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Abstract
Knowing which processes and species are responsible for discharge inception is important for
being able to speed up, delay, or completely avoid it. We study discharge inception in 500
mbar synthetic air by applying 10 ms long 17 kV pulses with a repetition frequency of 2 Hz to
a pin-to-plate electrode geometry with a gap length of 6 cm. We record inception times for
hundreds of pulses by measuring the time delay between the rising edge of the high-voltage
(HV) pulse and the signal from a photo-multiplier tube. Three characteristic time scales for
inception are observed: (1) 20 ns, (2) 25 us, and (3) 125 us. To investigate the underlying
processes, we apply a low-voltage (LV) pulse in between the HV pulses. These LV pulses can
speed up or delay discharge inception, and our results suggest that the three time scales
correspond to: (1) free electrons or electron detachment from negative ions close to the
electrode, (2) a process that liberates electrons from (quasi)-neutrals, and (3) the drift of an
elevated density of negative ions to the ionization zone. However, each of these explanations
has its caveats, which we discuss. We present a theoretical analysis of the distribution of
inception times, and perform particle simulations in the experimental discharge geometry.
Some of the observed phenomena can be explained by these approaches, but a surprizing
number of open questions remain.

Keywords: discharge inception, streamer, air, delay, repetitive pulse

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

1. Introduction etc. The streamer inception voltage and the influence of the
voltage rise time on this inception voltage were studied in
The properties of streamer discharges (velocity, electric field at  [10—12]. Briels et al [13] used time resolved optical mea-
the tip, electron/ion densities in the body and at the tip, branch-  surements to investigate the inception of positive streamers
ing, etc) have been widely studied, see e.g. [1-9]. Streamers in air. The analysis was focussed on the streamer inception
are important in various fields like high-voltage (HV) engi- voltage and the reduced streamer diameter. Nevertheless, the
neering, atmospheric discharge phenomena (e.g. lightning), current understanding of the complex interplay of factors gov-
erning streamer inception is still very limited. In the present
work we investigate the streamer inception process in more

3 These authors contributed equally. detail.
*Author to whom any correspondence should be addressed. As shown in ﬁgure 1,a pOSitiVG streamer discharge can
Original content from this work may be used under the terms  start when the electric field around a conductor or dielec-
BY of the Creative Commons Attribution 4.0 licence. Any further  (ric rises, free electrons move opposite to this field and travel

d{stnbuﬂon of this work rpust maintain attribution to the author(s) and the title towards po sitiv ely char oe d tip s or electrodes. When these
of the work, journal citation and DOIL

0963-0252/20/115010+18$33.00 1 © 2020 The Author(s). Published by IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6595/abb614
https://orcid.org/0000-0002-4012-1136
https://orcid.org/0000-0002-7826-2348
https://orcid.org/0000-0003-0811-5091
https://orcid.org/0000-0003-3891-6869
https://orcid.org/0000-0002-1310-6942
mailto:s.mirpour@tue.nl
mailto:Andy.Martinez@cwi.nl
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/abb614&domain=pdf&date_stamp=2020-11-11
https://creativecommons.org/licenses/by/4.0/

Plasma Sources Sci. Technol. 29 (2020) 115010

S Mirpour et al

L \
Tonization \

. Zone \\

\\. Detachment
1

/
- 0-9

Attachment 7/
/

Figure 1. The inception process in which a free electron or an
electron detached from a negative ion can enter the ionization
zone and trigger the inception process (not to scale, r = 100 pm).
« and 7 represent the ionization and attachment coefficient
respectively.

electrons enter a region where the electron impact ioniza-
tion rate is greater than the electron attachment rate they
can form an avalanche. The electrons replicate rapidly due
to direct impact ionization until the electron density becomes
so high that space charge effects become important. The
avalanche(s) can then transform into a streamer discharge.
The so-called Meek criterion [14, 15] is an estimate for the
number of electrons required for this avalanche-to-streamer
transition.

We can identify several questions related to streamer incep-
tion: where do the streamer-starting electrons come from?
What can the inception time between an applied HV and the
start of the streamer discharge tell us? Are there ways to manip-
ulate the inception of a streamer discharge without chang-
ing quantities like pressure, gas composition, applied HV?
Answers to these questions can be useful in HV engineer-
ing applications where the inception of streamer discharges is
unwanted or better control over the streamer development is
needed. Somewhat related is a more poorly understood fun-
damental question [16, 17]: how does lightning initiate inside
thunderstorms when the background electric field is below
breakdown? A big difference with lightning inception and
repetitive pulse discharge inception is that lightning incep-
tion is not a repetitive process. Nevertheless, answering the
posed questions in a lab setting with a repetitive pulse is a first

step towards better understanding of the lightning inception
process.

Streamer-starting electrons can be provided by a cosmic ray
ionization event, by radioactivity from surrounding material,
by gas specific electron sources, and by charges in the gap
leftover from previous discharges. For N,/O,-mixtures, pro-
cesses like detachment from O, and O~ [18-20], can provide
electrons to start a streamer discharge. Li et al [21] investi-
gated how the time between two HV pulses influences pos-
itive streamer inception and propagation. It was found that
for short times between two HV pulses positive streamers
starting on the second pulse would follow the paths of the
streamers developed during the first pulse. The general phys-
ical mechanism is understood, but the mechanism that pro-
vides electrons for these second-pulse streamers is not clear
yet.

The time delay between applying an HV pulse to an
electrode and the inception of a streamer discharge was
investigated by Wang and Geng [11]. They split the streamer
inception time into two components: the time to reach the
inception voltage, and a statistical time delay due to the
random nature of having an electron in the right circum-
stances to trigger a discharge. They conclude that the density
and lifetime of O, are the two main factors that deter-
mine the statistical delay, and that the statistical delay using
a positive lightning impulse voltage follows a Rayleigh
distribution.

Fengbo et al [22] investigated the voltage recovery rate
in spark gaps. They developed a repetitive nanosecond pulse
source and found that by applying a +1 kV DC bias between
two high voltage pulses to their trigger electrode they could
reduce the effect of residual electrons in the discharge gap.
This reduction increased the voltage recovery rate of the pulse
source. Moreover, they showed that a higher DC bias volt-
age does not change the voltage recovery rate because of the
shielding effect around the electrode. Zhao and Li [23] inves-
tigated the influence of memory effect agents on the streamer
evolution in a nanosecond repetitive discharge. They showed
that by applying a superimposed DC voltage bias the number
of pulses required to get breakdown is reduced. This is fur-
ther reduced by increasing the DC bias until a minimum is
reached. They stated that at high HV repetition frequency the
electrons are attracted towards the anode by a positive DC bias.
At low repetition frequency, they showed that the number of
pulses before breakdown decreases. Also, they observed that
the inception moment is delayed under a negative DC voltage
bias.

In this work, we have taken these prior investigations as
a basis for new advanced experiments and numerical mod-
els. These will give a more detailed insight into the rele-
vant mechanisms and species involved in the inception of
repetitively pulsed discharges in synthetic air. We experimen-
tally studied the statistical distribution of the inception time
(tinc) and how this distribution can be manipulated. We have



Plasma Sources Sci. Technol. 29 (2020) 115010

S Mirpour et al

detected three distinct peaks in the distribution of #,. which
implies three different processes for triggering a discharge in
the experiment.

