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The propagation behavior of cold atmospheric pressure plasma jets has recently attracted lots of
attention. In this paper, a cold He plasma jet generated by a single plasma electrode jet device is
studied. The spatial-temporal resolved optical emission spectroscopy measurements are presented. It
is found that the emission intensity of the He 706.5 nm line of the plasma behaves similarly both
inside the syringe and in the surrounding air (plasma plume). It decreases monotonously, which is
different from the emission lines, such as N, 337.1 nm line, N2+ 391.4 nm line, and O 777.3 nm line.
For the discharge inside the syringe, the emission intensity of the He 706.5 nm line decays more
rapidly than that of the other three spectral lines mentioned above. The N, 337.1 nm line behaves
a similar time evolution with the discharge current. For the N,* 391.4 nm line and the atomic O
777.3 nm line, both of them decay slower than that of the He 706.5 nm and the N, 337.1 nm. When
the plasma plume propagates further away from the nozzle, the temporal behaviors of the emission
intensities of the four lines tend to be similar gradually. Besides, it is found that, when the size of
the plasma bullet appears biggest, the propagation velocity of the bullet achieves its highest value
while the emission intensity of the N,* 391.4 nm line reaches its maximum. Detailed analysis shows
that the Penning effect between the metastable state He, and the air molecules may play a
significant role in the propagation of the plasma bullet in the open air. © 2009 American Institute

of Physics. [doi:10.1063/1.3239512]

I. INTRODUCTION

Cold atmospheric pressure plasma jets (C-APPJs) have
recently attracted lots of attention because of their attractive
characteristics.''? C-APPJs can generate plasmas in open
space rather than in confined discharge gaps, which make it
possible for direct treatments, and have no limitation on the
size of the objects to be treated. In addition, C-APPJs are
normally under extreme nonequilibrium condition, where the
electron temperature is much higher than the gas tempera-
ture. Their gas temperature can be as low as room tempera-
ture, which is very important for applications such as plasma
medicine."*

Because of the potential applications mentioned above,
various C-APPJ devices have been designed.zl_30 In order to
improve the performance of the C-APPJs, detailed studies on
the generation and propagation mechanisms of the plasma
plumes are needed. High-speed photographs captured by in-
tensified charge-coupled devices (ICCDs) revealed that some
of the plasma plumes looks like continuously by bare eyes
and are actually bulletlike plasma volumes with propagation
speed of 10*~10° m/ s.37% The bullet velocity is several
orders of magnitude higher than that of the gas velocity. In
addition, the propagation of the bullet is independent of the
gas flow direction, which indicates that the plasma bullets
are electrically driven.}!333° Furthermore, studies show that
the propagation behaviors of the plasma plumes are different
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from the positive streamer discharges, where the positive
streamers are under high applied electric field. This is not the
case for the plasma plume. The applied electric field along
the plasma plume is much lower than that of the positive
streamer discharges. Lu et al’’ suggested that the propaga-
tion of the plasma plumes is attributed to the high local elec-
tric field induced by the head of the bullets. However, the
mechanism of the propagation of the plasma plumes is still
not well understood. To better understand the mechanism of
the plasma bullet behavior, further studies, such as the
spatial-temporal resolved emission behavior of the plasma
plume, are needed.

The spatial-temporal resolved emission spectra from ex-
cited species, such as excited N,, N2+, He, and O, may give
us some inside information about the plasma bullet propaga-
tion mechanism. Besides, some of these excited species
could be reactive, and they may play important roles in vari-
ous appli(:ations.24’38’39

In this paper, the spatial-temporal resolved emission
spectra of the plasma inside the syringe and in the surround-
ing air (plasma plume) are studied. It is found that the maxi-
mum propagation velocity of the plasma bullet is in correla-
tion with the emission intensity of the 391.4 nm line of N,*.
The rest of the paper is organized as follows. The experimen-
tal setup is described in Sec. II. Details of the experimental
results, including the spatial-temporal resolved emission
spectra inside and outside the syringe, and high-speed pho-
tographs of the plasma plume, are presented in Sec. III. Sec-

© 2009 American Institute of Physics
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FIG. 1. (Color online) Schematic of the experimental setup.

tion IV has a detailed discussion about the experimental re-
sults. Finally, Sec. V gives a brief summary of this work.

