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Abstract

®

CrossMark

We use (sub)nanosecond high-voltage pulses to generate streamers in atmospheric-pressure air in
a wire-cylinder reactor. We study the effect of reactor length, pulse duration, pulse amplitude,
pulse polarity, and pulse rise time on the streamer development, specifically on the streamer

distribution in the reactor to relate it to plasma-processing results. We use ICCD imaging with a
fully automated setup that can image the streamers in the entire corona-plasma reactor. From the
images, we calculate streamer lengths and velocities. We also develop a circuit simulation model
of the reactor to support the analysis of the streamer development. The results show how the

propagation of the high-voltage pulse through the reactor determines the streamer development.
As the pulse travels through the reactor, it generates streamers and attenuates and disperses. At
the end of the reactor, it reflects and adds to itself. The local voltage on the wire together with the

voltage rise time determine the streamer velocities, and the pulse duration the consequent

maximal streamer length.

Keywords: streamer discharges, pulsed corona plasma, ICCD imaging, nanosecond pulsed power

1. Introduction

Pulsed power technology is often used to generate gas dis-
charges, such as a pulsed corona discharge, which can be used
for efficient air purification applications [1]. This discharge
comprises multiple parallel filaments, called streamers.
Streamers typically have a velocity in the range of
10°-10’ m s~ ' and a diameter of several hundred micrometres
to several millimetres [2—12]. By using pulsed high voltage to
generate the streamer discharge, the bulk gas remains cold
and therefore such a discharge is often referred to as ‘non-
thermal plasma’. Besides the pulsed streamer discharge, other
types of non-thermal plasmas include (RF) dielectric barrier
discharges (DBD), plasma jets and gliding arc discharges [1].
Due to the high energetic electrons that are generated in non-

0963-0252/17,/075009+19$33.00

thermal plasmas, they are efficient in producing highly reac-
tive radical species [1, 13], which makes them ideal for
applications such as pollution control and material surface
engineering [13, 14]. In our research, we mainly consider
non-thermal plasma for air-purification applications [15].
Previous research shows that non-thermal plasmas gen-
erated by very short (nanosecond) high-voltage pulses are
very efficient for a variety of air-purification applications
[16-23]. Overall, researchers have noted that the pulse
duration of the applied high-voltage pulse has a significant
influence on the radical yield; shorter pulses result in higher
yields [16-18, 22]. To study and understand this phenom-
enon, we have developed a flexible nanosecond pulse source
that produces (sub)nanosecond pulses [24-27]. The output
pulses from this nanosecond pulse source have an adjustable

© 2017 I0P Publishing Ltd


mailto:t.huiskamp@tue.nl
https://doi.org/10.1088/1361-6595/aa7587
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/aa7587&domain=pdf&date_stamp=2017-07-04
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/aa7587&domain=pdf&date_stamp=2017-07-04

Plasma Sources Sci. Technol. 26 (2017) 075009

T Huiskamp et al

amplitude of up to 50kV (positive and negative), an adjus-
table pulse duration of 0.5-10 ns and a rise time of less than
200 ps.

In this paper we investigate the development of streamers
in a wire-cylinder reactor (plasma reactor) as a function of
time and position in the reactor. These streamers will be
generated by applying the high-voltage pulses from our
nanosecond pulse source to the wire electrode. When our
(sub)nanosecond pulses are used, components like the plasma
reactor behave like transmission lines, where transmission
times and reflections become important. Therefore, the
development of the streamers will be dictated by the pulse
propagation (and dissipation) and reflections in the reactor.
Consequently, the streamer development changes on very
short time scales and will depend on the position in the
reactor.

The main motivation to study the development of strea-
mers in our corona-plasma reactor is that we have to visualise
the streamer discharge to understand and explain the plasma-
processing measurements that are performed in the plasma
reactor (the topic of [15], ch 8). Specifically, we are interested
in the distribution of the streamers in the reactor, because the
high-energy electrons and therefore the radicals needed for
air-purification processes are generated in the streamer head
and the path of the streamer [28-34]. Therefore, the dis-
tribution of the streamers in the reactor directly influences the
chemical activity in the reactor. However, when the streamers
cross the gap between the electrodes, secondary streamers can
form [5, 6, 30, 35]. The electrons in the secondary streamers
are less energetic—typically only 1-2eV as compared to
5-10eV for primary streamers—and consequently the radical
generation in these streamers is different than in primary
streamers [5, 6]. For example, some studies show that the
energy yield of oxygen radicals is highest in the primary
streamer phase [16, 29], whereas others claim a higher oxy-
gen-radical energy yield in the secondary streamer phase
[36, 37]. Therefore, to investigate this further, we want to
optimise the streamer distribution such that the streamers
should be as long as possible (and therefore occupy the
most space in the reactor) without generating secondary
streamers.

1.1. Streamer development

1.1.1. Streamer propagation velocity. There are many studies
on streamer development under pulsed voltage conditions
[2-12, 22, 38-48]. For instance, several researchers have
reported on streamer propagation velocities for a range of
voltages and rise times. This streamer propagation velocity is
an important parameter for the streamer discharge in our
coaxial reactor because it determines how far a streamer can
propagate and therefore influences the distribution of the
streamers in the plasma reactor. It is generally found and
understood that a higher applied electric field increases the
streamer propagation velocity and that the velocities are in the
range of 10°-10"ms™' [2-6, 9, 11, 12, 47]. Furthermore,
various experiments show that negative streamers generally
have a lower propagation velocity than positive streamers

[6, 10, 12, 40, 45, 47, 48], which is surprising because
negative streamers propagate through electron drift and
positive streamers propagate against the electron drift
through photoionisation (and to a lesser extent background
ionisation) [9, 38, 49]. Therefore, for identical field
enhancement at the streamer head, and a similar electron
distribution, a negative streamer is expected to propagate
faster [50]. Luque er al showed that negative streamers indeed
travel faster initially, but that due to broadening of the
streamer head, the field enhancement at the streamer head
decreases, which decreases its velocity [46]. At the same time,
the positive streamer head remains smaller during propagation
and therefore the field enhancement remains higher, leading
to a faster velocity of the positive streamer.

Besides the applied voltage amplitude, the rise rate of the
applied voltage also influences the streamer propagation
velocity. Most studies found that the velocity increases when
the rise rate increases [0, 41, 42, 45, 48, 51]. This effect was
explained by the fact that streamers initiate while the high-
voltage pulse still rises and therefore initiate at a lower
voltage when the rise rate is low.

