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Abstract

We present a study of the streamer-to-spark transition in a self-pulsing dc-driven discharge
called a transient spark (TS). The TS is a streamer-to-spark transition discharge with short
spark duration (~10-100 ns), based on charging and discharging of the internal capacity of the
electric circuit with repetition frequency 1-10 kHz. The TS can be maintained under relatively
low energy conditions (0.1-1 mJ pulse™!). It generates a very reactive non-equilibrium air

plasma applicable for flue gas cleaning or bio-decontamination.

Thanks to the short spark current pulse duration, the steady-state gas temperature,
measured at the beginning of the streamers initiating the TS, increases from an initial value of
~300 K only up to ~550K at 10kHz. The streamer-to-spark transition is governed by the
subsequent increase in the gas temperature in the plasma channel up to ~1000 K. This
breakdown temperature does not change with increasing repetition frequency f. The heating
after the streamer accelerates with increasing f, leading to a decrease in the average
streamer-to-spark transition time from a few us to less than 100 ns.

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

1. Introduction

A non-thermal atmospheric-pressure plasma can induce
chemical reactions in otherwise inert gas mixtures [1-3]
without significantly heating them, thus keeping energy
consumption relatively low. The desired chemical effect is
achieved by efficient production of reactive radicals by the
collisions of high-energy electrons with neutral species. In
order to break chemical bonds, the mean energy of the electrons
should be atleast around 1 eV. The density of the electrons must
be also high enough to ensure efficient conversion of reactants
to products. The easiest way to meet these conditions without
heating the neutral species is to use an external electric field.
Electrons can easily gain sufficient energy from the
applied electric field, because they lose only a small fraction
in elastic collisions with neutral species. Once they have
enough energy, their density starts to grow thanks to electron-
impact ionization processes, resembling the development of

0963-0252/12/045006+09$33.00

an avalanche. At atmospheric pressure, an electron avalanche
transforms to a streamer once the space charge exceeds a
critical value, the so-called Meek’s criterion [4].

A streamer is an ionization wave propagating in the
region with strong field from the high-voltage (HV) electrode
towards the grounded electrode. Thanks to the space charge,
the electric field in the streamer’s head can reach more
than 200kV cm~! [5, 6], so that the chemical and ionization
processes are very efficient there.  Streamers are thus
considered to be crucial for the efficiency of plasma-induced
chemistry at atmospheric pressure. However, a streamer may
also lead to an electrical breakdown if it reaches the opposite
electrode and creates a conductive plasma bridge between
them.

Electrical breakdown is a crucial issue for the generation
of electrical discharges, as well as in the design of HV devices.
The first studies of this phenomenon appeared several decades
ago [7-9] and the streamer breakdown theory was introduced
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by Meek [4], Raether [10] and Loeb [11] in the middle of
the 20th century. However, because of the complexity of this
problem, the study of the breakdown mechanism, streamers
and their propagation has continued [5, 6, 12—18].

Electrical breakdown typically leads to the formation of
a spark or an arc discharge, depending on the power supply
and the external electric circuit parameters. An arc or spark
usually generates a thermal plasma, where the energy of all
species is more or less equal and the gas is heated to very
high temperatures 7,. For many applications, very high T,
and waste of energy in gas heating are not desirable. Several
strategies were therefore developed to avoid the breakdown
and streamer-to-spark transition. Two of the most common
methods are based on covering at least one electrode with an
insulator (e.g. a dielectric barrier discharge [3, 19, 20]) or using
very short HV pulses [2,21-26].

A restriction of thermal plasma generation can also be
achieved when using a dc power supply by adding a ballast
resistor (R >1MS) to limit the discharge current. Several
types of electrical discharges producing a non-thermal plasma
can be generated in this way, depending on the electric circuit
parameters, gas composition, flow rate and geometry of the
electrodes [27-32].