We also found that the histogram of inception times fj,.
could be manipulated by applying a low-voltage (LV) pulse
between two HV pulses. This LV pulse influenced the residual
charged species in the discharge gap. This method allowed fur-
ther investigations of the processes responsible for each peak
in the t;,. histogram. We investigate possible sources of the
three peaks: free electrons or quickly detached electrons from
negative ions, Penning ionization, and drift of negative ions to
the ionization zone.

A particle model for the electrons with Monte-Carlo based
collision sampling (MCC) was used to further substantiate the
arguments made for the sources of each peak in the 7, his-
togram. The particle model is described in [24] except that
in the current investigation of the avalanche phase, the elec-
tric field does not change in time. We have also tracked O, as
particles drifting in the electric field and eventually detaching
electrons.

This paper is organized as follows: in section 2 we describe
the experimental setup, applied conditions, and diagnostic
methods. Section 3 discusses estimates of initial conditions
for the simulation model. Section 4 explains the simulation
model. Section 5 shows the results and discussion of the base-
line experiment and different variations of the LV pulse param-
eters (polarity, width, and time between it and the HV pulse).
Finally, in section 6 we summarize the paper and list the open
questions.

2. Experimental setup

2.1. Experimental conditions

All experiments in this study are performed with a point-to-
plane electrode geometry (shown in figure 2) in which the
electrodes are separated by a distance of 60 mm. The powered
electrode, anode (with a tip radius of about 100 pm), is con-
nected to the HV circuit which consists of an HV solid state
push—pull switch (Behlke HTS 301-10-GSM) and a 200 pF
capacitor. This produces voltage pulses with amplitudes of 17
kV, pulse widths of 10 ms, and rise times of about 40 ns. The
pulses were applied with a repetition rate of 2 Hz. We chose
this frequency to have a shorter acquisition time. The back-
ground pressure level in the vessel was 1 mbar and the working
pressure was 500 mbar. Synthetic air (80% N, + 20% O,)
with less than 1 ppm impurity was used. The humidity level
outside of the vessel was measured at around 47%. During the
entire experimental period the vessel was kept closed. We have
not seen any noticeable changes in the tip curvature and the
obtained results were well reproducible.

To study how residual charges influence the streamer incep-
tion, in most experiments we applied an LV pulse between each
two HV pulses. This was possible via a second custom-built
push—pull switch which can apply a bias to the negative side
of the HV switch. With that, we were able to make a bias with
variable voltage (Vy), width (fLy_qur), and time before the HV
pulse (fy—sep). In the case of f1y_sp = 0, the LV pulse attaches

a HV Switch R,=300 0
R=10k0 LV Switch
HV C =200 pF
Power Supply
LvV
Power Supply
1CCD ?{7 PMT
6 cm
b

_

Figure 2. (a) Schematic view of experimental setup with HV power
supply connected to the anode (not to scale), (b) schematic of
experimental vessel. The large disc above the anode tip is a Teflon
disc to separate the HV from the top of the vessel. (c)—(e)
Discharges in 500 mbar synthetic air with HV amplitude of 17 kV
and repetition rate of 2 Hz. (c) Without applying LV pulse, (d) with
applying positive LV pulse f1y_sp = 0 and t1y_qur = 50 ms. The
gate time of the camera is 10 us. (e) Glow observed after a streamer
burst, the glow lasts for the remaining duration of the HV pulse.

to the HV pulse. The applied Vi, was always plus or minus
300 V.

2.2. Measuring inception time tinc

A photo-multiplier tube (PMT, Hamamatsu H6779-04) was
placed behind a window of the vessel to capture photons
produced by the discharge around the anode tip. The PMT
has a response time of less than 1 ns and can measure the
photons emitted in the inception process. The output signal
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Figure 3. (a) Scheme of applied HV pulse with three different LV
pulse configurations: 1. Positive LV pulse between two HV pulses
(red) 2. Positive LV pulse attached to the HV pulse (blue) and 3.
Negative LV pulse attached to the HV pulse (green). (b) Typical
applied HV and LV voltage with PMT signal output.
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Figure 4. Ionization density »; as a function of radius r for different
times ¢ after the streamer discharge, as described in the text.

was collected by a 12 bit HD 6104 Teledyne Lecroy oscil-
loscope with a maximum sample rate of 50 MS s~!. Such
a measurement was generally done for 600 cycles per set-
ting. We consistently observed only one inception for each
10 ms HV pulse. From these results we established for each
cycle the temporal delay between the moment the HV pulse
reaches 10% of its maximum and the moment that the PMT
reaches 10% of its maximum, which would indicate streamer

Table 1. Reactions included in the particle model with M = N, or
O,. Cross sections were taken from the Itikawa database [30, 31,
32]. (¢) 3-body attachment was taken from the Phelps database [33]
and was only taken into account for the case where O, is the third
body. According to reaction rates for 3-body attachment reported in
[34] the 3-body attachment with O, as third body is almost 50 times
higher than with Nj as the third body. (*) Elastic momentum transfer
cross sections were taken from the Itikawa database to use as elastic
scattering cross sections. Since the particle model only has isotropic
elastic scattering this is a valid approximation to make. (x) All
excitation reactions for N, and O, which were listed in the Itikawa
database [30] were taken into account; listing them here would
clutter the reaction list. (1) Photo-ionization was included using a
stochastic version of Zheleznyak’s model [35], as was done before
in [24, 36]. (/) The detachment reaction rate was taken from [19].

Elastic e” + Ny —=e” + Nj (%)

e” +0,—=e + 0 (%)

e” + N, =2 +Nf

e” +N; =2 +Nt +N
e + N, =3¢ + Nt N
e” + 0,2 +0f

e +0,—2 +0"+0
e +0,—-3 +0*T+0
67+02+02—>027 +02(<>)
e +0, -0 4+0
e+ 0, = ()

e + Ny — (%)

(e +Ny—e +N;
(2)N; — N2 + v
(3)y+0,—e +05

0, +M—0,+e +M

Tonization

Attachment
Excitation

Photo-ionization (I)

Detachment (A)

inception. We call this temporal delay the inception time
tine and have indicated it in figure 3. The estimated total
error in fip. is less than 5 ns. Next, a histogram of the .
values was made. For histograms with logarithmic bins we
used a binning function which divided the data into 700 bins
in a logarithmic scale starting from 10 ns to the logarithm
of the maximum of the f#,. (with the MATLAB function
of logspace (1ogl0(0.01), loglO (max(data)),
700) ), and for the linear bin histogram (figure 13) we divided
the data into 100 bins. Note that for low-time bins the his-
togram is sparsely filled due to the limitation of the oscillo-
scope memory in long-acquisition windows. This results in a
coarser effective bin spacing for these conditions.

2.3. ICCD imaging of streamers

An intensified CCD (ICCD, Andor Technology iStar) with
nanosecond gate and a Nikkor UV 105 mm lens f/4.5 was
used to image the discharges. The images presented in
figure 2(c)—(e) are rendered in a false-colour scale for clarity.

The criterion used for detecting streamer inception is the
moment when the PMT shows a peak which is three times
higher than the average background noise. Note that the very
first few pulses after starting the experiment were not included
in the measurements to avoid any start-up effects. We found
that in all cases exactly one discharge inception event per HV
cycle was observed. This means that the discharge inception
probability was 100% for all experiments done. The criterion
for streamer inception detection was tested using the ICCD
camera. In all cases, we found that whenever the PMT detected
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streamer inception, the ICCD images also showed a developed
streamer. The images also show that most of the streamers
reach the grounded electrode (see below).