1.1.2. Electrode geometry. The electrode geometries of the
experimental setups in which researchers have studied
streamer development vary. The majority have used point-
plate geometries which are very useful for fundamental
streamer research because of optical accessibility and
reproducibility [3-5, 8-10, 22, 38-40, 43, 44, 47]. Some
used wire-plate geometries [6, 7] and only a few have looked
at coaxial geometries [2, 11, 12, 52]. The coaxial geometries
are of interest because it is the electrode configuration that we
use and that is employed by us and many others for air-
purification research (e.g. [1, 53-59]). Unfortunately, most
observations of the streamers in a coaxial geometry have only
been done at one position in the plasma reactor and the effects
of pulse propagation in the reactor have not been considered
so far.

A study that includes the effects of pulse propagation on
streamer development over a longer length of transmission
line is the study by Pokryvailo et al, who used a 6 m long
two-wire transmission line and generated a corona plasma
with a 5ns 100kV pulse [60]. They found that the discharge
light intensity decayed along the line and that this effect was
more or less independent on the applied voltage. However, no
information was given on any discharge parameters.

Another study that considers the propagation of a high-
voltage pulse when a discharge is generated was performed
by Van Heesch er al [61]. They used a coaxial reactor for
pulsed corona experiments and monitored the pulse with
electrical measurements (no imaging measurements) for a
pulse with a 5 ns rise time and found that the pulse attenuated
severely over 4 m due to the corona discharge.

Finally, Beckers investigated the energy dissipation in a
4.5 m corona reactor and found that in the end of the reactor,
more energy was dissipated than in the beginning and middle
of the reactor [62]. This is an indication that the streamer
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discharge varies along the reactor, which is due to the effects
of pulse propagation through the reactor.

In this paper, we will also study the effect of the pulse
propagation through a transmission-line system with very
short pulses, but we will show streamer parameters such as
the streamer distance travelled and the streamer velocity as a
function of time and position in the coaxial reactor. In this
way we get an insightful view on nanosecond transient
plasma generation in a coaxial corona-plasma reactor.

1.2. Paper organisation

After this introduction, section 2 presents the experimental
setup we used in this paper, followed by section 3 in which
we show a SPICE (Simulation Program with Integrated Cir-
cuit Emphasis) model of the corona-plasma reactor to model
the voltage waveforms in the reactor as a function of time and
position in the reactor. Sections 4 and 5 are the first two
results sections in which we show results of I[CCD-imaging
experiments for different pulse-source parameters in a 2m
reactor and a 1 m reactor respectively. Subsequently, section 6
shows results of similar experiments, but then with the rise
time of the applied pulses as the main variable. Finally,
section 7 presents the conclusions.

2. Experimental setup and procedure

The streamer development in our corona-plasma reactor is
driven by the propagation of the very short pulses through the
reactor. Therefore, we need to be able to visualise the strea-
mers both as a function of time as well as a function of
position in the reactor. We use ICCD photography to capture
individual images (of streamers generated with individual
pulses) and later join them together to generate an overview
of the entire reactor. This results in a significant amount of
experiments and data, which is why the experiments are
automated. With the images we study the streamer develop-
ment as a function of the pulse duration, pulse voltage, pulse
polarity and pulse rise time.

The experimental setup we used for the experiments in
this paper was the subject of previous papers [26, 63] and will
be shortly summarised here.

2.1. Nanosecond pulse source and sensors

We recently developed the nanosecond pulse source we used
for the experiments in this paper at Eindhoven University of
Technology. It is a single line pulse source, consisting of a
pulse forming line that is charged by a microsecond pulse
charger and is subsequently discharged by an oil spark gap.
The generated pulse travels over a transmission line (a
SA24272 coaxial cable) to the load, the corona reactor, where
it produces a sufficiently high electric field to generate a
streamer discharge. The coaxial cable adds a delay to the
high-voltage pulses and is required to synchronise the ICCD
camera with the generated high-voltage pulses. The full
design of this system is described in [24-27] and is

Sensors
(=

T
Spark gap Cable J_ Corona reactor

Pulse charger
0-120 kV

Figure 1. 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 streamer discharge.
B-dot and D-dot sensors are integrated on the cable to measure
voltage and current waveforms Reprinted with permission from [63].
Copyright (2016), AIP Publishing LLC.

PFL

schematically presented in figure 1. The output pulses from
the nanosecond pulse source (50 €2 output impedance) have
an adjustable amplitude of 3-50kV (positive and negative),
an adjustable pulse duration of 0.5-10ns and a rise time of
less than 200 ps. Figure 2 shows some example waveforms.

The pulse generation process is controlled by the
microsecond pulse charger and its power supply, which is in
turn controlled by software on a computer. This allows for
full automation of the nanosecond pulse source once the
required spark-gap distance and PFL length are set by hand.

On the SA24272 coaxial cable that connects the plasma
reactor to the pulse source, we mounted B-dot and D-dot
sensors to measure the current and voltage of the high-voltage
pulses respectively [64]. Four sensors are mounted on the side
of the plasma reactor (D3, D4, B; and B,) and two on the
pulse source side (D5 and Bs). For example, the waveforms of
figure 2 were measured with sensor Ds.

2.2. Plasma reactor and imaging system

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 [65].

Normally, we use a coaxial plasma reactor for our plasma
processing experiments. However, for our imaging experi-
ments we require good optical access to the entire streamer
discharge. Therefore, we use a plasma reactor that has a
window along its entire length, but is in every other way
similar to the coaxial reactor. Figure 3 shows this reactor. It is
1 m long and two of these reactors can be connected in series
to create a 2m long reactor. The reactor has a gas-tight
polycarbonate (PC) window to allow imaging of the strea-
mers. The U-shaped reactor can be connected to the cable
coupler on the SA24272 cable in the same way as our normal
coaxial reactor.

We used a 4 Picos-DIG ICCD camera from Stanford
Computer Optics to image the 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 a shielded
cabinet. The spatial resolution of the camera is 0.1 mm per
pixel and the depth of field of the images is around 10 mm.
The camera is triggered by the D-dot sensor on the side of the
nanosecond pulse source. This results in a trigger jitter of less
than 100 ps.
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Figure 2. Example waveforms of the nanosecond pulse source. (a) A 8 ns pulse with different amplitudes. (b) A 22 kV pulse with different

pulse durations.

