
JP0255070

Observation of Plasma Motion in a Coaxial Plasma Opening Switch With a

Chordal Laser Interferometer

Y Terarnoto, S. Kohno*, H. Urakarni, S. Katsuki**, and H. Akiyarna

Graduate School ofScience and Technology, Kumamoto University,

2-39-1 Kurokami, Kumamoto 860-8555, Japan

Department ofElectrical Engineering, Ariake National College of Technology,

150 Higashihagio-machi, Omuta, Fukuoka 836-8585, Japan

*Department ofElectrical and Computer Engineering, Kumamoto University,

2-39-1 Kurokami, Kumamoto 860-8555, Japan

ABSTRACT

Electron densities in a coaxial plasma opening switch were measured at many lines-of-sight.

In the present experiment, electron density was measured by a He-Ne laser interferometer

with chordal lines-of-sight. In order to observe the motion of the POS plasma, the electron

density contours during the conduction, opening and post-opening phases were drawn by

combining the results of interferometer experiments. The radial and axial motion of POS

plasma was investigated from the density contours. As conduction time progressed, the POS

plasma moved toward downstream. At 800 ns, which corresponds to the time of opening in

the current waveform, low-density region less than 1015 cm-2 is seen at 10 mm firom the

cathode. After the opening was completed, the low-density gap disappeared and the shape of

the corn-shape-like plasma was distorted.

1. Introduction

A plasma opening switch (POS) is one of the key technology for an inductive-energy

storage high-power pulsed power generator system. A long-conduction-time POS can conduct

the current above I MA during the conduction time up to about I ps 1] as a result of MHD

motion of the current-conducting plasma which is initially injected into the POS region by an

external plasma source. The mechanisms of POS conduction and opening are represented by a

snowplow model. The scalings derived from the snowplow model are in good agreement with

the experimental results [1]. Also, the numerical calculations have been dedicated to

prediction of physics occurring in PSs 2].

On the other hand, an experimental approach to study the mechanism of POS has recently
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been done by a laser interferometer technique 3]-[5]. Taking axial-lines-of-sight, the radial

behavior of the POS plasma during the conduction phase has been studied. According to the

interferometer results, the decrease in the plasma electron density is observed somewhere in

the POS region at the time of opening. It must be the vacuum gap creation which is dominant

for the current interruption. However, the motion of POS plasma is not only in radial direction

but also in axial direction. Therefore, for the further understanding of physics of POS, the

axial motion of POS plasma should be studied experimentally.

This paper describes the results of interferometer experiment dedicated to the observation

of motion of POS plasma both in axial and radial directions. By modifying the POS coaxial

configuration, the many chordal lines-of-sight were taken to measure the plasma electron

densities in the wide area of POS region. From the density measurements, the density

contours were drawn to understand the behavior of POS plasma.

11. Experimental setup

Fig. I shows the POS-to-load configuration indicating measurement positions in the POS

region. The inductive voltage adder pulsed power generator ASO-X 6 is placed at the

left-hand side in Fig. I (a). The generator current provided by ASO-X generator has the rise

time of approximately 13 s and amplitude of 200 kA when the capacitors of ASO-X are

charged to 30 W, and is fed directly through the coaxial vacuwn transmission line. The POS

on ASO-X has the coaxial geometry consisting of 140-mm-diameter outer grounded anode,

60- or 80-mm-diameter inner high-voltage cathode and eight cable plasma guns mounted

symmetrically on the outer anode. Each two guns are driven by a 0.7-�il` capacitor that is

normally charged to 25 The amplitude and quarter period of the current through the

plasma gun are kA and 16 s, respectively. However, in this experiment, the two of eight

guns mounted on the top and bottom of the outer anode were used to open the diagnostics

hole for the probe laser beam. It was confirmed that the decrease in the total aount of POS

plasma due to the decrease in the number of plasma guns did not have significant influences

on the POS operation and the conduction time could be long enough as approximately I Ps.

