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Abstract—A Blumlein generator that has a pulsewidth of 100 ns
was used to investigate the process of streamer discharge propa-
gation in a coaxial cylindrical reactor using a streak camera. Both
positive and negative polarities of the streamer discharges were
performed in air at atmospheric pressure. The results showed that
the primary and secondary streamers propagated with increasing
velocity from the central rod to the outer cylinder electrode in
both positive and negative polarities of applied voltages to the rod
electrode. The propagation velocity of the streamer heads was in
the range of 0.8-1.2 mm/ns for a positive peak applied voltage in
the range of 43-60 kV and 0.6 mm/ns for a negative peak applied
voltage of —93 kV, respectively. The electric field at streamer onset
was calculated to be 12 and 20 MV/m for positive and negative
applied voltages, respectively.

Index Terms—Atmospheric pressure air, coaxial electrode, elec-
tric field, nanosecond pulse, propagation velocity, pulsed streamer
discharge, streamer onset.

I. INTRODUCTION

ONTHERMAL plasmas have been one of the promising

technologies for the removal of hazardous environmental
pollutants in gases. A pulsed streamer discharge in atmospheric
pressure gases is one type of nonthermal plasma and has
received a great deal of interest for many years [1]. The critical
factor to enable this technique for industrial application of
pollutant removal is to improve the energy efficiency of the
plasma processing. It is already known that the pulsewidth
of the applied voltage has a strong influence on obtaining
higher energy efficiency [2], [3]. For further investigations, it
is necessary to know the propagation mechanism of the pulsed
streamer discharges.

During the past few decades, many numerical and ex-
perimental studies on positive streamer discharges (cathode
directed streamer) have been reported [4]-[10]. In addition,
a small number of analysis on negative pulsed streamer dis-
charges (anode directed streamer) have been carried out [7],
[10]. Wagner investigated the development of both positive
and negative streamers by means of image intensification and
imagez deflection to determine the conditions for streamer
onset and streamer velocities during the various stages of the
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avalanche-to-plasma channel transition in several gases in the
pressure range of 100-500 torr. The enhanced and accelerated
streamer stage was observed in both directions; the significantly
fast and steep ionization waves were found to start at the cath-
ode as well as at the anode on arrival of the respective streamers.
The measured velocities were up to 10 mm/ns [8], [9].

In addition, the emission from positive pulsed streamer dis-
charges in air at atmospheric pressure was observed with an in-
tensified charge-coupled device camera with a high-speed gate
in previous work in which the streamer propagation process and
its propagation velocity in a coaxial electrode were reported
[11]. In this paper, the detailed propagation characteristics of
a pulsed streamer discharge produced by both positive and
negative voltages in a coaxial electrode filled with atmospheric
pressure air are reported. The pulsewidth of the applied voltage
was fixed at 100 ns. The propagation process and velocity of
the streamer obtained by a high-dynamic-range streak camera is
reported under different applied voltages, and the electric field
for streamer onset is also investigated.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

Fig. 1 shows a schematic diagram of the experimental appa-
ratus used to observe the positive and negative pulsed streamer
discharges. A three-staged Blumlein line generator with a
pulsewidth of 100 ns was used as a pulsed-power supply in this
paper [11]. For generation of positive polarity pulse voltages,
this generator was charged to 20, 25, and 30 kV by a dc high
voltage source (LTS0R35; Glassman High Voltage, Inc., High
Bridge, NJ). Negative pulsed voltages were generated when this
generator was charged to —20, —25, and —30 kV. To reduce
switching jitter, a thyratron switch (CX1685; E2V Technolo-
gies, Ltd., Chelmsford, U.K.) with smaller jitter than spark gap
switches was employed as a closing switch for the Blumlein
line generator. A coaxial cylindrical reactor was utilized as a
discharge electrode to observe pulsed steamer discharges. A rod
made of stainless steel that is 0.5 mm in diameter and 10 mm in
length was placed concentrically in a copper cylinder. The outer
cylinder wall electrode was grounded, and its diameter was
76 mm. A short length of the electrodes was necessary to render
clear images of the streamer discharge. Dry air at 0.1 MPa filled
the reactor volume. For each test, a positive or negative polarity
voltage from the Blumlein line generator was applied to the rod
electrode and was measured using a voltage divider (EP-100K;
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Fig. 1. Schematic diagram of the experimental apparatus.