Il. EXPERIMENTAL SETUP

Figure 1 shows the schematic of the experimental setup,
which has been described in Ref. 14. Briefly, a high-voltage
(HV) electrode made of a copper wire is inserted into a 10
cm long quartz tube with one end closed. The HV electrode
together with the quartz tube is mounted inside another sy-
ringelike quartz tube. The distance between the closed end of
the quartz tube and the nozzle is variable, which is fixed at 4
mm in this paper. Working gas such as He, Ar, or their mix-
tures with a small amount of air can be used. In this paper,
He gas with a flow rate of 2 I/min is used.

The 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. The applied voltage
is measured by a P6015 Tektronix HV probe and the current
by a Tektronix TCP202 current probe. The voltage and cur-
rent waveforms are recorded by a Tektronix DPO7104 digital
oscilloscope.

The spatial-temporal resolved optical emission spectra
are measured by a half meter spectrometer (Princeton Instru-
ments Acton SpectraHub 2500i) and detected by an ICCD
camera (Princeton Instruments, Model PIMAX?2). The ICCD
camera is also used to capture the dynamics of the plasma
plume. For both the spectra measurements and the fast im-
aging, the exposure time of the ICCD camera is set at 5 ns.

lll. EXPERIMENTAL RESULTS

For all the measurements, the applied voltage V,, pulse
width Lows and pulse repetition rate f are fixed at 8 kV, 800
ns, and 4 kHz, respectively.

When He gas with a flow rate of 2 1/min is introduced
into the syringe and HV is applied to the HV electrode, a
homogeneous discharge is ignited inside the syringe and a
He plasma plume is generated in the open air. Because of the
air diffusion, the emission spectrum of the plasma inside the
syringe and the plasma plume in the surrounding air are
similar to the traditional dielectric barrier discharge He
mixed with a small amount of air.**** In addition to the
atomic He lines, the N, and N2+ ion rotational bands, and the

J. Appl. Phys. 106, 083302 (2009)
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FIG. 2. (Color online) Temporal behavior of the normalized N, 337.1 nm,
N,* 391.4 nm, He 706.5 nm, and O 777.3 nm intensities, discharge current
14, and applied voltage V,,. The emissions are from the plasma inside the
syringe.

atomic O lines are also observed. The emission intensity of a
spectral line is directly related to the population of the ex-
cited state particle at the upper level of the transition that
emits the line. The emission intensity of a spectral line is also
related to the collisional quenching effect and the electron
temperature. The collisional quenching has a negative effect
on the population of the upper level. For example, the emis-
sion intensity of the He 706.5 nm line decreases dramatically
when 1% of air is added in the He gas discharge. This is
partly due to the reduction in the upper level He(3 °S,) by
the air molecules through the collisional quenching effect. In
general, a higher average electron temperature can lead to an
increase in the population of the excited particle at a high-
energy level and induce an increase in the emission intensity
of the corresponding spectral line. However, this is not
the case when the electron temperature is too high and
adverse for the electron collision cross section. In this
paper, we focus on four spectral lines, i.e., N, (C°Il,, v¢
=0—B°ll,, vz=0) at 337.1 nm, N,* (B3}, vz=0
—X 3, vx=0) at 391.4 nm, He(3 °S; —2 Py ,) at 706.5
nm, and O(3p >P— 3s °S) at 777.3 nm. The spatial-temporal
resolved emission intensities of the selected lines from the
plasma inside and outside the syringe are studied.