The load-end was short-circuited by the copper plate and the inductance of load chamber was

estimated to 70 nH. The generator current was measured by a Rogowski coil placed at the

output-end of ASO-X and the load current was measured by a B-dot probe placed in the load

chamber.

For the electron density measurement in the POS plasma, the He-Ne laser interferometer

was employed. The interferometer was arranged in Michelson-type as shown in Fig. (b),

having the lines-of-sight as shown in Fig. I (c). In order to increase the resolution and to

avoid the effect of luminosity of the discharge, a laser beam was focused to the input of the

quartz optical fiber by a lens (f-50 mm) through a narrow-band pass filter and a pinhole of 3
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r
mm in diameter. A PIN photodiode was

Rogowskj I Grounded anod
(Generator current 140 mm)

, co' 4 used as a detector for the interference

Inner cathode signal. The photo detector was placed
(a 80 mm)

-ASO-4w-� I in the screen room to achieve the
noise-free signals. All the signals were

Plasma
guns Current monitor recorded by a 4-GSa/s, 1.5-GHz, 4-ch

(Load current)

(a) digital oscilloscope (Hewlett Packard,
Miffor Infinium HP54845A).

The electron densities were
3 

9 measured at the radial positions of rO,

5, 10, 15, 20, 25 mm for the each axial

positions of z-10, -5, 0, 5, 10, 15, 20,

0 BS 30, 40, 60 mm as shown in Fig. I (c).
scene For the low-density plasma, the

Mirror 632.8 nm, 5 mW electron density was calculated by the
Pinhole

0 Filter following equation;
Lens

uartz fiber Ndl = 556 x I 016AA (CM-2) (1)

f A
to Photodode

where, L, N, AA, A are the length of

plasma, electron density, amplitude
(b) over the quasi constant level, and

Anode amplitude of oscillation of the
r

..... ... ...... ...... .... . ...... ... ..... ..... . 3 0I . interference signal due to the

---------- 20 mechanical vibration of optical

-0 --- 0 elements, respectively. For the
ZT T T high-density plasma more than p shift,

-10 0 1 0 20 30 40 50 �O Cathode the following equation was used to

(c) decide the electron density;

Fig. 1. POS-to-load configuration on ASO-X (a), 10160, (CM-2)

interferometer arrangement (b) and lines-of-sight Ndl = 5.56x (2)

(c). where, p is the phase shift due to the

electron density. To increase the

sensitivity and make the density calculations easy, a phase tracking system was used to fire

the plasma guns and ASO-X when the phase of quasi-sinusoidal interference signal was zero.
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111. Experimental Results and Discussions
Fig. 2 shows the typical waveforms of 200 - - - - - - - - -

150

generator (upstream) current IG, load 100 0.5 'a,

n.(downstream) current IL, and electron density .50 CL

0 - - - - - - - - 0
n, which was measured at I mm from the I _50

IL Ci

cathode on the gun axis. The load current rose -ioo 0.5

-150in 80 ns after the conduction time of 850 ns In
-200 ......... 65 .....

this case, the electron density increased at 400 Time (ps)

ns; after the current onset, then decreased to

zero when the opening occurred. Such Fig. 2 Typical waveforms of generator

variations of electron density as Fig. 2 were current (dotted line), load current (dashed

achieved at each measurement position. All line) and line-integrated plasma electron

the results were combined and summarized in density (solid line) measured at 1 mm

the density contours as a ftmction of time to radial position from the cathode along the

observe the motion of POS plasma. gun axis.

Fig. 3 shows the density contours at 500

ns (a), 600 ns (b), 700 ns (c), 800 ns (d), 900 ns (e) and 1200 ns (f) after the current onset,

respectively. These figures represent the plasma density distribution during conduction,

opening and post-opening phases. At 500 ns after the current onset (Fig. 3 (a)), plasma

column was seen clearly along the gun axis. Before 500 ns, the plasma column as seen in Fig.