Every time an experimental parameter was varied (pressure,
applied voltage, pulse duration, etc) the system was evacuated
to a background pressure of about 1 mbar and then refilled with
synthetic air. This procedure removed any species produced by
preceding experiments.

3. Estimate of initial conditions

Figure 2(c) and (d) shows ICCD images of streamers with and
without applying an LV pulse. The inception cloud, which has
been introduced in [13], is smaller when an LV pulse with
fLv—sep = 0 and try_qur = 50 ms is applied before the HV pulse.
Note that later we will discuss that after the application of such
a positive 50 ms LV pulse (see figure 11(e)) most discharges
occur during the rise-time of the HV pulse, i.e., within the first
inception peak (to be defined later). Based on these observa-
tions, we may conclude that the negative ions which accumu-
late around the anode during the LV pulse initiate the discharge
faster and hence the inception cloud breaks up already dur-
ing the rise-time of the HV pulse, and hence stays smaller, as
the maximal radius is given by voltage over break-down field
[13]. A more comprehensive explanation will be given in the
coming section. Except for this observation, no significant dif-
ferences in streamer propagation and branching were found in
the streamer images with or without application of an LV pulse.
There were also no differences observed between the images
of streamers initiated in the first, second, and third peak.

After the streamer burst we observed a DC glow
(figure 2(e)), often called Hermstein glow [25], which lasts
during the remaining duration of the HV pulse and uniformly
covered the powered electrode tip [26]. The DC glow contains
negative charges, screens the local electric field near the elec-
trode tip, and prevents the onset of a new streamer. Generally,
the DC glow together with the streamer channel leave ions and
excited species behind which can play a significant role in the
emergence of streamers during the next HV pulse.

Here we estimate the density and distribution of the ions
left behind by a streamer channel at the beginning of the next
HV pulse. Electrons are not taken into account in this estima-
tion (and future simulations) since they will attach very quickly
after they have been produced (see also figure 8). At ground
level the majority of background ionization is produced by
radioactive decay [27], mainly by radon which produces alpha
particles which in turn create electron-ion pairs by disintegra-
tion. This process can produce a background ionization level
of 10°~10* cm ™3 (predominantly in the form of positive and
negative ions). Since we perform our experiments in a metallic
vessel which stops alpha particles after tens of pm, the back-
ground ionization due to radon decay inside the experimental
vessel will be substantially lower. Cosmic ray ionization events
can still occur inside the metallic vessel, but for the free elec-
trons to have an effect on the discharge inception, before they
become attached, they would need to be present in the small
ionization zone around the HV pin electrode (yellow zone in

figure 3) at the moment the HV pulse is turned on (or before
the attachment time on the order of ns).

Following the arguments in [28], the ion density changes
due to diffusion and recombination

atni - Dion-vzni - krec]li2 (1)

where n; denotes the density of both positive and nega-
tive ions, and net charges and electric fields are neglected.
Dion = 0.1 cm? 7! and kyeq = 2.6 x 107% cm® s7! are diffu-
sion coefficient and recombination rate at 500 mbar in air,
respectively [28]. Note that we assumed that the positive and
negative ion densities are equal. It is possible that there may
be a small or local imbalance in charged species densities
which would be able to severely affect the recombination rate.
The initial condition for this equation consists of a Gaus-
sian streamer channel centred around r = 0 with n; = nchannel
e /R Wwith nepanme = 10 cm=3 and R = 0.3 mm, and an
initial background ionization of 0.1 cm™3. These values are
derived from an actual streamer observed by an ICCD camera
and described in [28]. Figure 4 shows this estimated initial ion
density after the end of the HV pulse as = 0 and its temporal
evolution under diffusion and recombination until the next HV
pulse at r = 0.5 s. Within these 0.5 s between the pulses, the
ionization density decreases to about 103 cm™> on the streamer
axis and the spatial profile becomes wider due to diffusion.
The ionization density stays approximately constant up to a
radius of 0.5 cm. (We remark that we used 9,n; = 0 as a bound-
ary condition at » = 1.5 cm, which imitates the next streamer
channel being at 3 cm distance).

The calculated initial ion density of 10° cm—3 is several
orders of magnitude larger than the largest initial O, -ion den-
sity of 10 cm ™~ used in the simulations presented in this paper.
The results for these simulations are shown in figure 14(c) and
will be discussed in a later section. The main point to be dis-
cussed here is that if a density of 10 cm ™3 (or larger) is used as
an initial homogeneous O; -ion density, all inception times i,
are smaller than 1 ps which does not match with experiments.

A possible explanation for this discrepancy is the formation
of O3 and NOj. Popov [29] has shown that already after 10
ms of diffusive expansion of a streamer channel in air at atmo-
spheric pressure the main negative ions are O; and NO3 with
other ions like O, having a substantially lower contribution
to the total negative ion density. O5 and NO3 have an electron
bonding energy 4 and 7 times higher than O, respectively. This
means that detachment from these negative ions does not occur
as easily as from O, .

O3 and NO; will serve as an effective electron sink. The
result is that when the next HV pulse is applied, only a small
fraction of negative ions (mainly the O; ions) will be able to
detach an electron which can initiate the discharge. Further
chemical modelling is needed to investigate this in the future.

3

4. Simulation model

4.1. Particle model

We have developed a particle model to simulate the inception
behaviour. In this model, electrons and negative oxygen ions
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Figure 5. The computational domain for (a) the electric field computation with COMSOL (included are scalar potential contour lines), and
(b) the particle model. The COMSOL domain uses cylindrical coordinates while the particle model uses 3D Cartesian coordinates in a box
of 15 x 15 x 7.2 cm®. The coloured spheres in (b) represent O, ions placed homogeneously in the simulation box (in this particular figure a
density of 0.1 cm ™3 was used which equals 128 ions). The green highlighted area represents the position where an inhomogeneous
distribution of O -ions was placed in some simulations to obtain the histograms in figure 14(d).
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(03) are tracked as particles moving through a constant back-
ground of N, and O, molecules under the influence of the local
electric field. Table 1 shows the plasma-chemical reactions
included in the model; they include electron impact ionization,
electron attachment and detachment and photo-ionization.
The electrons were moved with a 3D particle model using
a MCC technique, as described in [24], to take collisions
with the neutral background gas into account. A Velocity
Verlet scheme was used to advance the electrons. The axisym-
metric electric field was kept static throughout the simula-
tions. This field was interpolated to the particle positions by
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Figure 7. Drift time on the axis of symmetry of an electron (left) or
an O, ion (right) from a distance x to the pointed electrode at x = 0
when a voltage of 300 V (inner y-axis) or 17 kV (outer y-axis) is
applied across the gap. Calculated using (2). Only a single line is
drawn because the different mobilities and voltages only change the
slope of the drift time curves which can be reflected in the y-axis
scale.

converting the Cartesian particle coordinates (x,y, z) to (r, z)
coordinates.

The availability of cross sections for O, collisions with
neutral gas molecules is limited. The motion of these ions was
therefore modelled by using a mobility coefficient x. Their
drift velocity is then given by v = —uE, where E is the electric
field at the location of the O ion. This drift approximation was
deemed acceptable since the O, ions only serve as an electron
source through detachment.

