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In this letter, an experimental study is presented to characterize a room-temperature plasma jet in
atmospheric argon generated with submicrosecond voltage pulses at 4 kHz. Distinct from
sinusoidally produced argon discharges that are prone to thermal runaway instabilities, the pulsed
atmospheric argon plasma jet is stable and cold with an electron density 3.9 times greater than that
in a comparable sinusoidal jet. Its optical emission is also much stronger. Electrical measurement
suggests that the discharge event is preceded with a prebreakdown phase and its plasma stability
is facilitated by the short voltage pulses. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2817965]

Offering a unique chamberless route to wide-ranging
surface chemistry near room temperature, atmospheric pres-
sure glow discharges (APGDs) have found increasing use
in  numerous apzplications such as nanoscig:nce,1
biodecontamination,” and plasma display technology.” One
intrinsic feature of APGD is their tendency for the glow-to-
arc transition, and so a key challenge in their development is
to attain high plasma stability while maintaining efficient
reaction chemistry.4 This can be addressed with a jet configu-
ration in which the APGD is generated in a region of an inert
gas and then flushed to a separate region of reactive gases for
surface treatments, thus achieving high plasma stability and
active reaction chemistry in spatially different locations.”™"?
When helium is used as the inert gas, such jet configurations
are particularly effective in controlling plasma instabilities
associated to the glow-to-arc transition. From an economics
standpoint, however, it is desirable to realize APGD applica-
tions with less expensive inert gases such as argon.13 Yet, the
use of argon has been found to considerably elevate the gas
temperature of APGD jets,7’14716 thus rendering their use for
near room-temperature applications. One possible solution is
to employ pulsed excitation, known to reduce electrical en-
ergy consumption and gas temperature.17 Studies of pulsed
argon APGD are both interesting and timely, since most
pulsed APGD have so far employed a helium-dominant
working gas.lg_22 In this letter, we report an experimental
study of a room-temperature argon APGD jet achieved with
repetitive submicrosecond high-voltage pulses at kilohertz
frequencies.

The argon APGD jet was produced inside a quartz tube
wrapped with a metal strip of 1 cm wide as the powered
electrode and flushed in an atmospheric argon flow to a
downstream dielectric sheet as the grounded electrode. The
inner diameter of the quartz tube was 1.5 mm and the argon
flow rate was 5 slm. The use of the quartz tube suggests that
the generated plasma was effectively a dielectric-barrier dis-
charge in atmospheric argon. The pulsed power supply was
capable of delivering submicrosecond voltage pulses of up to
15 kV at frequencies up to 5 kHz.>** For results presented
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here, the excitation frequency was fixed to 4 kHz. The dis-
charge current and the applied voltage were measured with a
wideband current probe and a wideband voltage probe, re-
spectively.

Figure 1 shows an optical emission spectrum around the
OH line at 309 nm and an image of the argon APGD jet
treating a human finger. Optical emission spectra were ob-
tained using a spectrometer with a focal length of 0.3 m and
a grating of 2400 grooves/mm, and the plasma image was
taken with an exposure time of 50 ms using an intensified
charge coupled device camera. The measured emission spec-
trum was compared to theoretical spectra simulated at differ-
ent gas temperatures using LIFBASE,” and the best fit as de-
termined by Pearson’s y’ test was found to be with a gas
temperature of 320 K. A 2.5% error bar is indicated on the
simulated spectrum at 320 K in Fig. 1, which also shows the
simulated spectrum with 420 K. As an alternative tempera-
ture measurement, a thermometer with a nominal error of
1 °C was placed in the plasma plume near the jet nozzle and
the average from three independent readings was
28.0+0.3 °C. This is considerably lower than the minimum
gas temperature of 450 K reported so far for atmospheric
argon plasmas.7’14_16 The pulsed Ar plasma jet can operate
continuously for many hours without any marked tempera-
ture rise, suggesting an effective suppression of any thermal
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FIG. 1. (Color online) Measured and simulated optical emission spectra
around the OH line at 309 nm for the submicrosecond pulsed atmospheric
argon plasma jet. The inset shows the APGD jet with a human finger as the
grounded electrode. The error bars on the 320 K simulated spectrum repre-
sents 2.5%.
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FIG. 2. (Color online) Traces of the applied voltage, the total discharge
current and the displacement current of the submicrosecond pulsed argon
APGD jet.

runaway instabilities. The pulsed jet in Fig. 1 is therefore a
room-temperature atmospheric argon plasma and useful in
widening the diversity range of applications that can benefit
from atmospheric argon plasmas. It is known that very small
electrode structures combined with very high gas flow rates
help reduce gas temperature in atmospheric plasmas, but this
approach tends to result in variation in cycle-to-cycle plasma
properties. The pulsed atmospheric Ar plasma jet does not
rely on high flow rates of the background gas, and its elec-
trical and optical properties have an excellent cycle-to-cycle
repeatability.