Figure 2 shows the temporal emission behavior of the
four spectral lines inside the syringe and the current-voltage
(I-V) waveforms of the discharge. In order to obtain a better
comparison of the temporal emission behaviors and the I-V
waveforms, the four emission lines are normalized. It should
be pointed out that the discharge current /g is the actual
discharge current with a peak value of about 300 mA, which
is obtained by subtracting the displacement current from the
total current."* As shown in Fig. 2, immediately after the
breakdown, the emission intensity of the four spectral lines
increases. The current increases to its peak value after the
applied voltage reached its plateau value. At the same mo-
ment, the He 706.5 nm line reaches its maximum emission
intensity too. Then, the current and the He 706.5 nm line
begin to decrease. As can be seen, the He 706.5 nm line
decreases much faster than that of the current. The N, 337.1
nm line has a similar behavior as the discharge current. Re-
garding the N, 391.4 nm line and the atomic O 777.3 nm
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FIG. 3. (Color online) Temporal behavior of the normalized N, 337.1 nm, N,* 391.4 nm, He 706.5 nm, and O 777.3 nm lines at various positions: (a) 3, (b)

8, (c) 13, and (d) 18 mm along the He plasma plume in the open air.

line, both of them rise and decay slower than that of the
current. More discussion on these observations will be given
in Sec. IV. After the arrival of the falling front of the applied
voltage, a negative current pulse starts at about 0.95 us. The
negative current is related to a second breakdown, which is
induced by the charges accumulated on the inner surface of
the syringe. Immediately after that, a N, emission can be
observed. This N, emission pulse is similar as the time evo-
lution of the current, and both reach their peak values at
almost the same moment. Except the N, 337.1 nm emission
line, the optical emissions of the other three lines are not
observed during this period.

In order to have a better understanding of the propaga-
tion mechanism of the He plasma plume in the open air, the
spatial-temporal resolved optical emission spectroscopy
(OES) measurements are carried out onto the plume. Figures
3(a)-3(d) show the time evolution of the normalized emis-
sion intensities of the four spectral lines at various positions
along the plasma plume. At 3 mm away from the nozzle, as
shown in Fig. 3(a), the temporal behaviors of the emission
intensities of the four lines are similar to that of the positive
discharge inside the syringe. The He 706.5 nm line decays
much faster than the other three lines. However, it should be
pointed out that the time difference of the four lines reaching
their peak intensity is smaller than that inside the syringe.
This trend becomes more obvious as the plume propagates
further in the open air. As shown in Fig. 3(b), the four spec-
tral lines reached their peak values almost simultaneously for
the plume of 8 mm away from the nozzle. Besides, the N,
337.1 nm, the N2+ 391.4 nm and the O 777.3 nm from the
plasma plume far away from the nozzle decay faster than that
close to the nozzle. As shown in Figs. 3(c) and 3(d), they

decay even faster when the plasma plume propagates further
far away from the nozzle. At 18 mm away from the nozzle,
all the four lines decay simultaneously.

Figure 4 shows the spatially resolved normalized emis-
sion intensities of the four spectral lines along with the
propagation velocity of the plasma bullet. As can be seen, the
He 706.5 nm decays as soon as the plasma plume propagates
in the open air. However, the N2+ 391.4 nm and O 777.3 nm
line intensities increase dramatically in the beginning when
the plume propagates out of the nozzle. The two lines reach
their maxima at about § mm away from the nozzle. It is
interesting to point out that the bullet velocity reaches its
maximum value of 2.1 X 10° m/s at almost the same posi-
tion. The N, 337.1 nm line increases slowly and reaches its
maximum at about 20 mm away from the nozzle. Figure 5
shows the high-speed photographs of the plasma bullet

1.2 —o—N,_337.1nm 2%
9 +

104 o !/;"8\0 -4-N, _391.4nm| 20
= %/Z\" S —o—He_706.5nm
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FIG. 4. (Color online) Spatial distribution of the normalized N, 337.1 nm,
N2Jr 391.4 nm, He 706.5 nm, and O 777.3 nm intensities, and the bullet
velocity along the He plasma plume in the open air.

Downloaded 22 Oct 2009 to 211.69.195.230. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



083302-4

Xiong et al.