The mobility of O, as a function of the reduced elec-
tric field was taken from the VIEHLAND database [37]. This
mobility is reported for air at STP conditions and was scaled to
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in an 80/20 N,/O, mixture at 500 mbar. The detachment time from
O, was calculated from formulas given in [19]. The attachment and
ionization time was calculated from cross sections of Itikawa
[30—-32] and for the 3-body attachment from Phelps [33] which were
input into BOLSIG- [40, 41] to calculate reaction rates.

a pressure of 500 mbar using p = MSTP%, with ¢ and pgrp
the mobility at 500 mbar and at 1 bar respectively, and N and
Ngtp the number density of the gas at 500 mbar and at 1 bar
respectively. This tabulated database was linearly interpolated
to obtain mobilities corresponding to electric fields which are
not explicitly included in the database.

Experimentally measured detachment rates were fitted by
Pancheshnyi [19] to obtain the following approximation for
the electron detachment rate from O, : r = Ngsko exp ‘eA‘.
Here, Ng, is the number density of the gas, and ko = (1.22
+0.07)10 " em®s™! and Ae =0.78+0.03 eV are the fit
parameters used for the Arrhenius approximation. Further-
more, 0 is the effective ion temperature calculated as
0 = Zmionviy, + kpTgas Where mioy and vioy are the mass and
velocity of the ion respectively, kg is Boltzmann’s constant
and Ty, is the temperature of the gas. The detachment rate
is used as a collision frequency for the O; -ions so that the null
collision method can be used to stochastically determine if a
detachment reaction takes places in a given timestep for a given
O, -ion.

4.2. Electric field

The electrode geometry, shown in figure 5(a), was drawn in a
CAD programme according to the dimensions of the experi-
mentally used electrode. To calculate the electric field distri-
bution, this CAD drawn electrode geometry was imported into
COMSOL [38] where the cylindrical symmetry of the problem
was used. The boundary conditions for the scalar poten-
tial ¢ were set to: %\,:0 =0, %|r:7,5cm =0, %f\z:gcm =0,
¢|:=0 = 0, and ¢|,in = V (where V is the applied voltage to the
pin electrode). The rise time of the experimentally used volt-
age source was not taken into account in the simulations. Since
we only have negative ions as initial condition in section 3 the
rise time of tens of ns would not have a substantial effect. In
choosing these boundary conditions we neglected the influence
of the Teflon disc above the needle electrode at z = 13 cm.
Because the Teflon disc is so far away from the discharge

region and the dielectric constant of Teflon is only around 2,
we can assume that it would not influence the discharge consid-
erably. The reduced electric field on the axis of the discharge
gap is shown in figure 6, for the case of an applied voltage of
300 V (the LV pulse) and of 17 kV (the HV pulse).

This electric field was imported into the particle model
and assumed to remain constant in time during the incep-
tion phase, i.e., space-charge effects as they occur later in the
streamer phase are neglected. The simulation domain is shown
in figure 5(b); it is a cube of 15 x 15 x 7.2 cm® which com-
pletely covers the 15 cm diameter grounded electrode and the
full discharge gap.

4.3. Inception time tin.

In the experiments, the inception time f,. was measured as
the time from the application of the high voltage pulse until
the time of light emission from the discharge. In the simu-
lations, the presence of 10° electrons was used to determine
the moment of inception, as was also done in previ-
ous inception simulations [39]. We assume the presence
of 10° electrons indicates rapid and continued discharge
growth, due to additional electron avalanches caused by
photo-ionization.

4.4. Drift and reaction times

To guide the interpretation of the experimental results, we here
discuss relevant drift and reaction times.

Figure 7 shows the drift time #4:n(x) of electrons and
O, ions from a distance x to the pointed electrode at x = 0
on the axis of symmetry. It is calculated as

X 1 ,
fain () /O i & @)
where 1 is the mobility of the respective species, and E(x) the
electric field on the axis, see figure 6. The two axes on the left
of figure 7 show the drift time of electrons either in the HV
of 17 kV or in the LV of 300 V, and the two axes on the right
show the same for O; ions, in the inverse order of LV and HV.
To cross the gap of 6 cm on the axis of symmetry, electrons
need around 1.8 ps under HV conditions and 20 s under LV
conditions, and O ions need around 490 ps (HV) and 27.5 ms
(LV).

The charged species do not only drift in the field, but they
alsoreact, and characteristic times for electrons as a function of
reduced electric field are plotted in figure 8, namely the attach-
ment time, the detachment time and the impact ionization time
as a function of the reduced electric field. The breakdown
field is indicated as well; for higher fields electron avalanches
Srow.

5. Results and discussion

5.1. Baseline experiment

In our baseline experiment, we applied HV pulses of 17 kV
with a duration of 10 ms to artificial air at 500 mbar, and we
repeated this 6000 times with a repetition frequency of 2 Hz.
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data between the first and the third peak.

The histogram of inception times fiy is displayed in figure 9(a)
on a logarithmic scale for the time, where the size of the time
bins is scaled as logt. The histogram shows that there are three
distinct peaks in this distribution, namely at around 20 ns,
25 ps, and 125 ps. The aim of the paper is to study the con-
ditions for these three peaks to form and to understand their
physical nature as far as possible—though puzzles remain.

It is clear that a discharge starts from an impact ionization
avalanche of electrons in the high field zone near the pin elec-
trode. And our simulations confirm that one initial electron in
this region can start sufficient electron multiplication to start a
discharge, at least when it is initially near the symmetry axis
of the set-up. So the relevant question is: where do these ini-
tial electrons come from, when and how many? And the fact
that there are three distinct inception time peaks suggests, that
there might be three distinct sources for these electrons.

In a first step, we have checked whether there is any tempo-
ral correlation between discharges of the three different peaks.
Figure 9(b) shows the #;,. histogram for the discharges imme-
diately before a discharge with a #;,. in the first peak, and
panels ¢ and d show the same for the second and third peak.
We see that the histograms in figure 9(b)—(d) all retain the
same structure as the baseline figure 9(a), up to differences

due to the different total number of discharges. This means
that the inception times £, for two consecutive discharges are
uncorrelated.

5.2. Baseline theory

Before embarking into a more detailed discussion of the exper-
iments, let us first state what we expect in the simplest case: a
homogeneous distribution either of electrons or of O; ions.

Let us assume in a first step that electron reactions like
impact ionization or attachment as well as electron diffusion
can be neglected. In this case the electron flux j in an electric
field E is j = pu.(E)E ne where n. is the electron density. We
can neglect space charge effects on the inception process itself
because space charge densities of such magnitudes that they
have a significant effect on the electric field contradict with
the observed stochastic behaviour of the inception delay. If the
mobility p, does not depend on the electric field, and if there
are no space charges V - E = 0, then a homogeneous elec-
tron density will stay homogeneous while drifting in the field,
as

One =—V-j= -V - (uEn.) =0, 3)

according to the conservation law of electrons and to the
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Figure 10. Analytic estimate of the inception probability versus
time as given by equation (4). N represents the initial number of
particles and 1, their maximal drift time to the electrode, see the
text for details. Note that the inception probability depends, to a
good approximation, on the ratio N /f.x. Surprisingly, our
experimental results do not resemble the curves shown here.

assumptions above. This means that at any moment in time
the same flux of electrons passes at any point in space, inde-
pendently of the precise electric field configuration. In partic-
ular, the electron flux arriving at the high field zone near the
electrode is constant in time.

