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On the velocity variation in atmospheric pressure plasma plumes driven by
positive and negative pulses

Z. Xiong, X. Lu,a� Y. Xian, Z. Jiang, and Y Pan
College of Electrical and Electronic Engineering, HuaZhong University of Science and Technology, WuHan,
Hubei 430074, People’s Republic of China

�Received 26 July 2010; accepted 4 October 2010; published online 18 November 2010�

To better understand the variation in the “plasma bullet” velocity, the dynamics of an atmospheric
pressure plasma plume driven by positive and negative pulses are investigated in detail. It is found
that, before the plasma exits the nozzle, the plasma propagates at a speed of about 30 km/s for both
positive and negative pulses. As soon as the plasma exits the nozzle, the plasma propagation speed
increases dramatically for both cases. The peak velocity for the case of the positive pulse is much
higher than that of the negative pulse, it is approximately 150 km/s and 70 km/s, respectively.
According to the optical emission spectra, the acceleration behavior of the plasma bullet when it
exits the nozzle is due to the increase in the N2

+ concentration. © 2010 American Institute of Physics.
�doi:10.1063/1.3511448�

I. INTRODUCTION

Nonequilibrium atmospheric pressure plasmas have
recently been the subject of much attention due to their
use in several novel applications, such as biological and
chemical decontamination of media,1–26 synthesis of
nanomaterials,27,28 as well as absorption and reflection of
electromagnetic radiation.29,30 Atmospheric pressure plasmas
�excepting corona discharges� are traditionally generated be-
tween two electrodes. The discharge gap between the two
electrodes usually ranges between a few millimeters to sev-
eral centimeters, which substantially limits the size of the
materials that may be treated directly. Fortunately, numerous
types of cold atmospheric pressure plasma jet devices have
recently been developed31–45 which are able to generate cold
plasmas in the surrounding air rather than in confined gaps.
These new atmospheric pressure plasma jet devices present
significant advantages over traditional discharges.

To develop suitable plasma jet devices for various appli-
cations, it is necessary to fully understand the mechanism of
the atmospheric pressure plasma plume. Studies on the dy-
namics of the plasma plumes show that they are not a con-
tinuous volume of plasma, rather they are more like a bullet
that travels from the exit aperture and terminates somewhere
in the surrounding air. The speed of the “plasma bullet” var-
ies from �104 to �105 m /s, which is several orders of mag-
nitude higher than the gas velocities. Laroussi et al., Lu
et al., Sands et al., and Ye et al.31,36,46–53 all found that the
plasma bullet is electrically driven, which is quite similar to
positive streamer discharges. Although closely analogous to
typical positive streamers, the plasma bullets maintain
unique features in the plasma initiation and formation.

Since the plasma bullet is electrically driven, it should
behave differently when the plasma jet is driven by a nega-
tive pulse instead of a positive pulse. In this paper, to better
understand the plasma bullet behavior, a high speed intensi-
fied charge coupled device �ICCD� camera with exposure

times of several nanoseconds is used to capture the temporal
emission behavior of the plasma plume for both positive and
negative pulses. It is found that the plasma bullets for both
positive and negative pulses accelerate as soon as they enter
into the surrounding air. To establish the mechanism of the
acceleration behavior, optical emission spectra of the plasma
plumes are captured before and after the plasma plumes enter
into the surrounding air. It is found that the acceleration be-
havior of the plasma plumes can be explained by the photo-
ionization based model proposed by Lu and Laroussi.36

The rest of the paper is organized as follows. The experi-
mental setup is described in Sec. II. Details of the experi-
mental results, including the current-voltage waveforms,
high speed photograph of the plasma plume, and spatial re-
solved optical emission of the plasma plume for both posi-
tive and negative pulses are presented in Sec. III. Finally,
Sec. IV provides a brief summary of this work.