“~nozzle

S L
=
w

(b) 0

ﬂ

O
~
(=]
N
L
=
12}

0.57us

1) 0.73ps

] - — —~

= -z = 2 ) © =

o = ol = o = o <
[ele] | (o)) (o) N wn| o

=y ~J \O| | — ) \O|

G 1= B I= I iz 5

FIG. 5. High-speed photographs of the He plasma plume in the open air
with exposure time fixed at 5 ns. Photographs (a)—(l) are taken at 40 ns
increments.

propagating in the open air. The time delay marked in Fig. 5
corresponds to that shown in Fig. 2. Based on Figs. 4 and 5,
it is noteworthy that the size of the bullet appears biggest
while the velocity of bullet achieves its highest value and the
emission intensity of the N," 391.4 nm line reaches its maxi-
mum too. More discussion on this observation will also be
given in Sec. IV.

IV. DISCUSSION

In pure He gas discharge, the quenching of the excited
state He(3 3S,) is mainly due to the collisions with the
ground state He atoms.*> In our experiment, because of the
air diffusion, the quenching mechanism of the He(3 3S,) (in-
cluding the metastable state He,,) is Penning effect with air
molecules. Due to quenching, the effective lifetime of the
He(3 S 1) decreases when air diffuses into the discharge. Es-
pecially plasma plume in the open air, where the air percent-
age is much higher than that inside the syringe, the effective
lifetime of the He(3 3S,) is shorter. This can lead to a de-
crease in the emission intensity of the He 706.5 nm line.
With regard to the other three excited species, i.e.,
NL(C ML, ve=0), N,*(B 23}, vz=0), and O(3p °P), their
effective lifetimes will also decrease due to the collisional
quenching when the air percentage increases. For example,
the effective lifetime of the N,*(B *3*, v5=0) decreases to
only about 5 ns when the nitrogen partial pressure is 2 kPa.*
The radiative lifetimes of the three excited species men-

J. Appl. Phys. 106, 083302 (2009)

tioned above are 40, 66, and 34 ns, respectively.M*46 When
the effective lifetime decreases smaller than the radiative
lifetime, the collisional quenching can play an adverse effect
on the emission intensity. However, it is not the case for the
discharge inside the syringe, where the air percentage is
small (<1%). It may have a negative effect on the emission
intensity of the plasma plume in the open air.

A. Plasma inside the syringe
1. Temporal behavior of the He emission

The emission intensity of a spectral line is directly re-
lated to the population of the excited state at the upper level
of the transition emitting the line. The spectral line 706.5 nm
is ascribed to the transition (3 3§, —2 3P(,,1,2) of excited He
atoms. The excited state He(3 >S,) can be produced through
several processes, including direct excitation collisions by
high-energy electrons with ground state He atoms, cascade
transitions from upper levels, step-excitation collisions be-
tween excited state He atoms at lower excited levels (such as
metastable states), and low-energy electrons. Because of the
absence of the emission spectrum corresponding to the tran-
sitions from upper levels to 3 3S,, the effect of cascade tran-
sitions on the generation of He(3 *S,) is very small and neg-
ligible. And the step excitations from the metastable states,
He(2 'S) and He(2 3S), are also very small because the S-S
transitions are forbidden. Therefore, the He(3 >S,) during the
positive discharge is mainly produced by the high-energy
electrons through electron collisions with ground state He
atoms. The high-energy electrons can be produced during the
fast rise phase of the HV pulses, which results in the genera-
tion of the excited state He(3 3S,) through direct collisions
with electrons and emits the He 706.5 nm line. The He emis-
sion intensity increases to its maximum while the discharge
current reaches its peak. Then, because the electric field in-
duced by the charges deposited on the surface of the dielec-
tric, the electric field decreases dramatically, which may re-
sult in the decrease in the electron temperature. In other
words, much less high-energy electrons are generated in the
plasma. Thus, the rapid decay of the He emission intensity
may indicate a fast decrease in the electron temperature.47

