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ABSTRACT

Spark discharge plasma is commonly used for ignition in internal combustion engines. The environmental performance of internal
combustion engines with forced ignition is improved when operating under lean mixture conditions. High-energy ignition systems are
needed to ensure reliable ignition of lean mixtures. The ignition of a combustible mixture is influenced by several plasma parameters, such as
the temperature of its various components, the size of the plasma, and the deposited energy. It is, therefore, beneficial to know these parame-
ters. Here, we present optical and electrical investigation of plasma generated in ambient air by a novel high-energy self-stabilized spark igni-
tion system. The electrical investigation showed two high current pulses, with the current amplitude of �40 and �150A. The energy is
deposited to the spark gap mainly during the second current pulse, and it is increasing from 213 to 541 mJ with the increasing gap size from
3 to 13mm. The energy efficiency increases with the gap as well, from around 23% to 58%. Time-resolved emission spectra enabled us to esti-
mate the evolution of the gas temperature, electron excitation temperature, and electron density in the generated plasma. It was found that
the highest electron density, 3–4� 1017 cm�3, correlates with the maximum of the second pulse current. We observed a specific plasma evo-
lution between the two current pulses, with an increase in temperature from 4500 to 7500K and a contraction of the plasma channel diame-
ter from 3.3 to 0.5mm.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141261

I. INTRODUCTION

Gas plasmas generated by electrical discharges have found wide
application in biomedicine, pollution control, or agriculture, where
various media or surfaces are treated.1–3 In these applications, non-
equilibrium plasma is more commonly used, in order to avoid gas
heating and for low power consumption. Thermal equilibrium plasma,
generated, for example, by arc discharges, can also be used in various
applications. High-energy costs allow their utilization only for applica-
tions where one can either expect valuable products (e.g., H2) or needs
to completely destroy very dangerous pollutants.4–6 Pulsed arc
discharges, or spark discharges, in which the transition from non-
equilibrium to partially equilibrium plasma develops are also of
potential interest for the use for thermal decomposition of various
media, or generation of nanoparticles.7

More commonly, spark discharges are used for ignition in inter-
nal combustion engines. Despite the tendency to switch to electric
engines in cars, different types of internal combustion engines will be
still used for at least several decades. It is, therefore, desirable to
develop new more environmentally friendly advanced ignition sys-
tems, using, for example, alternative fuels.8 The environmental perfor-
mance of internal combustion engines with forced ignition is better
when they operate under lean mixture conditions.9

Reliable ignition of lean mixtures requires higher energy ignition
systems because the minimum ignition energy increases with increas-
ing air/fuel ratio.10 High-energy ignition systems are also used for cold
start of diesel engines, to ignite fuel oil in boilers, or to ignite gas tur-
bines.11 At the same time, advanced ignition systems are required to
ensure reliable ignition of the combustible mixture in a high-speed gas
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flow because an increase in flow velocity necessitates a higher mini-
mum ignition energy.12 Finally, it is also desirable to increase the
energy efficiency of ignition systems because the energy efficiency of
typical automotive ignition system is below 1%.13

To improve ignition reliability and increase the energy efficiency
of ignition systems, it is important to understand the characteristics of
the generated plasma. The plasma parameters, such as the temperature
evolution of its various components and the size of the plasma, affect
the combustible mixture ignition, especially under lean mixture and/
or high gas flow conditions.

In the present work, the results of the electrical and optical diag-
nostics of an improved high-energy ignition system are given.
Improvement of this ignition system is aimed at improving the reli-
ability of ignition of the combustible mixture under the conditions of
exposure to a high-speed gas flow directed perpendicular to the dis-
charge channel. The electric circuit used is not completely new,14,15

but it was improved by including an additional switch that makes it
possible to provide self-stabilization of the discharge under the influ-
ence of a high-speed gas flow having impact on the stability of the gen-
erated plasma channel.16 The increasing air velocity extends the
plasma channel length. Thus, if a constant voltage source is connected
to the channel, the electric field strength in the plasma channel
decreases. Finally, this would lead to interruption of the discharge cur-
rent. Thus, further deposition of energy needed for the ignition is not
possible. In the presented electrical circuit, however, the increasing
length and the increasing resistance of the plasma channel cause an
increase in self-induced electromotive force in the circuit. As a result,
the voltage across the spark gap increases, eliminating the interruption
of the discharge current.

