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Abstract
In this study, we investigate the responsible species and processes involved in repetitive pulsed
streamer inception in CO2. We applied a 10 kV high-voltage (HV) pulse with a repetition
frequency of 10 Hz and pulse width of 1 ms to a pin electrode which is placed 160 mm apart
from the grounded plane electrode. We measured the inception times by a photo-multiplier
tube (delay between the rising edge of the HV pulse and the rising edge of the photo-multiplier
waveform) for 600 high voltage cycles. We observed one peak in the histogram of inception
times with a median of 1.2 μs. To identify the source of this peak, we applied a negative or
positive low-voltage (LV) pulse before the main HV pulse to manipulate the leftover space
charges. Three different phenomena are observed: (1) drift, (2) neutralization, and (3)
ionization in the LV pulse. At low LV amplitude and pulse width, the peak starts to drift
toward the faster and slower inception times under a positive and negative LV pulse,
respectively. However, under the same LV pulse configuration for positive and negative LV
pulse, the observed shift in inception times is not the same. We present a hypothesis to explain
this asymmetry based on the difference of the detachment processes between air and CO2.

Keywords: CO2, discharge inception, streamer, repetitive pulses, delay,

S Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

1. Introduction

Streamers are widely explored in different gases because
of their importance in various fields such as high-voltage
(HV) engineering and atmospheric electricity [1–8]. Recently,
CO2 gas has been considered as a possible candidate for
HV switchgear, since the gas currently used for insulation
and switching, SF6, is an extremely strong greenhouse gas
[9, 10]. Also, there is strong evidence that lightning might
exist in the Martian atmosphere which mostly consists of CO2
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distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

[11, 12]. Hence, it is important to understand the physics
behind streamer inception and development processes in this
gas. Streamer inception voltage and time have been mostly
studied in air [13–16]. There are not many studies of discharge
inception in CO2 (see below), and the current understanding
of the streamer inception process is very limited. This study
investigates the streamer inception process in CO2 in more
detail.

By applying positive HV pulses to an electrode, electrons
start to drift opposite to the electric field. When such an elec-
tron reaches an area where the ionization rate is higher than
the attachment rate, it can start to replicate, although this is of
course a stochastic process. The electron density then grows
until the formed space-charge becomes large enough to trans-
form into a streamer. The number of electrons required for
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Figure 1. (a) Schematic view of the experimental setup with HV power supply connected to the anode (not to scale). (b) ICCD image of the
CO2 discharge at 300 mbar with HV amplitude of 10 kV and repetition frequency of 10 Hz. More ICCD images from streamers are provided
in supplementary material (https://stacks.iop.org/PSST/31/055007/mmedia).

this transition can be derived from the so-called Meek crite-
rion [17, 18]. In our previous work [13], we hypothesized that
in synthetic air, the very first electron to trigger the streamer
inception process can come from three different sources: free
electrons, O−

2 detachment, or from reactions of neutral species.
We showed that, in repetitive discharges, the leftover charges
from the streamers likely build up an in-homogeneousdistribu-
tion of ions in front of the anode, which produces a peak in the
streamer inception distribution times histogram. By adding a
low-voltage (LV) pre-pulse before the main HV pulse we could
manipulate and drift this in-homogeneous ion cloud towards
or away from the anode, depending on the LV pulse polarity.
Thus, the ions will be at a new position at the beginning of the
HV pulse which results in a shift of the observed peak in the
time distribution histogram. From these shifts, we can derive
the mobility of ions and identify the source. Photoionization
is another well-known source of initial seed electrons in air.
However, no efficient photoionization mechanism is known for
CO2 due to the rapid absorption of photons in this gas [19].
Therefore, in CO2, detachment of electrons from negative ions
is the most probable source of initial free electrons.

The statistical time lag for CO2 discharges has been stud-
ied by Seeger et al [20]. They showed that, at pressures higher
than ambient pressures, by increasing the applied voltage, the
discharge inception time lag decreases and reaches as low as
100 ns. They found a fairly good agreement between the theo-
retical prediction of streamer inception fields (considering the
ionization integral as 13) and actual observations. However,

that study offers little in the way of examining which species
are playing an important role in inception.