3 (a) was not observed clearly because the electron density was low. The electron density

became higher with time due to the ftirther ionization. However, the regions near the both

electrodes had relatively high-density even in the earlier phases than 500 ns. In Fig. 3 (a), the

upper (anode) side of the plasma seems to be moved mm from the gun axis toward

downstream, and shows the highest density in the POS region. On the cathode surface, there

was a plasma sheath that had relatively high density and was spreading along the cathode

surface. Comparing the contour maps of earlier time, this cathode plasma seems to move

downstream with the speed of approximately 13 cm/ps.

Fig. 3 (b) is the contour of 600 ns after the current onset. The density in the anode side of

the plasma increased compared with the Fig. 3 (a) and the middle part of the plasma seems to

be expanded toward downstream. The plasma sheath on the cathode moved to about 60 nun

although that moved to 50 mm in Fig. 3 (a). In the right-up region in Fig. 3 (b), the plasma

cluster was seen and likely to be propagating. The reason for this plasma production might be

an interaction between the accelerated plasma and the diagnostics window or the edge of

electrode. The plasma cluster was located far from the main plasma column which was

accompanied with current conduction. Therefore, the effect of the plasma cluster on the POS

operation was not significant.
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'e Fig. 3 (c) is the contour of 700 ns afterO so 1
PaPrIF. AZ'14A�AK' W�j L_ 15 'D 70 'S the current onset. The plasma on the cathode

60 7
:0 5.0

MMMM& I 0 40 side was moved about 25 mm downstream
5 .2 '3 0.3-0.4

0 2 3
:0 1- 2and that on the anode side was moved mm

-10 -5 0 5 10 15 20 25 30 35 40 46 50 0- I

D.W.- ft. g.. downstream. Therefore, the plasma column
(a) had a very sharp curvature in the middle of

the plasma. Because of the radial magnetic
I a i 70

00 & 7

10 pressure, the plasma was likely to be
4-0 

00.2 3 rarefied.
.10 -5 0 5 10 15 20 25 30 35 40 45 50 T"68 :0 O.O.,

Dow- *- q.. A. Fig. 3 (d) is the contour of 800 ns after
(b) the current onset that corresponds to the

time of opening in the current waveform It

o 6-0'_O is clearly seen that the plasma moved mm
' I 0

00 34. from the gun axis in the region fforn 10 to0 20 3
SO 2

IMMMENG M I
.,a -5 0 5 O 20 25 30 35 .0 15 0 55 60 25 mm radial position. On the other hand,

D.W- f.. g..

(C) the plasma near the cathode moved about 30
25 mm from the gun axis. These phenomena

MO 9-1
m.0' 70: occur because the plasma with the lighter
00� 7

mass was strongly pushed by a stronger
i5 0023 agnetic pressure, resulting in the ftirther

-10 -5 0 5 10 15 0 25 30 35 40 46 50 55 "A

D1.1- ft r i. motion toward downstream and hence the
(d) difference in the speed of motion between

the radial positions. Therefore, in Fig. 3 (d),
:0 15 -2

O�"�7 the low-density region less than 10 cm
.O&O:
000 20l , was created at the 10 mm from the cathode.

,- 2
:0 O.,

.1 5 0 5 'O 15 20 25 30 35 . 5 0 It is the vacuum gap where the electrons are
D�- ft O.

(e) magnetized, and current is interrupted. The
25

.0, size of vacuum gap was estimated, in Fig. 3
MO.".9
MO&O, (d), as several millimeters.

