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The fundamental of the generation and propagation of the atmospheric pressure nonequilibrium
plasma jets has recently attracted significant interests. In this paper, investigations on the effects of
the parameters of the pulsed dc voltages on the optical emission intensity of the plasma jet and the
bullet propagation behavior are carried out based on the temporal-spatial resolved optical emission
spectroscopy measurements and the high-speed photography. It is found that, with the increase in
the applied voltage, the bullet propagates out from the nozzle earlier and accelerates to higher
peak-velocities. The increase in the pulse frequency exerts no significant influences on the optical
emission of the plasma jet and the bullet propagation velocity. But it can induce the bullet
propagates out from the nozzle earlier. Besides, it is interesting to notice that, with the increase in
the pulse width in the beginning, the bullet propagates out from the nozzle with longer delay time.
However, when the pulse width is increased to be more than 100 wus, the delay time of the bullet
propagating out from the nozzle becomes much shorter. On the other hand, with the increase in the
pulse width, the optical emission intensity of the plasma jet drops and the maximum bullet velocity
decreases too. Detailed analysis shows that it may be due to the accumulation of the charges and
radicals, which can shorten the prebreakdown of the discharge inside the syringe and result in the
bullet propagating out earlier from the nozzle. © 2010 American Institute of Physics.

[doi:10.1063/1.3369538]

I. INTRODUCTION

Atmospheric pressure nonequilibrium plasmas (APNPs)
have been receiving widely attention for their attractive fea-
tures, such as the ability to achieve enhanced plasma chem-
istry. This attractive characteristic made the APTNPs attrac-
tive in several practical applications, such as materials
processing and synthesis,l_3 surface modification,* biomedi-
cal applications,s_8 chemical decontamination,”'’  water
puﬁﬁcation,1 =13 absorption and reflection of electromagnetic
radiation.'* However, most traditional APTNPs sources gen-
erate stable plasmas either in a confined space between elec-
trodes or contained inside a chamber, which indisputable
leads inconveniences in the practical applications. Recently,
the APNP jets (APNPJs) has attracted significant attentions,
which is capable of addressing these concerns. The APNPJs
devices are able to generate plasma plumes in the open space
(surrounding air) rather than in confined discharge
spaces.ls_22 Some APNPJs devices can generate plasma
plumes expanding into the surrounding air with a length of
several centimeters or even longer, with gas temperature
close to room-temperature.zy29 This characteristic is very
important for the plasma medicine and increases the perspec-
tive of APNPJs in the biomedical applications, such as bac-
terial inactivation and root canal disinfection.***

Because of these attractive perspective applications men-
tioned above, the studies on the generation and propagation

YAuthor to whom correspondence should be addressed. Electronic mail:
luxinpei @hotmail.com.
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mechanisms of the APNPJs have obtained growing interests.
Recently we have reported a special designed single high-
voltage (HV) electrode plasma jet device, which can gener-
ate plasma plume as long as 11 cm in the open air.”* Some
studies on this nonequilibrium atmospheric pressure plasma
plume have been reported. High-speed photographs captured
by intensified charge coupled devices (ICCDs) show that the
plasma plume is not a continuous plasma but a fast-moving
bulletlike plasma volumes, which is similar with other obser-
vations by other researchers with different devices.” ™ Fur-
ther studies show that the plasma bullets are electrically
driven,*' for which the photoionization mechanism may be
responsible for the propagation of the bullets.” Detailed
spatial-temporal resolved optical emission spectroscopy
(OES) measurements reveal that the Penning effect between
the metastable state He,, and the air molecules plays a sig-
nificant role in the propagation of the plasma bullet in the
open air.** The plasma bullet reaches its peak-velocity while
the emission intensity of the N3 391.4 nm line obtains its
maximum. Meanwhile, the effects of the surrounding air, and
various operational parameters, such as applied voltage,
pulse width, and pulse repetition rate, on the length of the
plasma jet were also investigated.43 Although these prelimi-
nary progresses are obtained, many issues on the fundamen-
tal of the plasma jet remain unknown, such as why the jet
length remains unchanged as the increase in the pulse fre-
quency, why the length of the jet decreases when the pulse
width is increased. All these issues need further detailed in-
vestigations.