Overview

PC window
Wire electrode
Reactor wall

Cross section

Figure 3. 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. Reprinted with permission from [63]. Copyright (2016), AIP Publishing LLC.

The camera is mounted on rails in a large aluminium
frame. The U-shaped reactor hangs from the top of the frame
in line with the rails over which the camera moves. It is
positioned in such a way that the camera can look into the
reactor via a mirror and image a part of it.

The computer that controls the pulse generation of
the pulse source also controls a stepper motor that moves the
cabinet with the camera over the rails. In this way, the
computer controls the camera position. The camera moves
over the rails in what we define as the x direction (where
x = 0 is the end of the reactor furthest away from the pulse
source side). The control sequence is now as follows: the
computer sends the camera to the first x-position and gen-
erates 20 pulses (for averaging purposes'), while for each
pulse the camera takes an image at user specified settings.
Then the shutter delay of the camera is increased and again 20
images are taken. This repeats until all shutter delays are
done. Then the camera is moved to the next x-position (38
positions in total for a 2 m reactor). In this way, the entire
reactor is imaged in small steps in position and in time. After
this procedure, two different steps are applied. In the first step,
streamer parameters are calculated for each individual image
(see next section). For the second step the images are

' This averaging is required because the amplitude of the output voltage of
the nanosecond pulse source is not exactly the same for each pulse. This
standard deviation on the amplitude (around 10% of the average amplitude) is
caused by the oil spark gap in the pulse source (see [24]).

averaged and joined together to produce images of the entire
reactor for different instances in time.

2.3. Data processing

Besides joining the data to form images of the entire reactor,
the most important processing that is undertaken on the
images is the determination of the streamer lengths (the dis-
tance from the HV-wire to the tip of the streamer head) with a
script. It loads each image (figure 4(a)) and generates a fil-
tered streamer profile from each image (figure 5). Since our
geometry is 3D, streamers will not only propagate in the plane
of focus, but also in other directions. Therefore, the script
determines the streamer length as the longest peak in the
filtered streamer profile, because this will be the streamer that
propagates in the plane of focus. The streamer length data that
is presented in this paper always uses the average of the
maximum streamer lengths determined for all 20 images at
each position (and for each shutter delay). The full details of
this method are described in [63].

2.4. Rise-time variation

One of the parameters of the high-voltage pulses we vary is
the rise time. This is implemented by introducing a capacitor
in parallel with the reactor. This capacitor is mounted at the
beginning of the reactor to change the pulse that propagates
into the reactor. The capacitor comprises in-series-connected
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Figure 4. 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 (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 figure 5). This
streamer profile is generated from the image by applying a brightness-threshold. We applied a colour map to the raw image for clarity.
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Figure 5. The streamer lengths are calculated from the filtered profile
as the local maxima.

100 pF 10kV capacitors. In the experiments of this paper we
use three configurations: no capacitors, a string of three
capacitors in series resulting in a total capacitance of 33 pF
and two parallel strings of three capacitors in series resulting
in a total capacitance of 67 pF. More details on can be found
in [15, section 6.2.5].

26 28 30 32 34 36 38 40 42
Time [ns|

Figure 6. The rise-time variation of the 9 ns pulse (transmitted
waveforms (normalised to the amplitude of the input pulse) in the
reactor calculated from measurements). By adding capacitors in the
corona-plasma reactor we can achieve a rise-time of 0.4 ns (no
capacitor), 2.9 ns (33 pF) and 5.6 ns (67 pF). The waveforms after
time #, should be ignored because the calculated waveforms are no
longer the real transmitted waveforms.

It is not possible to measure the waveforms in the real
reactor directly, but the applied reactor waveform can be found
indirectly from the incident and reflected pulse, as we descri-
bed in [65]. Waveform V; is the transmitted waveform (the
waveform applied inside the reactor) that can be calculated
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Figure 7. The SPICE model of the corona-plasma reactor. It consists of N sections of distributed transmission lines with a dissipative branch
in addition to the standard transmission-line components. The dissipative branch models the dissipation by the streamers and consists of a
resistor switched by Zener diodes. Two ideal transmission lines (left side) model the SA24272 cable that connects the pulse source to the

reactor. The pulse source is modelled with a pre-defined waveform.

from the incident waveform and the reflected waveform. If we
apply this method to measurements on the reactor with the
capacitors we find the waveforms of figure 6. The waveforms
after time #, are not purely the applied waveforms anymore,
because at this time the transmitted pulse has travelled up and
down the reactor and adds to itself. However, if we consider
the waveforms up to #, we find (10%-90%) rise times of 0.4 ns
(no capacitor), 2.9 ns (33 pF) and 5.6 ns (67 pF).

3. Reactor SPICE model

We developed a SPICE model in LTspice [66] of the reactor
to better understand the development of the streamers in the
corona-plasma reactor. The model we developed is a simple
transmission line model with dissipative components to
approximate the dissipation by the streamers. Therefore, this
model is not meant as an exhaustive discharge model, but
rather as a simple electrical equivalent model of the reactor
and the streamers. It will allow us to derive an approximation
of the voltage waveforms inside the reactor to understand
what transmission-line effects will be relevant for the streamer
development. For a more complete model, methods such are
used in e.g. [67] or [68] could be implemented.

3.1. SPICE model

The SPICE model of the coaxial (wire-cylinder) corona-
plasma reactor is shown in figure 7. It consists of N identical
sections with lumped elements that make up the transmission
line elements of the reactor. Each section contains a dis-
tributed capacitance C, and a distributed inductance L,. The
distributed capacitance is calculated with

_ 27eol;

C = ,
do
Ivh'ld—l

ey

where [, is the length of the reactor, d, and d; are the outer and
inner conductor diameters of the reactor respectively and N is
the number of sections in the model. Similarly we can define

the distributed inductance as

L= Foley do )
27N di
The distributed resistance of the wire in the reactor is
represented by R in the SPICE model. It is calculated as the
resistance of the outer shell of the wire that is bounded by the
skin depth ¢ and is calculated with
Lt

R, = s 3
© owld? — (di — 617N )

where o, is the conductivity of the stainless-steel wire and ¢ is

calculated as
b= |1 @
Tfio Oss

where f'is the frequency at which the skin depth is considered.

The distributed components C,, L and R; are the classical
parameters of a transmission line (with losses in the dielectric
neglected) [69].

We added a resistive load R, to model the dissipation of
the streamers in the reactor. We can verify the validity of the
use of a resistor as a simple model for a streamer discharge by
looking at the results of figure 7 in [65], which shows that the
dissipated plasma energy increases with the square of the
applied voltage. This is similar to the energy dissipation of a
resistor.