Despite the used dc power supply, some of these
discharges have a pulsed character, such as a prevented spark
(PS), developed by the group of Marode [27,33-35]. In a PS,
the streamer-to-spark transition is not stopped, as in the pulsed
discharges generated by pulsed HV power supplies, but the
spark current peak is limited by an additional resistor between
the discharging external capacitance and the gap. In this way
it is possible to prevent the thermalization of the plasma during
the spark phase, and even to enhance the chemical effect thanks
to a so-called secondary streamer [35].

In this paper, we report the study of a filamentary pulsed
discharge called a transient spark (TS), similar to the PS. The
TS is initiated by a streamer, followed by a short (~10-100 ns)
high current (~1-10A) pulse. A transition to a typical arc
or a spark discharge is also inhibited by components of the
electric circuit: a large external resistor R (5-10 M€2) and a
small internal capacitance C (10-40 pF) are discharged, but
the current peak is not limited in its amplitude, although it is
limited in its duration. The process of periodical charging and
discharging of C repeats with a characteristic frequency of a
few kHz and it can be controlled by the applied dc voltage.

The increasing repetition frequency of the HV pulses up
to 200 Hz in pulsed discharges has demonstrated an improved
efficiency of removal of various pollutants [23]. HV pulsed
devices working at repetition frequencies f above 1kHz
appeared only recently [24-26, 36], and the importance of the
high repetition frequency on power efficiency of the plasma
generation was also emphasized [25,26,36]. Thus, the high
repetition frequency of a TS discharge can certainly play
an important role in its chemical efficiency. However, we
observed changes in some electrical and optical characteristics
of the TS with increasing f [37,38]: smaller current pulses
and a disappearance of atomic lines, which seem to contradict
this statement.

In order to understand the changes of TS characteristics
with f, we performed a time-resolved optical emission

spectroscopic (OES) study, using a fast photomultiplier tube
(PMT), as well as a fast iCCD camera coupled with a
spectrometer. The OES technique can provide valuable
information on excited atomic and molecular states. It enables
one to determine the rotational, vibrational and electronic
excitation temperatures of the plasma and thus the level
of non-equilibrium and gas temperature [39,40]. It was
also successfully applied for the time evolution of rotational
temperature 7, continuously from the primary streamer to
the secondary streamer, using the second positive system of
nitrogen [41].

Our results presented in this paper are also interesting for
the understanding of the streamer-to-spark transition process,
which is not yet fully explained. The TS enables one to
study two interesting features: the influence of a large external
resistor and the influence of the increasing repetition frequency
on the breakdown. The influence of a large external resistor
on the breakdown was already experimentally studied by
Larsson [14]. The major influence of R was found to be
the extension of streamer-to-spark transition delay time. This
was later theoretically supported by Naidis [15]. However,
Larsson used a pulsed voltage generator with low repetition
frequency, so that breakdowns did not influence each other,
i.e. each breakdown occurred in a ‘virgin’ gas. Moreover,
his applied voltage typically highly exceeded the threshold
breakdown voltage. In a TS, the breakdown occurs when the
applied voltage reaches the threshold breakdown value.

1.1. Theory of the streamer-to-spark transition

As already mentioned, the ionization processes are very
efficient in the streamer’s head. However, the electric field
behind this head is weak and the plasma produced is in
the decay phase. The electron density is initially decreased
by a factor of ten through the dissociative recombination of
electrons with O ions [16]. Afterwards, about 100 ns later,
the three-body attachment on O, becomes the most important
electron sink mechanism. The O} ions are built up according
to the following scheme:

N, -5 N5 2N 2 o 2 o (1)

This conversion is fast (within a few nanoseconds) and it
is necessary for the decrease in electron density, because the
rate coefficient of electron recombination with O} is about two
orders of magnitude higher than rate coefficients of reactions
with O3 and N3 ions [42,43].