Wang and Bogaerts [21] investigated the critical break-
down field for CO2 discharges at elevated temperatures. They
showed that at room temperature the reduced breakdown elec-
tric field in CO2 is about 86 Td. Increasing the temperature
leads to CO2 dissociation, which leads to more collisions
between CO and O− creating electrons through associative
detachment. This will influence the effective ionization rate,
contributing to a significant drop in the critical breakdown
field. At room temperature this mechanism is insignificant due
to the low dissociation degree. Furthermore, O− is turned into a
relatively stable ion, CO−

3 , by the cluster stabilization process.
Hence, the main electron source and sink are electron impact
ionization and dissociative attachment to CO2 through e− +
CO2 → CO + O−. Note that the CO−

3 ion can react with O to
liberate an electron through CO−

3 + CO → 2CO + e− reac-
tion [22]. However, the rate coefficient of this reaction has not
been determined exactly. Finally, the last scenario that might
describe a possible source of free electrons in a CO2 discharge
is photo-dissociation of CO−

3 ions. In this mechanism CO−
3 is

dissociated into CO2 and O− by a ≈1.9 eV photon [23].
This study aims to clarify the role of different species in

the streamer inception process in CO2 by adding a pre-pulse
to manipulate the charge distribution before applying the main
HV pulse. The effects on these on inception time histograms
can give great insights in the relevant processes. This chapter
is organized as follow: in section 2 we describe the method,
section 3 discusses the results and gives an hypothesis based

2
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Figure 2. (a) Scheme of applied HV waveform with (1) positive and (2) negative attached LV pulse. (b) Typical applied HV and LV voltage
with Photo-Multiplier Tube (PMT) waveform output.

on the different LV pulse configurations. Finally, in section 4
we summarize the chapter and provide the conclusion.

2. Set-up and methods

2.1. Experimental conditions

All experiments in this study were performed in a point-to-plan
geometry (figure 1) in which the powered electrode, (anode
with a tip radius of about 100 μm), is separated 160 mm from
the grounded electrode. The anode is powered by a circuit
comprising an HV solid state switch (Behlke, HTS 651-15-
SiC-GSM) and a 1 nf capacitor. With this configuration, we
can produce repetitive pulsed waveforms with an amplitude of
10 kV, pulse widths of 1 ms, rise times of 40 ns, and repeti-
tion rates of 10 Hz. The reason we chose this repetition rate
and pulse duration is to have only one discharge within the
duration of an HV pulse and 10 kV was close to the streamer
inception voltage and to have a shorter acquisition time. We

did not observe any dependency of streamer inception on
pulse duration at this frequency. The background pressure was
10−6 mbar, and for each experiment the vessel was filled to
300 mbar with CO2 (purity level of 99.9999%).

To investigate the influence of residual charged species on
streamer inception, an LV pre-pulse was applied before each
HV pulse. To apply the LV pre-pulse, the negative input of
the HV pulser was connected to a second pulser, comprised
of another solid-state HV switch (Behlke, HTS 181-01-HB-C)
and a 1 nF capacitor. This could produce a pre-pulse which
attaches to the main HV pulse and has an amplitude VLV

between 0 and 8 kV and a pulse width tLV between 0 and
100 ms (cf figure 2).

2.2. Measuring inception time tinc

To measure the streamer inception time (tinc), we used a photo-
multiplier tube (PMT, H10720-1 10 Hamamatsu) placed
behind a window of the vessel. The response time of the PMT

3
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Figure 3. Histograms of discharge inception time tinc for 600 discharges produced (a) for no LV pulse and (b)–(h) by applying a 25 μs
duration LV pulse with the indicated voltage before a 10 kV HV pulse of 1 ms with a repetition frequency of 10 Hz. Inception probabilities
are 100% for each case, as indicated.

is less than 2 ns. The output signal was transferred to a 12 bit
HD 6104 Teledyne Lecroy oscilloscope with a sample rate of
1 GS s−1. We repeated this measurement for 600 HV cycles
per setting. Note that we consistently observed only one dis-
charge inception event per 1 ms HV pulse. For each cycle, tinc

was determined as the temporal delay between the HV pulse
reaching 10% of its maximum and the PMT waveform reach-
ing 10% of its maximum (see figure 2, according to the PMT
waveform and ICCD images, streamers have developed a few
mm into the gap at the 10% of the PMT waveform time). The
total error in tinc is estimated at less than 10 ns. Streamer incep-
tion is here defined as an HV pulse in which the PMT signal
shows a peak three times above the average background noise.