Earlier, we conducted a photographic study of the ignition area,17

and the influence of the high-speed gas flow on the discharge develop-
ment in the ignition system was under consideration.16 The present
work is a continuation of previous studies. Detailed electrical charac-
teristics, energy deposition efficiency, and several plasma characteris-
tics obtained by optical emission spectroscopy (OES) are presented.
The OES technique can provide valuable information on excited
atomic and molecular states. It enables us to determine the rotational,
vibrational, and electronic excitation temperatures of the plasma and,
thus, the level of non-equilibrium and the gas temperature.18,19

Knowing these plasma parameters is important for future optimi-
zation of the ignition. The kinetic temperature of molecules and atoms
must exceed the ignition temperature of a combustible mixture, but it
is desirable not to waste too much energy for thermal dissociation and
ionization of molecules. It is, therefore, preferable to use non-
equilibrium plasma for energy-efficient high-energy ignition, with suf-
ficient kinetic temperature of the heavy particles (above the ignition
temperature), but even higher temperature of electrons. High-energy
electrons can efficiently generate reactive chemical species, enhancing
the combustion chemistry. For this purpose, non-equilibrium plasma
is also used for a stabilization of lean flames.20,21

The electron density ne, which is one of the crucial parameters
for the assessment of the plasma characteristics, can be also deter-
mined by optical emission spectroscopy. The most common OES
method for ne measurement is based on the Stark broadening of
atomic emission lines, and the Stark broadening of tens of lines of
many species has already been studied.22,23 In the present work, we
also determined density of electrons in generated plasma based on

Stark broadening of Ha line and atomic oxygen O triplet line near
777 nm.

Time-resolved evolution of plasma channel diameter obtained by
imaging technique is also presented. The knowledge of deposited
energy, temperature, and the plasma dimensions is useful to estimate
whether a critical size of sufficiently hot plasma is generated for reli-
able ignition. Next, data obtained by OES technique are also useful as
input for future numerical modeling of plasma generated by the pre-
sented ignition system.

II. EXPERIMENTAL SETUP

Here, we will first describe the operation principles of a high-
energy self-stabilized spark ignition system (Subsec. IIA). Next, we
will describe the experimental setup and methodology used for electri-
cal (Subsec. II B 1) and optical (Subsec. II B 2) diagnostics of the pre-
sented ignition system.

A. Design and operation of the advanced high-energy
ignition system

Figure 1 shows a schematic electrical circuit of the studied high-
energy self-stabilized spark ignition system. This circuit is not
completely new,14,15 but it was improved by including the switch S2 in
parallel with the capacitor C2. Adding the switch S2 makes it possible
to provide self-stabilization of the discharge under the influence of a
high-speed gas flow influencing the stability of generated plasma
channel.

Initially, capacitors C1 and C2 are charged from external voltage
sources, which are not shown in the diagram. Next, the switch S1 is
closed, which leads to the supply of a voltage pulse to the primary
winding of the step-up transformer T1. This leads to the appearance of
a high-voltage pulse on the secondary winding of the transformer,
causing gas breakdown in the gap and appearance of the initial spark
current pulse.

After the gap is bridged by a highly conductive plasma channel,
the discharging of the capacitor C2 through the secondary winding of
the transformer T1 and through the plasma channel begins. A tran-
sient response of a series RLC-circuit with the capacitor C2 starts. This
would lead to damped sinusoidal current oscillations, if switch S2
remains opened. However, the switch S2 is closed when the current in
the circuit reaches its maximum value, and the voltage across the
capacitor drops to zero. The closing time t, thus, corresponds to the
first 1/4 of the current oscillation cycle (t ¼ 1=4T).

FIG. 1. Schematic diagram of the developed ignition system.
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Before the switch S2 closes, the energy of the magnetic field is
accumulated in the inductance of the transformer winding. When the
switch S2 is closed, the RLC-circuit oscillations are interrupted, but
further flow of the spark discharge is ensured by the release of the
energy accumulated in the secondary winding of the transformer. This
leads to the formation of the second discharge current pulse. The char-
acterization of discharge current during this phase is one of the goals
of this work.

B. Methodology

Figure 2 shows a schematic diagram of the experimental appara-
tus used for electrical and optical diagnostics of the studied high-
energy self-stabilized spark ignition system.

1. Measurement of the electrical parameters

The study of the electrical parameters of the developed ignition
system was carried out using two different setups. In one set of experi-
ments, the spark discharge current was measured by a Pearson
Electronics 2877 (1V/A) current transformer with a response time of
around 1ns (Fig. 2). Voltage probes Tektronix P6015A was used to
measure the discharge voltage. Both electrical signals were registered
by the Tektronix TBS2104 oscilloscope. The length of the spark gap
was 3mm when using this setup.