2. Temporal behavior of the N, emission

The emission at 337.1 nm is from the transition
(C°M,, ve=0—B 3Hg, vp=0) of N,  The state
N,(C 3HM, v<=0) can be populated by a number of processes
including through direct electron collisions with the ground
state nitrogen molecules N, (threshold level Ejyeqhold
=11 eV), the step excitation from excited states N,(A 32;)
and N,(B 3Hg). As can be seen, the emission intensity of the
N, 337.1 nm line rises almost synchronously with the dis-
charge current. During this rising phase, the state
N,(C *II,, v-=0) is probably mainly generated through the
direct electron collision excitation. This may be explained by
the following two reasons. First, the generation of the He
emission mentioned above suggests the presence of the high-
energy electrons during the current rising phase. The high-
energy electrons can easily transfer energy to the ground
state N, and generate N,(C °II,, v=0). Second, the step-
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excitation process is based on the generation of N,(A 32;)
and N,(B 3Hg). Then N,(C *TI,, v=0) is generated through
the collisions between electrons and N,(A ") and
N,(B 3Hg). If this process is dominant, it will result in a time
delay between the N, emission and the discharge current
during the rising phase. But this time decay is not observed
in our experiment. On the other hand, this step-excitation
process probably plays an important role in the decay phase
of the N, emission. As can be seen, the N, emission de-
creases slower than that of the He. During the decay phase,
the population of the high-energy electrons decreased rap-
idly. The generation of the N,(C °II,, v-=0) during this
phase may be mainly through the collisions between the low-
energy electrons and the excited states N,(A 3 27 and
N, (B °IL,).

3. Temporal behavior of the N,” emission

The emission at 391.4 nm is ascribed to the transition
(B 22;’, vp=0—X 22;, vx=0) of ions N,*. During the ris-
ing phase of the N,* 391.4 nm line, the generation of the
state N,*(B *", v5=0) is mainly through the direct elec-
tron collisions with the high-energy electrons. However, this
process is not the case during the decay phase. As can be
seen, the emission intensity of the N,* 391.4 nm line decays
much slower than that of the discharge current. During the
decay phase, the generation of the state N,"(B *3*, v3=0)
may be related to other two important reactions as follows.*®

For charge transfer reaction,

He,"+ N, — 2He + N,*(B *3),

ky=5x1071" cm?s7!. (1)
For Penning ionization,

He,,+ N, — He + N, (B3} +e,

ky=7x10"" cm?s7!. (2)

The long-living metastable state He,, can lead to a long
decay phase of the population of the state N,*(B *S*, v,
=0), which results in a slow decrease in N2+ emission. With
regard to charge transfer reaction (1), it may be not important
during the decay phase because the positive ions are nor-
mally dominant by N, or N, but not He," in the plasma
with He mixed with a small amount of nitrogen molecules.*

4. Temporal behavior of the O emission

The spectral line O 777.3 nm is from the transition
(3p °P—3s55) of oxygen atom O. The generation of the
state O(3p °P) at the early phase of the positive discharge
can be partly ascribed to the direct electron-molecule disso-
ciative collisions between the high-energy electrons and the
ground state O, (Eyeshola=15.87 eV). However, the O 777.3
nm line reached its maximum emission intensity at about
0.25 ws, while the discharge current has decreased dramati-
cally. So the excited O is not mainly generated by collisions
with electrons. One of the generation processes is related to
the following Penning reaction with the metastable state
Heiﬂ:

J. Appl. Phys. 106, 083302 (2009)

He,,+ 0, — He + O(3p °P) + O. (3)

During the decay phase, the decrease in the state O(3p °P) is
mainly ascribed to the recombination with O, to form Oj;.
This reaction process is relatively slow. That is the reason
why the O emission intensity decays much slower.