II. EXPERIMENTAL SETUP

Figure 1�a� is the schematic of the device. The high volt-
age �HV� wire electrode, which consists of a copper wire
with a diameter of 2 mm, is inserted into a 4 cm long quartz

a�Electronic mail: luxinpei@hotmail.com. FIG. 1. �Color online� Schematic of the experimental setup.
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tube with one end closed. The inner and outer diameters of
the quartz tube are 2 mm and 4 mm, respectively. The quartz
tube along with the HV electrode is inserted into a hollow
barrel of a syringe. The diameter of the hollow barrel is
about 6 mm and the diameter of the syringe nozzle is ap-
proximately 1.2 mm. The distance between the tip of the HV
electrode and the nozzle is 1 cm. When helium with a flow
rate of 2 l/min is injected into the hollow barrel and the HV
pulsed dc voltage �amplitudes up to �10 kV, repetition rate
up to 10 kHz, and pulse width variable from 200 ns to dc� is
applied to the HV electrodes, a homogeneous plasma is gen-
erated in front of the end of the quartz tube, along the nozzle,
and in the surrounding air.

The applied voltages and the currents are measured by a
P6015 Tektronix HV probe and a TCP202 Tektronix current
probe, respectively. A fast ICCD camera �Princeton Instru-
ments, Model: PIMAX2, exposure time down to 0.5 ns� is
used to capture the dynamics of the discharge. The exposure
time is set to 5 ns for all the photographs shown in this paper.
A spectrometer �Princeton Instruments Acton SpectraHub
2500i� is used to measure the emission spectra of the plasma.
The entrance and the exit slits of the spectrometer are fixed
at 100 �m for the experiment reported in this paper. A grat-
ing of 1200 grooves/mm is used for all the spectrum mea-
surements.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Throughout this work, for both positive and negative
pulses, the pulse widths, and pulse frequency are fixed at 800
ns and 8 kHz, respectively. The applied voltages are fixed at
8 kV and �8 kV for the positive and the negative pulses,
respectively. The helium flow rate was maintained at 2 l/min.
The current-voltage characteristics of the discharge for the
positive and the negative pulse are shown in Figs. 2�a� and
2�b�, respectively. It should be pointed out that the current I

is the total current. It is the sum of the displacement current
and the actual discharge current, where the actual discharge
current is much smaller than the displacement current.39

Figures 3�a� and 3�b� are the photographs of the plasma
plume generated by the positive and negative pulses, respec-
tively. It can be seen that the plasma plume generated by the
positive pulse is much longer than the plasma plume gener-
ated by the negative pulse. To further understand this phe-
nomenon, a high speed ICCD camera is used to capture the
dynamics of the plasma plumes. Figures 4 and 5 show the
high speed photographs of the discharges taken at different
delay times for the positive and the negative pulses, respec-
tively. The time labeled on each photograph corresponds to
the times in Fig. 2. As shown in Figs. 4 and 5, the plasma
travels like a bullet before it exits the nozzle. For the case of
the positive pulse, the plasma becomes much brighter as
soon as it exits the nozzle. On the other hand, for the case of
the negative pulse, the plasma also becomes brighter when it
exits the nozzle but it is not as obvious as in the case of the
positive pulse. It is interesting to note that the shape of
plasma head for the case of the positive pulse is different to
that of the negative pulse. It has a spherical shaped head for
the case of the positive pulse, whereas it is more like the
shape of a sword head for the case of the negative pulse. The
reason behind the shape difference is not clear at the mo-
ment.

In order to have a more detailed discussion about the

FIG. 3. �Color online� Photographs of the plasma for �a� positive and �b�
negative pulses.

FIG. 4. High-speed photograph of the plasma plume for the positive pulse.
The exposure time is fixed at 5 ns. The time labeled on each photograph
corresponds to the time in Fig. 2�a�.

FIG. 2. �Color online� Current-voltage characteristics of the discharge for �a� positive and �b� negative pulses.
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plume dynamics, the plume velocity versus time is plotted in
Fig. 6 and 7 for the cases of the positive and the negative
pulses, respectively. As shown clearly in Figs. 6 and 7, the
plasma bullets travel at a constant speed of about 30 km/s
before they exit the nozzle for both cases. The plasma bullets
accelerate as soon as they exit the nozzle for both cases too.
But the peak velocity for the case of the positive pulse is
much higher than that of the negative pulse and is about 150
km/s and 70 km/s, respectively.

