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Streamer discharges are efficient non-thermal plasmas for air purification and can be generated in
wire-cylinder electrode structures (the plasma reactor). When (sub)nanosecond high-voltage pulses
are used to generate the plasma, components like a plasma reactor behave as transmission lines, where
transmission times and reflections become important. We want to visually study the influence of these
transmission-line effects on the streamer development in the reactor. Therefore, we need a unique
experimental setup, which allows us to image the streamers with nanosecond time resolution over
the entire length of the plasma reactor. This paper describes the setup we developed for this purpose.
The setup consists of a large frame in which a specially designed plasma reactor can be mounted and
imaged from below by an intensified charge-coupled device ICCD) camera. This camera is mounted
on a platform which can be moved by a stepper motor. A computer automates all the experiments and
controls the camera movement, camera settings, and the nanosecond high-voltage pulse source we
use for the experiments. With the automated setup, we can make ICCD images of the entire plasma
reactor at different instances of time with nanosecond resolution (with a jitter of less than several
hundreds of picoseconds). Consequently, parameters such as the streamer length and width can be

calculated automatically. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972413]

. INTRODUCTION

Recently, we developed high-voltage (sub)nanosecond
pulsed power technology in order to generate transient plasma
for air purification applications.'™ This transient plasma con-
sists of multiple parallel filaments called streamers. These
streamers typically have a velocity in the range of 10°
—10” m - s~ and a diameter of several hundred micrometers
to several millimeters.”~!> Due to the high energetic electrons
that are generated in these non-thermal plasmas, they are very
efficient in producing highly reactive radical species.'®!” These
species can consequently react with, for instance, particles in
gas streams (for example, pollutants, odor and dust), contam-
ination in water, biological tissue, and material surfaces.'®!®
In our research, we mainly consider transient plasma for air-
purification applications.'”

Previous research shows that non-thermal plasma gener-
ated by very short (nanosecond) high-voltage pulses is very
efficient for a variety of applications.?*-?” Overall, researches
have noted that the pulse duration of the applied high-voltage
pulse has a significant influence on the radical yield of the
transient plasmas generated with these pulses; shorter pulses
result in higher yields.?*?>?® To study and understand this
phenomenon, we developed a nanosecond pulse source that
produces even shorter and faster pulses than realized by other
research groups. The output pulses from this nanosecond pulse
source have an adjustable amplitude of up to 50 kV (positive
and negative), an adjustable pulse duration of 0.5-10 ns, and
arise time of less than 200 ps.

DElectronic mail: t.huiskamp @tue.nl
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Streamer discharges can be generated in wire-cylinder
electrode structures (the plasma reactor), where the high-
voltage pulses are applied to the wire electrode. Suchadischarge
isalsocalled apulsed coronadischarge. When (sub)nanosecond
pulses are used, components like a plasma reactor behave as
transmission lines, where transmission times and reflections
become important. Therefore, the development and propaga-
tion of the streamers will be dictated by the pulse propaga-
tion and reflections in the reactor. Consequently, the streamer
development changes on very short time scales and will be
dependent on the position in the reactor. For example, a 1-
ns pulse is only 30 cm “long” in air if we assume that the
pulse propagates with the speed of light in the reactor, while
typical plasma reactor lengths are of the order of 1 m. We
want to visually study the influence of these transmission-line
effects on the streamer development in the reactor. Therefore,
we need a unique experimental setup, which allows us to image
the streamers with nanosecond time resolution over the entire
length of the plasma reactor. This paper describes this setup.