As shown in appendix A, the probability density of incep-
tion can then be approximated by

F(O) = N/tmax(1 — t/tma) 1, 4)

where N denotes the initial number of electrons (or O ions)
equally distributed in some volume around the electrode and
tmax 1S the maximal drift time of these particles towards the
electrode. As discussed in appendix A, equation (4) depends
to a good approximation on the ratio N/fp., which can
be interpreted as the number of particles reaching the elec-
trode per unit time. Figure 10 illustrates the dependence of
equation (4) on N and . In all cases, the probability of
inception decreases with time, but this happens more rapidly
for larger values of N/ty.. The mean inception time given
by equation (4) is fm.x /(N + 1); this time scale decreases
approximately like the inverse of N/fpax.

The above analysis applies to both electrons and O, ions,
but with a longer time scale for O ions due to their smaller
mobility. These ions will drift in the field until they reach the
high field zone, where they detach an electron that can start an
avalanche and a discharge. In the experiments, we expect to
have mostly negative ions at the beginning of the HV pulse,
since the time scale for electron attachment in the absence of
an electric field is on the order of 10ns, see figure 8.

Comparing the analytical estimate for the histogram of
inception times f,. in figure 10 with the experimentally
observed histogram in figure 9 we see that there is a strong
deviation from the analytical estimate, with three peaks in the
distribution rather than one continuous decrease. Therefore at

least one of the assumptions above must be wrong. This could
for example happen when:

e There is more than one species involved.

e The species are initially not homogeneously distributed.

e Attachment or ionization reactions cannot be neglected
along the path of the charged species or there is another
reaction liberating or binding free electrons under specific
conditions.

e There are space charge effects, hence V - E # 0.

e The mobility of the species is strongly field dependent.

In the following sections we will discuss each peak in the
distribution of inception times, and how and why they deviate
from the analytical estimate above.

5.3. The first peak

In the inception time histogram, shown in figure 9(a) with a
statistics over 6000 discharges, the first peak occurs between
10 ns and 100 ns which is several orders of magnitude earlier
and shorter than the two other peaks. The first peak accounts
for about 3.4% of all inception events.

There are essentially two possible sources for this early
peak: either free electrons are already available when the HV
pulse starts, or there are particles, e.g., O, ions, that rapidly
release electrons at that moment.

Electrons are quite unlikely to be present at the beginning
of the HV pulse, since according to figure 8 they attach to oxy-
gen on a timescale of 10—100 ns for electric fields well below
the breakdown value. Therefore electrons produced during a
previous HV pulse will attach between the pulses. It is reason-
able to assume that free electrons already present in the gap
when an HV pulse is applied were not produced by a previous
discharge, but by rare events like cosmic rays or radioactive
decay of materials present in the lab.

O, -ions could be a source of free electrons as figure 8
shows that a detachment time smaller than 100 ns occurs for a
reduced electric field larger than 120 Td. Figure 6 shows that
this reduced electric field is found for distances smaller than
0.06 cm from the pin electrode when a potential of 17 kV is
applied. This shows that ions very close to the pin electrode
can detach an electron sufficiently rapidly to produce the first
peak. The region of space extending to a distance of 0.06 cm
will be called the active zone for the rest of the discussion of
the first peak. The following discussion will assume O, -ions to
be the main contributor to the discharges belonging to the first
peak (in principle any detaching negative ion can contribute
to the discharge inception, but for our experimental conditions
O, will be the most prevalent [19]).

5.3.1. Hypothesis: electrons detaching from O, in the active
zone as the source of the first peak. To test whether O, -ions
were present before an HV pulse, we applied a positive LV
pulse of 300 V with a duration of #;y_gy = 1 ms or longer and
immediately before the HV pulse (fry_sp = 0). The goal was
to pull all negative ions in the gap towards the pin electrode
during the LV pulse without triggering a discharge.

The histogram of inception times for 600 repetitions of the
pulse experimentis shown in figure 11(b); it shows that the first
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Figure 11. Histograms of discharge inception time #;,. for 600 discharges produced (a) for no LV pulse and by applying a 300 V pulse for
fiv—aur = (b) 1, (c) 5, (d) 10, and (e) 50 ms, (f) a DC bias before a 17 kV pulse of 10 ms with a repetition frequency of 2 Hz.

peak is removed. The removal of the first peak can be explained
in the following manner: as O, -ions are drawn closer to the
electrode at a certain point they will be too close to the sur-
face of the electrode for a detached electron to produce a large
enough avalanche to initiate a discharge.

A new question arises when we follow this reasoning:
why would not O, coming from further in the discharge gap
‘replace’ the O, that are now pulled too close to the pin
electrode and thus keep the first peak unchanged? This can
only happen if the density of O; -ions is higher in the active
zone than in the region of space from which O; -ions could
travel towards this active zone during the LV pulse. It remains
unsolved as to what would cause such a difference in O, den-
sity. A possible source of a higher density of O, ions close
to the pin electrode could be the continuous glow discharge
observed after a discharge has been triggered but before the
HV pulse is turned off. This glow discharge has been discussed
in section 3.

Figure 12 shows the effects that a —300 V LV pulse has
on the #j,. histogram. For any duration f;y_q, (1 ms, 5 ms,
10 ms, 50 ms, and DC) of the LV pulse, O, should drift out
of the active zone according to the calculated drift times in
figure 7. This would mean that the first peak should not be
present anymore in the #,. histogram or be shifted to higher
finc accounting for the drift time of O; -ions. Figures 12(b)—(f)
shows that the first peak remains present for times below 100
ns, just as without an LV pulse.

A possible explanation is that the electric field off-axis of
the discharge gap is much lower which would keep at least

some O, -ions in the active zone during a negative LV pulse.
This is areasonable explanation for the short LV pulses (f1y_sep
< 10 ms), but should still not be able to explain the results for
fiv—sep = 50 ms or negative DC.

Another explanation can be the emission of electrons from
the electrode due to impact/absorption of the positive ions. The
kinetic energy of the positive ions will be much lower than the
work function of the electrode, but if the positive ions are in a
more energetic state (increased internal energy) then a surface
reaction might occur which emits an electron.

5.4. The second peak

5.4.1. Experimental evaluation. The second peak in the incep-
tion time histogram in figure 9 occurs around 25 ps. We re-plot
this data in figure 13(a) in a linear scale to better investigate
this source of discharge inception. The results of applying a
positive or negative LV pulse, with different #;y_gy, before
the HV pulse (fLv_sep = 0) are plotted on a linear scale in
figures 13(b)—(f).

We see in figures 13(b)—(f) that the second peak does not
shift significantly to lower or higher #;,.. The first and third
peak shift substantially more and, in figure 13(d), the shifted
third peak ‘eats up’ part of the second peak. These results
suggest that the source of the second peak is not measurably
influenced by the electric field produced by the LV pulse.

For one set of 600 discharges we decreased the repetition
frequency of the HV pulses to 0.2 Hz to investigate its effects
on the second peak. Figure 17(a) shows the effect that this rep-
etition frequency change had on #,.. We see that decreasing
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it does not.

