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In this paper, we study how streamer discharges are influenced by a previous voltage pulse using
an axisymmetric fluid model. We simulate double-pulse positive streamers in N,—O, mixtures
containing 20% and 10% O, at 1 bar. By varying the time between the pulses between 5 ns and
10 us, we observe three regimes during the second pulse: streamer continuation, inhibited
growth and streamer repetition. In the streamer continuation regime, a new streamer emerges
from the tip of the previous one. In the inhibited regime, the previous channel is partially
re-ionized, but there is considerably less field enhancement and almost no light emission.
Finally, for the longest interpulse times, a new streamer forms that is similar to the first one. The
remaining electron densities at which we observe streamer continuation agree with earlier
experimental work. We introduce an estimate which relates streamer continuation to the
dielectric relaxation time, the background field and the pulse duration. Furthermore, we show
that for interpulse times above 100 ns several electron detachment reactions significantly slow

down the decay of the electron density.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Streamers are transient, filamentary gas discharges [1, 2]. Due
to the strong electric field enhancement at their tips they can
propagate in background electric fields below the breakdown
threshold. In nature they occur as streamer coronas ahead of
lightning leaders, and as tens of kilometers tall sprite dis-
charges in the thin atmosphere high above thunderstorms.
Streamer discharges can be used to generate various chemical
species and they are used in applications such as plasma medi-
cine [3-5], agriculture [6], industrial surface treatments [7],
and combustion [8].
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Streamers are commonly produced using a repetitively
pulsed voltage source [9—11]. The repetition rate determ-
ines how strongly discharges are affected by previous pulses,
through left-over ionized and neutral species as well as gas
heating. Such effects from previous pulses can cause trans-
itions between corona, glow and spark discharge regimes [12].
In [13], simulations were performed to study the evolution of
electrons, positive and negative ions during the interpulse.

The effect of pulse repetition frequencies on positive
streamers in molecular nitrogen-oxygen mixtures was studied
systematically in double pulse experiments in [9, 10]. In [9]
different formation and propagation behavior was observed
for the second-pulse streamer depending on the time between
the two voltage pulses. If this time was sufficiently short, the
first-pulse streamers continued their growth during the second
pulse. The maximum time between two voltage pulses for

© 2023 IOP Publishing Ltd


https://doi.org/10.1088/1361-6595/acf60e
https://orcid.org/0000-0002-9737-8223
https://orcid.org/0000-0002-7826-2348
https://orcid.org/0000-0003-3891-6869
https://orcid.org/0000-0003-0811-5091
mailto:jannis.teunissen@cwi.nl
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/acf60e&domain=pdf&date_stamp=2023-9-13

Plasma Sources Sci. Technol. 32 (2023) 095006

which this happens was called the continuation time. The
authors were able to explain how continuation times vary
with the O, percentage by zero-dimensional plasma-chemical
modeling.

The effect of previous pulses has also been analyzed exper-
imentally or using global kinetics models in the context of
plasma jets in [14, 15]. They focus on the minimum electron
density needed to observe the repeatable behavior of a plasma
jet. In a recent paper [16], three consecutive negative voltage
pulses were simulated for an atmospheric plasma jet to invest-
igate the role of left-over charged species after the first pulse.
Repetitive-pulsed DBD experiments were performed in [17,
18], and different breakdown regimes were identified depend-
ing on the pulse-off time similar to [9]. Furthermore, streamer
memory effects and discharge mode transitions due to repetit-
ive pulses have been studied in a series of papers by Zhao et al,
see e.g. [19, 20], and reviewed in [21].

The remaining electron density from a previous pulse can
influence where a discharge will grow during the next pulse.
Such an effect was observed [9], and it was studied in another
context with laser-generated ionization in [22, 23]. The con-
tribution of electrons detached from various negative ions to
the seed electrons of subsequent pulses was studied in several
papers [15, 16, 24, 25].