There must be another process that balances the
electron loss processes and finally enables the breakdown
by accelerating the ionization processes. According to
Marode [35], there are three possible mechanisms.

e Attachment control processes. The distribution of the
attachment rate along the plasma filament produced by
the streamer produces an increase in the reduced electric
field E/ N near the anode [44—46]. Atleast 80 Td prevails
here and the plasma-induced chemistry may be efficiently
activated [47]. This region was also called a secondary
streamer by Loeb, who supposed that it is a new ionization
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wave [11]. A decrease in gas density leads to the extension
of this region which finally reaches the cathode, as was
shown in a model of Bastien and Marode [45]. Then the
spark may start because E /N becomes high enough along
the whole plasma filament.

e Chemical and stepwise ionization. The accumulation
of excited metastable species can lower the thresh-
old electron-impact ionization energy (stepwise ioniza-
tion) [15]. Lowke [13] stressed the role of molecular oxy-
gen metastable species O2(a ' A,). Their collisions with
O; ions can induce electron detachment even at room
temperature.

e Gas density decrease. This mechanism is based on the gas
heating in the plasma channel [48]. The increase in the
gas temperature T, in the channel leads to an increase
in the pressure. This is followed by a hydrodynamic
channel expansion that empties the core of the channel and
decreases the gas density N. For this reason, a reduced
electric field strength £ /N in the plasma channel increases
and accelerates the electron-impact ionization reactions.

The increase in Ty, mentioned in the third mechanism, may
also have a direct effect on the gas phase chemistry [46]. The
rate coefficients usually strongly depend on 7,. Elementary
processes causing the loss of electrons include electron—ion
recombination reactions and electron attachment reactions
producing negative molecular ions with much lower mobility.
The regeneration of electrons from these ions by thermal
detachment is actually considered by many authors to be the
most important mechanism responsible for maintaining the
conductivity of the streamer for a period of 1-10 us [49-52].
To overcome the electron affinity, the gas in the channel must be
heated above a critical value of 1000-2000 K so that the rate of
these thermal detachment reactions is large enough. Moreover,
the rate coefficients of electron—ion recombination reactions
also decrease with increasing gas temperature [42, 43].

2. Experimental setup

A dc HV power supply connected to a stainless steel needle
HYV electrode via a series resistor (R = 4.92-9.84 M) was
used to generate a positive TS discharge. The distance d
between the tip of the HV electrode and a grounded planar steel
electrode was 4-6 mm. The experiments were carried out at
room temperature in atmospheric-pressure air with a weak flow
of about 20 cms~!, perpendicular to the HV needle electrode.

An additional small resistor r = 1k was attached
directly to the HV electrode, thus separating it from the HV
cable connecting it with the resistor R. The role of r was to
eliminate the oscillations of electric signals caused by internal
inductances of the HV cable and of a grounding wire. The
discharge voltage was measured by an HV probe Tektronix
P6015A and the discharge current was measured on a 50 Q2
or 1 Q resistor shunt. The 1 €2 resistor shunt was used when
we focused on TS current pulse itself, whereas the 50 2
resistor shunt was used to measure current from the streamer.
Both voltage and current signals were recorded by a 200 MHz
digitizing oscilloscope Tektronix TDS2024.
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Figure 1. Schematic of the experimental set-up: HV, high voltage;
R, r, resistors; Ceaples Cprobles Cint» Capacitances.

For fast recording of time-integrated spectra of a broad
spectral region we used a two-channel compact emission
spectrometer Ocean Optics SD2000 (200—1100 nm, resolution
0.6-1.7nm).  The time-resolved emission spectra were
obtained using a 2 m monochromator Carl Zeiss Jena PGS2
(resolving power 45000), covering the UV and VIS regions
(200-800 nm), coupled with an intensified CCD camera
(Andor Istar) with a 2ns minimum gate. The iCCD camera
was triggered by a generator of 5V rectangular pulses with a
rise time of less than 5 ns. This generator was triggered directly
by the current signal, causing an additional delay of less than
10ns. This delay, plus the delay caused by the transmission of
the signal by BNC cables, was compensated for using a 10 m
long optical cable (Ocean Optics P400-10-UV-VIS).