Table 2. Table with experimentally observed shifts (Af;,) of the
third peak in the f;,c histograms shown in figure 12 when applying
an LV pulse with variable f1y_ gy If the #i,. of the third peak
corresponds to the drift time of O, -ions then Xy, would be the
average starting position of the O, -ions. The shift in starting
position due to the LV pulse is represented by Axg,y. The distance
that O, can travel during the LV pulse is calculated using

equation (2) and represented here as Axpy.

1LV —dur (ms) tinc (/143) Alinc (/143) Xstart (Cm) Axstan (Cm) A)CLV (Cm)

Positive LV

0 122.8 1.73

1 98.3 24.5 1.45 0.28 0.20

5 3252 90.28 0.66 1.07 1.04
10 9.1 113.7 0.3 1.43 >1.73
Negative LV

0 122.8 1.73

1 1323 -9.5 1.84 —0.11 -0.2
5 1846 —61.8 2.45 —0.72 —1.03
10 2283 —1055 295 —1.22 —2.02

the repetition frequency causes the first and third peak to com-
pletely disappear while keeping the second peak intact. The
source of the second peak seems to be able to live for at least
5 s without an applied electric field.

We would also like to remark that we had to open up the
vessel once for maintenance. When we closed the vessel and
pumped the pressure down to 500 mbar, the second peak was
completely removed from the #;,. histogram. After pumping

1

the vessel down for a week we measured the f,. histogram
again and found the histogram as in figure 9 again. We think
that by opening the vessel we allowed H,O to enter the ves-
sel. From [42] we know that H,O is an effective quencher
of excited O, and N, states which could correspond with the
removal of the second peak. Since H,O is not easily pumped
out of the vessel we required a week to obtain the original
synthetic air composition of 80% N, and 20% O,.

In the following section we will discuss several hypotheses
which could explain the different experimental observations
about the source of the second peak (No measurable effect of
an LV pulse, only peak which remains when the repetition fre-
quency is reduced to 0.2 Hz, and removal of only this peak
when the vessel was briefly opened).

5.4.2. Hypothesis. The first peak has been argued in the pre-
vious section to be caused by discharge inception by free elec-
trons or O, already present in the discharge gap when the HV
pulse is applied (or created shortly thereafter).

Since the first peak is influenced strongly by applying an LV
pulse before the HV pulse and the second peak is not, we think
it is likely that the second peak is caused by electron creation
processes involving only neutral species.

One hypothesis would be the production of electrons due
to Penning ionization. We worked in an N,/O, gas mixture
so we can identify various Penning ionization reactions from
literature [43]:

N2(A) + No(@) - N +e” )
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N2(A) + Na(@) = Ny +No(X) + ¢~ (6)
Na(a) + Np(@) = NJ + e~ (7)
No(@) + No(@) = N + No(X) + e~ ®)

However, the lifetime of the excited states N»(A) and N»(a’)
are determined by quenching reactions with O, as shown in
[44]. At a pressure of 500 mbar these quenching reactions
will have a timescale on the order of 10—100 ns. Taking these
quenching reactions into account we can assume that the den-
sity of N,(A) and N,(a’) will be very low after the 100 s of ms
that the HV pulse was off and thus cannot explain the second
peak.

Another possible explanation for the second peak could be
that there are quasi-neutral patches of charged species which,
due to their space charge effects, cannot be pulled apart by
the field created by the LV pulse (or DC), but the large charge
densities required for this are not consistent with the observed
stochastic inception behaviour.

5.5. The third peak

5.5.1. Source of electrons. The third peak in the baseline
experiment occurs around 125 us. The histogram obtained
when we applied a 300 V pulse for 1 ms before the HV pulse,
shown in figure 11(b), shows that the third peak shifted to

lower ;.. This shift can mean one of two things: either the
source of electrons shifts closer to the electrode, or the process
to produce an electron is sped up.

Theoretical results obtained by assuming that the third peak
is caused by a source of electrons which can move due to the
application of an LV pulse match well with the experimental
observations. For this reason the following analysis will start
from this assumption.

5.5.2. Hypothesis: drift time of O, as the characteristic time
of the third peak. Assuming that the inception time for the
third peak is caused by the drift time of a negative ion (e.g.
O, ) we can calculate whether the shift of the third peak, when
applying a positive LV pulse, corresponds to the movement
of negative ions during the positive voltage pulse. In the fol-
lowing calculations the drift of the negative ions is calculated
directly on the axis of the pin electrode. The electric field will
be slightly different off-axis and so results will change when
ions are allowed to drift off-axis.

Without a positive LV pulse the third peak occurs at
122.8 us. We assume that this is the average drift time of an
O, -ion to get to the HV pin electrode. In principle it is suf-
ficient for the negative ions to travel to the ionization zone,
but for calculation purposes it is easier to take the HV pin
electrode as endpoint. We therefore find the distance Ax from
the HV electrode at which the negative ions start by applying
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has an inception probability of 0.92.

equation (2), where f;, is the average inception time of 122.8
us, E(x) is the applied electric field between the electrodes (on
the axis), and 1(E(x)) is the O; -ion mobility at 500 mbar at
position x. We obtain Ax = 1.73 cm. This means that if the
inception time of 122.8 us of the third peak is caused by the
drift time of negativeions to the HV electrode, they would need
to have started at a distance of 1.73 cm from the pin electrode.

When we applied a positive LV pulse with f1y_q, = 1 ms
and f1y_gp = 0, the third peak shifted to 98.3 us. Performing
the same calculation as before, we find that the negative ions
started at a distance of 1.45 cm from the HV pin electrode.
Indicating that during the LV pulse the negative ions moved
0.28 cm towards the pin electrode.

Now we can calculate the distance that an O, -ion would
travel during this LV pulse. Starting from a position of 1.73 cm
from the pin electrode the O; -ion will drift for a time #1y_gur
in the field of the LV pulse. In this case fiy_q,r = 1 ms and
using equation (2) we find Ax = 0.20 cm.

We see that the difference in travel distance (1.73 cm—1.45
cm = 0.28 cm) of the negative ions for the experiments with
and without this positive LV pulse corresponds to the distance
O, -ions can travel during this LV pulse (0.20 cm). These cal-
culations suggest that O, -ions cause the third peak and that
the values of f,. correspond to the average drift time of the
O -ions to the HV pin electrode.

A comparison of the shift of the third peak caused by the
application of a positive LV pulse with various f1y_g,r and the
distance negative ions can travel during this LV pulse is given
in table 2. In this table we can observe that for f{y_qu = 10
ms the O; -ions should have already reached the pin electrode,
but their starting position seems to still be 0.3 cm from the pin
electrode. A possible explanation is that the electric field of the
LV pulse is not the only force in the gap. Space charge effects
could reduce the distance that the negative ions can drift in the
field of the LV pulse.

We also applied a negative LV pulse with various #y_q,r and
fiv—sep = 0. Figure 12(e) shows the histogram obtained from
these experiments. We can see that the third peak is now shifted
to higher #,.. Table 2 shows the experimental and calculated
shifts of the third peak for different #;y_qur. We can see that
the calculated shifts match pretty well with the experimentally
observed shifts. The presented results seem to agree with the
idea that the third peak is mainly caused by the drift of negative
ions, likely to be O -ions.