Il. SETUP DEVELOPMENT AND PROCEDURE

As stated in the Introduction, the streamer development in
our pulsed corona-plasma reactor depends on the propagation
of the very short pulses through the reactor. Therefore, we
need to be able to visualize the streamers both as a function
of time as well as a function of position in the reactor. The
temporal development of the streamer propagation is recorded
by imaging the streamer discharge at multiple instances in time
with an ICCD (intensified charge-coupled device) camera.
However, if we capture the whole reactor in one image, the
resolution of the images is inadequate to distinguish individual

Published by AIP Publishing.
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FIG. 1. A schematic of the automated experimental setup: (A) the nanosecond pulse source, (B) the plasma reactor, (C) the camera frame, (D) the movable
camera system, and (E) the shielded (EMC) cabinet with controls and oscilloscope. A computer controls the camera and the camera position via optic fibre. For
each photo the computer generates a pulse with the pulse source and records the waveforms from D-dot sensors, D3 and D4 and B-dot sensors, B3 and B4 from

the oscilloscope.

streamers and calculate their properties. Therefore, we move
the camera during the experiment to capture images at multiple
positions in the reactor and later stitch these images together
to generate an overview of the entire reactor. This results in a
significant amount of measurements and data, which is why
the experiments will be automated. Furthermore, the camera
is mounted on a motorized, movable platform that can be
automatically controlled by software.

Figure 1 shows the entire experimental setup. It consists of
five main parts, which will be described in detail in Secs. IT A—
IIF:

The nanosecond pulse source and sensors.

The plasma reactor.

The camera frame.

The movable camera system.

The shielded cabinet with controls and oscilloscope.

moQw>

A. Nanosecond pulse source and sensors

The nanosecond pulse source which we used for the
experiments in this paper was recently developed at the Eind-
hoven University of Technology. It is a single line pulse source,
consisting of a pulse forming line (PFL) that is charged by
a microsecond pulse charger and is subsequently discharged
by an oil spark gap. The generated pulses then travel over a
transmission line (a SA24272 coaxial cable) to the load, the
corona reactor, where they produce such a high electric field
that a streamer discharge develops. (The coaxial cable adds a
delay to the high-voltage pulses and is required to synchronize
the ICCD camera with the generated high-voltage pulses.)
The full design of this system is described in Refs. 1-4 and
is schematically presented in Fig. 2. The output pulses from

Sensors
Pulse charger ‘L
0-120 kV k _/' ______

PFL Spark gapv Cablew J__ Corona reactor
FIG. 2. Schematic of the single line pulse source. The pulse charger charges
the pulse forming line (PFL) which is then discharged by the spark gap
into a matched cable. When the voltage pulse reaches the corona reactor,
it generates a corona discharge. B-dot and D-dot sensors are integrated on
the cable for current and voltage measurements.
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this nanosecond pulse source (50 Q output impedance) have
an adjustable amplitude of 3—50 kV (positive and negative), an
adjustable pulse duration of 0.5-10 ns, and a rise time of less
than 200 ps. Figure 3 shows some example waveforms.

With a pulse-charger controller and a DC power supply, we
control the pulse charger and therefore the charging voltage and
amplitude of the nanosecond pulse source. The pulse repetition
rate and the charge time of the switches of the pulse charger are
also controlled by the pulse-charger controller, which is located
in a shielded cabinet (connected via optic fibre). This controller
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FIG. 3. Example waveforms of the nanosecond pulse source. (a) An 8-ns
pulse with different amplitudes. (b) A 22-kV pulse with different pulse
durations (from 0.5 to 10 ns).
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PC window
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FIG. 4. An overview drawing of the 1-m corona-plasma reactor with a polycarbonate window (left) and a cross section of this reactor (right). The reactor has
a U-shaped cross section that allows the ICCD camera to image the inside of the reactor. Two of these 1-m reactors can be connected in series to obtain a 2-m

long reactor.

can be controlled by a computer over a RS232 connection. We
will give more information on the entire control structure of the
experimental setup in Section II E.

The pulse source is connected to the plasma reactor by a
SA24272 coaxial cable. On this cable we mounted B-dot and
D-dot sensors to measure the current and voltage of the high-
voltage pulses, respectively.?® Four sensors are mounted on the
side of the plasma reactor (D3, D4, B3, and B4) and two on the
pulse source side (D5 and Bs). For example, the waveforms of
Fig. 3 were measured with sensor Ds.

B. Plasma reactor

The plasma reactor is connected to the end of the SA24272
coaxial cable. This connection is made with a cable coupler,
that was designed to be impedance matched to the coaxial
cable and was introduced in Ref. 29.