I :0 5-0.6
0.4-0.5 Fig. 3 (e) is the contour of 900 ns after

13 20--
:1 1 20.01 the current onset that is just after the-10 5 0 5 'O Is 20 25 30

D"- ft. O. i. opening in the current waveforms. The
(f)

Fig. 3 Iso-density contours in the POS low-density gap seen in Fig. 3 (d) was not

region at 500 ns (a), 600 ns (b), 700 ns (c), seen at this time. The main part of the POS

800 ns (d), 900 ns (e) and 1200 ns (f) after plasma is likely to re-close the gap, and the

the current onset. plasma of right-up side and the cathode
plasma are bridged. Therefore, after the
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opening, a kind of breakdown occurs in the -E� Be
E -)I,- 0 ns

POS region and current flows in the plasma. 4) 25 -8- 100 ns
'a -$- 200 ns
0 20 -,&-3Wns

This is the reason of the damped load current f� -0-4W ns

8 1 5 -N-SMns
after the very quick rise. E -+-600 ns

n.

Fig. 3 (f) is the contour of 1200 ns after 8 n.1

the current onset. The structure of POS plasma

was complicated ad the vacuum gap seen in -20 -10 0 1 0 20 30 40

Fig 3 d) was reconnected completely. The Distance from gun axis (mm)

electron density became higher with increasing Fig. 4. Positions-of-highest density at

time since the most of current from the each radial position as a fimction of time.

generator was flowing through the POS

plasma after the opening. It was understood 40 ......

from the series of contours that the vacuum
- -0-- Cathode surface

gap was re-closed immediately after the 30 M- 5 mm from cathode

E
opening. And the plasma cluster seen in the

20 -

rght-up region of the contours was also

propagating toward the cathode side and 0) 10

likely to be combined with the main plasma 98 0
column.

In order to estimate the motion of current

layer in the POS plasma, the positions having -20 ..........................

100 200 300 400 500 600 700 800 900

the highest density along each radial position Time (ns)

were plotted and shown in Fig. 4 as a ftmction

of time. In Fig. 4 the motion of current layer Fig. 5. Variations of the distance of

in the region from r10 to 25 mm is not positions-of-highest density in time at

clearly distinguished. Seeing Fig. 3 since the the mm (solid line) and mm

plasma in that region has the shape like a (dashed line) radial positions from the

column consisting of relatively high-density cathode.

plasma and its motion is tiny, there is a

difficulty in the estimation of the current layer. On the contrary, the radial positions of r-- 0

and mm have a clear trend of the motion of current layer. The position-of-highest density is

moving with time from 10 mm upstream POS to 30 mm downstream POS at the m radial

position. And the speed of the plasma motion is increasing with time during the conduction

phase. Moreover, the speed of position-of-highest density at mm radial position is higher

compared with both upper (IO mm) and lower (O mm) positions. This difference in the speed

of motion resulted in the curvature of current layer leading to the radial JxB force that has the

essential effect on the vacuum gap creation.
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Fig. shows the motions of positions-of-highest density on the rO mm and r--5 mm

radial positions obtained from Fig. 4 The lines indicate the curve proportional to the time

squared. During the early time of the conduction phase, the highest-density-positions were

located at the same axial position. Then both moved toward downstream with the different

speeds. The distances of axial motions are in proportion to the time squared. Therefore, the

positions-of-highest density are thought to move under the constant acceleration and increase

their velocities.

Under the assumptions used in the snowplow model, the acceleration of the propagating

plasma was estimated using the equation of motion. Assuming that the current through plasma

Irises linearly, equation of motion for the current-carrying plasma channel in the POS plasma

is

I = It; (3)

d(lv) pIO' 2
Min dt 8yr2r' t (4)

Here I is the variable length of switch changing in the process of the snowplow motion, M is

the average ion mass, v is the snowplow velocity, n is the plasma density and r is the cathode

radius.

Designating

C = Min; (5)
2

C = A - (6)

equation 4) becomes

C I d(lv = C 2t 2. (7)
dt

Equation 7) can be solved dividing the variables for the channel velocity as

t3
CA = 2 - (8)

3
t2

C1 t = 2 3 (9)

= t. (I 0)

Therefore, the current-carrying layer moves with the constant acceleration:

2

__�O (I )

and its velocity linearly rises with time and the distance of motion increases in proportional to
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the time squared.