Pulse Electronic Engineering Co., Ltd., Noda, Japan). The
discharge current through the electrodes was measured using
a current transformer (Pearson current monitor; Model 2878;
Pearson Electronics Inc., Palo Alto, CA), which was located
on the return current path to the ground. A digital oscilloscope
(54855A Infiniium; Agilent Technologies, Santa Clara, CA)
with a maximum bandwidth of 6 GHz and a maximum sample
rate of 20 gigasample/s recorded the signals from the voltage
divider and the current monitor. A fast-dynamic-range streak
camera (C7700; Hamamatsu Photonics, Hamamatsu, Japan)
with a sensitive microchannel plate (with a maximum gain of
10000) was used to observe the streamer discharge propagation
in the coaxial electrode. The sweep time for one frame of
exposure was fixed at 200 ns. The slit of the streak camera
was adjusted to focus on the central part of the discharge
electrode, where the rod electrode was fixed at the center of
streak image. The width of the camera slit was fixed at 50 pm.
A digital delay generator (DG535; Stanford Research Systems,
Inc., Sunnyvale, CA) controlled the trigger signals for the
oscilloscope, thyratron, and streak camera. In this paper, only
a single pulse was applied to the discharge electrode to observe
the streamer image.

III. RESULT AND DISCUSSION

Fig. 2 shows the typical applied voltage and discharge current
in the electrode gap, and the streak image at 30-kV dc charging
voltage to the generator for positive streamer discharge prop-
agation. In Fig. 2, the vertical direction of the streak image
corresponds to the position within the electrode gap. The top
and bottom ends of the streak image are the surfaces of the
grounded cylinder and the central rod, respectively. The hori-
zontal direction indicates time progression and the time scale
of the voltage and current waveforms. It should be noted that
the left part of the streak image, for time less than 0 ns, was cut
short for better viewing. Fig. 3 shows a typical still photograph
of a pulsed streamer discharge in the coaxial electrode. From
Fig. 2 and our previous works [11], it can be confirmed that the
streamer discharge propagates straight in the radial direction
from the coaxial electrode. This is because the interactions
between the electric fields of the neighboring streamer heads
are the same within the coaxial electrode geometry [12], [13].
The streak images taken in this paper show the tracks of a
single streamer head. In addition, the streak images had good
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Fig. 2. Typical applied voltage and discharge current in the electrode gap,
and streak image at 30-kV harging voltage for the generator (positive streamer
discharge).

reproducibility under similar experimental conditions. Observe
in Fig. 2 that the streamer initiates in the vicinity of the central
rod electrode and then propagates toward the cylinder electrode
(primary positive streamer, PPS) as the first step of the streamer
discharge. The PPS track was recorded as a line shape. This is
because the high electric field generated around the streamer
head results from the surrounding positive charges; therefore,
only the streamer head is bright during the propagation of
PPS [14]-[20]. In addition, the propagation velocity of the
PPS increases with its propagation. After the PPS left the rod
electrode, a second streamer was generated in the vicinity of
the rod electrode (secondary positive streamer, SPS). This may
be due to the electric field on the surface of wire electrode
recovering enough to generate another streamer discharge along
the propagation path of the PPS. After generation, the SPS
propagated toward the cylinder electrode with a lower velocity
than PPS. This is because the SPS propagates in the plasma
channel produced by the PPS propagation, and it means that
the electric field near the SPS head is lower than that of the
PPS. At the time of full development of the PPS between
the electrodes (time at the peak applied voltage), the SPS
disappeared at the middle of the electrode gap, and the dis-
charge mode changed from streamer to glowlike discharges
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Fig. 3. Typical still image of a pulsed streamer discharge taken from the axial
direction in the coaxial electrode.
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Fig. 4. Typical applied voltage and discharge current in the electrode gap, and
streak image at —30-kV charging voltage for the generator (negative streamer
discharge).

with a large flow of current in the plasma channel produced
by the PPS propagation. Similar phenomena were observed for
20- and 25-kV dc charging voltages.