Note that there is a sharp drop after the third peak of around
125 ps. An interpretation could be that up to a distance of
around 1.7 cm there are sufficient negative ions to have a near
unity probability of inception. The results should not be inter-
preted as if there are no ions after this distance of 1.7 cm, they
simply do not get a chance to be the cause of inception.
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Figure 15. Histograms of discharge inception time #,. for 600 discharges produced by applying a 300 V pulse for 50 ms and
frv—sep = (b) 5,(c) 10, (d) 50, (e) 150, (f) 250 ms before a 17 kV pulse of 10 ms with a repetition frequency of 2 Hz.

5.5.3. Producing the third peak. Here, we discuss how the
third peak appears in linear and log scaled histograms of
tinc Obtained from particle simulations with different initial
conditions. The goal is to understand what the initial condi-
tions of the particle simulations have to be to obtain a com-
parable result to experiment. Homogeneous ion densities of
0.1 cm™3 to 10 cm™> were used as initial conditions. Only
O, -ions were placed since from figure 8 we can see that most
electrons should have attached already during the 490 ms HV
pulse off-time. A fourth particle simulation was done where a
homogeneous ion density of 10 cm—3 was placed together with
an extra patch of ions at a distance of around 1.9 cm from the
pin electrode as shown as the green rectangle in figure 5. This
extra patch of ions contained 3 times as many ions as in the
rest of the domain (124 in the domain, 354 in the extra patch).
Each initial condition was run 600 times to obtain statistics on
tinc from the simulation results. An initial homogeneous dis-
tribution of 0.1 cm 3 O resulted in a probability of inception
within 1 ms of 91%, all other initial conditions had a 100%
inception chance.

We can see in all initially homogeneous cases that the exper-
imentally observed peak around 125 us is absent from the
linear scaled histograms shown in figuress 14(a)—(c).

The log scaled histogram shown in figure 14 (a,) contains a
peak >125 pus which would naively be matched with the third

peak observed in figure 9. A property of the log scaled his-
togram is that the bins on the x-axis increase in size as we
move along the x-axis. This property causes a peak to show
up in log scaled histograms fairly easily. However, note that
in the experimental observations of the third peak, it is also
visible on a linear scale.

For these simulations there was only one assumption which
was that the initial ion density was distributed homogeneously.
Since we are investigating the discharge inception for repeti-
tive pulses it is possible that the initial density for the next pulse
is not homogeneously distributed. Figure 2(c) shows a typical
discharge during one of the HV pulses. We can see that it is not
unreasonable to assume an initial inhomogeneous distribution
of ions as we move away from the HV pin electrode.

Figure 14(d) shows the histograms of #;,. for the simula-
tions with an extra patch of O; -ions placed between 1.8 cm
and 2.0 cm from the pin electrode. Due to this inhomogeneous
distribution of O, -ions we can see in these histograms that a
peak is not only present in the logarithmic scale but also in the
linear histogram.

From these results it seems that some inhomogeneity in
the spatial distribution of O -ions is needed to produce the
experimentally observed third peak in the histogram of #,.

5.5.4. Increasing duration between LV and HV pulse. In this
section we investigate the influence of increasing the time
between the LV pulse and the next HV pulse. We apply an
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Figure 16. Histograms of discharge inception time #;,. for 600 discharges produced by applying a 300 V pulse for f1y_qur = (b) 50, (c) 150,
(d) 250, and (e) 450 ms, for (a) no LV pulse and (f) a DC bias before a 17 kV pulse of 10 ms with a repetition frequency of 2 Hz.

LV pulse of 300 V for a duration of 50 ms at #1y_s, ms before
the next HV pulse i.e. if fry_s; = 0 ms then the LV pulse is
attached to the next HV pulse which is the same situation as
shown in figure 11(e). An LV pulse duration of 50 ms was cho-
sen because this is a sufficient time to pull all negative ions in
the discharge gap towards the HV pin electrode.

Figure 15 shows a collection of histograms of #,. for dif-
ferent values of #1y_p. We see that for small values of fry_gep
(5-10 ms, figures 15(b) and (c)) a peak is moving from small
finc to higher f;,c and for high values of f1y_s, (150-250 ms,
figures 15(e) and (f)) the histogram resembles the baseline
experiment histogram (figure 15(a)). We can make sense of this
behaviour by noting that the 50 ms LV pulse of 300 V not only
pulled all negative ions towards the HV pin electrode, but also
pushed positive ions away from it. When the applied potential
is now turned off, the separation of these charged species can
create an electric field which pulls the charged species back
towards their starting position.

If tv_sep is not long enough (5-10 ms, figures 15(b) and
(c)) we see that the negative ions did not have enough time
to return back to their starting position and are still relatively
close to the HV pin electrode. Because they are still close
to the HV pin electrode they can trigger a discharge quickly
(ps) after the application of the HV pulse. If #1y_gp is long
enough (150-250 ms, figures 15(e) and (f)) we can see that
the charged species were able to return back to their start-
ing position since the histograms now resemble the baseline
experiment (figure 15(a)).

5.5.5. Increasing LV pulse duration. In this section we inves-
tigate the influence of high values of #y_gy (=50 ms) for the
same voltage configuration as for the experiment in figure 11.
Figures 11 and 16 show that for #;y_q, up to 50 ms the third
peak moves to the left (the discharge starts faster). For higher
values of 1y _qur, the third peak disappears and the second peak
seems to re-emerge.

When #1y_gur = 50 ms, the negative ions can gather around
the HV pin electrode. When an HV pulse is then applied, right
after this LV pulse, the negative ions no longer have to travel
towards the HV pin electrode. The only process that needs to
happen to trigger a discharge is the detachment of an electron
from the negative ion which can then start the discharge.

Increasing t1v_qur keeps the negative ions against the pin
electrode for a longer time. During this time the negative
ions can neutralize [45]. Inception becomes slower as f1y_qur
increases since more negative ions are neutralized. The result
of applying any positive LV pulse is that negative charges
are being removed from the discharge gap. For the LV pulse
applied in this work: the free electrons need fyy_gy > 1 ms,
and the negative ions need fyy_gy => 50 ms.

If the LV pulse is on during the entire time between two HV
pulses (positive DC bias), we see in figure 16(f) that the third
peak is almost completely removed. The counts that are still
present around the third peak timescale (125 ws) could still be
caused by leftover negative ions, but they can also be due to
the long tail of the second peak. The height of the second peak
remains relatively unchanged from the base experiment 16(a).
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5.6. Streamer inception under different conditions

The experiments described above show that in a specific condi-
tion, 17 kV HV amplitude with a repetition frequency of 2 Hz
and a working pressure of 500 mbar, an electron which initi-
ates a streamer can originate from three different sources. The
question that we now need to address is whether these conclu-
sions are generic or only valid for these specific experiment
conditions. Hence, we repeated some of the experiments for
combinations of a different repetition frequency (0.2 Hz), pres-
sure (250 and 750 mbar), and voltage (12 kV) to see whether
the observations still hold.

Figure 17(a) shows that for a repetition frequency of 0.2 Hz
only one peak is present in the . histogram. The sources for
the first and third peak in figure 9 do not seem to play a role
when the repetition frequency is decreased. This may be due to
the increased time between HV pulses where no electric field
is applied across the gap. During this time ion recombination
processes can remove the detaching negative ion species. This
again indicates that the source of the second peaks has a long
lifetime.