In the real reactor, the discharge initiates only after a
certain voltage threshold has been crossed: the inception
voltage [70]. We model this behaviour with a Zener diode
(just as was done in, e.g. [67, 71]), because a Zener diode
starts conducting above a certain voltage Vi,.. When the Zener
diode is conducting, a current will flow through the resistive
load R, which results in energy dissipation in this resistor
(and the Zener diode). Therefore, the combination of the
Zener diode in series with a resistor models the streamers:
above an inception voltage the streamers will dissipate energy
proportional to the square of the voltage. Furthermore, we
used two Zener diodes in each branch to differentiate between
the positive and negative inception voltage of the streamers.
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Table 1. SPICE model parameters for a 1 m reactor.

Parameter Value Parameter Value
N 128 L, 1.5nH
I 1m R, 0.1
d, 50mm R, 22.5kQ2
di 0.5 mm Vbr,pos 4 kV
C, 93.81F  Virneg 6 kV
L, 7.2 nH

The last component in the SPICE model of the reactor is
the inductor L;, in series with R,,. We placed this inductor in
series with R, because in the real discharge, a streamer needs
time to develop. The longer a high-voltage pulse is applied,
the further the streamer propagates and the more energy is
dissipated. Inductor L, ensures that more energy can be dis-
sipated in R, when a longer pulse is applied, because the rate
with which the current through the resistor can increase is
now determined by the inductor.

Table 1 lists all the relevant parameters of the SPICE
model for a 1 m reactor. We used a model with 128 sections.
If we consider that the pulse travels with the speed of light
through the reactor, then one section represents 1/128 x
1/3 x 10® = 26 ps of pulse propagation, which is around one
order of magnitude shorter than the rise time of the pulses.
Therefore, using N = 128 is allowed.

The physical parameters of the reactor (I, d; and d,,) give
the transmission-line parameters C; and L,. With a frequency
of around 100 MHz (the main average frequency component
of the 5-9 ns pulses) we then find a value of around 0.1 2 for
R. Subsequently, we varied values for L, R, and the
breakdown voltages of the Zener diodes (Vi pos for Dpos and
Virneg fOr Dyeg) to fit the experimentally measured energy
dissipation by the discharge.

The total SPICE model of figure 7 consists of the 1 m
reactor model and two transmission lines that represent the
SA24272 cable. These transmission lines are ideal and have
the same time delay as the real cables. In the real setup we
measure the voltages and currents in the system with D-dot
and B-dot sensors [64] mounted on the coaxial cable at 1.7 m
from the reactor. We simulate this by measuring the voltage
Vbaot in the simulation at the interface of the two 50 €) cables
(see figure 7). Additionally, we measure the current at the
same point to calculate the energy that is dissipated in the
simulation. The two transmission lines are excited with a
predefined waveform. This waveform is the actual pulse that
was measured in experiments with D-dot sensors D3 and Dy,
in [65]. Figure 8 shows the predefined waveforms for a 5 and
9ns pulse. To change the amplitude of the predefined
waveform we scale the waveform.

3.2. Results

Figures 9 and 10 present comparisons between the exper-
imental results and the modelled results. A very good
agreement is found between the dissipated discharge energy
for 5 and 9ns pulses that we used in this example.

1k 5ns predef. waveform |
9ns predef. waveform
0.8F R
Z 0.6} ]
-
=
2041 :
=
0.2F |
0

0 5 10 15 20 25 30 35 40 45
Time [ns]

Figure 8. The predefined waveforms (normalised) that we used in the
model of figure 7. These waveforms were taken from the
experiments of [65].
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Figure 9. A comparison between the modelled discharge energy
dissipation (dotted lines) and the measured discharge energy
dissipation (circles).
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Figure 10. A comparison between the modelled waveforms and the
experimental waveforms for a 5 ns pulse at two different output
voltages.

Furthermore, figure 10 shows a measured and simulated
voltage waveform measured with the sensors that are posi-
tioned on the cable 1.7m from the corona-plasma reactor
(in the real system, as well as in the simulation). Naturally,
the incoming pulse (at + = 10ns) is modelled faithfully,
since the measured pulse is the input of the model. Then the
pulse reflects on the cable-reactor interface and reappears at the
sensors at f~25ns. The results show that the reflected
pulse and therefore the impedance of the reactor is faithfully
modelled (for at least the duration of the pulse). After the
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Figure 11. SPICE simulation results of the 1 m reactor. The waveforms are the voltages at various positions in the reactor (from V; at the
pulse-source side of the reactor, to V), at the end of the reactor). Noteworthy are the increased pulse amplitude due to mismatch when the
incoming pulse (Vpgo) enters the reactor and the voltage doubling at the end of the reactor.

reflected pulse, the model still shows good agreement for 6.5 ns
longer. Consequently, the modelled and measured results show
a good agreement for a total time of 7, (indicated in figure 10).
After that time, the modelled results and the measured results
start to deviate due to the complexity of the discharge beha-
viour and the modelling with a fixed value for R,,. Furthermore,
the pulse has to propagate through the body of growing
streamers, which also has significant effects on the pulse pro-
pagation and consequently changes the inductance of the sys-
tem locally. After + = 38ns the measured result shows a
severely dispersed pulse, which is not correctly predicted by
the SPICE model. The time window ¢, is similar for the 9 ns
pulses.

Figure 11 shows an example of the simulated voltage
profiles in the reactor as a function of time and position.
When the pulse enters the reactor it increases in voltage due
to mismatch (V). It attenuates as it propagates through the
reactor and finally reflects off the end of the reactor (V,3).
Here it adds to the incoming pulse, causing a local doubling
of the voltage. As the pulse propagates back towards the
boundary of the transmission line and the reactor, it con-
tinues to add to the incoming wave until it reaches the
boundary. In the real reactor, the pulse will already be very
dispersed at this point and therefore these later stages of
pulse reflections in the SPICE results will not be so
significant.

We will use the voltage profiles of the SPICE simulations
in the discussion of the results of this paper.

3.3. Rise-time variation

In the previous section we introduced a method of changing
the rise time of the pulses that are applied to the corona-
plasma reactor by adding capacitors in parallel to the reactor.
Figure 12 shows the simulated transmitted waveforms when
we add these capacitors to the SPICE model of our reactor.
The results show that a successful change in the rise time can
be realised.