Current and voltage of the pulsed atmospheric Ar plasma
jet are shown in Fig. 2 for which the peak applied voltage is
12 kV; the voltage pulsewidth measured as full width at half
maximum is 505 ns. The rise time and the fall time of the
applied voltage pulse are very short at 15 and 22 ns, respec-
tively, causing one large displacement current to be estab-
lished at each of the voltage-rising and the voltage-falling
edges. Their peaks are, respectively, 7.0 and -6.0 A at
138 ns and 648 ns, at which the corresponding total current
peaks are 7.0 and -7.5 A. In addition, the total current
reaches a peak of 4.5 A at 192 ns where the main discharge
event occurs. It is of interest to note that the current peak of
4.5 A occurs some 75 ns after the onset of the voltage pulse
at 117 ns. This delay is likely to be related to a prebreak-
down phase in which a weak Townsend discharge takes place
to accumulatively increase surface charges on the quartz tube
wall and subsequently elevate the local electric field above
the threshold for gas breakdown. The delay of the current
pulse from the onset of the voltage pulse was also observed
in submicrosecond pulsed APGD between two parallel bare
electrodes.?"?

Following the prebreakdown phase, the 4.5 A current
pulse reaches its peak and then falls to form a nanosecond
pulse of 33 ns from 182 to 215 ns even though the applied
voltage remains at 12 kV. This is because the electrons gen-
erated inside the quartz tube travel to and arrive at the inner
wall of the quartz tube, and the resulting voltage across the
quartz tube wall is at the opposite direction to the applied
voltage thus reducing the gas voltage. Consequently, the ion-
ization process is stopped to cause the fall in the discharge
current. This is typical of dielectric barrier dischargesB*17
and the duration of the current pulse is largely determined by
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the electron transition time from the middle of the gas gap to
the dielectric.?* In addition, current growth is controlled by
the very short pulsewidth of the submicrosecond voltage
pulses. In other words, plasma instabilities are controlled by
the short pulsewidth of the voltage pulses and this control is
further assisted by a dielectric-barrier discharge mechanism.

It is worth comparing plasma generation in the pulsed Ar
jet with that in a conventional sinusoidal Ar plasma jet.
Given its very short current pulse, we assume that electrons
generated in the pulsed Ar jet remained uncollected by the
quartz tube wall during the 33 ns of the 4.5 A current pulse.
This equals a space-averaged electron density of 2.6
X 10" cm™ if the plasma volume is approximated by an
electrode length of 1 cm multiplied by a circular cross-
section area of 1.77 mm? in diameter. As a comparison, we
used the same apparatus but with a 4 kHz sinusoidal voltage
of 20 kV peak to peak, the resulting current pulse had a peak
of 130 mA and a pulsewidth of 300 ns. Again, assuming
electrons in the 300 ns current pulse did not reach the quartz
wall, the space-averaged electron density was found to be
6.8 X 10'? cm™, a factor of 3.9 lower than that generated in
the pulsed Ar jet. In practice, some generated electrons may
reach the quartz wall. The resulting electron loss is less sig-
nificant in the pulsed case due to its much shorter current
pulse and so the electron density ratio is likely to be even
more than 3.9. This suggests that the pulsed atmospheric Ar
plasma jet is capable of greater plasma generation at lower
gas temperature than its sinusoidal counterpart.

