the line of
best fit as the effect of collisional quenching in the calcula-
tion have not been considered. The slopes of the straight lines
yield the value of excitation temperature to be 0.34 £ 0.03 eV
(figure 11(a)) and 0.24 + 0.02 eV (figure 11(b)) respectively
for the double and single DBD plasma jets.

3.5. Measurement of H,O2 & NO, concentrations in PAW

H,0; is major long-lived reactive species formed by APPJs
and it is known to be a broad spectrum antimicrobial agent. It
arises from reactions with radicals formed within the core of
the plasma discharge from recombination reactions between
*OH radicals and in the plasma effluent as oxygen from air
mixes and reacts with atomic hydrogen and hydroperoxyl
radical [20]. The calibration curve used for measuring H,O,
concentration in PAW is presented in figure 12(a) and the
results showing the effect of plasma exposure time for the
double and single DBD configurations of the plasma jets are
shown in figure 12(b). For both configurations, the concentra-
tion of H,O, increased with plasma exposure time. The H,O,
concentrations for the 3 min and 5 min plasma exposure time
increased by ~126% and ~179% respectively as compared to
1 min plasma exposure time for the double DBD plasma jet.
The corresponding increments for the single DBD configura-
tion were ~52% and ~82% respectively. For all plasma expos-
ure time, the concentration of H,O, for the single DBD plasma
jet was more than two times higher than the single DBD one.

Similarly, the effect of increasing He flow rate from 2
to 4 SLPM on the production of H,O, is represented in
figure 12(c). For single DBD configuration, an increase in gas
flow rate also leads to the significant increase in H,O, con-
centration from ~625 M to ~875 uM. On the other hand, the
increase in gas flow does not significantly increase the produc-
tion of H, O, for the double DBD configuration and it remains
constant at =300 yM.

We also investigated the quantitative formation of NO; in
plasma activated water for the double and single DBD con-
figurations of the plasma jets. These results are shown in
figure 12(d). The colour changes for the single DBD config-
uration at all plasma exposure times (1, 3, 5 min) are stronger
than the double DBD configuration. These results indicate that
the formation of nitrates and nitrates could also be higher for
single DBD configuration.

The formation of H,O, in APPJs is mainly attributed to
the presence of water vapor molecules which may be present
in the feeding gas or adsorbed inside the gas tubing. The
working gas used in this study (99.999% He) contained ~1
ppm of moisture. The experiment was conducted at a humid-
ity of ~36%. Water vapor molecules are firstly dissociated
into highly reactive *OH radicals which subsequently com-
bine to form H,0, mainly through the following mechanisms
[17,44-49]:

(a) Collisions with electrons: e~ + H,O — *H + *OH + e~

(b) Collisions with metastable atoms/radicals: e~ + O, —
OCP) + O('D) + e, 0('D)+H,0 — 2°0OH; e~ + N, —
No(A3SF) + e, Ny (A*SF) + HyO — *OH+N,+°H

(c) Collision with helium metastables: e~ + He—He,, +e7;
He,, + H,O—He + H,O" +e;e~ + H,O" — *OH +
*H

(d) Plasma initiated ultraviolet photolysis: UV + H,O —
H,O*; UV + H,0* - H* + OH"; OH™ — *OH+ ¢~
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The OH radicals formed through mechanisms (a)-(d)
recombine to form H,O, as: *OH + *OH — H,0,.

On the other hand, the formation of NO, in APPJs takes
place through the recombination of atomic oxygen (O) and
atomic nitrogen (N) as [44, 50]:

(e) N+O; =+ NO + O; N + *OH — NO + *H; N+O — NO
Nitric oxide (NO) thus formed in (e) recombines with O,
and H,O to form NO, [20]:

(f) 4NO + 20, + 2H,0 — NO; + 4H*

The production of RONS through collisions of electrons or
ions with neutral atoms or metastables is mainly controlled by
electron density and electron temperature. A higher electron
density increases the number of collisions that take place with
the neutral molecules. And the RONS formation mechanisms
mentioned in (a)—(f) are enhanced at higher electron energies.
The calculation of electron density using the method of Stark
broadening in figures 10(a) and (b) suggests that they are close
to each other. However, the value of excitation temperature,
an indication of the electron temperature (figures 11(a) and
(b)) obtained for the single DBD configuration is ~0.10 eV
higher than the double DBD configuration. Also, the results
in figure 6 show that the plasma bullets in single DBD con-
figuration travel significantly faster and result in greater accu-
mulation of charges inside the water (figure 4). From these
results we conclude that high energy electrons travelling with
higher velocity result in the higher production of H,O, &
NO; with the single DBD configuration of the plasma jet.
Also, continuous exposure of water to the plasma increases
the accumulation of plasma derived species (mainly H,O,,
NO; , NO, etc) which could be formed through the dissoci-
ation of ambient species in the plasma liquid interface) result-
ing in the higher concentration with time (figures 12(b) and
(d)). Previous investigations on the effect of gas flow rate sug-
gest that H,O, concentration increase with increasing gas flow
rate [20]. A higher gas flow rate increases the speed of deliv-
ery of hydroxyl radicals to the target solution by minimizing
the quenching reactions of hydroxyl radicals with ambient air
molecules. This was not significant for the double DBD con-
figuration of the plasma jet in the present study (figure 12(c))
due to the lower energy of electrons.