In the second set of experiments, the length of the spark gap var-
ied from 0.5 to 13mm. Current was measured by a CSNM191
Honeywell current sensor with a measurement error of 60.5% and a
response time of less than 1 ls. The sensitivity of the CSNM191 sensor
after converting the current signal into a voltage signal was
1006 0.51A/V. In this second setup, the voltage probe HVP-39pro
PINTEK was used to measure the voltage, and both electrical signals
were registered by a Rigol DS1104 oscilloscope. The measurement
error of the HVP-39pro probe is 3% of full scale. Due to the relatively
high-voltage measurement error of this probe, the capacitor charge
voltage was also measured with a UNI-T UT-58C multimeter with a
measurement error of 60.5% in the measurement range under study.
The capacitance of capacitors was measured using an E7–22 RLC
meter with a measurement error of 60.009 lF.

2. Optical diagnostic techniques

Two different devices were used for optical diagnostics of gener-
ated plasma: a compact optical emission spectrometer and a high reso-
lution spectrometer coupled with a fast intensified CCD camera. The
length of the spark gap was 3mm during experiments focused on the
optical diagnostics. The experiments were carried out using a copper
cathode and an aluminum anode. These materials are not typically
used at the spark plugs due to high sputtering. We used these materials
instead of more commonly stainless steel to simplify the OES measure-
ments. According to the NIST database,24 Al, Alþ, Cu, and Cuþ com-
bined have only 574 spectral lines in the range 200–900 nm with
observed wavelengths, and with Einstein’s coefficient for the spontane-
ous emission (transition strength) above 106 s�1. In the case of Fe and
Feþ, there are 5138 lines that fulfill these criteria.

The compact emission spectrometer Avantes AvaSpec-Mini4096CL
(200–1100nm, resolution 0.5–0.7nm) was used for fast recording of the
time-integrated spectra of a broad spectral region. The time-resolved
emission spectra with high spectral resolution were obtained using the 2
m spectrometer Carl Zeiss Jena PGS2, coupled with an intensified CCD
camera (Andor Istar) with a 2 ns minimum exposure time. The iCCD
camera was synchronized with the studied ignition system by a function
generator Tektronix AFG2021. This generator triggered both the ignition
system and the CCD camera by transistor–transistor logic (TTL) com-
patible 5 V pulses with a frequency of 10Hz.

The adjustable entrance slit enabled us to use the intensified
CCD camera either for imaging of the plasma channel (with entrance
slit fully opened to 300lm) or for spectroscopic measurements (slit
50–100lm and spectral resolution 0.05–0.09 nm). The relatively fine
spectral resolution of our spectrometer enables us to observe the
broadening of atomic and ionic lines caused by free electrons in the
plasma, the Stark effect. The measurement of the emission lines’ Stark
broadening is the most common OES method for the calculation of
the electron density ne in atmospheric pressure plasmas, and the Stark
broadening of tens of lines of many species has already been stud-
ied.22,23 In the present work, we determined the density of electrons in
the generated plasma based on Stark broadening of the Ha line and
atomic oxygen O triplet line near 777nm.

Hydrogen-like and helium-like lines are the most sensitive to
Stark broadening, and they are the most commonly used for the deter-
mination of electron density in the plasma. The difficulty with the
Stark broadening of the Ha line is that it depends not only on ne but
also on electron temperature Te and ion dynamics. In order to avoid
problems with the dependence of the full width at the half maximum
(FWHM) of the Stark broadened Ha line on Te, we calculated ne from
the Ha line the full width at the half area (FWHA), using the formula
derived by Gigosos et al.,25

DkHa
FWHA ¼ 0:549nm� ne

1023m�3

� �0:67965

: (1)

Here, DkHa
FWHA is the FWHA of the Ha line in nm. This formula covers

the range of electron densities between 1014 and 1019 cm�3 and of elec-
tron temperatures between 1000 and 175 000K.

Stark broadening of the O triplet (5So, J¼ 2! 5P, and J¼ 1–3)
near 777nm does not significantly depend on Te. However, a disad-
vantage results from the overlapping of the three lines of the triplet at
higher electron densities. The Stark broadening of this line is included

FIG. 2. Schematic diagram of the experimental setup used for electrical and optical
diagnostics of the developed ignition system.
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in the Specair software.18,26 We, therefore, used Specair to fit the
experimental spectra to get ne by changing the gas temperature, pres-
sure, and the molar fraction of the electrons. The advantage of using
Specair is that simulated spectra can be convoluted with the measured
instrumental broadening function. Doppler and collisional Van der
Waals broadening are also included. Indeed, spectra have to be simu-
lated under conditions relevant to experimentally measured spectra.