As the gas voltage is reduced below the breakdown volt-
age after the current pulse, electrons generated during the gas
breakdown are either stored on the wall of the quartz tube or
left drifting inside the tube. The drifting electrons can, in
principle, be carried by the argon flow to reach the grounded
electrode and register a small current peak. To assess this
possibility, we performed a two-dimensional electrostatic
computation of the electrode structure of Fig. 1 using a com-
mercial software. At an applied voltage of 12 kV, the electric
field in the passage of the Ar flow was found at about
7.2—10.8 kV/cm at which the electron drift velocity was es-
timated to be about (2-3)X10°cm/s in atmospheric
argon.25 As the nozzle side of the powered electrode is
1.5 cm away from the ground electrode, an electron is likely
to take at least 500 ns to travel from the plasma generating
region to the grounded electrode. This is markedly longer
than the interval of 398 ns from the end of the 4.5 A current
pulse to the beginning of the voltage pulse fall. Therefore,
the drifting electrons cannot reach the grounded electrode to
register a current pulse before the fall of the voltage pulse. At
the fall of the voltage pulse, they add to the displacement
current pulse to increase slightly the total current pulse. This
is consistent with the observation of Fig. 2.

The above interpretation can be further supported by
changing the applied voltage. As the applied voltage de-
creases, the onset of the current pulse should occur at a more
delayed instant from the onset of the voltage pulse because a
longer prebreakdown phase is needed to arrive at the thresh-
old for gas breakdown. Figure 3 shows the traces of the
conduction current obtained by subtracting the displacement
current from the total current at an applied voltages of 13.3,
11.4, and 9.4 kV for which the current pulse occurs at a
progressively delayed point from the onset of the voltage
pulse. This confirms that the main discharge event is indeed
preceded by a prebreakdown phase. It is also worth noting
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FIG. 3. (Color online) Traces of the applied voltage and the conduction
current of the submicrosecond pulsed argon APGD jet at 4 kHz, at three
different values of the peak applied voltage.

that the peak discharge current in Fig. 3 is larger at larger
applied voltage, but with a narrower pulsewidth. This is be-
cause a larger applied voltage leads to the production of
more electrons and hence a larger discharge current. In ad-
dition, the availability of more electrons at a larger applied
voltage results in a more rapid charging of the quartz tube
and faster reduction of the gas voltage to reduce the dis-
charge current. Consequently, a narrow pulse of large dis-
charge current is established, as shown in Fig. 3. Power con-
sumption in the pulsed APGD jet was about 0.8—1.6 W for
the three cases in Fig. 3, much smaller than that in atmo-
spheric argon jets reported so far. 1471

Figure 4 shows the optical emission spectrum of the Ar
pulsed APGD jet at 11.4 kV and its sinusoidal counterpart
with a peak-to-peak applied voltage of 20 kV, in which clear
emission lines are seen of hydroxyl at 309 nm and atomic
oxygen at 777 nm. Nitrogen and oxygen lines were present
because the argon jet was flushed into the downstream am-
bient air. Distinctive from helium APGD jets of which the
optical emission spectra are dominated by nitrogen lines,*
Fig. 4 is dominated by numerous argon lines particularly
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FIG. 4. (Color online) Optical emission spectrum of (a) a sinusoidally ex-
cited atmospheric Ar jet with a peak-to-peak voltage of 20 kV and (b) the
submicrosecond pulsed argon APGD jet at 11.4 kV, both at 4 kHz.
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related to 4p—4s and S5p—4s transitions (Paschen
notation).”® These are much stronger in the pulsed case with
the intensity ratio of the pulsed-to-sine cases being 1.85,
1.74, and 3.33 for the three strongest Ar lines at 696.5, 763.5,
and 811.5 nm. The pulsed-to-sine intensity ratio for the
atomic oxygen line at 777 nm is similarly large at 3.3. The
stronger optical emission of the pulsed Ar jet in Fig. 4 is
consistent with its larger electron density estimated from
Fig. 2.

In summary, we have shown that a room-temperature
atmospheric argon plasma jet can be generated with submi-
crosecond voltage pulses at kilohertz frequencies. Plasma in-
stabilities in the pulsed APGD jet were controlled effectively
by the very short pulsewidth of the submicrosecond voltage
pulses and further assisted by a dielectric-barrier discharge
mechanism. Plasma generation is also more efficient in the
pulsed case compared to its sinusoidal counterpart, as indi-
cated by an electron density ratio of 3.9 and an optical inten-
sity ratio of 3.3 at the atomic oxygen line at 777 nm.

This work was supported by the Engineering and Physi-
cal Sciences Research Council, UK.
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