Normally, we use a coaxial plasma reactor for a homog-
enous electric field distribution. However, for our imaging
experiments we require good optical access to the streamer
discharge. Therefore, we used a plasma reactor that has a
window along its entire length but is in every other way similar
to the coaxial reactor. Figure 4 shows this reactor. Itis 1 m long
and two of these reactors can be connected in series to create

__,I Ir__

6370
1814
516
147
41.9
11.9
3.39
0.966
0.274
0.0774
0.0213
0.00539

FIG. 5. A simulation of the electric field distribution in the U-shaped reactor.
Positive voltage is applied to the center electrode and the outer electrode
is grounded. The result shows a very similar electric field distribution that
would be present in a coaxial reactor.
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a 2-m long reactor. The reactor has a gas-tight polycarbonate
(PC) window to allow imaging of the streamer discharge. The
U-shaped reactor can be connected to the cable coupler on the
SA24272 cable in the same way as our normal coaxial reactor.

If we want to use the imaging results with the U-shaped
reactor to explain observations from electrical and chemi-
cal measurements in our normal coaxial reactor, we need to
examine the differences between these reactors. We already
mentioned that the U-shaped reactor was designed to be as
similar as possible as the coaxial reactor. They have the same
diameter, the same length, and use the same cable coupler and
wire-tightening mechanism. Furthermore, a simulation of the
electric field distribution with CST Microwave Studio shows
that the electric field distribution inside the U-shaped reactor
is very similar to the electric field distribution in the coax-
ial reactor. Figure 5 shows this simulation result. Especially
around the wire, the electric field distribution is very similar
to that of a coaxial reactor. If the electric field distribution is
similar, the streamer inception and development will also be
very similar.

Despite the similarities between the reactors, the streamers
will not propagate directly towards the ICCD camera because
there is no counter-electrode in that direction. Therefore, it
is likely that (slightly) less streamers are generated in the U-
shaped reactor and therefore the dissipated plasma energy is
lower. Figure 6 shows this dissipated plasma energy for both
a cylindrical reactor and our U-shaped reactor. This plasma
energy was measured with B-dot and D-dot sensors, D3, D4,

100k —&— U-shaped reactor
—e— Coaxial reactor

801

601

Plasma energy [mJ]

! !

0 1 1 1 1 1
18 20 22 24 26 28 30 32

Voltage [kV]

FIG. 6. The difference in the dissipated plasma energy as a function of
voltage for the U-shaped reactor that we used in the experimental setup of this
paper and the coaxial reactor we normally use. The results are very similar
with a slightly lower plasma energy for the U-shaped reactor.
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/ cable
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Mirror
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FIG. 7. A drawing of the 3-m long aluminium frame that houses the reactor and the ICCD camera. The ICCD camera is mounted in an EMC cabinet and can
look at the U-shaped reactor via a mirror. The entire EMC cabinet can be moved over the length of the aluminium frame on rails. It is moved by a stepper motor

that can be controlled by a computer.

B3, and By, on the reactor side (see Fig. 1). Details on this
measurement technique can be found in Refs. 28 and 29.
The results show that the dissipated plasma energies are very
similar for both reactors, with slightly less dissipation for the
U-shaped reactor, as we expected.

C. Camera frame

Figure 7 shows a drawing of the entire camera frame. It is
a 3-m long aluminium frame which holds all the components.
Two of the U-shaped plasma reactors connected in series can
be positioned on the frame, where one of the reactors can be
connected to the cable coupler on the SA24272 cable. From
beneath, the camera can look into the reactor via a mirror. The
resulting image area of the photos is 53 x 71 mm?. A stepper
motor can move the camera over the rails on which the camera
is mounted. In this way, nearly the entire length of the reactor
can be imaged. Both the stepper motor and the camera can be
fully controlled by a computer. (Unfortunately, it turned out
that the very beginning of the reactor (at the side of the cable
coupler) is notreached by the camera. Therefore, we are unable
to image the first 12.5 cm of the reactor.)