The kinetic temperature of the heavy particles needed to estimate
the Doppler broadening can be approximated in atmospheric pressure
air plasmas by rotational temperature Tr of N2(C

3Pu) species.
18 The

rotational temperature of N2(C
3Pu) can be obtained by fitting the

experimental spectra of the molecular nitrogen second positive
emission system (SPS), corresponding to the transition from state
N2(C

3Pu) to state N2(B
3Rg). For this purpose, we used synthetic spec-

tra generated by the Specair software.18,26

The temperature of electrons can be approximated by the elec-
tron excitation temperature obtained by fitting of emission spectra of
several atomic or ionic lines. For this purpose, we used our own pro-
gram. The experimental spectra were compared with synthetic spectra
of N, O, Cuþ, Al, and Alþ, generated at different electron excitation
temperatures (Texc), taking into account the broadening processes
(instrumental broadening of our spectrometer, Doppler broadening,
and collisional broadening).

III. RESULTS AND DISCUSSION

First, the electrical characteristics of the used electrical circuit
were determined. It was found out that the capacitance of the capacitor
C1 is 8.0056 0.009lF, and the capacitance of the capacitor C2 is
2.7086 0.009lF, at a measurement frequency of 1 kHz. The initial
charging voltage of both capacitors was 8286 6V, since the charge
was carried out from the same voltage source. The capacitance of the
capacitor C2 is the important parameter determining the amount of
available energy that can be deposited to the spark gap.

Next, the resistance of the transformer secondary winding and
the resistance of connecting wires were determined according to
Ohm’s law, by measuring the secondary winding voltage and the direct
current flowing through the winding from a direct current source. It
was found that the total resistance of winding and connecting wires is
equal to Rwire ¼ 0.1806 0.05 X. The internal resistance of the capaci-
tor C2, Rcap, was measured as well. It is equal to 0.04 X.

Only after these preparatory measurements, discharge generated
by the presented high-energy spark ignition system was studied. The
obtained results from the electrical and the optical measurements are
complementary, and there is direct correlation of the optical and the
electrical signals. However, for easier understanding of the optical
data, we start with the description of the electrical characteristics of
generated discharge in Subsec. IIIA. Obtained results enabled us to
calculate the energy deposited to the spark gap, described in Subsec.
III B. The description of plasma characteristics derived from optical
measurements follows in Subsec. III C.

A. Electrical characteristics of the generated discharge

Figure 3 shows voltage and current waveforms characteristic for
the presented ignition system. There are two major current pulses.
The first current pulse, with the amplitude above 40A (time interval
0–0.3 ls on Fig. 3, black dashed line), was measured by the Pearson
current monitor. An oscillatory-damping of the discharge current

occurs in the circuit after the first current pulse, with a main oscillation
frequency of about 3.3MHz (time 0.3–2 ls on Fig. 3). Oscillations
with this frequency and negative current component are possible due
to the presence of parasitic capacitances formed between the turns of
the secondary winding of the transformer, decreasing the inductance
of the circuit.

A second current pulse with the amplitude above 135A appears
much later, with a delay around 80 ls. The second current pulse was
measured by the CSNM191 Honeywell current sensor. It is necessary
to combine these two devices to see the current evolution in the circuit
correctly because the core of the Pearson current monitor becomes
saturated during the second current peak, and the CSNM191 current
sensor is not fast enough to record correctly the first current pulse.

The first current pulse is a consequence of a high-voltage pulse
across the spark gap with the peak voltage >20kV, formed after the
switch S1 is closed (time interval�0.5 to 0 ls on Fig. 3). The rise time of
the high voltage (HV) pulse is below 0.5 ls. The strong electric field in
the gap during the HV pulse causes the gas breakdown and the forma-
tion of the spark current pulse. The gas breakdown in atmospheric pres-
sure air takes place by a streamer mechanism.27–29 This mechanism is
still studied experimentally and can be described as two peak pro-
cesses30,31 because the spark (breakdown) current pulse is preceded by a
smaller streamer current pulse, with typical amplitude in order of 10mA.

In contrast to a typical spark discharge, the discharge generated
by the presented ignition system should be described as a three peak
process, with streamer current pulse, the breakdown spark current
pulse, and the second post-breakdown current pulse (time interval
80–240 ls on Fig. 3, red dashed line). Streamer, however, is not detect-
able by our probes, and it has no direct impact on the ignition.
Henceforth, we shall, therefore, deal only with the two later pulses,
describing them for simplicity as the first, and as the second current
pulse.