© 2010 American Institute of Physics
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In this paper, the temporal resolved OES measurements
and high-speed photographs are carried out to study the ef-
fects of the parameters of the pulsed dc voltages on the bullet
behavior. It is found that the accumulation of the residual
charges and reactive species may exert an influence on the
consecutive discharge, which can induce the early ignition of
the discharge and early appearance of the bullet from the
nozzle. The rest of the paper is organized as follows. The
experimental setup is described in Sec. II. Details of the ex-
perimental results, including the temporal resolved optical
emission of the plasma jet and the spatial-temporal behavior
of the bullet for the different discharge parameters, are pre-
sented in Sec. III. Section IV has a detailed discussion about
the experimental results. Finally, Sec. V gives a brief sum-
mary of this work.

Il. EXPERIMENTAL SETUP

The plasma jet studied in this paper is generated by a
single HV electrode plasma device, which has been reported
previously. Briefly, the plasma device is made of a medical
glass syringe, inside which a HV electrode together with a
quartz tube with one end closed are mounted. The HV elec-
trode is made of a copper wire and inserted into the quartz
tube. More detailed descriptions can be found in our previ-
ous reports.27 The plasma device is driven by a pulsed dc
power supply with amplitudes up to 10 kV, repetition rate up
to 10 kHz, and pulse width variable from 200 ns to dc. Work-
ing gas such as He, Ar, or their mixtures with small amount
of air can be used. In this paper, He gas with a flow rate of 2
I/min is used.

When high pulsed dc voltages are applied to the HV
electrode and He gas is fed through the syringe, a homoge-
neous plasma jet is generated inside the syringe and in the
surrounding air. In order to investigate the effects of various
discharge parameters on the optical emission characteristics
of the plasma jet and the bullet propagation behavior in the
open air, the temporal resolved OES measurements and high-
speed photography are carried out. The temporal resolved
optical emission spectra are measured by a half meter spec-
trometer (Princeton Instruments Acton SpectraHub 2500i)
and detected by an ICCD camera (Princeton Instruments,
Model PIMAX2). The grating and the slit width of the spec-
trometer are set at 1200 groove/mm and 50 wm, respec-
tively. The spatial resolution of the spectroscopic system is
about 60 um. The high-speed photographs are captured by
the ICCD camera. For both the OES measurements and the
high-speed photographs, the exposure time of the ICCD
camera is set at 5 ns.

lll. EXPERIMENTAL RESULTS

For all the experimental results in this paper, the flow
rate of He gas is set at 2 I/min. The position along the axis of
the plasma jet, from which the optical emission spectra is
detected, is set at about 5 mm away from the nozzle outlet of
the syringe. In this paper, four spectral lines are selected, i.e.,
N, (C°I,, ve=0—B"Il,, »3=0) at 337.1 nm, Nj
B3y, vg=0—X 3}, 1x=0) at 3914 nm, He (3°S,
—2 %Py ) at 706.5 nm, and O (3p "P— 3s S) at 777.3 nm,

J. Appl. Phys. 107, 073302 (2010)

to study the optical emission characteristics of the plasma jet
for different applied voltages V,, pulse widths ¢,,,, and pulse
frequencies f.

A. The influence of the applied voltage V,

Figures 1(a)-1(d) shows the time evolution of the emis-
sion intensities of the four spectral lines for different applied
voltages V,. The onset of the applied voltages pulse is set as
the zero time constant, as shown in Fig. 1(a), which is con-
sistent for all the results presented in this paper as follows.
As can be seen from Fig. 1, the emission of the four spectral
lines performs a similar temporal behavior with the increase
in V,. They all increase and appear earlier when V, is in-
creased. For example, the N, 337.1 nm line reaches its maxi-
mum intensity at about 0.84 wus for the V, of 7 kV, and
increases to a higher peak-value at 0.50 ws when V, is in-
creased to 9 kV. This observation is consistent with the dy-
namics of the plasma bullet when the V, increases from 7 to
9 kV, as shown in Fig. 2. Figures 2(a) and 2(b) shows the
temporal and spatial evolution of the bullet velocity for dif-
ferent V,,. The time delay of the appearance of the plasma
bullet from the nozzle to the onset of V, is also shown in Fig.
2(a). As can be seen, the bullet comes out from the nozzle
earlier and propagates faster with higher applied voltages.
The bullet can propagate in the open air with a peak-velocity
of about 2.5X 10° m/s when the V, increases to 9 kV. Fig-
ure 2(b) shows the bullet velocities versus distance from the
nozzle for different applied voltages. When the applied volt-
age increases, the bullet propagates to a longer distance with
a higher speed and leads a longer plasma jet. This is consis-
tent with the observation reported previously that a higher
apalgied voltage could induce a longer length of the plasma
jet.”