For fast measurements of the evolution of the emission
intensity, we used a PMT module with a 2.2 ns rise
time (Hamamatsu H955). Its signal was recorded using
the oscilloscope. Whenever it was necessary to isolate a
specific spectral transition for PMT measurements, a band-
pass interference filter, e.g. Melles Griot 03 FIU127 for the
N,(C-B, 0-0) transition, was inserted into the optical path.
The collection of light was provided by a pair of parabolic
mirrors focused on a small area near the tip of the HV
electrode. These mirrors, together with the optical fiber core
diameter, determined the spatial resolution to be 300 um. The
experimental set-up is depicted in figure 1.

3. Results and discussion

3.1. Introduction to the TS

When a high voltage applied to the needle electrode is
progressively increased, we first observe a streamer corona.
As the voltage on the needle electrode U achieves a breakdown
value Urs, a transition to a TS may occur. This happens
when a streamer crosses the whole gap and creates a relatively
conductive plasma bridge, through which the capacitance C of
the circuit can be discharged. This capacitance is composed of
several components: the internal capacitance of the discharge
chamber Ciy, the capacitance of the HV probe Cpope and
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Figure 2. Typical waveforms of the TS in (a) s time scale
(f ~3kHz), (b) ms time scale, R = 6.6 M2, C = 32+4pF,
d = 5mm, r = 1k, 7 is the streamer-to-spark transition time.

the capacitance of the HV cable C,j. connecting the needle
electrode with the ballast resistor R (figure 1).

When C is discharged, the current, approximately
given by
dU () 2)

dr ’ (

reaches a high value (~1 A) and the voltage U drops to zero
(figure 2(a)). Then, during the quenched phase, U grows in
time ¢ (figure 2(b)) according to the following equation:

U(t) = Uy [l—exp (%)} ,

where U,, is the generator voltage, and C is recharged.

As soon as U reaches the characteristic TS breakdown
voltage Urs, anew TS pulse appears. Itoccursintimet = T,
from which we obtain the characteristic repetition frequency
f of this process:

1(t) ~ —C x

3

1 1
f==

T RCln[ @

Uoo
(Uoo— UTS)

For typical R and C, the repetition frequency f is of the order
of several kHz, and it can be controlled by the generator voltage

Figure 3. The dependence of peak current (/,,,,«), breakdown
voltage Urs and FWHM of the current pulses on frequencys;
C=32+4pF r =1kQ,d =5.5mm.

Uoo- The control of the TS by other external circuit parameters
was described in detail recently [38]. A more accurate version
of equation (2), which takes into account the influence of r,
was also provided therein.

3.2. Changes in the TS electrical characteristics with f

The increase in the generator voltage U,, leads to a monotonic
increase in f, as can also be derived from equation (4).
However, the repetition frequency is not absolutely regular. It
strongly depends also on Uts, and each TS pulse may appear at
a slightly different value of Urs (figure 2(b)). We can therefore
only define an average frequency, determined by an average
value of Urs.

Even if we know the precise value of Urs, obtained at low
TS repetition frequency, a further increase in f cannotbe easily
calculated from the external electrical parameters (Uyo, C, R)
according to (4). We found that Urg itself is a function of f; it
tends to decrease as f increases (figure 3). The increase in f is
associated with changes in other TS properties as well. Current
pulses get smaller and broader with increasing f (figures 3
and 4).

3.3. Streamer-to-spark transition time

An average streamer-to-spark transition time 7 shortens
significantly with increasing f (figure 5). This is analogous
with the shortening of 7 with increasing mean discharge
current in the PS [33]. We also observed the prolongation
of 7 with increasing R as reported by Larsson [14] and
Naidis [15]. However, with a further increase in f, the
influence of R becomes negligible and the average streamer-
to-spark transition time shortens down to ~100 ns.