The second current pulse formed by discharging of the capacitor
C2 is a specific feature of the presented ignition system discharge cir-
cuit. The delay between the two current pulses is typically in the range
from 60 to 125 ls. The presence of the delay between the gas

FIG. 3. Measured voltage and current waveforms; voltage across the spark gap
(cyan solid line), current measured by Pearson current monitor (black dashed line),
current measured by Honeywell current sensor (red dashed line), and voltage uC2
across the capacitor C2 � 0.1 (solid red line).
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breakdown (the first spark current pulse) and the second current pulse
can be explained by a high reactance of the secondary winding of the
transformer. However, as the current in the circuit gradually increases
in time after the first current pulse up to 36 1A, the saturation of the
transformer core is reached, and its reactance decreases. The decrease
in reactance enables fast discharging of the capacitor C2 and the sec-
ond current pulse formation.

When the current during the second pulse reaches the peak
value, the voltage across the capacitor C2, uC2, decreases to 0 (Fig. 3,
red solid line, time �90 ls). If switch S2 remains opened, damped
sinusoidal current oscillations characteristic for the RLC circuits would
follow. Since the switch S2 is closed when the current reaches its maxi-
mum value and uC2 drops to zero, further discharging of the capacitor
C2 does not occur. The further flow of the discharge current is caused
by the process of releasing the magnetic field energy accumulated in
the inductance of the transformer’s secondary winding. As a result, the
measured current after the moment when S2 is closed corresponds to
the transient in a RL circuit.

Figure 4 shows comparison of the second current pulses mea-
sured at two different lengths of the gap. The increasing gap size leads
to a decrease in the amplitude and the duration of the second current
pulse. These differences can be explained by the influence of the circuit
resistance in the RL-circuit on the second current pulse. The resistance
of the winding and the resistance of the connecting wires do not
change, but the total resistance of the circuit includes also the resis-
tance of the generated plasma channel. As the distance between the
electrodes increases, the resistance of the plasma channel also
increases. The increase in the total resistance of the RL-circuit can
explain the decrease in the amplitude and in the duration of the sec-
ond current pulse with the increasing gap length.

The increasing spark channel resistance with the growing gap
size can explain also the prolongation of the delay between the first
and the second current pulse. The delay increases approximately line-
arly from 606 5 ls at gap size 0.5mm, up to around 1256 5 ls at
gap size 13mm. The prolonging delay is associated with slower
increase in the discharge current after the first current pulse, when the

circuit reactance is larger. Consequently, the time needed to achieve
the transformer core saturation increases.

B. Calculation of the energy deposited to plasma

The resistance of the plasma channel mentioned earlier is impor-
tant factor influencing the amount of energy deposited to the gas. The
deposited energy, in turn, is a crucial parameter influencing the igni-
tion of combustible mixtures. First, let us consider the energy input
corresponding to the first current pulse. The upper limit of available
energy that could be deposited to the plasma during the first current
pulse can be obtained by calculating the energy Q1 released during the
discharging of the capacitor C1 on the primary winding of the
transformer,

Q1 ¼
1
2
C1 uc1

2 0ð Þ � uc1
2 t1ð Þ

� �
: (2)

Here, t1 is the duration of the discharging period during which the
switch S1 is closed, uc1(0) is the voltage across the capacitor C1 at the
beginning of the discharging (828V), and uc1(t1) is the voltage across
the capacitor C1 at time t1. The difference between uc1(0) and uc1(t1),
Du, can be calculated by following equation:

Du ¼ 1
C1

ðt1
0
i1dt; (3)

where i1 is an average current in the primary circuit. Using t1 ¼ 1 ls
and i1 ¼ 200A, as measured by a current sensor located in the branch
with the capacitor C1, we obtain the voltage drop Du¼ 25 V. Thus,
the total energy that could be deposited to the gap during the first cur-
rent pulse does not exceed 163 mJ. The real value is certainly much
lower, if we take into the account the low efficiency of conversion of
the energy released during the discharging of the capacitor C1 on the
primary winding of the transformer into the energy released in the
spark gap. As a rule of thumb, the conversion efficiency is much lower
than 50%.32

More energy that could be deposited to the gap is available dur-
ing the second current pulse. The analysis of electrical circuit enabled
us to develop computational technique to calculate time evolution of
the total amount of available energy, Qtotal(t), in our system,33 defined
by the equation

Qtotal sð Þ ¼
ðs

t2

Rtotal tð Þi2 tð Þdt: (4)

Here, t2 indicates the beginning of the second current pulse and
Rtotal(t) is the time variable total resistance of the circuit. Rtotal(t) was
obtained by solving the following equation:

L
di
dt
þ i:Rtotal þ uC2 ¼ 0; with uC2 ¼ 0 for t > 1=4T: (5)

Here, L is the circuit inductance during the second current pulse when
the transformer core is saturated, and i and uC2 are experimentally
measured discharge current and the voltage across capacitor C2.