Substitutin' 13 x IO " [A/s] for Io, I x 10 15 [cm-3] for n and 40 [MM] for r in equation (I 1),

which are the values in our experiment, and taking into account the aluminum ion, the

magnitude of the acceleration obtained from equation (II) showed the good agreement with

the experimental data obtained in Fig. 5. If we take into account the hydrogen ion, the

acceleration becomes five times higher than that for aluminum ion. This proposes that, if the

conduction time is constant, the lighter ion species give the higher speed of propagating

plasma and leads to the good opening. Additionally, the highly-ionized plasma might prevent

the breakdown in the vacuum gap and increase the efficiency of the power flow from the

generator to the load after the opening.

IV. Summary

The motion of POS plasma throughout the operation was studied by the interferometer and

the spectroscopic experiments. From a number of density measurements at many positions,

the density contours were drawn. The vacuum gap, which is the low-density region less than

10 1 5 CM-2, was observed at 10 mm from the cathode at the time of opening in the current

waveform, as a result of downstream propagation of current-conducting POS plasma. The

motion of current-front in the POS plasma was estimated by taking positions-of-highest

density. The speed of propagation of POS plasma was different at the different radial locations.

The consequent curvature of the POS plasma caused the radial separation of plasma resulting

in the vacuum gap creation. From the spectroscopic measurement, the emission from the

neutral hydrogen was observed in the position where the vacuum gap was created even at the

opening time. However, those from ions were not observed. The acceleration of the

propagating plasma measured in the experiment is in good agreement with that derived from

the theoretical equations.
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PROPAGATION OF PULSED STREAMER DISCHARGES
IN ATMOSPHERIC AIR
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ABSTRACT

Pulsed streamer discharges have been extensively used in many applications such as

control of NOx and S02 from exhaust gases, treatment of dioxins, removal of VOC (Volatile
Organic Compounds), generation of ozone and laser excitation. An operation with a
high-energy efficiency is necessary for practical applications. It is very important to know the
propagation mechanism of streamer discharges in order to improve the energy efficiency of

pulsed discharge systems. The critical conditions of streamer propagation and the electric
field of a streamer head or tail have been obtained from the computer simulation about the
propagation of streamer discharges. However the propagation of large volume streamer

discharges in atmospheric air has not been observed.
In the present work, the emissions from pulsed streamer discharges in the coaxial

electrode at atmospheric pressure were observed by a high-speed gated ICCD camera. An
electrode configuration of wire to cylindrical was used. A positive pulsed voltage with pulse
width of about 100 ns was applied to the central wire electrode. The streamer discharges begin
from the inner electrode and reach the outer electrode. The propagation velocity of the streamer
discharges was several mm / ns.

1. Introduction
There are several serious environmental problems in the world today. One of them is

the acid rain arising from the combustion of fossil fuel produced by thermal power plants,

factories and motor vehicles. Several types of electrical discharges, such as surface, silent and

corona have been applied to the removal of NOx and S02 from exhaust emissions at the stage
of various energy efficiencies. Currently developments in the pulsed power generators have
enabled the production of efficient streamer discharges to remove Nx and SO2. 1-5)

Since the pulse width of applied voltages has a strong influence on the energy
efficiency, 6,7) the knowledge of the development of streamer discharges using very short
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duration pulses is important for practical applications. he most effective condition of

streamer discharges might be obtained from the knowledge of streamer propagation

phenomenon. H. Raether", L.B. Leob" ") and J.M. Meek", 12) independently proposed similar

mechanisms to explain the streamer discharges. A.A. Kulikovsky 11, 4) , F. Tochikubo et al.", )

and K. Durbhakula et al.") forecasted the electric fields and the propagation speeds of

streamer heads by using computer simulations. K. Yan et al. 18, 19) measured the light emissions

from streamer discharges by using the optical fiber and the photomultiplier tube in the vicinity
20)of central wire in the coaxial electrode. E.H.W.M. Smulders et al. observed the images of

streamer discharges in 560 torr of air using a high-speed gated camera. W.J. Yi et al. I

observed the images of streamer discharges in the tip to plane electrode.