3.6. Application to bacterial killing

The final set of experiments involved investigating the bac-
tericidal efficacy of the double and single DBD plasma jets.
Non-pathogenic E. coli were grown and distributed on agar
surface of petri-dishes as described in Experimental Method-
ology. The bacterial cells were then treated by both plasma
jets at a target-nozzle distance of 12 mm by varying plasma
exposures time (1, 3 and 5 min), He flow rate (2, 4 SLPM)
and bacterial cell density (10> CFU cm~2, 10* CFU cm~?2 and
10% CFU cm~2). At identical values of operating conditions,
the diameter of the plasma in contact with the agar was sim-
ilar to water figure 2. However, the brightness was observed
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Figure 12. Measurement of H;O, & NO, in PAW (a) calibration
curve constructed with known concentrations of HyO;; (b) effect of
plasma exposure time; (c) effect of increasing the gas flow rate from
2 to 4 SLPM for both double and single DBD plasma jets (plasma
exposure time = 3 min); and (d) Visualisation of NO, formation
with double (left) and single (right) DBD plasma jets (where C =
control & 1,3,5 = plasma exposure times).
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Figure 13. Evaluating the bacterial inactivation efficacy of double and single DBD plasma jets—(a) effect of plasma exposure time (1, 3,
and 5 min); (b) effect of 2,4 SLPM He flow (plasma exposure time = 3 min); and (c) effect of varying bacterial cell densities (exposure time
= 3 min, He flow rate = 2 SLPM, applied voltage = 7kV pulsed DC).

to be higher with the single DBD configuration. The bacter-
icidal efficacy was analyzed through the measurement of zone
of inhibition (Zol).

Increasing plasma exposure times from 1 to 5 min led to
almost doubling of the average Zol (i.e. from ~10.5 mm to
~20 mm for the single DBD configuration, figure 13(a)). Effi-
ciency of the shielded configuration is lower by at least three
times for all plasma exposure times. These observations cor-
relate well with the observed concentrations of H,O, shown
in figure 12(b). Increasing the He flow rate from 2 to 4 SLPM
resulted in a slight decrease of bactericidal efficiency but for
both gas flow rates, single DBD configuration is still more effi-
cient (figure 13(b)). We also tested whether the single DBD
configuration performance depends on the bacterial cell dens-
ity. Comparing three cell densities at otherwise fixed plasma
operating conditions showed that efficiency of plasma killing
decreases at higher densities of cells as expected, but the single
DBD configuration remains more efficient (figure 13(c)).

Taken together, these results show that single DBD con-
figuration of the plasma jet achieves better decontamination
results in a fraction of time required for the double DBD con-
figuration. This is attributed to the higher production of H,O,
alongwith other RONS and higher temperature of the jet.

4. Conclusions

In conclusion, the characteristics of two APPJs operated with
single and double dielectric materials in contact with water
surface were investigated. Results from electrical measure-
ments showed that the accumulation of charges onto the sur-
face of water could be significantly higher with the single
DBD configuration of the plasma jet. The higher accumu-
lated charges result from the higher plasma potential which
in the double DBD configuration is reduced by the quartz tube
shielding the high voltage electrode. The time-resolved images
obtained with the ICCD camera showed that plasma bullets
in a single DBD plasma jet travel by an order of magnitude
faster than those in the double DBD plasma jet. Because of this
the emissions from the excited species at the water-interface
occurred earlier with the single DBD plasma jet. Results

from optical emission spectroscopy showed stronger emis-
sions from short lived reactive species, mainly hydroxyl rad-
icals and excited nitrogen species at the outlet of both plasma
jets, and the intensities were observed to be higher for the
single DBD configuration. Analysis of the OES for rotational
temperature showed that the single DBD plasma jet operates
at significantly higher temperature close to the water inter-
face making it unsafe for direct biological treatments. Also,
the electric field measured from the optical emission spectro-
scopy was found to be higher for the single DBD configura-
tion. The higher electric field resulted from the higher electron
energy which was confirmed with the measurement of excit-
ation temperature of the excited helium emissions although
the electron densities for two configurations were similar to
each other. These characteristics of single DBD configura-
tion resulted in the formation of more than double hydrogen
peroxide concentration inside plasma activated water and the
results correlated well with the bactericidal effects against E.
coli through direct plasma treatment. Our results show that
the higher electric field caused through higher accumulation
of wall charges influence the physical and chemical charac-
teristics of the plasma jet that may have significant impact on
several biomedical applications. The present study suggests
these impacts could be stronger with an single DBD plasma
jet.
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