B. The influence of the pulse width t,,

The effect of the pulse width 7,,, on the optical emission
of the plasma jet is presented next. Figure 3 shows the tem-
poral resolved emission intensity of the He 706.5 nm line for
different pulse widths 7,,. It should be noted that the emis-
sion of the other spectral lines, i.e., N, 337.1 nm, N; 391.4
nm, and O 777.3 nm have a similar temporal behavior with
that of the He 706.5 nm line for different Ly As can be seen,
the maximum emission intensity of the He 706.5 nm initially
decreases as the 1, increases. It is interesting to notice that,
with the increase in the ¢, He emission appears later. How-
ever, when 1, is increased to be larger than 100 us, this
trend starts to change. When 7, is increased to 150 us, the
He emission appears earlier than that 7,,,, of 100 us. Besides,
the He emission intensity is increased slightly. This temporal
behavior becomes more obvious when ¢, is increased to be
longer than 200 us, as can be seen from Fig. 3 for the z,,,, of
200 ws and 248 ws. It should be noticed that there is no
change in the shape of the voltage pulse, and for other dif-
ferent pulse widths when a different repetition frequency of
the voltage pulse is applied, the interesting transition is also
present.

The influence of the pulse width on the bullet dynamics
is shown in Figs 4(a) and 4(b). As the increase in the ¢,,,, the

Downloaded 17 Apr 2010 to 211.69.195.192. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 1. (Color online) The temporal evolution of the emission at the (a) N, 337.1 nm, (b) N3 391.4 nm, (c) He 706.5 nm, and (d) O 777.3 nm lines of the

plasma jet for different applied voltages V,, with 7,

optical emission, the normalized V, is also presented in Fig. 1(a).

bullet comes out from the nozzle with longer delay time and
its peak-velocity decreases [shown in Fig. 4(a)]. The bullet
accelerates to its peak-velocity at a smaller distance away
from the nozzle when the 7,, is increased to be longer
[shown in Fig. 4(b)]. It is should be noticed that the decay of
the bullet velocity behaves more rapidly when the pulse
width is short (<0.8 us). As can be seen, the bullet velocity
decreases rapidly after reaching its peak-value, although the
bullet can accelerate to a large peak-velocity for the 7, of
0.5 us. When the t,, keeps rising to a large value (more
than 100 us), however, the bullet starts to propagate out
early and accelerates to a slightly higher peak-velocity at an
advanced stage instead. This is similar with the temporal
behavior of the He emission for different #,, (shown in Fig.
3). In addition, the bullet reaches its peak-velocity at a
slightly large distance from the nozzle when the 7, becomes
wider. A further increase in the ,, (more than 200 us) has
an adverse effect on the bullet propagation, which leads a
decrease in the bullet velocity, although the bullet propagates
out at a much earlier stage. When the 7,,, rises to 248 us, the
bullet cannot travel out from the nozzle and no plasma jet is
generated in the open air. More discussion on this observa-
tion will also be given in Sec. IV.