Component  Value
Ry 15k
Ro, Ry 10092
R 33Q
S1, S NPN BF240
Ss PNP F324
Vee 10V

FIG. 8. The schematic of the camera trigger circuit (with component values).
It transforms the very short D-dot- or B-dot-sensor signal into a longer pulse
on which the ICCD camera can trigger reliably.
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D. Camera system

We used a 4 Picos-DIG ICCD camera from Stanford
Computer Optics to image the streamer discharge. It has a
minimum exposure time of 200 ps and its CCD has a resolution
of 780 x 580 pixels. We attached a Sigma 70-300 F4-5.6
DG MACRO lens to the camera and enclosed it in an EMC
(electromagnetic compatibility) cabinet (a shielded cabinet) to
minimize the disturbance from electromagnetic interference.
The EMC cabinet with the camera is mounted on the rails
in the camera frame such that a stepper motor can move the
camera. Furthermore, since the camera is positioned parallel to
the plasma reactor, a first surface mirror is placed at a 45° angle
such that the camera can look into the plasma reactor.

An important part of the camera system is the camera
triggering. The internal delay of the camera is around 65 ns,
but not known exactly. Therefore, to keep the SA24272 cable
as short as possible, the camera should be triggered as quickly
as possible after the spark gap of the nanosecond pulse source
switches. If we are to achieve a 1-ns time resolution in our
measurements, the jitter on the camera trigger should not
exceed several hundreds of picoseconds. A suitable trigger
signal can be taken from the D-dot or B-dot sensor on the pulse
source side of the SA24272 cable. However, the pulses from
these sensors are too short for the camera to trigger on (an
example is shown further in the text). Therefore we developed
a fast trigger circuit for the camera.

Figure 8 shows the trigger circuit. The circuit uses high-
frequency transistors and ensures that the sensor signal initi-
ates a longer pulse at the output of the circuit.

Figure 9 shows the input and output of the trigger circuit. It
shows that the trigger circuit successfully transforms the short
input pulse into a longer pulse for the camera. The circuit only
triggers on the positive pulses from the sensor signal, which
means that an additional delay of the duration of the pulse
from the pulse source is generated in the circuit in the case of a
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FIG. 9. The waveforms in the trigger circuit. The circuit transforms the
positive peak from the sensor (vsensor) into a longer pulse (vyigger) for the
ICCD camera trigger. The camera signal (Vcamera) confirms that the camera
has triggered.

negative output pulse (as is the case for the signal in Fig. 9). An
output on the camera shows that it has indeed triggered on the
pulse from the trigger circuit. The jitter between this camera
output and the sensor signal is shown in Fig. 10 for 1000 shots.
The figure shows that the jitter is within the acceptable range of
several hundreds of picoseconds and has a standard deviation
of 95 ps.

E. Automation

The entire setup, as shown in Fig. 1, is fully automated
and can be controlled by software on a computer. For each
measurement we can set the number of x-positions (the phys-
ical position in the aluminium camera frame) the camera takes
photos at (in steps of 5 cm), the exposure time of the camera
te, the shutter delay of the camera t4, the gain of the cam-
era U,, and the amount of photos the camera takes at each
setting (usually 20). We have to adjust the nanosecond pulse
source manually (spark-gap distance, PFL length, and DC-
charge voltage for the pulse charger), but once it is set, the
computer controls the pulse generation with the pulse charger
controller.