Fig. 4 shows the typical applied voltage and discharge current
in the electrode gap and a streak image for a negative streamer
discharge at —30-kV dc charging voltage to the generator.
Observe in Fig. 4 that the primary negative streamer (PNS =
fast negative streamer) initiates in the vicinity of the central
rod electrode and then propagates toward the cylinder wall
electrode. The discharge emission of the slow negative streamer
(SNS) was recorded near the surface of the rod electrode. It is
believed that the streamer head of the PNS propagates faster due
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TABLE 1
AVERAGE VELOCITY OF PRIMARY STREAMER HEADS
Charging voltage
) 20 kV dc 25kV de 30 kV de
Polarity
Positive 0.8 mm/ns 1.0 mm/ns 1.2 mm/ns
(Vapplied—peak) (43 kV) (56 kV) (60 kV)
Negative - - 0.6 mm/ns
(Vapplied—peak) (-64 kV) (-80kV) (-93kV)
¢ 2.5 Charging voltage
E | =——20kV(positive)
£ = 25kV/(positive)
2 — =——30kV(positive)
= | ——30kV(negative)
15—
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Fig. 5. Dependence of the velocity of the streamer heads on the applied
voltage to the rod electrode for both positive and negative streamer discharge
cases.

TABLE 1I
ELECTRIC FIELD FOR STREAMER ONSET

Polarity Positive Negative

Parameter streamer streamer
Vapplied-at steramer onset I5kV 25kV

Eon 12 MV/m 20 MV/m

to the surrounding photoionization, and then the heat of the rod
electrode surface allows the SNS to propagate slower, following
the PNS. After full development of the PNS across the electrode
gap (time at the peak applied voltage), the discharge mode
changed from a streamer to a glowlike discharge with a large
discharge current, which is the same as the positive one. For the
negative streamer discharge case, the development of the PNS
was not observed for —20- and —25-kV dc charging voltages.
This is because the applied electric field was insufficient for
PNS onset.

Table I shows the average velocity of the primary streamer
heads in the experiment. The average velocity is calculated
as the gap distance divided by the time from initiation of the
streamer head on the rod electrode to its arrival at the cylinder
electrode. The average propagation velocity of the positive
streamers was in the range of 0.8-1.2 mm/ns for a positive
peak applied voltage in the range of 43—-60 kV. This result is
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TABLE III
COMPARISON OF THE STREAMER VELOCITY AND ELECTRIC FIELD ON THE SURFACE OF THE HIGH-VOLTAGE ELECTRODE OF
THE PRESENTED EXPERIMENTAL RESULTS WITH OTHER SIMULATION RESULTS

Gas medium and

Electric field on the Equation for

calculation of the

Reference Polarity Electrode Applied Primary surface of the electric field on the
geometry pressure voltage streamer velocity  high-voltage electrode surface of the
high-voltage
at streamer onset clectrode
d work I cylindrical Al N(}’gsllltll%ls Boosiine
Presented worl Positive Coaxial cylindrica . ositive .
. & 7 atmospheric Fig. 5 (@r ) Equation (2)
(experiment) Negative (gap=38 mm) pressure ~13 mm/ns 20 MV/m
(Negative) (@negative)
Cathode-directed ~ 0.3 mm/ns
H. Raether [18] streamer Point-to-plate Air, } (Cathode-directed) Eug /Emin. > 100 :
(experiment) Anode-directed (gap=20 mm) 275 Torr ~0.015 mm/ns
streamer (Anode-directed)
. . Air/NO(300 ppm),
Tochikubo et al. [21] Positive Point-to-plane atmospheric 15kV de 0.6 mm/ns 23 MV/m Equation (3)
(numerical simulation) (gap=10 mm)
pressure
heshnyi hode-di i 1 Alr
Pancheshnyi ef al. [22]  Cathode-directed Point-to-plane atmospheric 12KV de 0.4 mm/ns 79 MV/m Equation (3)
(numerical simulation) streamer (gap=30 mm)
pressure
. Air,
Grange et al. [23] Positive Point-to-plane atmospheric 8kV de 0.2 mm/ns 27 MV/m Equation (3)
(numerical simulation) (gap=10 mm)
pressure

in good agreement with our previous data calculated from other
images of streamer discharge propagation [11]. On the other
hand, the velocity for negative streamers was approximately
half that of positive streamers. The same tendency was observed
in the early study of Raether [18], shown in Table III.