The final value of Qtotal, for s!1, can be more easily calculated
using following formula:

Qtotal 1ð Þ ¼
1
2
C2u

2
C2; (6)FIG. 4. Comparison of discharge currents obtained at spark gap lengths of 0.5 and

13 mm.
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assuming that the voltage across capacitor C2 drops to zero during the
second current pulse (Fig. 3). With initial voltage 828V and capacity
2.7 lF, we obtain Qtotal(1)¼ 928 mJ. It is advantageous, however, to
use Eqs. (3) and (4) to calculate Qtotal(t) as a function of time because
it enables us to estimate the energy deposited to the spark gap.

The true amount of energy deposited to the spark gap which
could be used to ignite combustible mixtures, Qign, is lower than the
total available energy.Qign can be estimated from Qtotal after deduction
of energy losses,

Qign sð Þ ¼ Qtotal sð Þ � Qel sð Þ �
ðs

t2

Rwire þ Rcapð Þi2 tð Þdt: (7)

Here, Rwire is the wire resistance, Rcap is the internal resistance of the
capacitor C2, and Qel is losses due to energy deposited to electrodes,
causing their sputtering. It is possible to estimateQel by the expression

Qel sð Þ ¼
ðs

t2

ueli tð Þdt; (8)

where uel is the voltage drop across the electrodes during the current
pulse. The experiments were carried out using a copper cathode and
an aluminum anode. According to the reference data,34 the
voltage drop across the electrodes for an arc discharge with current
i¼ 20–200 A is in the range of 18–22V.

Figure 5 shows time evolution of Qign and Qel calculated from
measured current profiles for two different gaps, 3 and 13mm, using
uel¼ 20V. Time t¼ 0 ls on this figure represents the beginning of the
second current pulse. As we can see, the final value of Qign, for t!1,
is higher in 13mm gap than in 3mm gap. Knowing Qign is important
because it affects the combustible mixture ignition reliability.
Moreover, the time evolution of Qign enables us to estimate the rate of
energy deposition. Higher rate of deposition, resulting in a stronger
shock wave, would be favorable for a detonation, not for the deflagra-
tion ignition process. Reasonable rate of energy deposition with less
energy spent for shock wave is more suitable for the energy-efficient
ignition of combustible mixtures.

Figure 6 shows dependence of Qign(1) on the gap size, calculated
from measured current profiles, using uel ¼ 20V. We see monotonous
increase in Qign(1) from 0.23 to 0.54 J with the increasing gap size from
3 to 13mm. It is interesting to compare these values with a typical mini-
mum ignition energy. The minimum ignition energy depends on the
equivalence ratio and turbulent intensities in the combustible gases.35 In
lean methane-air mixtures with the equivalence ratio of 0.6 and normal-
ized turbulent intensity around 300, the minimum ignition energy
exceeds 0.1 J.35 In our system,Qign(1) is always higher than 0.1 J.

Because Qing(1) increases with the spark gap size, the energy
deposition efficiency, defined as gign¼ 100� Qign(1)/Qtotal(1), must
increase with gap size as well (Fig. 6, red squares). The efficiency of
typical automotive ignition system is significantly less than 1%.13

Here, the energy efficiency increases from 23% to 58% with the gap
increasing from 3 to 13mm. The increase in the energy efficiency
deposition with the increasing spark channel length can explain the
stability of presented ignition system under high gas flow conditions.16

In other ignition systems, high gas flow can distort the spark channel
and reduce the deposited energy.36

We assume that with the energy efficiency up to 58%, the pre-
sented ignition systems will be suitable for reliable and energy-efficient
ignition of lean mixtures, which are hard to ignite. It is necessary to
emphasize, however, that the achieved energy efficiency characterizes
the presented ignition system only and is not to be confused with an
overall performance of a combustion engine where it would be used.

The increase in Qign(1) and gign can be explained by increasing
resistance of the generated spark plasma channel, Rplasma, with the
growing gap size. The plasma channel resistance can be approximated
by the total resistance of the circuit, Rtotal, calculated by solving Eq. (5),
after the deduction of Rwire and Rcap.