The shortening of 7 and changes in the streamer versus
spark peak current ratio are also partly responsible for the
modification of the shape of the spark current pulse raising
edge (figure 4). At lower frequencies (< 3kHz), t is very
random and it can vary from a few hundred ns up to several
us. The streamer and spark current pulses are well separated,
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Figure 5. The dependence of averaged streamer-to-spark transition
time on frequency; C = 32+4pF, r = 1kQ, d = 5.5mm.

and the streamer peak current (~100mA) is much smaller
compared with the spark pulse (~10 A). Moreover, since ©
is long enough, the current after the streamer pulse falls down
to a few mA before the transition to the spark. At higher
frequencies, the maximum spark current decreases below 1 A,
whereas the maximum streamer current does not change. The
current decrease during the streamer-to-spark transition phase
is also less significant. Sometimes, we even observed an almost
instantaneous formation of a spark after the streamer with no
current decrease in between. Finally, the resulting current
pulse looks like two merging peaks (figure 6).

Because of the random character of the streamer-to-spark
transition, T must be characterized by an average value, or
even better by a probability distribution function (7). Values
of T shown in figure 5 actually correspond to a maximum of
P(7). In order to obtain P(t) we synchronized the acquisition
of voltage and current waveforms by the rising edge of the
streamer current measured on the 50 2 resistor shunt. This
moment was defined as the beginning of the streamer-to-spark
transition event. The end of the transition was defined as the
moment of maximum spark current.
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Figure 6. Changes in the streamer current pulses measured on 50 2
with increasing frequency; C = 32+4pF, r = 1kQ,d = 5.5mm,
R=82MQ.
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Figure 7. The estimate of probability distribution function of
streamer-to-spark transition delay 7, derived from the averaged
voltage waveform (128 samples); f ~ 2.5kHz, C = 3244 pF,
r=1kQ,d =5.5mm, R = 8.2MQ.

If we acquire an averaged current waveform from a few
hundreds of TS pulses synchronized by the rising edge of the
streamer, we get a well smoothed streamer pulse followed by a
distribution function of spark current after the streamer. Based
on our definition of 7, this spark current distribution function
corresponds in the first approximation to P(t).

We had to cut off the current during the spark phase to
protect the oscilloscope, when we measured current on the
50 €2 shunt. Thus, we had to use voltage waveforms to calculate
the spark current according to equation (2). In order to obtain
a more accurate derivation of U, we first fitted the region
with the voltage drop by a polynomial function. For example,
figure 7 shows P(7) at 2.5kHz (d = 5.5mm, R = 8.2 MQ).
A difference between the single pulse and averaged waveforms
is also demonstrated here.

In reality, the distribution functions of the current after the
streamer are not identical with P (7). However, the difference
between these two functions is certainly negligible below the
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TS repetition frequency of around 4 kHz. In this region the
duration of a single TS spark current pulse is very short
compared with the typical streamer-to-spark transition time.
Athigher TS frequencies, a better approximation of P(t) could
be achieved by deconvolution of the measured spark current
distribution function with the average spark current pulse
measured on the 1 2 resistor shunt with triggering on its own
rising edge. We tested this approach using the broadest spark
pulse and the narrowest spark current distribution function (at
f =~ 8kHz), and we found that even here we can consider the
spark current distribution function to be a good approximation
of P(7).

Finally, it might be more appropriate to define t as the
moment when the spark current starts to grow, not when it
reaches the peak value. However, the resulting difference is
again negligible at low TS frequencies, thanks to the steep
spark current rise time (a few ns). This difference grows with
increasing f, but we estimate that even at ~10kHz, it is only
about 10% of 7 as it is defined. Thus, the value of T obtained
using the second definition would be at most ~10ns lower
compared with what we present here (figure 5).