In this paper, we address an open question posed in [9]:
which physical mechanism determines the electron density
required for streamer continuation? Furthermore, we study
how the second-pulse discharge changes when the time
between the voltage pulses is increased beyond the continu-
ation time. To this end, we perform simulations of double-
pulse positive streamers in two N;—O, mixtures with 20%
and 10% O, at standard temperature and pressure, using a 2D
axisymmetric fluid model. We use a detailed plasma chem-
istry including neutral and excited species, which allows us
to investigate the relative contribution of various detachment
reactions after the first pulse.

2. Model

We study streamer discharges at 1bar and 300K in two
nitrogen-oxygen mixtures containing 20% and 10% oxygen
in an average background field of 15kV cm~!. Axisymmetric
simulations are performed with a standard drift-diffusion
fluid model with the local field approximation, using the
afivo-streamer code [26]. For a recent comparison of this
model against experiments and against particle simulations see
[27, 28]. We briefly summarize the main equations below, for
further details see e.g. [26, 29].

2.1. Equations

The electron density n, evolves in time as
O, =V - (MeEne +Devne) + S+ Spha (1)

where . is the electron mobility coefficient, D, the diffu-
sion coefficient, and E the electric field. The electron trans-
port coefficients are assumed to depend on the local electric
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Figure 1. The axi-symmetric plate-plate geometry with a needle
electrode. Boundary conditions for the species densities n and the
electrostatic potential ¢ for each of the domain boundaries are given.

field (local field approximation) and were computed using
BOLSIG- [30] using Phelps’ cross-section data [31]. S, is a
source (and sink) term due to reactions involving electrons,
for example ionization or attachment, see section 2.4. Sy, is
a photo-ionization source term, which is here implemented
according to Zhelezniak’s model [32] as discussed in [29]. Ion
and neutral densities n; (numbered by i = 1,...,n) evolve in
time as

(9,71,' + V- (q,‘ i Eni) = Si. (2)

Here S; is a source/sink term due to reactions, p; is the mobility
and ¢g; accounts for the species’ charge (0 for neutrals, —1 for
negative ions and +1 for positive ions).

The electric field E is calculated in the electrostatic approx-

imation as E = —V¢. Here ¢ is the electrostatic potential,
which is obtained by solving the Poisson equation [33, 34]
V¢ = —p/e, 3)

where p is the space charge density and ¢ is the vacuum
permittivity.

2.2. Geometry

We use a plate-plate geometry with a needle electrode which
is shown in figure 1. For species densities, homogeneous
Neumann boundary conditions are used on all domain bound-
aries. For the electric potential, a homogeneous Neumann
boundary is used on the outer radial boundary. The bottom
plate is grounded, while a high voltage is on the upper plate
and the needle electrode. The applied voltage is 20 kV, so that
the average field between the plates is 15kV cm™!, which is
about half the breakdown field at 1 bar.
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Figure 2. The applied voltage waveform with two identical pulses.
The time between the pulses Afiper is varied from 5ns to 10 us.

Table 1. List of species used in the simulations. We use the reaction
set described in [35].

Neutral N>, O, NO, NO,, NO3, N,0, N,O3, N2,Os, N,Oyq4, O3,
N(*S), NCD), N(?P), O('D), O('S), OCP)

Positive N, N, N;, N/, N0, N,O", NO;,NO™, OF,
o;,o"

Negative e ,N>O,NO,,NO;,NO",0,,05,0,,0"

Excited N (rot), (0]} (I‘Ot), N2(A), N2(B), Na(a), N2(C), Na(E),

02(a), 02(b), O2(A), Na(v = 1-8), Oz(v = 1-4)

2.3. Voltage waveform and initial conditions

The applied voltage waveform is shown in figure 2, consisting
of two identical pulses separated by a time Ay, that is varied
from 5ns to 10 ps. The peak voltage Vi, is 20kV, which is
applied during 13 ns, and the rise and fall times of the voltage
are 1ns. As an initial condition, we use a neutral (electrons
and 02+ ) background ionization density of 1.8 x 10 m~3. This
background ionization provides the first electrons for streamer
inception near the electrode tip, where there is significant elec-
tric field enhancement. Inception occurs approximately 1 ns
after the voltage is turned on.