Figure 17(b) shows the #;,. histogram for an increased pres-
sure of 750 mbar. We observed similar peaks as in the baseline
experiment (figure 9), but the third peak shifted to higher fiyc.
The drift time of ions will scale inversely with the pressure
which can explain the shift of the third peak to higher #,. for
a higher pressure. When the pressure is lowered to 250 mbar
we see that most inception takes place at i, < 0.1 us. It does
not seem reasonable to attribute this shift of 7, from 125 us
to 0.1 us due to a halving of the pressure. The attachment time
would also not be decreased enough to allow for free electrons
to exist when an HV pulse is applied and thus triggering a fast
inception of the discharge. A possible explanation is that the

detaching negative ions are not converted to O; (stable) or
neutralized through recombination reactions as quickly. This
would result in more detaching negative ions to remain from
the previous discharge. The density of detaching negative ions
would increase over time (also in the ionization zone) which
will increase the chance of fast discharge inception.

When a lower HV (12 kV) is applied (still higher than
the inception voltage, probability of inception = 100%), the
first peak seems to have almost disappeared, as shown in
figures 17(c) and (d). This may be caused by the smaller ion-
ization zone around the pin electrode which would reduce the
chance of having a detaching negative ion in this zone when
an HV pulse is applied. This would reduce the occurrences of
fast discharge inception (first peak).

In summary, any change in experimental setup which would
change the density and distribution of species in the streamer
channel will have an effect on the f,. histogram. Parame-
ters that can be changed and will have an influence are: gap
distance, applied voltage, gas pressure, repetition frequency,
etc.

6. Summary and open questions

We investigated the inception process of repetitive pulsed dis-
charges by measuring the distribution of discharge inception
times tj,. after the start of the HV pulse. We applied 17 kV
pulses of 10 ms duration with a repetition frequency of 2
Hz-500 mbar synthetic air and produced a histogram of incep-
tion times tj,., which shows three distinct peaks. By applying
LV pulses between the HV pulses, these peaks could be shifted
in time or changed in magnitude. We provide theoretical argu-
ments and numerical calculations aimed at identifying differ-
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ent electron producing processes that would explain each peak.
However, open questions remain.

We start with two theoretical considerations.

First, in section 5.2 it is argued that a single uniformly dis-
tributed electron source would create only one early peak, with
an initial increase related to the voltage rise time or to the elec-
tron detachment time from an oxygen ion, and then with a
continuous decay of the inception probability in time. So the
different peaks suggest different physical mechanisms.

Second, after a streamer discharge in synthetic air, elec-
trons attach to oxygen molecules on a time scale of 10—100 ns
between the HV pulses, and the negative oxygen ions can
rapidly detach electrons and start a discharge in the high field
zone near the electrode during the next HV pulse. We estimate
the O, density in a decaying streamer channel as 10° ¢cm—?
at the beginning of the next HV pulse. This number is based
on the assumption of fast electron attachment to form O, and
on diffusion and recombination of positive and negative ions.
However, to reach inception times comparable to experiment,
the O, density needs to be as low as 10 cm, i.e., 4 orders of
magnitude smaller. A possible explanation is that more plasma
chemistry has to be added, in particular, that further ion con-
version takes place to form the ozone ion O3 and NOy5 . These
ions are rather stable, and therefore an effective electron sink.
This question needs further investigation in the future.

Concerning the physical processes causing the distinct
peaks, we find that the first and the third peak are susceptible to
LV pulses, consistent with the drift of negative oxygen ions; in
the high field zone near the electrode these ions can detach an
electron and create an ionization avalanche. However, to form
these two peaks, the ions need to be quite inhomogeneously
distributed. The first peak would be caused by a large ion con-
centration in the high field zone near the electrode (possibly
due to the glow during most of the previous HV pulse), and
the third peak would be caused by another large ion concen-
tration starting at a distance of about 1.5 cm from the electrode.
However, to create the well separated peaks, the two regions
with high ion density would need to be clearly separated by
a region with very low ion density. It is not clear how such a
concentration profile would arise.

The second peak does not shift in time with an LV pulse,
which suggests that this electron source is electrically neutral.
A continuous, field independent electron source due to Pen-
ning ionization could be an explanation, but the lifetime of
the Penning ionizing species N»(A) and N, (a') are determined
by quenching reactions with O, and these have timescales on
the order of 10-100 ns which makes Penning ionization an
unlikely hypothesis. Another explanation could be the pres-
ence of quasi-neutral ion patches which cannot be separated
by an LV pulse due to space charge effects. The negative ions
in these patches can drift in the HV field towards the pin elec-
trode and initiate a discharge by detaching an electron. It is not
clear yet if such quasi-neutral patches would be created by a
discharge.

Applying a negative LV pulse did not remove the first peak
which we argument to be caused by negative ions close to the
pin electrode. Secondary emission from the electrode could
happen due to impact of positive ions, but in the electric field

of the LV pulse the kinetic energy of these ions would be much
lower than the work function of the electrode material. Other
secondary emission reactions will need to be investigated in
the future to understand this observation better.

The open questions which arose from this research are listed
as follows:

(a) If the first peak is caused by detaching O; -ions, why can
it be removed by applying a positive LV pulse? O -ions
from further away in the gap should move towards the pin
electrode.

(b) If the first peak is caused by detaching O, -ions, why can it
not be removed by applying a negative LV pulse (or even
a negative DC bias)?

(c) What causes the second peak? It seems to not be influ-
enced by any LV pulse applied. It is the only peak present
when the repetition frequency is decreased to 0.2 Hz. It
accounts for 61% of the discharge inceptions.

(d) Simulations show that the third peak can be produced by
an inhomogeneous Oj -ion distribution. What causes this
spatial inhomogeneity?
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Appendix A. Analytic estimate for inception
probability

In this appendix, we derive an analytic estimate for the proba-
bility of inception when only drift is taken into account; effects
due to reactions, diffusion or space charge are neglected.

Suppose that a single O; ion or electron is present in the
discharge vessel, with a spatially homogeneous probability
distribution. For simplicity, we assume that inception occurs
when this particle reaches the HV electrode (for the O, ion,
an electron would be liberated through detachment in the high
field around the electrode). The probability of inception is then
equal to the probability that the particle has reached the HV
electrode in a time ¢, which we denote by F ().

As discussed in section 5.2, we can assume the particle flux
(or its probabilistic equivalent) to be constant in time until
boundary effects due to the finite vessel size become relevant.
The underlying assumptions are that the field is divergence-
free, that the mobility is constant, and that the initial density is
homogeneous. If the flux is constant, then we have F(f)  t.
If we assume that any particle reaches the HV electrode within
a time 74, then we can write

Fl(t) = t/tmax,

in other words, the inception probability linearly increases
with time from zero to one. If there are N initial particles, the
probability of inception F(¢) is one minus the probability that
inception did not occur

(A.1)

F(ty=1—(—-Fi@0)",
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so that the probability density of inception f(?) is

() = 8,F(t) = N(1 — F)N! @.

f dt

Plugging in equation (A.1), the result is
f(t) = N/tmax(l - t/tmax)N71~

For large N and 7/t < 1, this can be approximated by
() = k(1 — ki), where k = N /ty,y. To a good approximation,
the dependence on k instead of N and t,,, individually also
holds at later times. This means that the specific values used
for N and fy,,x are not important, only their ratio. One could
for example consider a volume around the electrode contain-
ing N > 1 initial particles, and let f,,,x denote the maximal
drift times of these particles to the electrode.

(A2)
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