Figure 7 shows time evolution of Rplasma for two different spark
gaps, where t¼ 0 ls represents the time when the peak current was
achieved during the second current pulse. Comparing the plasma
resistance for 0.5mm gap and 13mm gap, we can see that the minimal
plasma resistance (in t¼ 0 ls) is lower in 0.5mm gap. Next, the
Rplasma increases in time in both cases, but the increase in Rplasma is
faster in 13mm gap than in 0.5mm gap. Thus, the average plasma
resistance is higher in 13mm gap as well.

FIG. 5. Time evolution of Qign and Qel during the second current pulse, calculated
for gaps 3mm (dashed lines) and 13 mm (solid lines). FIG. 6. Dependence of Qign(1) and gign on spark gap size.
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Figure 8 shows minimal and average values of the plasma resis-
tance as functions of the gap size. Both the minimal and the average
plasma resistance confirm general trend of the increasing plasma resis-
tance with growing gap size. At 0.5mm, Rplasma is actually too small,
and our calculation method leads to a negative value in the case of sev-
eral data points shown in Fig. 7. Therefore, we could not calculate Qign

with sufficient accuracy for the gap 0.5mm (the first data point on
Fig. 6 is for the gap 3mm). At 0.5mm, major part of the available
energy is deposited to the sputtering of electrodes. Rather than for
ignition of combustible mixtures, our device with a gap of 0.5mm
could be useful for the production of metallic nanoparticles.

C. Optical diagnostic of the generated plasma

Measurements of the electrical parameters prove pulsed character
of the studied discharge. It is, therefore, necessary to use time-resolved
optical diagnostic techniques to determine the evolution of the gener-
ated plasma characteristics. However, we first measured time-
integrated spectra with the compact spectrometer to get overview of all
emission lines and systems. Next, we applied the time-resolved optical
emission spectroscopic technique to measure selected spectral regions.

Figure 9 shows time-integrated spectrum of plasma generated by
studied high-energy system, with a gap size of 3mm. We identified
strong emission lines of Al, Cu, H, N, O, Alþ, and Cuþ. There are also
weak emission lines of Nþ and Oþ. There are no molecular emission
systems visible in the time-integrated spectra. However, the time-
resolved measurements by the iCCD camera with the adjustment of
the gain enabled us to detect weak molecular nitrogen emission gener-
ated between the two current pulse. With the second current pulse
onset, the atomic and ionic lines dominate even in time-resolved spec-
tra, and molecular emission systems are not detectable. These findings
may indicate strong degree of atomization and intense sputtering of
electrodes during the second current pulse.

The spectrally resolved measurements show us also that the emis-
sion intensity profiles of lines of various species are different. There

are four types of emission intensity profiles corresponding to four dif-
ferent types of species: (1) atomic ions of the gas origin (Nþ and Oþ);
(2) ions originating from the electrodes (Alþ and Cuþ); (3) neutral
atoms of gas origin (N, O, and H); (4) neutral atoms originating from
the electrodes (Al and Cu).

Figure 10 shows normalized intensity profiles of four selected
atomic and ionic emission lines, each representing one of the group
mentioned in the previous paragraph. Each emission intensity profile
reaches the peak value in more or less the same moment (tmax� 100
ls), but the following evolution is different. In the case of atoms and
ions of gas origin (groups 1 and 3), the decrease in the emission inten-
sity I(t) can be approximated by a simple exponential decay of the first
order, with a single characteristic time constant s1,

I t; t > tmaxð Þ ¼ I tmaxð Þ � exp � t � tmaxð Þ=s1
� �

: (9)

FIG. 7. Time evolution of the plasma resistance, calculated for two different spark
gap lengths (time 0 corresponds to the t¼ 1/4T, when current during the second
pulse reaches maximum).

FIG. 8. Dependence of minimal and average values of the plasma resistance on
spark gap size.

FIG. 9. Time-integrated optical emission spectrum of generated plasma, with a gap
size of 3 mm.
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The emission intensity profiles of the atoms and ions originating from
the electrodes are more complicated. It can be approximated by the
exponential decay of the second order, with two different time con-
stants s1 and s2,

I t; t > tmaxð Þ ¼ A1 � exp � t � tmaxð Þ=s1
� �

þ A2 � exp � t � tmaxð Þ=s2
� �

;
(10)

where the sum of two fitting constants A1 and A2 is equal to I(tmax).
The time constants s1 and s2 were obtained by fitting the experimental
data. Details about the selected emission lines and the observed time
constants are summarized in Table I.

The shortest characteristic lifetime has the emission of the Nþ

line, with a characteristic decay time s1 ¼ 116 2 ls. The second fast-
est intensity decline is characteristic for Alþ ionic line. It is worth to
emphasize that after the initial relatively fast decline, s1 ¼ 236 2 ls,
the intensity of Alþ line starts to decrease much more slowly, with a
characteristic decay time s2 ¼ 1256 5 ls. Relatively weak emission of
Alþ can be, therefore, observed during the entire second current pulse.