2.4. Reaction set

We use the reaction set given in [35], containing 263 reac-
tions, which was primarily compiled from the reactions
given in [36, 37]. This set includes reactions between elec-
trons, neutrals, ions, and excited species. A list of the 56
considered species is given in table 1. Rate constants for
reactions involving electron collisions were computed with
BOLSIG— [30] using the cross-sections from [31]. We remark
that the reaction set was designed for dry air (20% O, 80%
N3), and that using the same reactions for 10% O; is an approx-
imation as some rate coefficients could depend on the O,
concentration.

We consider the motion of seven major ion species: N;r ,
O;r, Nj{, O4+, O, , O7, and O3 ; other ions are assumed to
be immobile. For simplicity, we assume that the mobile ions
all have a constant mobility 2.2 x 10~*m?Vs~! [38], because
ion motion played no major role for the results reported in this

paper.

In section 4.4, we use the reaction set used in [39] which
is a subset of the above described reaction set to demonstrate
the effect of using a simplified reaction set on the interpulse
plasma evolution.

3. Results

3.1. Effect of interpulse time on streamer continuation

We vary the interpulse time Afy, in two gas mixtures, con-
sisting of N, with 20% O, or 10% O,, to study the properties of
the streamer generated by the second voltage pulse. Figures 3
and 4 show streamers at the end of the second pulse (but before
the voltage fall time) for varying Atyye,, for the cases of 20%
0, and 10% O,, respectively. In these figures, the instantan-
eous light emission is approximated by the Abel-transformed
N, (C31IL,,) density, since most of the emission comes from the
second positive system [40]. The forward Abel transform was
performed using the Hansen-Law method [41]. Axial electric
field profiles corresponding to figure 3 are shown in figure 6.

Depending on Afyye,, We observe three regimes: continu-
ation, inhibited growth and streamer repetition, which are dis-
cussed below. In figure 5, we show the streamer evolution
during the second pulse at equally spaced time intervals for
Afinier = 25 ns and 50 ns.

3.1.1. Continuation regime.  For short interpulse times the
channel created by the first pulse still has a relatively high
conductivity. The existing channel therefore becomes electric-
ally screened during the second pulse, as shown in figure 5(a),
leading to the emergence of a new streamer from its tip. For
larger Atiye, the conductivity of the existing channel is lower,
which results in a longer electric screening time. This results
in a longer inception delay for the second streamer, which is
therefore shorter. The maximum time between the pulses for
which continuation occurs is here called the streamer continu-
ation time. In section 4.2 a criterion for streamer continuation
is discussed.

3.1.2. Inhibited regime.  For longer Aty the first-pulse
streamer channel has lost so much of its conductivity that it
does not become fully screened during the second pulse (see
figure 5(b), and there is no streamer continuation. However,
the electron density in the old channel is still high enough to
inhibit a new streamer from forming, and a weak ionization
wave passes through the channel instead. Light emission plots
in figure 5 show that there is almost no light emission dur-
ing the second pulse. In [9], such an inhibited regime was also
observed. Other studies have also found that a relatively high
background electron density reduces the field enhancement of
a streamer, leading to slower discharge growth and a lower
degree of ionization, see e.g. [23, 27].

3.1.3. Streamer repetition regime.  For even longer Afjper,
the re-ionization of the channel becomes more streamer-like,
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Figure 3. Plots of the first pulse (FP) streamer (left most column) and of the second streamer for interpulse times of 20 ns to 10 us (as
indicated above each column), for 20% O». Each column shows electron density (top, left half) and electric field (top, right half) and
instantaneous light emission (bottom), all at the end of the pulse but before the fall time. Light emission was computed using a forward Abel
transform. The three observed regimes, streamer continuation, inhibited growth and streamer repetition are indicated.

as can be seen in figure 6: the electric field is enhanced at the
tip of the re-ionized region and it is screened behind the tip.
Note that the electric field for this second-pulse streamer is
still weaker than for the first pulse, and that its head shape is
somewhat deformed. Eventually, the electron density of the
previous channel will become so low that it hardly affects the

evolution during the second pulse. We approach this behavior
for Atiper = 10 us, where the second-pulse streamer therefore
closely resembles the first-pulse streamer.