2t |
15t 1
.
o 1f 1
<
=
2 05t 1
O —_ -
0 10 20 30

Time [ns]

Figure 12. The simulated rise-time variation (normalised to the
amplitude of the input pulse) of the 9 ns pulse obtained by adding
capacitors in the corona-plasma reactor.

4. Results: pulse duration variation in a 2 m reactor

Here we present the results on the streamer development in a
2 m reactor with the pulse duration of the pulse source as the
main parameter under investigation. For all experiments in
this paper, we flushed the plasma reactor with synthetic air at
atmospheric pressure at a flow rate of 5L min~'. Moreover,
the repetition rate of the pulse source was 3 Hz.

We started with a 2m reactor because a long reactor
gives more insight in the development of the streamers with
respect to the propagation of the pulse in the reactor. We used
positive and negative pulses in the reactor with a pulse
duration Ar of 1, 5 and 9 ns. The output voltage during each
experiment (fixed polarity and Ar) was fixed and set with the
spark-gap distance of the nanosecond pulse source. Between
different experiments there are slight differences in this fixed
output voltage because of slight differences in the spark-gap
distance required for each experiment. The shutter delay #, for
the 2 m experiments was increased in steps of 2ns and the
exposure time 7, of the camera was 1 ns for the 1 and 9 ns
experiments and 2 ns for the 5 ns experiments. The gain U, of
the camera was fixed at 980 V for all experiments in this
section. Furthermore, the time line that we use for all the
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Figure 13. Streamer development in time for (a) a 5 ns positive (top) and negative (bottom) pulse and (b) a 9 ns positive (top) and negative
(bottom) pulse in a 2 m reactor. The exposure time of the 5 ns images and 9 ns images is 2 ns and 1 ns respectively and each image is the
average of 20 photos at each position. The colour map in (a) will be used in all the ICCD images of this paper.

images in this paper have + = 0 as the time at which we
observe the first light in the reactor.

4.1. ICCD images

We present the results of each of the 5 and 9 ns experiments
as a series of images, each representing a moment in time and
showing the entire reactor (see section 2.2 for details).
Figure 13 shows the end result. In all the images, the bottom
is the beginning of the reactor (the side of the SA24272 cable)
and the top is the end of the reactor. The correspondence of
the images with the reactor geometry is indicated at = 15 ns
in the negative 5 ns results.

When we look at either the 5ns or the 9 ns images we
can compare the brightness for negative and positive pulses
and see that the negative streamers are slightly less bright
than the positive streamers, indicating a slightly lower field
enhancement at the tip of the negative streamers. The second
observation is that the propagation of the voltage pulse
through the reactor determines the development of the
streamers. As the pulse moves through the reactor, so does
the initiation of the streamers. If we assume that the pulse
propagates with the speed of light through the reactor, then
upon entering the reactor (at x = 200 cm, not shown in the
image) it takes around 6.7 ns for the front of the pulse to
reach the end of the reactor. Here it reflects and it takes
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Figure 14. A close-up of the negative 9 ns discharges of figure 13. A bright discharge develops from the triple point caused by the metal-air-
PVC interface of the wire-tightening mechanism behind the stainless-steel removable head. The image at t = 15 ns shows a sketch of this

removable head and the reactor.

another 6.7 ns before the reflected front of the pulse reaches
the beginning of the reactor again.

When we look at the bottom of each image (beginning of
the reactor) it appears that after streamer initiation, the streamers
propagate towards the wall of the reactor for a duration similar to
the duration of the high-voltage pulse (At) before they extin-
guish. In other words: once the external electric field disappears,
the streamers extinguish. At the end of the reactor (top of the
image) the streamers propagate longer than just during the per-
iod of a pulse duration. This is caused by the reflection of the
pulse at the end of the reactor and therefore, depending on the
x-position, the external field is present for a longer time. In
addition the total electric field is increased when the incoming
pulse and the reflected pulse overlap. Both of these effects
causes the increase in streamer length near the end of the reactor.
We will look into this effect in more detail in the sections on the
SPICE simulations and streamer length.

If we compare our results with the results of Pokryvailo
et al [72], we note that the discharge-size decay that they
observed for an increasing position along the wire is also present
in our results. They attributed this decay to a decrease in the
voltage amplitude along the wire, which is also the reason we
observe the decay here. This decay in voltage along the trans-
mission line when a discharge is present was also shown by Van
Heesch et al [61]. In addition, our results also explain the
findings of Beckers that the energy dissipation by the plasma is
higher at the end of a corona plasma reactor [62].

4.1.1. Other observations. An interesting feature presents
itself in figure 13 when we compare the results of the negative
pulses with the results of the positive pulses: the bright
discharge at the end of the reactor (top of the images). It is
significantly present in the negative discharges. Figure 14
shows a closer look at the negative 9 ns results. This bright
discharge is caused by the triple point formed by the wire-
tightening mechanism of the reactor (shown at # = 15 ns). The
body of this mechanism is made out of PVC (polyvinyl
chloride) and has a stainless steel head that holds the HV wire
of the reactor. At the back of the stainless-steel head, the metal
meets the PVC and creates a triple point (metal—air—PVC)
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and causes local electric field enhancement [73]. This triple
point is where the thick streamers at the end of the reactor
originate.

If we examine the images carefully (also the single images
that are not shown here), we find no evidence of secondary
streamers; all the streamers we observe appear to be primary
streamers. Secondary streamers often appear as a glow on the
wire electrode after the primary streamer crossed the gap
[6, 22, 74].

Besides 5 and 9ns experiments, we also performed
experiments with a 1 ns pulse. However, these results mainly
showed that a pulse duration of 1ns hardly produces any
discharge at all at the voltages we used. The voltage
amplitude will have to be increased significantly (higher than
50kV) before anything useful might be seen. Therefore, we
leave the 1 ns experiments out of our study in this paper.

4.2. SPICE simulation

We used the SPICE model of the reactor of section 3 to
simulate the voltage at each position in the reactor. We
connected two of the reactor models in series to obtain a 2 m
reactor model and adjusted the amplitude of the predefined
waveform to the amplitude of the voltages that we used in the
real experiments. We only model the positive results, because
the SPICE model lacks the incorporation of the reactor-ended
bright discharge at the end of the reactor. Figure 15 shows the
results of the simulations and presents the voltage in the
reactor at each position for different times.