Figure 11 shows the flowchart of the measurement control
that the computer uses. The first step is that the computer
resets the setup and sends the camera to the first x-position
in the camera frame. It then starts taking photos at all the user-
specified z.-, #4-, and Ug-settings before moving the camera to
the next x-position. For each photo, the computer generates a

Rev. Sci. Instrum. 87, 123509 (2016)
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FIG. 10. A histogram of the jitter between the sensor signal and the trigger-
confirmation signal of the camera. The jitter is within an acceptable range of
several hundreds of picoseconds.

pulse with the pulse source and records the waveforms from
D-dot sensors, D3 and D4 and B-dot sensors, B3 and B4 from
the oscilloscope. After all the measurements for one shutter
delay are complete, the computer checks if all the generated
pulses by the nanosecond pulse source produced a photo and
if all pulses were recorded by the oscilloscope. Sometimes
this is not the case due to variable delays in the camera and
oscilloscope software. If this is the case, all measurement
files for that shutter delay are deleted and the measurement is
repeated. In general, we record photos and voltage and current
waveforms for 20 pulses at each shutter delay for average
purposes. Once the measurement is complete, the computer
initiates the measurement for the next shutter delay, until all
delays are done. This process is then repeated for each x-
position until the camera reaches the end of the aluminium
frame.

F. Calibration

The system we described in Secs. II A-II E allows us
to image the streamer discharge at different positions in the
reactor. We stated that these images will be stitched together
to form one large image of the entire reactor for one camera
delay and exposure setting. This stitching is done by software
and needs to be calibrated.

The calibration of the area covered per pixel is done by
placing a grid with a thin line every millimeter and a thick line
every centimeter onto the wire inside the reactor. The camera
is focussed on this grid. The amount of pixels used to span
1 cm is counted which resulted in an area of 0.1 x 0.1 mm?

Save files and Move camera to

Reset setup Delete all files

Gen. 20 pulses
and record
photos+wfrms

# photos =
# measurements?

Configure next
shutter delay

photos next x-position

All shutter End of the
delays done? frame?

# oscilloscope files =
# measurements?

FIG. 11. Flowchart of the computer control of the measurements. The computer generates 20 pulses (for averaging purposes) with the nanosecond pulse source
for each camera setting at every shutter delay and x-position that the user specified. For each pulse, a photo is taken and voltage and current waveforms are
stored. It also checks if all pulses generated a photo and oscilloscope files.
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FIG. 12. Calibrating the distance spanned per pixel. A grid of 20x 10 mm?
with a thick line every 10 mm and a thin line every 1 mm is used as a
reference. The label shows the amount of pixels between two thick lines,
so every pixel spans a distance of 0.1x0.1 mm?. The locations of the reactor
walls (dashed) and the wire (dotted) are also given.

covered per pixel. An example of this calibration can be found
in Fig. 12.

The 2-m reactor is divided into 38 sections of partially
overlapping photos which are stitched together using a trans-
formation matrix. This matrix is obtained using an image
recognition script which uses evenly spaced squares attached
to the wire inside the reactor. These squares and some of the
positions can be found in Fig. 13.

lll. DATA PROCESSING
A. Data management

The result of the automation of the entire setup is that
we can perform a significant amount of experiments automat-
ically. However, this also results in a significant amount of

Reactor wall

Streamer-

(@)

Rev. Sci. Instrum. 87, 123509 (2016)

PEIENPELN
0 |‘n i

—

SA24272 cable side

20 21 22
8"

end of reactor

FIG. 13. An overview of the 2-m reactor and the numbering of the positions,
including the squares used for calibrating and creating the stitching transfor-
mation matrix.

data from the oscilloscope and the camera, which have to be
stored and sorted. This is the first of the two steps of the data-
processing process that we apply to the raw data and consists
of sorting the data by its camera and experimental settings and
storing the data in a MySQL database.

B. Streamer parameter calculation

Once the MySQL database is filled with the raw data
of the experiment, the second step in the data processing is
the calculation of the streamer parameters. These are parame-
ters which are automatically calculated by software from the
ICCD images from the MySQL database. Figure 14 shows
an example of this procedure. Figure 14(a) gives a raw ICCD
image with lines added by the software to indicate the reactor
wall and the high-voltage wire of the reactor. The bright dots
are the streamers. From the raw image, the software script
determines with a brightness-threshold value in which areas
the streamers are active in the top half of the image (the area
below the upper reactor wall and above the high voltage (HV)

% Streamer length peaks

% Streamer length base

% Longest streamer
= = = Mean streamer length
““““ Std dev. of streamer length

lem

(b)