Next, the optical emission spectrum is used to better
understand the phenomenon mentioned above. For the cases
of both positive and negative pulses, the optical emission
spectra of the plasma bullets inside and outside the nozzle
are measured. When the positive pulse is used, Figs. 8�a� and
8�c� show that the emission intensity of N2

+ is increased sig-
nificantly �by more than one order of magnitude� when the
plasma exits the nozzle. Thus, it is reasonable to assume that
the N2

+ charge density increases when the plasma exits the
nozzle. On the other hand, according to the model proposed
by Lu and Laroussi,36 the higher the N2

+ charge density, the
stronger the local electric field induced by the plasma plume
head, and the higher the plasma plume propagation velocity.
This may explain why the propagation velocity of the plasma
bullet increases when the plasma exits the nozzle. As to why
the N2

+ charge density increases when the plasma exits the
nozzle, it can be explained as follows. Before the plasma
exits the nozzle, the concentration of N2 is very low inside
the nozzle and most of the N2 is ionized. When the plasma
propagates out of the nozzle, due to diffusion, the concentra-

tion of N2 in the plasma plume increases significantly. Due to
the high collision frequency, the metastable state He not only
excites N2 but also ionizes N2 and then further excites it. As
a result, the concentration of N2

+ increases significantly. This
assumption is consistent with our following experimental ob-
servation. As can be seen from Fig. 8�a�, before the plasma
exits the nozzle, the emission intensities of both N2 and N2

+

are very low. The emission of N2 can only just be detected.
Thus it is reasonable to say that most of the N2 is ionized.
When the plasma exits the nozzle, Fig. 8�c� shows that the
emission intensities of both the N2 and N2

+ increase dramati-
cally. Therefore it is reasonable to say that the concentration
of N2

+ increases when the plasma exits the nozzle.
When the negative pulse is applied, a similar behavior is

observed as shown in Fig. 9. However, for the negative
pulse, the peak velocity achieved is much lower than that for
the positive pulse as mentioned above. This is similar to the
streamer discharge. It can also be explained by the model
proposed by Lu and Laroussi.36 According to the model, the
head of the plasma plume is like a plasma bullet containing
N2

+. Moreover, Lu et al.46 also found that the electric field
due to the external applied voltage plays an important role in
the propagation of the plasma bullet. Therefore, when the
positive pulse is used, the local electric field induced by the
plasma bullet and the electric field from the external applied
voltage have the same direction, so the total electric field is
enhanced, which results in the high peak velocity of the
plasma bullet. On the other hand, when the negative pulse is
used, the two electric fields mentioned above have opposite
directions, so the total electric field is weakened-which is the
reason why the peak velocity achieved by the positive pulse
is higher than that resulting from the negative pulse.

IV. CONCLUSION

To conclude, when the plasma exits the nozzle, the
plasma experiences an acceleration process for both positive
and negative pulses. This is explained as follows, due to
diffusion, the concentration of N2 in the plasma plume in-
creases significantly when the plasma propagates out the
nozzle. The high concentration metastable state He can ion-
ize N2 and further excite it, which results in the increase in
the N2

+ concentration. This is confirmed by the optical emis-
sion spectra measurements.

FIG. 5. High-speed photograph of the plasma plume for the negative pulse.
The exposure time is fixed at 5 ns. The time labeled on each photograph
corresponds to the time in Fig. 2�b�.

FIG. 6. Velocity of the plasma bullet vs time for the case of the positive
pulse.

FIG. 7. Velocity of the plasma bullet vs time for the case of the negative
pulse.
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Moreover, it is found that the peak velocity achieved for
the positive pulse is much higher than that achieved for the
negative pulse. This is because the plasma bullet propagates
under two electric fields, i.e., the local electric field induced

by the plasma head that contains high concentration of N2
+

and the electric field from the external applied voltage. When
the positive pulse is used, the magnitude of the total electric
field is the sum of magnitudes of the two electric fields, thus

FIG. 8. Emission spectra of the plasma for the positive pulse. �a� and �b� are the emission of the plasma inside the nozzle, �c� and �d� are the emission of the
plasma outside the nozzle �5 mm away from the nozzle�.