3.4. Optical emission study of the TS

Significant differences between lower and higher frequency
regimes of the TS were observed in time-integrated emission
spectra in the VIS region (figure 8). The emission of O, N and
N* atomic lines dominated in the spectra at lower frequencies
(<3kHz). At higher frequencies these atomic lines almost
disappeared, and the N, first positive system (B *IT,—A*X*)
was much stronger. In the UV region, the N, second positive
system (C *T1,—B *I1,) dominated at all frequencies, but its
relative intensity compared with atomic lines in VIS region
also increased significantly with f.

3.4.1. PMT measurements of time evolution of emission
intensity. In order to explain the disappearance of atomic
lines with increasing f, we used PMT with appropriate
narrowband interference filters to measure the time evolution
of the emission from O(°P) species at 777 nm (the strongest
atomic line), and from N,(C) species (0-O band of the N,
second positive system at 337nm). At lower frequencies
(figure 9(a)), we can clearly see two peaks of total emission.
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Figure 9. Typical PMT emission signals of the TS at (a) 2.5kHz
and (b) 6kHz; R = 6.6 MQ, C = 26+4pF, d = Smm, r = 0kQ.

The first one is produced by the streamer, whereas the second
one corresponds to the short spark. As f increases, these two
emission peaks merge and cannot be easily distinguished at
higher f (figure 9()). This can be explained by the shortening
of the streamer-to-spark transition time t with growing f.
The time-integrated PMT signal from the O(°P) species
decreases with f quite significantly, whereas the signal from
N>(C) does not change much. This confirms the previous
observation from time-integrated spectra (figure 8). New
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information is that the N,(C) species are produced mainly
during the streamer phase and O(°P) species during the spark
phase (figure 9). The electrical properties of streamers, the rise
time and the maximum current, do not change significantly
with f (figure 6). In contrast, the spark current pulses are
smaller and broader with f. For this reason we suppose that
changes in the spark phase of the TS at higher f are responsible
for the disappearance of the atomic lines in the time-integrated
emission spectra.

Based on the work of Naidis [53], we suppose that the
highest E/N is reached at the moment of the maximum of
the spark current. Afterwards, £/N and the electron mean
energy decline. The electron-impact excitation processes after
the current peak value are therefore certainly less efficient
than before. The broadening of the TS spark pulses with f
is mostly due to the longer current decay time. This means
that the overall efficiency (or capability) of the TS pulses
to excite ground state atomic oxygen species decreases with
increasing f. From this we can deduce an overall weaker
chemical effect of the TS with smaller and broader pulses at
higher f, which is in agreement with the observed decreasing
decontamination efficiency [54].

Another possible explanation for the disappearance of
oxygen atomic lines with increasing f might be a more
complicated mechanism of O(°P) generation. We suggest
the following three-step mechanism, based on experimental
study of O(*P) generation by a nanosecond repetitively pulsed
discharge [55]:

e+ No(X) > e+ Ny(B,C) streamer phase 5)
N2 (B, C) + 05 — Ny (X) +20C°P)
e+0CP) > e+0CP)

transition phase (6)
spark phase. (7

As the streamer-to-spark transition phase shortens with
growing f, fewer OCP) atoms would accumulate for the
production of O(°P) during the high current phase.

3.4.2. Changes in the gas temperature with f. We used
the emission spectra of the 0-0 band of the N, second positive
system at 337 nm, obtained by a spectrometer coupled with the
iCCD camera, for the calculation of time-resolved rotational
temperature 7; of the N, (C) species. We obtained it by fitting
the experimental spectra with the simulated ones using the
Specair program [56]. We further assumed that in atmospheric-
pressure air plasma T, ~ T,, where Ty is the gas temperature.
We can synchronize the iCCD camera with either the
beginning of the streamer or the beginning of the spark phase.
We were thus able to measure the initial temperatures (5—
15 ns time window) at which streamers start (7"), as well
as a temperature in the initial phase of the spark (T;P™*).
77 represents approximately the breakdown temperature to
the spark, while 7™ represents approximately a ‘steady-state’
temperature to which gas is heated by the previous TS pulse.
Figure 10 shows dependences of these temperatures on f.
The initial streamer temperature 7" obviously increased
with f, though the overall heating of the gas was not very
significant. Even at 10kHz, the ‘steady-state’ temperature
at which every new streamer initiating the TS starts is only
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Figure 10. Changes of the rotational temperature of N,(C) species
with f: T, measured during the initial 5-20 ns of the streamer,