In this work, the emissions from the pulsed streamer discharges in the coaxial

electrode at atmospheric pressure were observed with the ICCD camera having a high-speed

gate. The coaxial electrodes having the wire diameter of 0.5 mm, the cylinder diameter of 76

or 152 mm and the length of IO mm were employed. A short length was necessary in order to

observe the streamer discharges clearly. A positive pulsed voltage with the pulse width of I 0 ns

was applied to the central wire. The images of streamer discharges were observed with a frame

period of 10 ns and an exposure time of ns. It has been found that the streamer discharges

started from the inner electrode and then reached the outer electrode. The propagation

velocities of the streamer discharges had dependence on an applied voltage to the central

electrode and were several mm / ns.

11. Experimental apparatus and procedure

Figure I shows a schematic diagram of the experimental apparatus. The three-staged

Blumlein line generator, which has pulse width of 100 ns, was used as a pulsed power

source. 2) This generator was charged at 20, 25 and 30 kV A coaxial electrode having a central

rod made of tungsten, 0.5 mm in diameter placed concentrically in a copper cylinder, and a

length of 10 mm was employed. A short length of electrode gave clear images of streamer

discharges. In this experiment, the copper cylinders having an internal diameter of 76 and 152

mm were used. The coaxial electrode was filled with the air of the atmospheric pressure. The

applied voltages of positive polarity from the Blumlein line generator to the coaxial electrode

were measured using a voltage divider (I Q 10 kQ, Ratio lox 13), which was connected

between the central electrode and the ground. The current to the coaxial electrode was

measured using a Rogowski coil (Pearson current monitor, Model 2878, Pearson Electronics,

USA), which was located at the wire for the return current to the ground. A high-speed gated

1CCD camera (C7972-01, Hamamatsu Photonics, Japan) with a sensitive MCP (Micro

Channel Plate, maximum gain = 0,000), was used to observe the images of streamer

discharges. The exposure time of this camera was fixed at ns. The delay time from the onset
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time of applied voltage was every 10 ns in the range of 0 to 130 ns.

Oscilloscope

Personal
C: Computer

charge TDigital image
ctrode -

Gated
Blumlein line (L ICCD

generator Camera,
tTrigger signal

_j DelayI-rigger signal
generator

Fig. 1. A schematic diagram of the apparatus

111. Results and discussions I

Figure 2 shows typical waveforms of the applied voltage to and the discharge current

through the coaxial electrode for the different charging voltages to the generator. The output

voltages from the generator were applied to the wire electrode at ns of Fig. 2 The maximum

values of the applied voltage and the discharge current increased with the charging voltage.

100 120 -
Charging voltage Charging voltage

-20 kV -20 kV
----- 25 kV ----- 25 kV

so so 30 kV 30 kV

60 -
0 LD %J

40 
0
> 20 -

-60

0

-10 -2
;so 0 50 100 150 200 250 ;so 0 so 100 150 200 250

Time, ns Time, ns

(a) (b)

Fig. 2 (a) Applied voltage to and (b) discharge current in the coaxial electrode for varying

charging voltages to the Blumlein generator. Cylinder diameter, 76 mm.