The simulation results show that when the pulse enters
the reactor it travels through the reactor and attenuates in
time, until it reflects on the open end of the reactor, reverses
direction and adds to the incoming pulse. Here we have to
keep in mind that the simulation results only agree well up
until around # = 11.5 ns as we saw in section 3.

4.3. Streamer length

One of the main motivations for the experiments of this paper
is to study the effect of very short pulses on the distribution of
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Figure 16. A quantitative representation of the maximum streamer lengths (averaged over the results from 20 photos at each position and
each time) calculated from the results of figure 13 for (a) the positive 5 ns experiments, (b) the positive 9 ns results, (c) the negative 5 ns
results and (d) the negative 9 ns results. The left side of each figure corresponds to the end of the reactor.

the streamers in the reactor. From the results so far we could
see that this streamer distribution is not homogeneous at all
times and at all positions in the reactor. To get a more
quantitative evaluation of this distribution we look at the
streamer length as a function of x-position and time, which is
automatically calculated by the software. Figure 16 shows the
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streamer lengths for the 5 and 9 ns experiments in the 2m
reactor.

If we first look at just figure 16(a), we see that the streamer
length at each x-position becomes on average about 10—-15 mm,
but that this length is reached at very different times of the
discharge. At the beginning of the reactor (high x-position) the
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Figure 17. Streamer propagation velocities as a function of time at three different positions in the 2 m reactor for (a) the 5 ns experiments and
(b) the 9 ns experiments. The velocities were calculated from the streamer length results of figure 16. For averaging purposes the results for
x = 15 cm and x = 175 cm also include the results of 5 cm on either side of these x-positions. The x = 100 cm includes the results of 10 cm
on either side (x = 100 cm itself is not included because of the reactor coupling).

streamers start propagating as the pulse arrives (at around
t = 1 ns) and extinguish a short time after the pulse has passed
(at around ¢ = 7 ns). A little further into the reactor the streamers
propagate slightly less far, because the pulse has lost some of its
energy and consequently the voltage (and thus the electric field)
will be lower at that position (also shown in figure 15(a)). This
behaviour dominates the first 1 m of the reactor. However for
x = 0-100cm the behaviour is different, because the pulse
reflects on the open end of the reactor (also shown in
figure 15(a)). The effect that the voltage is now present for a
longer time and that the voltage is higher can clearly be seen in
the length of the streamers. Even though the pulse has already
dissipated part of its energy in propagating along the reactor, the
voltage-doubling at the end of the reactor causes the streamers to
propagate further than the streamers in the beginning of the
reactor.

The propagation of the 9 ns positive pulse in figure 16(b)
is very similar to that of the 5 ns pulse, only now the electric
field is present for a longer time due to the longer pulse,
which we showed in figure 15(b). This increases the streamer
length at all positions, but the analysis that we applied to the
5 ns results applies as well for the 9 ns results. One significant
difference is that at the end of measurement (at around
19-21 ns), the streamers are still present over a longer length
in the reactor. This is also caused by the longer pulse length.

The general development of the negative discharge
(figures 16(c) and (d)) is similar. However, one significant
difference is the streamer development at the end of the
reactor (low x-position). The positive streamers propagate
quite far in the second half of the reactor, which we attributed
to the pulse reflection at the end of the reactor. This effect is
also present in the negative results, but over a shorter length
of the reactor. The reason for this difference is likely the
bright discharge at the end of the reactor. This discharge
likely dissipates a significant amount of energy, which
decreases the pulse voltage and therefore the applied electric
field at the end of the reactor.
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4.4. Streamer propagation velocity

In the introduction we already mentioned that a higher applied
voltage generally results in a higher streamer propagation
velocity [2-6, 9, 11, 12, 47]. In the streamer-length discussion,
we showed that for the 2 m reactor the voltage is highest at the
beginning and at the end of the reactor, so we would expect the
highest streamer propagation velocities there.

We calculate the streamer propagation velocity v as a
function of time delay #; and x-position directly from the
streamer-length results as

S — S
v(x, tg) = —TloL

fqg — ta—1

&)

where s, ,, is the streamer length at time #4 and s,,, , is the
streamer length at time #4_; (one delay time previously).

Figure 17 shows the streamer velocity at different posi-
tions and pulse polarities in the reactor for the 5ns mea-
surements (figure 17(a)) and the 9ns measurements
(figure 17(b)). The figures show that our assumptions about
the streamer velocities are correct: the velocities are highest at
the beginning and at the end of the reactor. In general, the
streamer velocities are in the same range of 10°~10" ms ™" as
other studies.

In the 5 ns results on streamer development, there was no
streamer crossing observed in the reactor. Therefore, the
streamer velocities show an increase when the streamers
initiate, followed by a relatively flat section until the strea-
mers quench. Only at x = 175 cm does the velocity start at a
high value before dropping. This is because the streamers are
already propagating at that position at = 3 ns. As expected,
the velocity in the middle of the reactor is lower due to the
lower voltage at that position.

There is very little difference between the positive and
the negative streamer velocities. The only difference is the
velocity at x = 100 cm after + = 9 ns, which is due to the
difference in streamer length at that point.
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Figure 18. Streamer development in time for a 9 ns positive pulse. The exposure time is 1 ns for all images and each image is the average of

20 photos at each position.

The 9 ns results are similar to the 5 ns results, except now
the streamers reach the outer electrode for x = 15 cm, which
is evident from the sharp increase in velocity at t = 15 ns.
Also, the velocities are slightly higher for the 9 ns pulse than
the 5 ns pulse. This can be explained by the increased time for
which the voltage is present for 9 ns pulses; for the 5 ns pulses
the voltage drops again when the pulses are not very far
across the distance between the electrodes.

The result that there is no significant difference between
the velocities of negative and positive streamers is remark-
able, considering that most studies show that negative strea-
mers are slower [6, 10, 12, 40, 45-48, 74]. However, some
show that the differences between positive and negative
streamers become smaller for high applied electric fields and
higher rise rates. For instance, Briels et al showed in a point-
plate geometry that at high pulsed voltages (above 50 kV with
arise time of 15 ns), the velocities of negative streamers were
only slightly lower than for positive streamers [10]. Further-
more, Winands et al showed that in their wire-plate reactor
the velocities of positive and negative streamers were sig-
nificantly different for pulses with a rise rate of 1.5kVns ™",
but appeared to become similar for both polarities when the
rise rate increases to 2kV ns~' [6]. Additionally, Wang et al
showed a similar effect in a corona-plasma reactor when they
compared results from two studies [12, 74]. As the results of
all these studies use slower pulses, we are unable to directly
compare our subnanosecond results.