FIG. 14. An example of how the raw images are processed. The raw image in (a) is taken near the end of the reactor for a 9-ns pulse, a camera delay of 9 ns,
and a voltage of 36 kV (in this example, we enhanced the contrast for clarity). In (a) the software added lines for the reactor wall and the high-voltage wire.
The bright dots are the heads of the streamers. (b) The automated script detects the position of the streamers from a filtered streamer profile (see Fig. 15). This
streamer profile is generated from the image by applying a brightness-threshold value above which the brightness is deemed to come from the light emission

from the streamers. We applied a colour map to the raw image for clarity.
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FIG. 15. (a) The streamer lengths are calculated from the filtered profile as
the local maxima. The same profile is then used to calculate the streamer
widths in (b) as the FWHM value of the peaks in the profile.

wire). The envelope of this active streamer area is then calcu-
lated and filtered with a moving average filter, which results
in a filtered streamer profile. Figure 15(a) shows this filtered
streamer profile. From the profile, the streamer lengths—the
distance normal to the wire electrode that the streamer head has
travelled from the high-voltage wire electrode towards the wall
of the reactor—are calculated as the local maxima from the
streamer profile. Subsequently, the streamer widths are calcu-
lated as the FWHM from the individual peaks (representing
separate streamers) of the streamer profile. Figure 15(b) shows
these streamer widths. In Fig. 14(b) we added the relevant
information to the raw image (with a color map applied) to
show how the calculated parameters relate to the raw data.

To ensure that we always use the streamer-length data
from streamers that propagate in the plane of focus, we only
take the maximum streamer length of each image to calcu-
late the streamer lengths for a certain experimental setting.
Furthermore, we use the same procedure that was used for the
top half of the image to calculate the streamer parameters for
the bottom half of the image (the area below the HV wire and
above the bottom reactor wall).
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We should mention that the method with which we calcu-
late the streamer widths (from the streamer profiles) is not the
method that should ideally be used. A more acceptable method
would be the one used in Refs. 6, 12, and 13. First, we would
need to isolate the head of each streamer and then calculate
an intensity profile averaged along the propagation direction.
From this intensity profile, the full width at half-maximum
(FWHM) is then the streamer diameter. Because the method
that we used in this chapter is different from the FWHM-
method, the absolute value of the streamer diameters that we
report may not be directly compared with other diameters
reported in literature because they might be slightly different.
However, the relative differences in streamer diameter that we
find in our results will still be relevant. It will be left for a
future update of the data processing to implement the FWHM-
method for streamer-diameter determination.

Each calculated streamer parameter is again stored in
the MySQL database, to be used in the presentation of the
results of the experiments. Examples of calculated streamer
parameters for an experiment are shown in Section IV.

C. Full-length images

Besides calculating streamer parameters from the MySQL
database, another option is to generate the full-length images
of the streamer discharge in the reactor for different instances
of time. These images are generated by stitching the individual
images (averaged over 20 images) using the calibrated stitch-
ing method from Section II F. Examples of full-length images
for an experiment are shown in Section IV. Finally, movies
of the streamer propagation can be generated by showing the
development of the full-length images in time. An example of
such a movie is added as supplementary material to this paper.

IV. EXAMPLE RESULTS

In this section, we show some example results generated
with our experimental setup. In this experiment, we fix the
output voltage and pulse duration of the pulse source and let the
camera run through all the x-positions (in steps of 5 cm) at 1-ns
exposure times with steps in the camera shutter delay of 2 ns. In
this way, we get a complete time-resolved and space-resolved
picture of the streamer development and propagation (not only
from the wire towards the outer electrode but also the develop-
ment along the wire). We set the pulse source to a high output
voltage (32 kV in this case) to get the most information out of
the images (if we lower the output voltage too much, there is
very little to see in the images). For each camera-setting, the
camera takes 20 photos so that we can average the calculated
streamer parameters at each setting. This averaging is required
because of the standard deviation on the output voltage of
the nanosecond pulse source.” Ideally, we would take even
more photos at each setting, but this would be extremely time
consuming. Each of the automated experiments can take up
to 3 h to finish when 20 photos are taken at each setting, after
which it takes another hour to process the data into the MySQL
database and calculate the streamer parameters.