Figure 3 shows the images of emissions from the streamer discharges in the varying

delay times of ICCD camera for the charged voltages of 20 kV or 30 W The images had the

good reappearance when the same experimental conditions. The white areas of these images
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show the position of streamer heads in the exposure time (5 ns) because the streamer heads

keep high electric fields. 8-17) Major wavelengths of these emissions were considered 337.1 nm

and 391.4 nm from 2 dpositive band and I" negative band of N2, respectively. 22-24)

The electric fields on the surface of the central electrode were constant of 17 MV/m in

the different charging voltages when the streamer discharges were formed in the vicinity of
25)center electrode (delay time 10-15 ns in Fig. 3. These electric fields Er, were calculated

from

E V ---- (1)-----(R2in IR,

where RI 0.25 mm), R2 38 mm), r 0.25 mm) and V are the radius of the inner electrode, the

radius of outer electrode, the distance from the surface of wire electrode and the applied

voltage to the central electrode, respectively.

The electric fields of streamer heads were assumed to keep over 17 MV/m due to the

following Meek's criteria", 14, 26)

E = E,, (2)

where Ep is the electric field by the space charge of electron avalanche.

It is observed fTom Fig. 3 that the primary streamers 18, 19) propagate from the central

electrode to the outer electrode. The reaching time of primary streamer discharges to the outer

electrode reduced from 55 to 40 ns with increasing the charging voltages to the generator in

the range of 20 to 30 kV Before the arrival of the primary streamers at the cylinder, the

discharge currents were small (in Fig. 2 because the capacitance between the streamer head

and the cylinder works as limiting impedance. 20) The fully development of primary streamers

between electrodes resulted in the disappearance of the capacitance between the streamer

heads and the cylinder electrode. This allows the large discharge currents to flow through the

plasma channel of primary streamers (in Fig. 2b).

The secondary streamers 18, 19) appeared from the central electrode at the delay time of

30-35 ns in Fig. 3 The secondary streamer disappeared at middle of electrode because its

electric field would be small when the plasma channel of primary streamers reached to the

outer cylinder.' 5, 16)

After bridging, the emissions from the streamer discharges were observed in the

vicinity of a center electrode with a strong electric field by geometrical arrangement of the
electrode. 27, 28)

Figures 4 (a) and (b) show the dependences of the applied voltages to the central wire

and the velocities of streamer heads on time for the 76 mm and 152 mm diameters of outer

cylinder, respectively. Many results of streamer propagation simulations had indicated that the

radius of streamer heads was about 100 gm. 14,16) In the images of Fig. 3 the radiuses of the

streamer heads can be disregarded because those are enough smaller than the scale of the
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V'h Reference 0-5 ns 10- 1 5 ns 20-25 s 30-35 ns

20

kV

Rix

3 0

kV

Ych 40-45 ns 50-55 ns 60-65 ns 70-75 ns 80-85 ns

20

kV

30

kV

Vch 90-95 s 100- 105 ns 110-1 15 ns 120-125 ns 130-135 ns

20

kV

30

kV

Fig. 3 Images of light emissions from streamer discharges in varying delay times of CCD

camera for the charging voltage of 20 kV or 30 kV. Cylinder diameter, 76 mm.
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images. Therefore the velocities of the streamer heads was given by the following equation

L
V.VWM = 9 (3)t"P mum

where Vstreamer, L, and texposure (5 ns) are the velocity of the streamer head, the length of

emission in the streamer images in Fig. 3 and the exposure time of a ICCD camera,

respectively.

It is observed from Fig. 4 that the velocity of streamer heads increases with increasing

applied voltages to the wire electrode. The streamer discharges with the speed of the several

mm ns are greatly influenced by the electric field strengths on wire surface. 13-16)
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Fig. 4 Dependences of applied voltage to the central wire and the velocity of streamer head

on time. Cylinder diameter, (a) 76 mm, (b) 152 mm.
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IV. Summary

The images of the streamer discharges in a coaxial electrode at atmospheric pressure

have been observed using high-speed gated ICCD camera. he following summaries have

been deduced.

1. The heads of the streamer discharges propagate from central rod to outer cylinder.

2. The propagation speeds of the streamer discharges are several mm / ns.

3. The propagation speeds of the streamer discharges are greatly influenced by the

electric field strength on the wire surface.
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