One might expect the effect of gas heating to influence the
second-pulse streamer properties. However, this is not the case
because the amount of energy deposited before the second
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Figure 4. The same plots as in figure 3, but now for 10% O,.

pulse is so small that ambient gas heating is negligible, as dis-
cussed in appendix C.

3.2. Channel evolution between pulses

To better understand the evolution of second-pulse streamer,
figure 7 shows the time evolution of the electron dens-
ity at a point 1 mm below the electrode tip starting from

the moment when the first pulse is off, i.e. from t = 15
ns. We observe two electron decay timescales. For times
up to 0.1 us, the electron density and hence the conductiv-
ity decay rapidly due to electron attachment and electron-
recombination reactions. For > 0.1 us, the electron decay
rate reduces due to detachment reactions. The main attachment
and detachment reactions while the voltage is off are given in
table 2.
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Figure 5. Evolution during the second voltage pulse for interpulse times of 25 and 50 ns, for 20% O, at equally spaced intervals. The time
offsets with regard to the rise of the second voltage pulse are indicated at the bottom and visually at the top. On top, the electron density and
the electric field are shown (left and right half of each image), and on the bottom the instantaneous light emission is shown.

The concentration of O, in the ambient gas mixture affects
the relative contribution of different attachment reactions. For
example, during an interpulse time of 500 ns, the percentage
contribution to electron loss is as follows:

e Three-body attachment to O, gas (R1+R2): 75% (20% O,)
and 55% (10% O,). Note that the rates of R1 and R2 depend
quadratically and linearly on the O, concentration.

e Dissociative recombination (R3): 24% (20% O,) and 44%
(10% O5). This reaction results from the fast conversion of
positive ions into Oj inside the streamer channel [42].

Other reactions are responsible for only about 1% of the
electron loss. These relative contributions are not sensitive to
the interpulse time, with a variation of less than 10% for all
the interpulse times.

4. Discussion

4.1. Comparison with earlier experimental work

In [22], double pulse streamer experiments were performed at
133 mbar for varying interpulse times and for varying O, con-
centrations. With 0D plasma-chemical modeling, it was estim-
ated that the minimum remaining electron density n™" for
streamer continuation was about 5 x 10'"m™3, using a pulse
duration #.,, of about 200-300ns with a rise/fall time of
15 ns. At 1 bar, these values scale to n?‘i“ ~3x10°m~3 and
teonst ~27-30ns, see [2].

For the simulations performed here, with a pulse duration
teonst ~ 13 1S, we observe streamer continuation for nmln in
the range of 10" m~3 up to 4 x 10" m~3. Compared to the
results of [22], some deviations are to be expected, due the
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Figure 6. Electric field profile at the end of the second pulse (but before the voltage falls) for 20% O, at varying interpulse times. Electric
field profile for the first-pulse streamer is plotted as a black curve for reference.
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Figure 7. The temporal evolution of the electron density during the
interpulse phase. The values were obtained at a point 1 mm below
the electrode tip. The plot with ‘Simple chemistry’ will be
elaborated further in section 4.4.

uncertainties in the 0D plasma-chemical modeling in [22],
due to corrections to the scaling with pressure, and due to
the different electrode geometries and pulse shapes. We there-
fore consider our results to be in relatively good agreement
with [22].