We use the 2-m reactor in the example experiment to
show the significant influence of the pulse propagation on
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FIG. 16. Streamer development and propagation in time for a 5-ns positive pulse in a 2-m reactor. In this example, the exposure time of the ICCD camera was
2 ns. For clarity, the figure also shows how the images relate to the geometry of the reactor (shown at 15 ns). Please note that the middle of the reactor (around

x =100 cm) cannot be imaged due to the coupling of the two 1-m reactors.
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FIG. 17. Averaged (over 20 photos) maximum streamer length as a function
of time (determined by the camera shutter delay) and position in the reactor
calculated from the results of Fig. 16.

the streamer development. Furthermore, we use a 5-ns pulse
duration.

Figure 16 shows the (normalized) full-length ICCD im-
ages of the experiment for different instances in time (deter-
mined by the camera shutter delay). For clarity, the figure also
shows how the images relate to the geometry of the reactor
(shown at 15 ns). Please note that the middle of the reactor
(around x = 100 cm) cannot be imaged due to the coupling of
the two 1-m reactors.

The results of the experiment clearly show the propa-
gation of the 5-ns pulse through the reactor. The resulting
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FIG. 18. Averaged (over 20 photos) mean streamer width as a function of
time (determined by the camera shutter delay) and position in the reactor
calculated from the results of Fig. 16.

streamer discharge is not evenly distributed along the wire and
clearly shows longer streamers at the beginning and at the end
of the reactor. At the beginning of the reactor, the pulse still
has its full amplitude, but once streamers develop, the resulting
dissipation attenuates the voltage amplitude of the pulse and
disperses the rectangular pulse shape. As a result, at positions
further from the beginning of the reactor, the streamers are
shorter. At the end of the reactor, the pulses reflect because the
end of the reactor is an open ended transmission line, which
results in a much higher voltage at the end of the reactor and
thus longer streamers.
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While Fig. 16 qualitatively shows the streamer develop-
ment, Fig. 17 shows the results in a quantitative way. The
figure shows the average (over 20 photos) maximum streamer
length as a function of time (determined by the camera shutter
delay) and position in the reactor. It is one of the streamer
parameters that was automatically calculated from the MySQL
database. The figure shows the same results as Fig. 16 but
in a much clearer way. From these results, we could, for
instance, calculate the streamer velocity at different positions
at different times. Figures such as Fig. 17 can further be used
to quantitatively compare results of different experiments.

Finally, Fig. 18 shows the calculated mean streamer width
as a function of position in the reactor and time. It shows that
the streamer width is rather constant at all positions in the
reactor.

V. SUMMARY

In this paper, we presented an experimental setup to image
streamers in a long pulsed corona reactor as a function of time
and position in the reactor. With this unique setup, we are able
to follow how the propagation of a very short (sub)nanosecond
high-voltage pulse influences the development and propaga-
tion of streamers in the reactor.

The setup consists of a large frame in which a specially
designed plasma reactor can be suspended and imaged from
below by an ICCD camera. This camera is mounted on a
platform which can be moved by a stepper motor. A com-
puter automates all the experiments. With the automated setup,
we can take ICCD images of the entire plasma reactor at
different instances of time and can consequently automatically
calculate streamer parameters such as the streamer length and
width.

We showed some example results at the end of the paper,
which indicated that the streamer development and propaga-
tion depends significantly on the pulse propagation through the
reactor. In a future paper, we will present a large study with the
experimental setup in which we change different pulse source
parameters and the length of the reactor.

SUPPLEMENTARY MATERIAL

With the information such as that of Fig. 16 we can
generate movies of the streamer discharge development. We
added a movie corresponding to results obtained in a 1-m
reactor with positive 9-ns pulses and positive 5-ns pulses (both
with a 1-ns shutter time and resolution) as online supplemen-
tary material to this paper.
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