FIG. 9. Emission spectra of the plasma for the negative pulse. �a� and �b� are the emission of the plasma inside the nozzle, �c� and �d� are the emission of the
plasma outside the nozzle �5 mm away from the nozzle�.
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the plasma velocity is higher. On the other hand, when the
negative pulse is used, the magnitude of the total electric
field is equal to the magnitude of electric field of the external
applied voltage subtracted from the magnitude of local elec-
tric field induced by the plasma head. Therefore, the total
electric field is weakened and the plasma velocity is lower.

ACKNOWLEDGMENTS

This work is partially supported by the National Natural
Science Foundation �Grant No. 10875048� and the Chang
Jiang Scholars Program, Ministry of Education, People’s Re-
public of China. The authors also would like to thank A. E.
Rider for improving the English of the paper.

1M. Laroussi, Plasma Processes Polym. 2, 391 �2005�.
2Z. Cao, J. Walsh, and M. Kong, Appl. Phys. Lett. 94, 021501 �2009�.
3M. Laroussi, IEEE Trans. Plasma Sci. 37, 714 �2009�.
4J. L. Walsh and M. G. Kong, Appl. Phys. Lett. 93, 111501 �2008�.
5M. Laroussi and X. Lu, Appl. Phys. Lett. 87, 113902 �2005�.
6G. Fridman, A. Brooks, M. Galasubramanian, A. Fridman, A. Gutsol, V.
Vasilets, H. Ayan, and G. Friedman, Plasma Processes Polym. 4, 370
�2007�.

7G. Fridman, G. Friedman, A. Gutsol, A. B. Shekhter, V. N. Vasilets, and
A. Fridman, Plasma Processes Polym. 5, 503 �2008�.

8E. Stoffels, I. Kieft, R. Sladek, L. Van den Bedem, E. van der Laan, and
M. Steinbuch, Plasma Sources Sci. Technol. 15, S169 �2006�.

9R. Sladek, E. Stoffels, R. Walraven, P. Tielbeek, and R. Koolhoven, IEEE
Trans. Plasma Sci. 32, 1540 �2004�.

10D. Kim, J. Rhee, B. Gweon, S. Moon, and W. Choe, Appl. Phys. Lett. 91,
151502 �2007�.

11J. Kolb, A. Mohamed, R. Price, R. Swanson, A. Bowman, R. Chiavarini,
M. Stacey, and K. Schoenbach, Appl. Phys. Lett. 92, 241501 �2008�.

12X. Yan, F. Zou, X. Lu, G. He, M. Shi, Q. Xiong, X. Gao, Z. Xiong, Y. Li,
F. Ma, M. Yu, C. Wang, Y. Wang, and G. Yang, Appl. Phys. Lett. 95,
083702 �2009�.

13X. Lu, Y. Cao, P. Yang, Q. Xiong, Z. Xiong, Y. Xian, and Y. Pan, IEEE
Trans. Plasma Sci. 37, 668 �2009�.

14X. Lu, T. Ye, Y. Cao, Z. Sun, Q. Xiong, Z. Tang, Z. Xiong, J. Hu, Z. Jiang,
and Y. Pan, J. Appl. Phys. 104, 053309 �2008�.

15J. Kolb, R. Joshi, S. Xiao, and K. Schoenbach, J. Phys. D: Appl. Phys. 41,
234007 �2008�.

16D. Mariotti, Appl. Phys. Lett. 92, 151505 �2008�.
17P. Bruggeman and C. Leys, J. Phys. D: Appl. Phys. 42, 053001 �2009�.
18M. Keidar and I. Belis, Appl. Phys. Lett. 94, 191501 �2009�.
19D. Mariotti, V. Svrcek, and D. G. Kim, Appl. Phys. Lett. 91, 183111

�2007�.
20A. Shashurin, M. Keidar, S. Bronnikov, R. A. Jurjus, and M. A. Stepp,

Appl. Phys. Lett. 93, 181501 �2008�.
21P. Bruggeman, P. Guns, J. Degroote, J. Vierendeels, and C. Leys, Plasma

Sources Sci. Technol. 17, 045014 �2008�.
22Z. Machala, E. Marode, M. Morvova, and P. Lukac, Plasma Processes

Polym. 2, 152 �2005�.
23Z. Machala, I. Jedlovsky, and V. Martisovits, IEEE Trans. Plasma Sci. 36,