In [18], experiments were performed in a 1 mm overvolted
DBD gap containing N, with 0.1% O, at atmospheric pres-
sure, and a 10kV voltage was applied with a 10 kHz repeti-
tion frequency. Different breakdown regimes were observed
by varying the voltage-off time 7. between pulses. For

tof > 20 s, a positive streamer propagated between the
dielectric-covered electrodes, similar to the streamer repeti-
tion regime shown in figures 3 and 4. For 20 s > o > 4 s,
a slower and more diffuse positive streamer developed, which
was attributed to a high residual electron density in the gap.
Finally, for o < 0.5 us no streamer propagation occurred, and
instead a re-ignition of the previous discharge’s afterglow was
observed, similar to the inhibition regime shown in figures 3
and 4. The authors explain these regimes through 1D model-
ing, which correlates 7, with the background ionization dens-
ity that is present at the start of the next pulse, similar to the
present study. The fact that similar regimes were observed
despite the rather different operating conditions shows that
left-over ionization plays a generic role in repetitively pulsed
discharges.

4.2. Criterion for streamer continuation

If the channel eventually becomes electrically screened dur-
ing the second pulse, as illustrated in the evolution in figure 5,
a high electric field will again form at its tip, from which
a streamer can continue to grow. Whether streamer continu-
ation occurs therefore depends on the remaining conductivity
in the previous channel and on the duration of the second pulse.
Below we derive a rough estimate for streamer continuation.

We approximate the previous channel at the start of the
second pulse as a cylinder with radius R and electric conduct-
ivity o, with a semi-spherical cap, in which the electric field
is equal to the background field Eyg, see figure 8. The electric
current in the channel is then initially given by

“

This current will decrease over time due to the screening of
the background field. For simplicity, we assume that the accu-
mulated charge at the end of the channel is given by

Q(T> = IOT7

Iy = T R*0Ep,.

&)
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Table 2. Major reactions that consume and produce electrons when the voltage is turned off. The full reaction set as specified in [35] and
used throughout the paper contained 21 electron attachment and recombination reactions and 18 electron detachment reactions. Reaction R4
from [43] was included to account for field-dependent electron detachment. Note the rate of this reaction should depend on the O,
concentration [43], but for simplicity we here use a single rate coefficient for both O, concentrations, as the rates are similar. 7' (K) and 7,
(K) are gas and electron temperatures, respectively. T, is computed as T, = 2¢./3kp with the mean electron energy €. obtained from
BOLSIG+- [44]. The ‘simple chemistry’ added in figure 7 also consists of reactions R1, R3, and R4.

No. Reaction Reaction rate coefficient (m®s ™! orm?s™") Reference
Major electron-loss reactions
R1 e+02+02*>027 +0; kl(E/N) [31]
R2 e+0+N, =0, +N, k=10"% [31]
R3 e+0f = 0,+0, k3 = 1.4 x 10712(300/T,)° [36]
Electron-detachment reactions
R4 0, +M—e+0,+M ky = 1.24 % 10~ exp(—(ggz7x)°) [43]
R5 0, +05(b) — e +20, ks =3.60 x 10716 [36]
R6 0, +N3(A) > e+ 0, + N, ke =2.10 x 10713 [36]
R7 0, +0(’P) »e+0; k7 =150 x 10'° (36]
RS 0, +N(*S) = e +NO, kg =5x 10710 [36]
RY 0; +0(P) — e +20, ko =3 x 10710 [36]
, : compare equation (7) against the simulation results presen-
I I ted in section 3. We estimate the required field for discharge
inception as Ej,c = 100kVem™ ! Since Eps = 15kVem™ ! , the
E, I factor 4k (Eiyc/Evg — 1) is then about 23k. In the simulations,
& we measure the time 7,ps until a field of strength Ej,. has been
reached at the tip of the previous streamer, with 74,5 = 0 cor-
responding to the start of the second pulse plus its rise time of
R 1 ns. Furthermore, we approximate the effective conductivity
of the previous streamer as
E*

Figure 8. Schematic illustration of the assumed streamer shape
used in section 4.2. The streamer is approximated by a cylinder with
a hemispherical cap of radius R.

where 7 is the time since the start of the second pulse. We
assume this charge Q gives rise to an electric field similar to
that of a (semi-)spherical charge distribution with radius R