From the measured tinc values, a histogram is made
using a logarithmic binning function, MATLAB function:
logspace(log10(0.01), log10(max(data)),
700), which divides the data into 700 bins starting from
10 ns. The acquisition window was 1 ms for all experiments.
In the histogram figures, we indicate the inception probability
(Prob), which is the number of pulses for which streamer
inception was detected, divided by the total number of HV
pulses (600). An intensified CCD (ICCD, Stanford Computer
Optics 4QuickE) with a nanosecond time gate and a Nikkor
UV 105 mm lens f /4.5 was used to image the streamers. The

streamers in figure 1(b) are rendered in a false-colour scale for
clarity. We found that in each case that a peak was detected
by the PMT, the ICCD image always showed a developed
streamer.

3. Results and discussion

3.1. Baseline experiment and general phenomenology

To gain an overview of phenomenology, we applied an HV
pulse (10 kV amplitude with a duration of 1 ms) and an LV
pre-pulse (with a duration of 25 μs and varying VLV) to the
electrode. We repeated this 600 times at a repetition frequency
of 10 Hz. Figure 3 shows the histogram of tinc on a logarith-
mic scale where the size of the time bins is scaled as log t.
Figure 3(a) shows the baseline experiment with no LV pulse
where tinc forms a single peak around 1–2 μs. Application of a
positive LV pulse before the main HV pulse led to three obser-
vations. For VLV up to 500 V (drift, figures 3(a)–(c)) the tinc

peak started to shift to lower values, below 70 ns. Increasing
VLV more (neutralization, figures 3(d)–(g)) caused the peak to
shift to higher values around 150 ns. Finally, an LV pulse of
8 kV (ionization during LV pulse, figure 3(h)) again shifted
the peak to 50 ns. Note that this phenomenon depends on
an interplay between VLV and tLV and therefore we introduce

4
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Figure 4. Median of the delay histograms, t̃inc, produced by applying (left) negative and (right) positive LV pulses with different VLV. For
the negative and positive LV pulse, tLV is fixed and set to be 10 ms and 10 μs, respectively.

Figure 5. Median of the delay histograms, t̃inc, produced by applying (left) negative and (right) positive LV pulses with different tLV. For the
negative and positive LV pulse, VLV is fixed and set to be −1 kV and 1 kV, respectively. Note the difference in time units between left-hand
and right-hand side on the horizontal axis.

S = tLV · VLV as the main parameter in the phenomenology.
Below, each of the observed phenomena is elaborated in a
separate section.

3.2. Drift due to applying an LV pulse

Since we mostly observe one peak in the tinc histogram, the
median values (̃tinc) were calculated and are plotted against

VLV in figure 4. To test the role of leftover charges on the incep-
tion, we applied both positive and negative LV pulses imme-
diately before the main HV pulse. Figure 4 shows the effects
of these LV pulses on t̃inc, where for negative the LV pulses, a
pulse width tLV of 10 ms was used, while for the positive LV
pulses this was 10 μs, a factor 1000 lower. In the electric field
imposed by a positive LV pulse, the negatively charged species

5
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Figure 6. (a) The computational domain for the electric field computation with COMSOL (included are electric field contour lines). The
grounded electrode is placed at x = 0 and the electrode tip at x = 160 mm. (b) The electric field on the symmetry axis as a function of
distance for the first 20 mm from the tip for VHV = 10 kV and VLV = 1 kV. The breakdown electric field (dashed line) is 0.66 kV mm−1 at
300 mbar and is taken from Bagheri et al [19].

will drift towards the electrode and thereby initiate discharges
quicker after the HV pulse is applied. The results show that for
every 100 V of applied positive LV pulse, we observed a 94 ns
shift in t̃inc.

We would expect to have the same drift magnitude in oppo-
site direction for a negative LV pulse. Interestingly however,
a negative LV pulse with a 10 μs pulse width leads to a neg-
ligible shift in t̃inc. As can be seen in figure 4, to have a 90 ns
shift in t̃inc we need to apply a 10 ms, 100 V negative LV pulse
instead of a 10 μs, 100 V pulse. Note that t̃inc is not fully linear
with VLV so the mentioned numbers are averages.