C. The influence of the pulse frequency f

Figure 5 shows the effect of the pulse frequency f (rep-
etition rate) on the temporal behaviors of the emission inten-
sities of the four spectral lines. Because the emission inten-
sity of the O 777.3 nm is much weaker than that of the other
three lines, the temporal evolution of the O emission for
different f is shown in the inset figure in Fig. 5. The pulse

=800 ns and f=4 kHz. In order to show the time delay between the onset of V, and the detection of the
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FIG. 2. (Color online) The (a) temporal and (b) spatial evolution of the
bullet velocity for different applied voltages V,, with 7,,=800 ns and f
=4 kHz. In order to show the time delay between the onset of V, and the
appearance of the plasma bullet from the nozzle, the normalized V, is also
presented in Fig. 2(a).
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FIG. 3. (Color online) _ The time evolution of the emission at the He 706.5
nm line of the plasma jet for different pulse widths 7, with V,=8 kV and
f=4 kHz.

frequency is varied from 1 to 10 kHz. As can be seen, the
pulse frequency does not affect the emission intensities sig-
nificantly. On the other hand, it is worthwhile to note that the
emission of the four lines appear much earlier for higher
frequencies. This is consistent with the temporal behavior of
the bullet velocity for different f, as shown in Fig. 6(a). The
bullet propagates out from the nozzle much earlier for high
pulse repetition rates. But the bullet almost propagates to a
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FIG. 4. (Color online) The (a) temporal and (b) spatial evolution of the
bullet velocity for different pulse widths 7, with V,=8 kV and f=4 kHz.

J. Appl. Phys. 107, 073302 (2010)

14
| —N,"3914nm ---N, 337.1nm - - - He_706.5 nm
0.20
129 10kHz 1 kHz 0_777.3 nm|
1 015410 kHz 1kHz
10
] 0.10-
E)
& 84 0.05
Z 1 0.00
5 6+ ' 10 1.2
E
4
2_
. - 7 S
0 <= f==3
055 060 065 070 075 0.80 0.85 090 0.95 1.00

Time (us)

FIG. 5. (Color online) The time evolution of the emission at the N, 337.1
nm (dashed), Nj 391.4 nm (solid), He 706.5 nm (dotted), and O 777.3 nm
(inset image) lines of the plasma jet for the pulse frequencies of 1 and 10
kHz, with V,=8 kV and 7,,=800 ns.

same distance in the open air and accelerates to an peak-
velocity about 2 X 10° m/s at the same position when f var-
ies from 0.1 to 10 kHz, as shown in Fig. 6(b).

IV. DISCUSSION

A higher applied voltage can reduce the prebreakdown
phase and induce an early ignition of the discharge inside the
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FIG. 6. (Color online) The (a) temporal and (b) spatial evolution of the
bullet velocity for different pulse frequencies f, with V,=8 kV and 1,
=800 ns.
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syringf:.16’43 Accordingly, the plasma bullet propagates out
from the nozzle early and the optical emission is detected at
an early stage. The plasma bullet propagates to a higher
peak-velocity may be related to the larger quantity of charges
generated during the positive discharge inside the syringe
according to the photoionization-based plasma bullet
model.*® The essential of this model is that sufficient charges
are required for sustaining the propagation of the ionization
front of the plasma bullet. The more charges carried by the
bullet, the faster the bullet propagates. More excited species
are generated to emit strong optical emission through transi-
tions from upper levels to lower levels.

The bullet propagates out from the nozzle at an early
stage when f is increased. This may be attributed to early
ignition of the discharge inside the syringe. More reactive
species, such as N, W *A, and W 'A,, which have lifetimes
between 0.1 and 10 ms comparable to the duration of the
pulse off cycle, are accumulated inside the syringe when f is
increased.** The larger amount of these reactive species may
be effective in shortening the prebreakdown phase by pro-
ducing more electrons and radicals through collision-
reactions, and eventually induce the early appearance of the
plasma bullet.

The situation is also similar for the cases with large
pulse widths. The increase in the pulse width indicates the
decrease in the voltage-off duration. For the pulse repetition
rate of 4 kHz (pulse-cycle of 250 us), more reactive species
with a relative long lifetime probably accumulate inside the
syringe when the pulse width is much larger (more than
100 us), and reduce the prebreakdown phase of the con-
secutive discharge and result in the early appearance of the
plasma bullet. However, we ignored the effect of the charged
particles on the early ignition of discharges induced by the
next voltage pulse-cycle due to the fast bulk recombination
mechanism. As known that, when pure helium is used as
working gas, the dominant ions are He* and He3 ions. Due to
the air impurity, high concentration of N3, O3, and O; ions
may also be present in the discharge inside the syringe. The
negative O, ions are mainly produced through the fast elec-
tron attachment because of the electronegative feature of O,
molecules. In the absence of the external electric field, these
charged particles, including the electrons, will perform a fast
decay through fast electron-ion and ion-ion recombination.
As we reported in Ref. 30, the peak electron density of the
discharge was estimated in the order of 10"* cm™. And if
the electron-ion recombination coefficient ,8:10‘7 cm’ 57!,
the characteristic decay time of charged particles is estimated
to be about 1076 s.* Therefore, in our cases (normally du-
ration of voltage-off is larger than 10 us), the density of
charged particles should be very low at the moment the next
voltage pulse being applied and not affect the prebreakdown
phase of the consecutive discharge significantly.