1 9()
471'60 R? '

E*(T) = Epg + ©6)

If we now define a required electric field for discharge incep-
tion Ej,., we can determine the time 7 it takes until E* =

E;... We include a correction factor k for this time scale, of
order unity, which accounts for e.g. the partial screening over
time and the fact that the actual channel is not a cylinder
with a hemispherical cap. The resulting estimate for 7 is then
given by

T =4k (Einc/Ebg - 1) Tdrt, where Tdrt = 6()/0'. (7)

Equation (7) provides an estimate for the time 7 needed
for a streamer to emerge from the tip of a previous one (as
illustrated in figure 5). Note that 7 depends on the inter-
pulse time through the conductivity o, which decays in the
previous channel during the interpulse time. We will now

R/
a:/ 2rro(r)dr/(mR"), 8)
0

where o(r) is a radial conductivity profile 0.5 mm behind the
streamer head, and R’ is defined as the radius at which o (r) has
dropped to 10% of its maximum value. Since the contribution
of ions to the conductivity is relatively small for the cases con-
sidered here, we approximate o (r) as ep,(r)n.(r).

In table 3, we list observed continuation times Typs
together with 74 = £9/0, where o was computed according
to equation (8) at the start of the second pulse. The ratio
Tobs/ Tart lies between 24 and 38, which is in agreement with
equation (7) for k between 1.0 and 1.5.

4.3. Role of detachment reactions

The chemistry we use [35] has 18 different electron detach-
ment reactions which are of the form

A + M — e + Products,

where A is one of O™, O, , O5 and M is a neutral species in
its ground or excited state.

Table 2 lists the six detachment reactions that contribute
significantly to the production of electrons after the end of the
first pulse. Although our chemistry includes electron detach-
ment reactions from O~ ions, they are not included in table 3



Plasma Sources Sci. Technol. 32 (2023) 095006

H Malla et al

Table 3. Dielectric relaxation times 74y at the start of the second pulse, based on equation (8), together with the observed inception delays
Tobs for second-pulse streamers. Specifically, Tops Was here defined as the time it takes for the maximal electric field to reach 100kV cm ™!

after the rise time of the second pulse.

(a) 20% O,
Azinter (ns) Tdrt (l’lS) Tobs (I’IS) Tobs/Tdrt
10 0.0616 1.46 23.7
15 0.0978 2.86 29.2
20 0.162 4.88 30.1
25 0.267 7.01 26.3
50 — — —
(b) 10% O,
Atinler (I'IS) Tdrt (l’lS) Tobs (NS) Tobs/Tdn
10 0.0349 1.11 31.8
15 0.0427 1.61 37.7
20 0.0553 2.05 37.1
25 0.0699 2.52 36.1
50 0.164 5.77 35.2
O; +M —=e+0,+M
“ HAEEN B O, + O5(b) — e+ 20,
| | 05 +N3(A) = e+ Og + Ny
2 0 B O; +O(CP) > e+ 03
5 B O, + N(*S) = ¢+ NO,
g " E O; +O0(CP) = e+20,
B o+ N, — 2+ Ny (15.6 eV)
B e+ N; —2e+ Ny (18.8 eV)
201 B e+ 0y — 2+ 05
Gross e produced

KR &, ¢ R
P H O LT

(a) Interpulse

KR &, ¢ RS
P H O LT

(b) Second Pulse

Figure 9. Relative contribution of electron-producing reactions during the interpulse (a) and the second pulse (b) for the case of 20% Os.
The production during the first pulse, and the gross electron production normalized with that of the first pulse is shown for comparison. The
percentage contribution of the field dependent detachment reaction O, + M to the gross electron productions detachment is listed at the top

of each bar in (b).

because they made a much smaller contribution for our oper-
ating conditions.