To investigate the effect of the duration of the LV pulse, we
fixed VLV to 1 kV and−1 kV and varied tLV. Figure 5 shows the
t̃inc shift when applying positive and negative LV pre-pulses.
For negative LV pre-pulses, a 1 ms increase in tLV leads to a
86 ns decrease in t̃inc. Similar to what we observed in the pre-
vious experiment t̃inc the reverse effect for positive pre-pulses
is also present but again roughly a thousand times stronger; to
have a 92 ns shift in t̃inc we need to apply a 1 kV positive pre-
pulse with tLV = 1 μs instead of 1 ms. Note that in our previous
experiments in air [13] the effects of positive and negative pre-
pulses were nearly equal, but of course opposite in direction.
Below, we give a hypothesis to explain this large asymmetry of

6
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Figure 7. Drift time calculated using equation (1) on the axis of symmetry of electrons, CO−
3 , and O− ions from a distance x to the electrode

at x = 0 when a voltage of VLV = 10 kV or VLV = 1 kV is applied across the gap. The mobilities in the unavailable electric field ranges are
assumed constant, and the calculated drift times in those ranges are plotted as dashed lines.

three orders of magnitude between the effects of positive and
negative pre-pulses in CO2.

3.2.1. Hypotheses. In order to explain the surprising asym-
metry between the effects of positive and negative pre-pulses
in CO2 (and not in air), we hypothesize that this is caused by
the detachment process in CO2.

During an HV pulse, energetic electrons near the tip cause
CO2 dissociation by direct electron impact. The dissociative
attachment reaction rate increases in higher electric fields
and causes the production of CO and O− near the electrode
[24]. Thus, in this specific region, both these species are
available and recombination of O− and CO can liberate an
electron through associative detachment at any time during
and between voltage pulses. Another possible mechanism for
detachment process in CO2 is the reaction of CO−

3 and CO
(CO−

3 + CO → 2CO2 + e−) which can liberate an electron
[22]. This mechanism is a more likely candidate since O− can
quickly (about few ns at 300 mbar) convert into a stable CO−

3
ion which increases the concentration of this ion [21]. Finally
photo-dissociation of CO−

3 can also be considered as a free
electron source. This mechanism needs ≈1.9 eV [23]. Since
the measurements have been performed in a dark environment,
this mechanism might not play a significant role.

During an HV pulse, such an electron can enter the ion-
ization region and initiate a discharge. If there is a ‘charged
species patch’: a volume containing positive ions, negative

ions and free electrons, located some distance from the tip,
like we also concluded in [13], then the electrons from this
region can again explain the peaked distribution of the base-
line experiment. Note that from our results we cannot deter-
mine the shape of the charged species patch. It could be
a thin layer, a localized patch, or a large region extending
away from the electrode tip. We only know that it has a quite
sharp boundary towards the electrode. Since we performed the
experiments under repetitive pulses, it is possible that the
initial density for the next pulse is not homogeneously dis-
tributed. In our previous experiments in synthetic air [13],
ICCD images from streamers showed some regions in the
streamer development path that have higher emission inten-
sity and were close to the calculated charged species patch
location. This was not directly observed in the CO2 streamer
images probably due to the faint emission of the CO2 stream-
ers. Note that a higher applied main pulse voltage always
leads to faster inception. The peak in the inception times his-
togram was observed because the main high voltage amplitude,
VHV = 10 kV, is close to the inception voltage. As we showed
numerically in our previous investigation, the charged species
patch distribution is strongly influenced by background ioniza-
tion density. Therefore, for higher repetition rates where the
time interval between two pulses is much shorter and there
is not enough time for ion recombination we could expect
faster inception times and a different profile and location of
the charged species patch.

7



Plasma Sources Sci. Technol. 31 (2022) 055007 S Mirpour and S Nijdam

Figure 8. Visual explanation of electrons and ions drift under positive and negative LV pulses with S = (a) 1 mV s, (b) −1 mV s, and
(c) −1 V s. In each figure, 1 shows the drift during an LV pulse and 2 shows the new position of electrons and ions at the beginning of the
HV pulse.

A possible origin of the inhomogenous distribution of the
charged species patch is the cross section of the reaction
e− + CO2 → CO + O− [25]. The cross section shows a max-
imum yield at a certain electron energy and lower yield at
higher electron energies. This might explain why no charged
species patch of O− is produced in the higher electric fields
near the electrode. However, we need more experimental and
numerical investigations to be able to understand the charged
species patch inhomogeneity and location.