Furthermore, the helium metastables He,, neither plays
an important role in shortening the prebreakdown phase of
the consecutive discharge in our cases because of its short
lifetime. During the afterglow period of the discharge inside
the syringe, the quenching mechanism of the helium meta-
stables He,, is mainly due to the following fast reactions:*®

J. Appl. Phys. 107, 073302 (2010)

He,, +2He — He; +He k=12x107* cm®s7!,

He,+N, - He+Nj+e k=8Xx 107" cm?s7!,

He, +0, - He+0}+e k=17X10"0 cm®s7!.

The latter two quenching reactions are known as the Penning
ionization between the He,, and the air molecules. The high
energy of the He,, (19.8 eV) is easy to transfer to the air
molecules with relative low ionization potential, such as N,
(15.6 eV) and O, (12.07 eV). The presence of the air mol-
ecules is because of the impurity of the helium working gas
and the air diffusion from the syringe nozzle. The purity of
the helium gas we used is 99.99%, therefore, the impurity
will be more than 100 ppm due to the air diffusion from the
open space. The lifetime of He, is estimated to be less than
10 us due to the three quenching reactions mentioned
above. So for our cases (pulse width less than 200 us for the
frequency of 4 kHz), the density of He,, should also be low
when the next voltage pulse is applied and not affect seri-
ously in shortening the prebreakdown of the consecutive dis-
charge. This can also be indicated from the very short dura-
tion of the intensity pulse of the emission line N3 391.4 nm
during the positive discharge inside the syringe, during
which the Penning ionization is important for the generation
of the excited N;’.42 But for the cases with very large pulse
width more than 240 us (voltage-off duration less than
10 ws), the He,, and the charged particles may have a re-
sidual density for the short voltage-off duration and influence
the ignition of the consecutive disc:harge.47

However, the interpretation mentioned above does not
suitable for the case of the rise of the pulse width in the
beginning (from submicroseconds to about 100 us), for
which the bullet propagates out with a longer time delay and
the optical emission of the plasma jet decreases initially. This
interesting observation needs further detailed investigations.

V. CONCLUSION

In summary, the effects of the operational parameters,
i.e., applied voltage V,, pulse width (voltage-on duration)
1, pulse frequency (repetition rate) f, on the temporal re-
solved emission behaviors of the plasma jet and the bullet
propagation in the open air have been studied. It is found that
the applied voltage and pulse width exert significantly stron-
ger influences on the optical emission characteristics of the
plasma jet and the bullet dynamics than the pulse frequency.
As the increase in the V,, the optical emission is detected
earlier with higher intensity, and the plasma bullet propa-
gates out from the nozzle at an earlier stage and propagates
to a larger peak-velocity. However, the rise of the pulse
width has an adverse effect on the optical emission of the
plasma jet and the bullet propagation. The bullet propagates
out later with a lower peak-velocity initially as the voltage
pulse becomes wider. However, further increasing the pulse
width (more than 100 us), the bullet starts to appear early
instead with a still low peak-velocity, which is more obvious
when the voltage pulse width is increased to be close to dc
signal. Detailed analysis shows that it may be due to the
accumulation of the charges and radicals, which can shorten
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the prebreakdown of the discharge inside the syringe and
result in the bullet propagating out earlier from the nozzle.
The variation in the pulse frequency does not affect the op-
tical emission characteristics of the plasma jet and the bullet
propagation noticeably, but a large pulse frequency can in-
duce an earlier appearance of the plasma bullet from the
nozzle.
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