5. Results: pulse duration variation in a 1 m reactor

In this section we will discuss the results of short-exposure
experiments on a 1 m reactor, followed by results of long-
exposure experiments. In the short-exposure experiments we
used a 1 ns exposure time for all images, steps of 1 ns in the
shutter delay time and a camera gain of 980 V.
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5.1. ICCD images

We performed short-exposure experiments for 9ns pulses
(positive and negative) and a positive 5 ns pulse. Figure 18
shows the ICCD results for the 9 ns positive pulse (the results
for the negative 9 ns pulse were almost the same, if only
slightly less bright).

This time there is also a bright reactor-ended discharge
for the positive pulses, which were absent in the 2 m positive
results (they are also present in the negative results and are
larger and brighter there). Furthermore, the streamer dis-
tribution is much more homogeneous at all times and posi-
tions in the reactor as compared with the 2 m results, which
indicates that for a shorter reactor the pulse reflections
become less of a defining factor for the 9 ns pulse. However,
the results of the positive 5 ns pulse still show longer strea-
mers at the end of the reactor, as we will see in the next
sections. In other words: the longer the reactor is, the longer
the pulses have to be to achieve a homogeneous streamer
distribution at all times and positions in the reactor.

5.2. SPICE simulations

Figure 19 shows SPICE simulation results of the voltage in
the 1 m reactor as a function of position and time. Just like the
streamer lengths, the maximum voltage in the 1 m reactor for
the 9 ns pulse is much more homogeneous than in the 2m
reactor. The voltage in the 1 m reactor for the 5ns pulse still
shows higher values at the end of the reactor. Due to a shorter
length over which the pulse can attenuate, the voltage at the
end of the reactor is higher for the 1 m results than the 2 m
reactor.

5.3. Streamer length and propagation velocity

Figures 20(a) and (b) show the streamer lengths for the 1 m
experiments for the positive 5ns pulse and 9ns pulse
respectively (the differences between the results of the posi-
tive and negative 9 ns experiments was almost negligible).
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Figure 20. A quantitative representation of the maximum streamer lengths (averaged over the results of 20 photos at each position and each
time) calculated from the ICCD images for (a) the positive 5 ns experiments and (b) the positive 9 ns experiments.

The streamer distribution in the reactor is quite homo-
geneous at all times and positions in the reactor for the
streamers generated with the 9 ns pulses. The results show a
slight dip in the middle of the reactor, but this dip is not
nearly as pronounced as with the 2 m reactor. These results
agree well with the SPICE simulations in figure 19(b), which
show a more homogenous voltage along the reactor than the
2 m results.

Figure 20(a) now clearly shows that a 5 ns pulse is not
long enough to achieve a homogeneous streamer distribution,
which was also reflected in the simulated voltages in
figure 19(a). However, the streamers in the 5 ns experiments
propagate further towards the reactor wall at the end of the
I m reactor than the 2 m reactor. This is due to the increased
voltage at the end of the reactor because now the pulse
attenuation is less at the end of the reactor (because it is
shorter). Also the 9ns results show longer streamers on
average due to higher voltages than the 9 ns results in the 2 m
reactor.

In figure 21, we show the streamer propagation velocity
of the streamers in the 9 ns experiments (both polarities). In
general, the results are very similar as those of the 2 m reactor,
only now the streamers also reach the outer cylinder of the
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Figure 21. The streamer propagation velocities at different positions
in the reactor for the positive 9 ns results of the 1 m reactor.

reactor at the beginning of the reactor (high x-position).
Because the bright reactor-ended discharge streamers was
now present at both polarities, the streamer velocity results
are even more identical than for the 2m reactor. One
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Figure 22, The results of the long-exposure experiments for (a) a positive 5 ns pulse, (b) a negative 5 ns pulse, (c) a positive 9 ns pulse and (d)
a negative 9 ns pulse. The results show the streamer length as a function of voltage and position in the reactor.

significant difference between the 1 and 2 m results is that the
streamer velocity at the end of the reactor is higher in the 1 m
reactor, which is the result of the higher voltage at the end of
the reactor as compared to the 2 m reactor.

5.4. Streamer profiles

A disadvantage of the short-exposure experiments is the large
amount of time the experiments cost and therefore we only
performed these for a limited range of pulse parameters.
However, it would be very insightful if we could obtain
the streamer distribution for different voltage amplitudes.
Therefore, we performed long-exposure experiments. In these
experiments we trade time information for voltage flexibility.
We took images at an exposure time of 100 ns and a camera
gain of 760 V and consequently captured the whole discharge
in each image. At each position, we captured 100 images for
averaging purposes. From these images, we calculated the
maximum streamer lengths at each position, just as with the
short-exposure experiments. Figure 22 shows the resulting
profiles that indicate what distance the streamers travelled.
The 5 ns results show that the profile shapes scale with
the voltage and that the streamer lengths for the positive
voltages are slightly larger than the negative voltages. The
streamer crossing at x = Ocm for the negative voltages
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indicates that there is a reactor-ended bright discharge present
at the end of the reactor. This might again increase the energy
dissipation at the end of the reactor, which can lead to slightly
shorter streamers. Another explanation could be that for lower
applied voltages the differences in propagation velocity
between positive and negative streamers become similar to
what other researchers found, but without the time informa-
tion we are unable to comment on this with the results of our
long-exposure measurements.

The results for the 9ns pulse duration at the highest
voltages are comparable with what we already saw in the
results of the short-exposure experiments. However, for
lower voltages the homogeneity of the streamer distribution
becomes worse for the negative voltages (when compared
with the positive voltages). At these lower voltages the pulse
propagation through the reactor becomes an important factor
again and the results become similar to what we saw in the
2 m reactor for higher voltages.

6. Results: rise-time variation

In this section, we investigate the effect of the rise time of the
pulses on the streamer development in the 1 m reactor.
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Figure 23. Streamer development in time in the 1 m reactor for a 9 ns positive pulse with three different rise times: 0.4 ns (top), 2.9 ns
(middle) and 5.6 ns (bottom). The exposure time is 1 ns for all images and each image is the average of 20 photos at each position.

In the introduction, we mentioned the previous work that
was performed on streamer investigation with the rise rate as
a parameter. The main conclusion appeared to be that the
streamer propagation velocity is higher when a high rise-rate
pulse is applied.