When applying a positive LV pulse, all negative species in
the charged species patch will drift toward the tip. Since ions
are much heavier than electrons, electron drift is more promi-
nent and therefore the electron mobility will determine the
effect of the LV pulse on inception behaviour. A negative LV
pulse with the same S value will also push away the electrons
from their initial position for roughly the same distance as the
positive LV pulse. However, the much less mobile ions can
still produce electrons by associative detachment and remain
much closer to the tip than the drifted electrons due to their
lower mobility. During the main HV pulse inception times are
determined by the closest electrons and not the far-away ones.
Therefore, for positive LV pulses, electron drift dominates the
effect, while for negative LV pulses, negative ion drift does so.

To elaborate on this hypothesis, we have calculated the drift
time of electrons CO−

3 and O− ions in CO2 from a distance z to
the pointed electrode (at z = 0) on the axis of symmetry. The

drift time was calculated by

tdrift(z) =
∫ 0

z

1
μ(E(z′))E(z′)

dz′, (1)

where μ, the mobility of the respective species, is derived from
[26] for electrons and [27] for ions, and E(z), the electric field
on the axis (see figure 6), is calculated by a COMSOL Mul-
tiphysics simulation [28]. The corresponding drift times for
electrons and ions are shown in figure 7. It should be noted that
since mobility data for electrons and ions in CO2 is not avail-
able for low electric fields, the given estimations are based on
constant mobility in these fields (dashed lines in figure 7).

Let us now assume that we indeed have a localized charged
species patch containing, amongst other species, negative ions
and free electrons. Figure 7 enables us to investigate the initial
and post-drift positions of the ion and electron distributions,
t̃inc in the baseline experiment (VLV = 0) is 1.2 μs. Figure 7
shows that at VHV = 10 kV, electrons should be generated at
25 mm from the tip to have enough time to drift and reach the
tip. Hence, we can estimate the initial position of the boundary
of the charged species patch to be about 25 mm away from the
tip. Note that a possible detachment time is not included in this
calculation. Moreover, it is assumed that an electron should
reach the tip of the electrode to initiate a discharge.

Under a positive LV pulse (figure 8(a)) with S = 1 mV s, the
corresponding electron drift distance is around 2 mm toward
the electrode tip. During the main HV pulse, electrons with
this new position require 1.01 μs to reach the ionization zone.
Therefore, we expect to observe around 182 ns shift in the t̃inc

8



Plasma Sources Sci. Technol. 31 (2022) 055007 S Mirpour and S Nijdam

Figure 9. Rate constant of the dominant detachment processes in air and CO2. For air data was taken from [29] and for CO2 from [30].

peak. This is relatively close to our observation from the right-
hand side of figure 5, where the drift for every S = 1 mV s
positive LV pulse was 92 ns. According to equation (1), the
ion drift during application of 1 kV and 1 μs is less than 1 μm.

Under a negative LV pulse with S = 1 mV s (figure 8(b)),
electrons drift outwards roughly the same distance as they drift
inwards when a positive LV is applied. Ions which are nearly
immobile during S = 1 mV s, are still re-generating new elec-
trons in the absence of the drifted electrons. This procedure
also continues after the LV pulse is applied and at the begin-
ning of the main HV pulse. The newly generated electrons are
closer to the tip than their drifted cousins. Therefore, they have
more chance to initiate a discharge. This supports our obser-
vation that no shift was measured in t̃inc after an LV pulse was
applied with S = 1 mV s. Ions only start to drift noticeably
under a stronger electric field. O− and CO−

3 ions under a neg-
ative LV pulse of S = 1 V s drift out about 1 mm from their
initial position (figure 8(c)). At the beginning of the main HV
pulse, the electrons newly generated from the ions that are
located in a new position start to drift toward the tip and ini-
tiate the discharge. According to equation (1), the time that
electrons need to drift back 1 mm is 115 ns. This is very close
to our observation in figure 5 where t̃inc shift under an LV pulse
with a S = −1 V s is 92 ns.

In our previous study [13], we showed that O−
2 in synthetic

air was responsible for one of the peaks of the tinc histogram.
This peak showed a symmetric shift for positive and negative
LV pulses. A possible explanation for this difference between
air and CO2 can be the different electron detachment mech-
anisms. The detachment rate of O−

2 in air depends strongly
on the electric field (see figure 9). Therefore O−

2 must be in
a high field region to detach an electron [29]. However, for

Table 1. List of plasma-chemical reactions used for calculation the
ionization and attachment coefficients. Cross-sections are taken
from Itikawa database [25].