77 measured during the initial 20 ns of the spark; R = 8.2 M,
C =32+4pF, d =5mm, r = 1 kQ.

around 550 K. However, this slight increase in temperature
can explain the decrease in Uys with growing f. At higher
temperatures, lower Urg is required to keep E/N constant,
thanks to the decrease in N resulting from the increase in the
gas temperature.

The decrease in N can also explain the broadening of
current pulses with increasing f (figure 4). The rate of
chemical processes, including ionization or recombination,
typically depends on the product of densities of the reactants.
Lower densities would therefore lead to a longer build-up of
the charge as well as to its longer decay. The area of the
current pulse is proportional to the product of C and Uts. Even
if Urs was constant, broader current peaks must be smaller.
The decrease in Uts only enhances the decrease in I,x with
increasing f (figure 3).

Although it seems that Tfpark also slightly increases with
f, the uncertainty in these data is quite high. Within the
experimental error, we can conclude that the breakdown
temperature at the beginning of the spark is constant: T,7** =
1000 £125K. We thus suppose that the increase in T, to
~1000 K is crucial for the streamer-to-spark transition. There
are two possible reasons for this: an increase in E/N in the
plasma column generated by the streamer due to the decrease
in N, or changes in the gas phase chemistry.

Under the assumption of constant atmospheric pressure,
we estimated that an averaged E/N in the plasma channel
would increase from about 60Td to about 170Td, while
going from streamer to spark due to the increase in 7, from
around 350 to 1000K. In reality, we should also take into
account changes of the pressure inside the plasma channel.
A pulsed discharge similar to a TS was recently simulated by
Naidis [53]. During the spark phase, at the moment of the
highest E/N, the pressure on the axis of the plasma channel
was almost 2 bars. If we used this value, we would get
an increase in average E/N to only about 100Td instead
of 170Td. The spark breakdown could therefore also be
related to the changes in chemistry at higher 7. The observed
breakdown temperature corresponds very well with the critical
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Figure 11. Changes of rotational temperature of the N,(C) species
with time; R = 8.2MQ, C = 324+4pF, d = 5Smm, r = 1kQ.

temperature necessary to overcome the electron affinity by
thermal detachment reactions. Probably both the increase in
E /N and the acceleration of thermal electron detachment play
a certain role. Further research on the TS, including kinetic
modeling, is necessary to resolve this question.

3.4.3. Changes in temperature after the streamer. From
77 and TV it is obvious that the temperature increases after
the streamer. We therefore measured the time evolution of 7;
during the transition time for various fixed discharge frequen-
cies (figure 11). A decreasing intensity of N,(C) emission en-
abled us to follow T; only for about 300 ns from the beginning
of the streamer. At higher frequencies, where the transition
time T < 200ns, we also measured the time evolution of 7;
with the camera triggered by the beginning of the spark pulse,
although we still observed light from the N, (C) species gener-
ated by the streamer. At lower frequencies, where T >300ns,
it was not possible to follow the evolution of 7, during the
whole streamer-to-spark transition phase. Here we were there-
fore able to measure 7,7 only thanks to the small amount of
N, (C) species produced during the initial phase of spark.

At both f = 25kHz and 6kHz (figure 11), we
observed approximately a linear increase in 7; with time before
the breakdown. The heating is faster at 6 kHz, although
in both cases the streamer-to-spark transition occurs when
T =~ 1000K. The acceleration of gas heating with growing
f is probably the major reason for the shortening of T with f,
though it can be partially attributed to the increase in T ".