In figure 9(a) we show the relative contribution of electron-
producing reactions during the interpulse for the case of 20%
O,. For short interpulse times, there is still a major con-
tribution from ionization reactions, which take place due to
the decaying field enhancement after the voltage is turned
off. For longer interpulse times, most electron production is
due to detachment reactions, with the relative contribution of
O3 detachment increasing over time. Note that the reaction
O, +M — e+ O, +M plays only a minor role during the
interpulse due to its field-dependent rate coefficient.

Figure 9(b) shows relative contributions  of
electron-producing reactions during the second pulse. Now
field-dependent detachment from O, is the major electron
detachment reaction. For Aty,., equal to 50 ns and 500 ns, this
reaction is responsible for a significant fraction of the total

electron production (which includes ionization reactions).
This is mainly due to two factors: the availability of a large
number of O, ions, and a reduction in ionization reactions due
to lower field enhancement in the inhibited growth regime, see
figure 5(b). For interpulse times of 5 y1s or more, O, ions are
lost due to negative-ion conversion and ion-ion recombination
reactions. For interpulse times below 25ns, detachment from
O, does not play a significant role since the previous channel
is quickly screened and a new streamer forms.

Results for the case of 10% O, and 90% N, are given in
appendix A. We observe a similar trend in the relative contri-
butions of detachment reactions for this case.

4.4. Effect of using a different chemistry set

For comparison, we have also simulated the electron density
decay during the interpulse with a simpler plasma chemistry
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from [39]. This chemistry contains 8 species and 15 reactions,
and it lacks the extensive electron, ion, neutral and excited spe-
cies reactions as compared to the chemistry set used in the rest
of this paper. For electrons, the same Phelps [31] cross sections
are used. In figure 7, where we denote the smaller chemistry
from this section as ‘Simple Chemistry’, we compare the elec-
tron decay inside the streamer channel during the interpulse
phase. The decay agrees well up to 100 ns, but at later times
the simpler chemistry predicts a much faster decay due to the
absence of the various electron detachment reactions. For a
pulse duration of 100 ns or more, the sets would therefore lead
to different streamer continuation times.

5. Conclusions

We have investigated streamer continuation with double-pulse
simulations in N, containing 20% and 10% O, at 1 bar. We use
two identical voltage pulses of 15ns, and vary the interpulse
time Atiyer between 5 ns and 10 ps. For increasing Afjper, we
observe three regimes during the second pulse:

o In the streamer continuation regime (Afjper < 501ns), a new
streamer emerges from the tip of the previous one.

In the inhibited growth regime (50ns < Afiger S 500ns,
with somewhat longer time scales for 10% O,), the previ-
ous channel is partially re-ionized, but there is considerable
less field enhancement and almost no light emission. This re-
ionization wave becomes stronger for increasing interpulse
times, characterized by increased electric field screening and
increased light emission.

For Afiner 2 5 ps, a new streamer forms that is similar to
the first one. However, even for the longest interpulse times
considered here (10 us) this new streamer has lower field
enhancement and is less bright than the first one.

With 10% O, these regimes occurred at slightly longer inter-
pulse times than with 20% O,, due to lower electron attach-
ment and recombination rates.

In our simulations, streamer continuation occurred when
the remaining electron density was in the range of 10" m—3
up to 4 x 10" m~3. This range agrees with the estimate made
in [9], based on experimental measurements and 0D model-
ing, when scaled to the same pressure. We derived an estimate
for the time needed for streamer continuation to occur which
depends on the conductivity of the previous channel and the
background electric field. This estimate and our observed val-
ues of streamer inception delay in the simulations are in reas-
onable agreement. Furthermore, we show that for interpulse
times above 100 ns several electron detachment reactions sig-
nificantly slow down the decay of the electron density.

6. Outlook

We obtained our current results using a specific background
electric field, pulse shape and pressure. In future work, our

computational model could be improved in the following
aspects:

e When the voltage falls to zero, the polarity of the electrode
is reversed due to the remaining positive space charge. A
cathode sheath with a really high local field is expected to
form around the electrode, see e.g. [45—47]. Resolving such
a sheath was computationally not feasible with our model,
which is why homogeneous Neumann boundary conditions
for species at the electrodes were used. The effect of more
realistic electrode boundary conditions could be studied in
future work.