B. He plasma plume in the open air

As can be seen, the emission intensity of the He 706.5
nm line decreases as the plasma plume propagates in the
open air. This is ascribed to the diffusion of the ambient air
into the He plasma plume. The energy of the electrons in the
plasma can be lost through frequent collisions with N, and
O,. Because of the low threshold energy, the molecular gases
can obtain energy from the electrons to be excited to their
rotational states and vibrational states. In addition, the low
dissociation energy of the molecular gases, such as O,, NO,
and NO,, may also play a role in the energy loss of electrons.
And because of low electron affinity energy of the electrone-
gative O, molecules (about 0.45 eV), the electrons are more
easily lost in the formation of the O, ions. This also can be
adverse to the increase in the energy of electrons. Because
the external electric field along the plasma plume is low, the
population of the high-energy electrons in the plume will
further decrease due to the air diffusion. That is why the He
emission intensity becomes much lower than that of the
plasma inside the syringe. As the plume propagates further in
the open air, the air percentage in the plume keeps increas-
ing, which results in much less high-energy electrons and so
weak He emission. However, except the He 706.5 nm line,
the emission intensities of the other three lines increase as
soon as the plume comes out of the nozzle. With regard to
the N,* 391.4 nm and the O 777.3 nm, at the position next to
the nozzle, the air percentage is probably too low. With the
propagation of the plume, the air percentage increases, which
results in an enhanced Penning effect. After they reach their
maxima, the decrease in He,, population plays a dominant
role in the process. Accordingly, the N,* and O emission
intensities start to decrease as the plume propagates further.
With regard to the emission intensity of the N, 337.1 nm
line, which reaches its peak at about 20 mm away from the
nozzle, this may be explained as follows. The threshold en-
ergy of the state N,(C *TI,, v=0) is much lower than that
of the N,*(B 23*, 13=0) and O(3p °P). So No(C *II,, v
=0) can still be generated through various processes such as
step excitation. And the pooling reaction of the excited state
N,(A) may also play a role in the generation of the
N,(C 31, ve=0)."%"

As reported previously, the plasma bullet travels in high
speed, which is qualitatively equivalent to the electron drift
velocity V€.31’35 This high bullet velocity v, can be charac-
terized by the electron drift velocity v,. On the other side, the
propagation of the plasma plume is attributed to the high
local electric field E;,. induced by the head of the bullets.”’
The electron drift velocity v, is dominated by the local elec-
tric field E),.. Therefore, the high bullet velocity v, is also
directly related to the local electric field E),.. Furthermore,
the local electric field E),. is proportional to the charges Q
carried by the bullet. When the N, emission intensity in-
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creases, indicating more nitrogen molecules are ionized, a
larger amount of charges are generated in the bullet. Thus
stronger local electric field is induced in front of the bullet.
Electrons travel toward the bullet head much more quickly,
which results in a high bullet velocity. This is consistent with
our experimental observations.

V. CONCLUSION

In summary, the spatial-temporal resolved emission be-
haviors of the plasma inside the syringe and the He plasma
plume in the open air are investigated. Inside the syringe, the
emission intensity of the He 706.5 nm line decays more rap-
idly than that of the other three spectral lines. The N, 337.1
nm line behaves a similar time evolution with the discharge
current. The N,* 391.4 nm and O 777.3 nm both decay rela-
tively slowly. Besides, the emission intensities of all the lines
for the negative discharge are much weaker than that of the
positive discharge. During the negative discharge, only the
emission of the N, lines are observed. When the plasma
propagates out of the syringe nozzle, the diffusion of the
ambient air has a significant effect on the propagation of the
plasma plume in the open space, which reduces the popula-
tion of the high-energy electrons and He,, metastable states.
As a result, the emission intensity of the He 706.5 nm line is
much weaker than that inside the syringe. Except the He
706.5 nm line, the other three lines all start to decay rapidly
as the plasma plume propagates in the open air. And it is
found that the emission intensities of the three lines, N,
337.1 nm, N2+ 391.4 nm, and O 777.3 nm, all increase first
and then decrease as the propagation of the plume in the
open air, which is different with the monotonous decrease in
the He 706.5 nm line. Besides, the Penning effect induced by
the metastable state He,, with N,/O, plays a crucial role in
the dynamics of the plasma bullet in the open air. The plasma
bullet velocity reaches its maximum while the emission in-
tensity of the N,* 391.4 nm line reaches its peak.
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