We suppose that the gas heating is caused by the electric
current flowing through the generated plasma channel (Joule
heating). The acceleration of gas heating with growing f can
therefore be explained by the increase in average current during
the streamer-to-spark transition phase: figure 6 illustrates this
phenomenon. At 3kHz, the current after the streamer peak
value decreases quickly to around 10 mA and it stays at this
value during the remaining streamer-to-spark transition phase.
At 5kHz, the current decrease after the streamer was much
slower. The current only decreased to ~130mA before it
started to slowly climb again. At higher frequencies, the
current sometimes does not decrease at all and starts to grow
slowly right after the streamer.

The reaction rate is given by the product of the rate
coefficients with the concentrations of the reactants. The
slower current decay after streamers at higher TS frequencies
can be therefore explained by the decrease in the gas density
N due to the increase in Trs“, even if the rate coefficients were
not influenced. Because of the temperature dependence of
their rate coefficients, the recombination reactions could be
even more suppressed by the increase in the gas temperature
to ~500 K. However, this cannot explain why we sometimes
observed no current decay at all above SkHz. It means
that processes generating electrons must be accelerated with
increasing f.

We estimated the average E /N to be around 60-70 Td in
the plasma channel right after its establishment by a streamer,
assuming a uniform axial distribution of the reduced electric
field. This is certainly not enough for direct electron-impact
ionization processes to play an important role. The most
probable explanation for the instantaneous current increase is
therefore a chemical or stepwise ionization thanks to species
accumulated from previous TS pulses, i.e. a memory effect.

We admit that the assumption of the uniform axial
distribution of E/N is very rough. There is certainly a
stronger field around the needle electrode, and this should
propagate towards the grounded electrode as a secondary
streamer. However, the development of the secondary
streamer takes several tens of ns [12], and we observed an
almost instantaneous increase in the current. The secondary
streamer could be the main breakdown mechanism only if its
propagation is significantly accelerated at higher f. However,
this could also be caused by the memory effect. Further
research is required to answer this question.

4. Conclusions

We investigated the electrical characteristics and time-resolved
optical emission of a dc-supplied periodic streamer-to-spark
transition discharge in atmospheric air, called a transient spark
(TS). Thanks to the small internal capacity of the discharge
gap and a limiting series resistor, the TS is characterized
by a very short spark pulse duration (~10-100ns) with
peak current 1-10 A. The TS can be maintained under low
energy conditions (0.1-1 mJ pulse ') and the generated plasma
cannot therefore reach LTE conditions, despite the fact that
the current pulse can lead to a temporary increase in gas
temperature up to ~2500K. The steady-state temperature,
however, remains relatively low, since even at high repetition
frequencies (~10kHz) each streamer-to-spark process starts
at ~ 550 K. A subsequent increase in temperature to ~1000 K
governs the streamer-to-spark transition. This can be explained
either by the increase in E/N due to decreasing N, or by
thermal electron-detachment reactions.

The shortening of the average streamer-to-spark transition
time with increasing TS frequency can be partly explained by
the slight increase in 7*, and mostly by an acceleration of
the temperature growth. The acceleration of heating is caused
by the changes of current waveforms during the streamer-to-
spark phase. At 3kHz, the current after the streamer peak
decays quite quickly to around 10 mA, whereas at 6 kHz, it
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sometimes does not decay at all and starts to grow right after
the streamer. Just a few tens of nanoseconds later, this increase
accelerates and the breakdown occurs. There appears almost a
continuous transition from streamer to spark. We suppose that
this behavior can be partly explained by the decrease in the gas
density due to the increase in the gas temperature. It is also
necessary to consider changes in the gas phase chemistry due
to the increase in the gas temperature, and a memory effect:
an accumulation of some species (NO, O,(a), etc) that favor
the ionization processes and thus shorten the transition phase.
Further research is required, including new analytic techniques
and a kinetic modeling, to explain the role of the increasing
initial gas temperature and of the increasing TS frequency on
the breakdown mechanism.
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