As shown in section 4.4, for longer interpulse times, it is
important that we use a chemistry set that is complete and
has accurate rate constants. It was also pointed out in [35]
that some rate constants also depend on pressure and temper-
ature. Thus, in order to be able to extend our results to differ-
ent pressures, future work involves generalizing the reaction
set.

Finally, varying the pulse shape, background electric field,
and gas composition might result in streamer branching,
which would require fully 3D modeling.

These present and future investigations will allow for theor-
etical predictions for optimal pulse repetition frequencies for
various plasma processing applications.
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Appendix A. Effect of varying O» concentration on
detachment reactions

Here we show the relative contribution (in %) of vari-
ous electron-producing reactions for the case of 10% O,.
Figure A1 shows the contribution during the interpulse phase
and figure A2 shows the contribution during the second pulse.
In each of these figures, we also show the results from figure 9
for comparison.
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Figure A1. Relative contribution of electron-producing reactions during the interpulse for 10% O,. The production during the first pulse is
shown for comparison. We also show the gross electron production normalized to that of the first pulse.
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Figure A2. Relative contribution of electron-producing reactions during the second pulse for 10% O,. The production during the first pulse
and the gross electron production normalized to that of the first pulse is also shown. The percentage contribution of the field-dependent
detachment reaction O, + M to the gross electron productions detachment is listed at the top of each bar plot. For 10% O, and

Atinter = 201ns and Atineer = 2518, gross electron production during the second pulse is higher than during the first pulse.

Appendix B. Electric field inside the streamer
channel during the interpulse

In figure B1, we show the electric field decay over time at
various locations along the axis of the streamer channel for
20% O,. The electric field decays from 10°Vm~! (41 Td) to
10> Vm~"' (0.004 Td) over a time interval of 5 js. However,
the boundary conditions at the electrode are currently not very
realistic in our model: a Neumann zero condition is used for
electrons, which results in electrons freely entering the domain
after the voltage is turned off. This leads to a faster decay of the

1

residual charge (and thus also of the electric field) than would
occur with more realistic boundary conditions.

In principle it is possible to specify more realistic bound-
ary conditions at the electrode, in which the outflow of elec-
trons is caused by secondary emission processes. However,
with such boundary conditions we cannot run simulations for
long time scales, since the anode effectively becomes a cath-
ode after the voltage is turned off, resulting in the formation
of thin sheaths with very high local electric fields. We intend
to improve our model’s boundary conditions in the future, for
example by using the local energy approximation as in [48]
and/or by approximating the electron dynamics in the sheath.
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Figure B1. The temporal evolution of the on-axis electric field inside the streamer channel during the interpulse phase. The values were
obtained at points 1, 2, 3 and 4 mm below the electrode tip, which is approximately located at z = 12mm.
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Figure C1. Space-time integrated Joule heating term. The vertical line is at the 15 ns mark, where the first pulse is turned off.

Appendix C. Effect of gas heating

Figure C1 shows the space-time integrated Joule heating
(-E) during the first pulse. The energy deposited due to
the first pulse is below 4 uJ, and no energy is deposited
after 25 ns. At 1 bar and 300 K, dry air (80% N;:20%
0,) has a density p=1.2kgm™> and a specific heat capa-
city C, = 1000J kg~ 'K~'. This energy is deposited in a cyl-
indrical volume of radius » = 0.8 mm (maximum width of the

streamer channel) and height 4 ~ 5.5 mm (first pulse streamer
length). Even if we assume that all the energy instantan-
eously goes into gas heating, the temperature increase is only
about AT =4uJ/(Cypmr*h) ~ 0.3K. Such a small increase
in temperature will not have a significant effect on the second-
pulse streamer properties, which is why gas heating was not
included in our model. In a follow-up paper that is in prepar-
ation, we are exploring the effects of gas heating after many
pulses.
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