918 �2008�.
24F. Leipold, R. H. Stark, A. Ei-Habachi, and K. H. Schoenbach, J. Phys. D

33, 2268 �2000�.
25C. Jiang, A. A. Mohamed, R. H. Stark, J. H. Yuan, and K. H. Schoenbach,

IEEE Trans. Plasma Sci. 33, 1416 �2005�.
26D. Kim, J. Rhee, S. Moon, and W. Choe, Appl. Phys. Lett. 89, 061502

�2006�.
27K. Ostrikov, Rev. Mod. Phys. 77, 489 �2005�.
28I. Levchenko, K. Ostrikov, and E. Tam, Appl. Phys. Lett. 89, 223108

�2006�.
29R. Vidmar, IEEE Trans. Plasma Sci. 18, 733 �1990�.
30M. Laroussi, Int. J. Infrared Millim. Waves 16, 2069 �1995�.
31M. Teschke, J. Kedzierski, E. G. Finantu-Dinu, D. Korzec, and J. Enge-

mann, IEEE Trans. Plasma Sci. 33, 310 �2005�.
32S. E. Babayan, J. Y. Jeong, V. J. Tu, J. Park, G. S. Selwyn, and R. F. Hicks,

Plasma Sources Sci. Technol. 7, 286 �1998�.
33E. Stoffels, I. E. Kieft, and R. E. J. Sladek, J. Phys. D 36, 2908 �2003�.
34V. Léveillé and S. Coulombe, Plasma Sources Sci. Technol. 14, 467

�2005�.
35S. Forster, C. Mohr, and W. Viol, Surf. Coat. Technol. 200, 827 �2005�.
36X. Lu and M. Laroussi, J. Appl. Phys. 100, 063302 �2006�.
37R. Stonies, S. Schermer, E. Voges, and J. Broekaert, Plasma Sources Sci.

Technol. 13, 604 �2004�.
38X. Lu, Z. Xiong, F. Zhao, Y. Xian, Q. Xiong, W. Gong, C. Zou, Z. Jiang,

and Y. Pan, Appl. Phys. Lett. 95, 181501 �2009�.
39X. Lu, Z. Jiang, Q. Xiong, Z. Tang, and Y. Pan, Appl. Phys. Lett. 92,

151504 �2008�.
40P. Le, G. Li, S. Wang, H. Li, and C. Bao, Appl. Phys. Lett. 95, 201501

�2009�.
41H. Kim, A. Brockhaus, and J. Engemann, Appl. Phys. Lett. 95, 211501

�2009�.
42W. Zhu, Q. Li, X. Zhu, and Y. Pu, J. Phys. D 42, 202002 �2009�.
43G. Kim, G. Kim, S. Park, S. Jeon, H. Seo, F. Iza, and J. Lee, J. Phys. D 42,

032005 �2009�.
44H. Lee, S. Nam, A. Mohamed, G. Kim, and J. Lee, Plasma Processes

Polym. 7, 274 �2010�.
45Q. Nie, C. Ren, D. Wang, and J. Zhang, Appl. Phys. Lett. 93, 011503

�2008�.
46X. Lu, Q. Xiong, Z. Jiang, Z. Tang, J. Hu, Z. Xiong, X. Hu, and Y. Pan,

IEEE Trans. Plasma Sci. 36, 988 �2008�.
47B. Sands, B. Ganguly, and K. Tachibana, Appl. Phys. Lett. 92, 151503

�2008�.
48R. Ye and W. Zheng, Appl. Phys. Lett. 93, 071502 �2008�.
49X. Lu and M. Laroussi, J. Phys. D 39, 1127 �2006�.
50N. Mericam-Bourdet, M. Laroussi, A. Begum, and E. Karakas, J. Phys. D:

Appl. Phys. 42, 055207 �2009�.
51Q. Xiong, X. Lu, Y. Xian, J. Liu, C. Zou, Z. Xiong, W. Gong, K. Chen, X.

Pei, F. Zou, J. Hu, Z. Jiang, and Y. Pan, J. Appl. Phys. 107, 073302 �2010�.
52X. Lu, Q. Xiong, Z. Xiong, J. Hu, F. Zhou, W. Gong, Y. Xian, C. Zou, Z.