We varied the rise time of the pulses with the method that
we described in section 2.4. We use three different rise times
of the 9 ns pulse in this section: 0.4, 2.9 and 5.6 ns. Two other
time scales to keep in mind is the time it takes for the front of
the high-voltage pulse to propagate up and down the reactor
(6.7 ns) and the time it takes on average for a streamer to cross
from the high-voltage wire to the outer wall (8-9 ns for the
9ns, 0.4ns rise time pulses). Combined with the used
(positive) voltages the used rise times result in rise rates of
around 75kVns~', 9kVns ' and 5kVns ' respectively.
For each of these settings we performed short-exposure
experiments. The exposure times of the images is 1ns, the
shutter delay was incremented in steps of 1 ns and the gain of
the camera was again 980 V.

6.1. ICCD images

Figure 23 shows the ICCD images for the three different rise-
time experiments. The figure shows that there is a smaller
discharge when the rise rate decreases. Furthermore, where
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the streamers initiate immediately for the 0.4 ns rise-time
pulse, it takes at least 3 ns longer for the streamers to show for
the 5.6 ns rise-time pulse. This delay is due to the longer time
it takes for the electric field to increase in the reactor than the
shorter rise-time pulses. Therefore, it takes longer for the
streamers to initiate at a low rise rate.

Another observation from the ICCD images is that the
bright reactor-ended discharge at the end of the reactor only
appears for the 0.4 ns rise-time results. This indicates that the
voltage at the end of the reactor is higher at that setting than
when longer rise-time pulses are used.

6.2. Streamer length and propagation velocity

Figures 24(a) and (b) show the streamer-length results of the
ICCD images for the fastest and slowest rise-time pulses. The
results show significantly shorter streamers when the rise rate
decreases, but also that the streamers are longest at the end of
the reactor regardless of the rise rate. This indicates that even
for the longer rise times the pulse propagation effects through
the reactor remain important.

Figure 25 shows the velocity at x = 15 cm for the three
different rise-time pulses. The 0.4 ns rise-time result is much
like in the previous section, but the velocities for the longer
rise times are significantly lower.
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Figure 25. The streamer propagation velocities at x = 15 cm for the
three different rise times.

Three significant reasons why the velocities are likely
higher for the higher rise-rate pulses are listed below.

¢ The first reason is that it takes some time for a discharge
to initiate, and therefore when the voltage rises over a
long time, the streamers initiate before the complete
voltage is applied across the gap [6, 39, 51]. As a result, it
takes a while before the streamer experiences the
maximum electric field. With the short rise-time pulses
the complete voltage will be across the gap almost
immediately and therefore, the streamers experience the
maximum electric field almost immediately.

The second reason originates from the pulse reflection in
the reactor. When the 0.4 ns rise-time pulse reflects at the
end of the reactor, it adds to itself and almost doubles in
voltage. When the 5.6 ns rise-time pulse reflects at this
position, it also adds to itself, but due to the relatively
long rise-time (it is comparable to the 6.7 ns it takes for
the front of the pulse to propagate up and down the
reactor) the voltage will not double, but will be
significantly lower. This can be seen from the SPICE
simulation results of figure 26. From these simulations we
can also see that it takes much longer for the complete
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voltage to be applied to the reactor at each position for the
longer rise-time pulses.

The last possible reason for the higher streamer propaga-
tion velocity is that the electron density in the streamers
can become higher for the shorter rise-time pulses. The
discharge will be cylinder-symmetrically homogeneous in
its very first stages after applying the electric field. An
ionisation cloud can form, but the ICCD results showed
that there is no significant-sized cloud visible in our
experiments. Therefore this homogeneous first stage of
the discharge will be extremely short before it destabilises
into streamers. However, in this first stage the electron
density can grow to a higher value when the external
electric field is applied in a shorter time (as compared to a
slower rise-time pulse) [S51, 75]. The electron density in
the generated streamers will consequently also be higher
which means that the conductivity of the streamer is
higher. A higher-conductivity channel will then result in a
higher field enhancement at the streamer head because the
voltage drop across the streamer will be lower.

7. Summary and conclusions

In this paper, we investigated the development of streamers in
a wire-cylinder reactor to study the effect of reactor length,
pulse duration, pulse amplitude, pulse polarity and pulse rise
time on the generated streamers. More specifically we were
interested in the distribution of the streamers in the reactor to
relate this to results of plasma-processing experiments. We
studied the streamers by ICCD imaging with a fully auto-
mated setup. With this setup, we were able to image the
streamers in the entire reactor as a function of time and
position in the reactor. From the images, we calculated
streamer lengths and streamer propagation velocities. We also
developed a SPICE model of the reactor to support the ana-
lysis of the streamer development results.

From the results of measurements in a 2 m reactor, we
can conclude that the voltage in the reactor at each position
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Figure 26. SPICE simulation results for (a) the 0.4 ns rise-time experiments and (b) the 5.6 ns rise-time experiments in the 1 m reactor. The
figures show the voltage amplitude in the reactor at each position and as a function of time.

and at each time is the result of a complex interaction with the
discharge and the reactor and that the streamer length is
related to it (the highest voltage for the longest time results in
the longest streamers). Therefore, to obtain the most homo-
geneous streamer distribution at all times and positions in the
reactor, the voltage in the reactor should be as constant as
possible at all positions and moments in time, which is not the
case in the 2 m reactor and will likely only be worse for even
longer reactors (due to the increased dependency of pulse
propagation and dissipation). Furthermore, there is very little
difference between the negative and positive pulse experi-
ments. As a result, the streamer propagation velocities of the
negative and positive streamers are near identical.

In the short-exposure experiments on the 1 m reactor, the
streamer distribution is more homogeneous than in the 2 m
reactor, which indicates that for a shorter reactor the pulse
propagation effects become less significant when similar
pulses are used. However, the pulse propagation effects still
dominate the streamer development, especially for the shorter
5 ns pulses. Due to the shorter reactor, the voltage at different
positions in the reactor remains higher and more constant in
time than in the 2 m reactor and consequently, on average, the
streamer lengths and velocities are higher. However, from the
long-exposure experiments we see that for lower applied
voltages the streamer distribution is still not homogeneous for
a 1 m reactor.

Finally, streamers generated with a high rise rate prop-
agate farther than streamers generated with a lower rise rate
due to a higher streamer velocity and faster start. This higher
streamer velocity is the result of a higher voltage at which
the streamers initiate at higher rise rates and the overall
higher voltage in the reactor due to a larger effect of pulse
reflections.
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