Elastic collision e− + CO2→ e− + CO2

Ionization e− +CO2 → 2e− + CO+
2

e− + CO → 2e− + CO+

Attachment e− + CO2 → CO + O−

CO2 the detachment rate decreases with electric field [30]
(see figure 9). The reason is that associative detachment in
CO2 proceeds through autodetachment of the CO2

− complex
in a short period. In higher fields and energy, formation of
this complex is less probable because of the shorter collision
time. Thus, the associative-detachment reaction in CO2 is more
likely to release electrons in the low fields regions far away
from the electrode tip. Therefore, during a low S value LV
pulse, detached electrons can move and show up their drift in
t̃inc histogram.

One question that can be raised in this section concerns
the attachment of electrons during the drift. According to our
hypothesis, electrons should drift about 25 mm to reach the
ionization zone. To calculate the attachment time, we exert a
simple analysis using the BOLSIG+ solver [31, 32] with the
reactions shown in table 1 as input. Results show that at the
electric field around 1 Td at 2.5 mm, where the initial elec-
trons release from the charged species patch, the attachment
time is 1.5 μs which is slightly higher than the inception time.
Therefore, this gives enough time for most of the electrons to
approach the ionization zone without being attached.

9
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Figure 10. Histograms of discharge inception time tinc for 600 discharges produced (a) for no LV pulse and by applying a 50 ms LV pulse
for VLV = (b) 0.25, (c) 0.5, (d) 1, (e) 1.5, (f) 1.75, (g) 2, (h) 4, (i) 6, ( j) 8 kV before a 10 kV pulse of 1 ms with a repetition frequency of
10 Hz. Prob shows the probability of inception in each configuration.

From the width of the inception time distribution in the
baseline experiments and equation (1) we can estimate that the
thickness of the charged species patch is about 0.2 cm. When
we consider the charged species patch as disk of this thickness
and with a diameter of 2.5 cm, its volume is approximately
1 cm3. With the following equation

kdetachment · [CO] · [O− or CO−
3 ] = 1/(N · t), (2)

where the rate coefficient for the reaction O− + CO→ CO2 +
e− is kdetachment = 5.5 × 10−10 cm3 s−1 [21] and for the reaction
CO−

3 + CO → 2CO2 + e− the rate coefficient is not exactly
determined but the upper limit is estimated to be significantly

less than 10−13 cm3 s−1 [22]. We can estimate that in t = 1.5μs
attachment time, in order to have 1 electron available in this
volume of (N = 1 cm−3), the required concentration product
of [CO] · [negative ion] should be of the order of magnitude
1015 cm−6 and higher. When we assume that the concentrations
of [CO] and [negative ion] are roughly equal, the density of
each species should be 107–108 cm−3 and higher in order to
supply the required electrons for inception. This is a feasible
number for these densities in the charged species patch.

3.3. Neutralization and ionization during longer LV pulse
durations

In this section we investigate higher values of S.

10
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Figure 11. Histograms of discharge inception time tinc for 600 discharges produced (a1) for no LV pulse and by applying a negative 10 ms
pulse for VLV = (a2) −0.25, (a3) −0.5, (a4) −1, (a5) −2, (drift) (b1) −2, (b2) −2.5, (b3) −3, (b4) −3.25, (b5) −3.5, (b6) −3.75, (b7) −4,
(b8) −6, (b9) −8 kV (neutralization and ionization in LV pulse) before a 10 kV pulse of 1 ms with a repetition frequency of 10 Hz.

3.3.1. Positive LV pulse. Above a certain value of S, tinc

reaches its minimum value and it is not possible to have faster
inception because electrons and negative ions will have drifted
all the way to the electrode. Figure 10 shows that applying a
250 V and 50 ms LV pulse was enough to initiate a discharge
during the rise-time of the HV pulse. Increasing VLV to 1.5 kV

was enough to drift all negative ions close to the tip. This can be
verified by the mobility data in figure 7. Above this VLV, ions
reside around the electrode for a long time, where they will be
slowly neutralized. Moreover, the inception probability, Prob,
decreases with increasing VLV which shows the lack of initial
electrons available to initiate a streamer. We also observed this

11
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effect in our previous experiments in synthetic air [13] where
applying an LV pulse for a long time increased tinc.