Tang, Z. Jiang, and Y. Pan, J. Appl. Phys. 105, 043304 �2009�.
53X. Lu, Q. Xiong, Z. Xiong, J. Hu, F. Zhou, W. Gong, Y. Xian, C. Zhou, Z.

Tang, Z. Jiang, and Y. Pan, Thin Solid Films 518, 967 �2009�.

103303-5 Xiong et al. J. Appl. Phys. 108, 103303 �2010�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
View publication statsView publication stats

http://dx.doi.org/10.1002/ppap.200400078
http://dx.doi.org/10.1063/1.3069276
http://dx.doi.org/10.1109/TPS.2009.2017267
http://dx.doi.org/10.1063/1.2982497
http://dx.doi.org/10.1063/1.2045549
http://dx.doi.org/10.1002/ppap.200600217
http://dx.doi.org/10.1002/ppap.200700154
http://dx.doi.org/10.1088/0963-0252/15/4/S03
http://dx.doi.org/10.1109/TPS.2004.832636
http://dx.doi.org/10.1109/TPS.2004.832636
http://dx.doi.org/10.1063/1.2794774
http://dx.doi.org/10.1063/1.2940325
http://dx.doi.org/10.1063/1.3212739
http://dx.doi.org/10.1109/TPS.2009.2015454
http://dx.doi.org/10.1109/TPS.2009.2015454
http://dx.doi.org/10.1063/1.2977674
http://dx.doi.org/10.1088/0022-3727/41/23/234007
http://dx.doi.org/10.1063/1.2912039
http://dx.doi.org/10.1088/0022-3727/42/5/053001
http://dx.doi.org/10.1063/1.3132083
http://dx.doi.org/10.1063/1.2805191
http://dx.doi.org/10.1063/1.3020223
http://dx.doi.org/10.1088/0963-0252/17/4/045014
http://dx.doi.org/10.1088/0963-0252/17/4/045014
http://dx.doi.org/10.1002/ppap.200400084
http://dx.doi.org/10.1002/ppap.200400084
http://dx.doi.org/10.1109/TPS.2008.922488
http://dx.doi.org/10.1088/0022-3727/33/18/310
http://dx.doi.org/10.1109/TPS.2005.851970
http://dx.doi.org/10.1063/1.2335956
http://dx.doi.org/10.1103/RevModPhys.77.489
http://dx.doi.org/10.1063/1.2388941
http://dx.doi.org/10.1109/27.57528
http://dx.doi.org/10.1007/BF02073410
http://dx.doi.org/10.1109/TPS.2005.845377
http://dx.doi.org/10.1088/0963-0252/7/3/006
http://dx.doi.org/10.1088/0022-3727/36/23/007
http://dx.doi.org/10.1088/0963-0252/14/3/008
http://dx.doi.org/10.1016/j.surfcoat.2005.02.217
http://dx.doi.org/10.1063/1.2349475
http://dx.doi.org/10.1088/0963-0252/13/4/009
http://dx.doi.org/10.1088/0963-0252/13/4/009
http://dx.doi.org/10.1063/1.3258071
http://dx.doi.org/10.1063/1.2912524
http://dx.doi.org/10.1063/1.3263153
http://dx.doi.org/10.1063/1.3267142
http://dx.doi.org/10.1088/0022-3727/42/20/202002
http://dx.doi.org/10.1088/0022-3727/42/3/032005
http://dx.doi.org/10.1002/ppap.200900083
http://dx.doi.org/10.1002/ppap.200900083
http://dx.doi.org/10.1063/1.2956411
http://dx.doi.org/10.1109/TPS.2008.924480
http://dx.doi.org/10.1063/1.2909084
http://dx.doi.org/10.1063/1.2972119
http://dx.doi.org/10.1088/0022-3727/39/6/018
http://dx.doi.org/10.1088/0022-3727/42/5/055207
http://dx.doi.org/10.1088/0022-3727/42/5/055207
http://dx.doi.org/10.1063/1.3369538
http://dx.doi.org/10.1063/1.3079503
http://dx.doi.org/10.1016/j.tsf.2009.07.167
https://www.researchgate.net/publication/253759986