Fig. 5 shows the dependence of the velocity of primary
streamer heads on the applied voltage to the rod electrode in
both cases of positive and negative voltage applications. The
propagation velocity of the streamer heads at a certain time
Ustreamer is giVCl’l by

AL

AL 6]

Ustreamer =

where AL and At are the developed distance and time progress
for its propagation from the streak images (Figs. 2 and 4),
respectively. Observe in Fig. 5 that the velocity of PPS is the
same at a certain applied voltage for different charging voltages,
and the velocity increases with increasing applied voltage to
the rod electrode. This may be due to the applied voltage to
the rod electrode having a strong influence on the motion of the
streamer head since there is a higher conductivity plasma
channel between the rod and streamer head. For 60-kV applied
voltage and 30-kV charging voltage, the velocity of the PPS
reaches 1.9 mm/ns. The velocity of a PNS is approximately
half that of positive streamers and also increases by increasing
the absolute value of the applied voltage to the rod electrode.
For —90 kV applied voltage, the velocity of the NPS reaches
1.2 mm/ns.

In this paper, it was also demonstrated that the electric field
for PPS onset was constant at 15 kV for all different applied
voltages in positive streamers. Likewise, the applied voltage
at streamer onset was —25 kV for negative streamers. The
electric field on the surface of the rod electrode before discharge
initiation F) is given by

_ |Vapplicd|
rln 2
T

Ep 2)

where |Vipplied|» 7, 71, and 7o are the absolute value of the
applied voltage to the rod electrode, the distance from the center
of the rod electrode, the radius of the rod electrode, and the
inner radius of the cylinder electrode, respectively. At the rod
electrode surface, » = 7. The electric field on the surface of the
rod electrode at the streamer onset F, can then be calculated
by (2) and is indicated in Table II. From Table II, the positive
and negative streamer onset fields were 12 and 20 MV/m,
respectively.

Table IIT shows a comparison of the streamer velocities
and electric fields on the surface of the high-voltage electrode
for the presented experimental results and for other reported
simulation results [21]—[23]. In Table III, the electric field at the
tip of the high-voltage electrode in a point-to-plane electrode
geometry £, is given by

L L {d/(d+ )}
1—{d/(d+r)}/?

1/2
d+7’> ) 3)

2
E,=V-
P r<d
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where V, r, and d are the applied voltage, the radius of the tip
of the electrode, and the gap length, respectively [24]. From
Table III, it is obvious that the streamer velocity calculated by
the numerical models is lower than the experimental results
presented, although the electric fields for streamer onset were
higher. This might be caused by the difference of the applied
voltage. For modeling, a dc applied voltage was used, and
a constant velocity was calculated. However, in this paper, a
pulsed voltage was applied, and the streamer propagated with
acceleration. The results in this paper, particularly, Fig. 5, give
more information of the streamer velocity at different applied
voltages, which would shed light on the utility of modeling the
streamer propagations.

IV. CONCLUSION

Streamer propagation, streamer velocity, and the electric field
for streamer onset were investigated for positive and negative
applied pulsed voltages to the rod electrode of a coaxial elec-
trode. Four conclusions have been deduced.

1) The head of the streamer discharge initiated at the surface
of the central rod electrode and then propagated to the
outer cylinder electrode for both positive and negative
voltage cases.

2) The average propagation velocity of the streamer heads
was in the range of 0.8-1.2 mm/ns for a positive peak
applied voltage in the range of 43-60 kV. The velocity
for PNS was 0.6 mm/ns for a negative peak voltage of
—93 kV.

3) The velocity increased with increasing applied voltage to
the rod for both positive and negative voltage cases.

4) The electric field at streamer onset was calculated as
12 and 20 MV/m for positive and negative streamers,
respectively.
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