For even higher VLV values, starting at 8 kV, we observe
fast inception again with a probability of 100%. However, at
this voltage level, the inception peak already occurs during the
LV pulse, because VLV itself is already high enough to lead
to inception. We observed the same effect for other values of
tLV. For VLV below 8 kV, the key parameter is S such that for
a shorter LV pulse duration, a higher LV amplitude is required
to achieve the same effect.

3.3.2. Negative LV pulse. Similar to a long positive LV pulse,
we applied a negative LV pulse with a varying VLV and a
fixed tLV of 10 ms (figure 11). As we already discussed
(left-hand side of figure 4), for a lower VLV we observe
outward drift in which for S = 1 V s, a 90 ns shift in
t̃inc was observed (figures 11(a1)–(a5)). This continues until
VLV =−2 kV where a further increase of VLV leads to a peak at
low tinc and thereby the disappearance of the original peak in
the histogram. This transition from slow tinc to fast tinc occurs in
a small range of VLV, such that at VLV =−3.75 kV t̃inc is 30 ns
(figures 11(b1)–(b6)). Further increasing VLV causes a negative
tinc (figures 11(b7)–(b9)). Such a negative tinc indicates that the
discharge initiates during the rise time of the LV pulse imme-
diately before the main HV pulse no discharge was observed
during the on-time of the LV pulse.

4. Summary and conclusion

We measured inception delays tinc of streamers in CO2 gas
to study the inception process in repetitive discharges in this
gas. We applied 10 kV high voltage pulses with a fixed pulse
duration of 1 ms and repetition frequency of 10 Hz. This can
produce some residual charges that influence tinc of the next
pulse. To manipulate the residual charges we applied an LV
pulse with different duration tLV and amplitude VLV before
the main HV pulses. Application of the LV pulse leads to a
shift in the tinc histogram peak. Three main phenomena were
observed, based on the different applied S (VLV · tLV) values:
drift, neutralization, and ionization during the LV pulse.

At low S values, discharges incept faster or slower for
positive and negative LV pulses respectively. However, we
observed an asymmetric shift differing three order of magni-
tude between positive and negative LV pulses. For a positive
LV pulse with S = 1 mV s, we observed a 92 ns shift in t̃inc, the
median value of tinc. To have a similar magnitude t̃inc shift with
a negative LV pulse, we must apply a pulse with S = 1 V s.
This is not consistent with our earlier observations in synthetic
air. We hypothesize that this is caused by the fundamental dif-
ferences between the detachment mechanism in CO2 and air.
O−

2 ions need to drift to a high electric field region to detach an
electron. However, in the case of CO2 due to the high yield of
associative-detachment in low electric fields, O− and CO−

3 ions
can release electrons through reaction with CO. Once again it
is worth to mention that O− density can be less available for
the detachment reaction due to a fast transition to the stable
CO−

3 ion. In this case, an LV pulse with a low S value drifts
electrons significantly and ions hardly while an LV pulse high

S value can also drift ions on top of the electrons. We can also
neglect CO−

3 photo-dissociation due to the low ambient light
level during the measurements.

We observed that the corresponding shift in t̃inc due to appli-
cation of LV pulse follows the mobility data and scales con-
sistently with S value. This indicates that we can neglect the
effect of space charge and its effect on electric fields for low S
values. However we observed different phenomena for higher
values of S.

Applying a positive LV pulse for a longer time increases
tinc but decreases the probability of inception. This is likely
due to neutralization of electrons and ions at the electrode. At
VLV = 8 kV, the LV pulse is high enough to ionize the gas and
we observed streamers already during the LV pulse. This is
different for a negative LV pulse where ions drift away from
their initial position. For a negative LV pulse with VLV � 2 kV,
we observe formation of a fast peak (̃tinc = 120 ns) in the tinc

histogram replacing the original ion-associated peak. Increas-
ing the voltage above 6 kV caused discharge inception during
the LV pulse rising flank.

In our calculations, electrons should drift about 25 mm to
reach the ionization zone. This seems to be a long distance
since electrons can attach through several pathways such as
dissociative attachment to CO2 and O2, and three body attach-
ment to O2 producing O− and O−

2 [33]. Our simple analysis on
four reactions showed that attachment time is slightly longer
than inception times.
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