The intensity of neutral lines emission declines even slower than
the intensity of the Alþ line. The first characteristic decay time s1 of

both O and Al lines on Fig. 10 is around 306 3 ls. The profiles of N
and Al emission lines start to differ in time 220 ls. The Al line inten-
sity decreases much slower afterward, with a characteristic decay time
s2 ¼ 1406 5 ls. Thus, the emission lines of the excited Al species are
visible even after the end of the second current pulse, when the dis-
charge current is already not measurable by our devices.

Long duration and high intensity of Al and Alþ emission lines
show that the sputtering of electrodes significantly influences the life-
time of the generated plasma after the second current pulse. However,
the sputtering was not critical, and we had to adjust the gap size only
after several hours of measurements. Moreover, alumina is not typi-
cally used at the spark plugs, and we will not use it in future during
experiments focused on ignition reliability. More interesting is the
high intensity and relatively long duration of O and H lines emission.
Chemically active components, such as atomic oxygen and hydrogen,
generated efficiently during the second current pulse can promote the
activation of the chemical reactions during the combustion initiation
process.

1. Temperature evolution in generated plasma

Spark discharge is commonly considered to generate thermal
plasma, where the energy of neutrals, ions, and electrons can be char-
acterized by the same temperature. In our system, however, it is not
possible to claim that the thermodynamic equilibrium exists all the
time because of the pulsed character of the discharge. Thus, it is worth
to study the temperature evolution of different species, electrons, ions,
and neutrals in our plasma. The temperature of neutrals in atmo-
spheric pressure air plasmas can be approximated by rotational tem-
perature Tr of N2(C

3Pu) species,
18 obtained by fitting of the molecular

nitrogen second positive emission system, N2 SPS.
The rotational temperature of N2(C

3Pu) can be obtained by fit-
ting the experimental N2 SPS spectra. For this purpose, we used syn-
thetic spectra generated by the software Specair.18,26 The temperature
of electrons can be approximated by the electron excitation tempera-
ture obtained by fitting of emission spectra of several atomic or ionic
lines. For this purpose, we used our own program.

Although there is no molecular nitrogen emission visible in the
time-integrated spectrum (Fig. 9), the spectrally resolved measure-
ments reveal the presence of N2 SPS emission during the phase
between the two current pulses. Figure 11 shows an experimental spec-
trum of the region between 332 and 338nm, time window 666 5 ls
from the beginning of the first current pulse. Shown spectrum is
formed by the superposition of two emission systems: NH(A-X) and
N2 SPS (transition between vibrational levels 0 and 0). Measured spec-
trum is fitted by synthetic emission spectra of N2 SPS and NH(A-X)
generated by Specair for rotational and vibrational temperature
6500K.

In later phase, delay >80 ls, the N2 SPS spectra are already too
weak and noisy to estimate the rotational temperature of N2(C

3Pu)
species. Moreover, with the second current pulse onset, several strong
emission lines appear in the spectra in the range 330–340nm, domi-
nating over N2 SPS band. For this reason, it was impossible to follow
further evolution of the rotational temperature by fitting the experi-
mental spectra with the synthetic N2 SPS spectra.

During the second current pulse, we focused on fitting of atomic
and ionic emission spectra to estimate electron excitation temperature,

FIG. 10. Normalized intensity profiles of four selected atomic and ionic emission
lines: O triplet near 777 nm, Al at 396.15 nm, Nþ at 500.148 nm, and Alþ at
358.692 nm.

TABLE I. Description of selected atomic and ionic emission lines. Their normalized
intensity profiles are shown in Fig. 10.

Species k (nm) Transition (s) Group

Nþ 500.148 3D2–
3Fo3 1

Alþ 358.692 3D3–
3Fo3 2

358.707 3D2–
3Fo3

O 777.194 5So2–
5P3 3

777.417 5So2–
5P2

777.539 5So2–
5P1

Al 396.150 2Po3/2–
2S1/2 4
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Texc. Unfortunately, the time-resolved spectra recorded by the iCCD
camera cover only relatively narrow spectral region (�10nm) where
we could see only several emission lines. Moreover, these narrow spec-
tral regions must contain at least two emission lines of the same spe-
cies corresponding to radiative deexcitation from significantly
different energy levels to be suitable for Texc estimation. Altogether, the
measured spectra enabled us to estimate Texc from emission lines of
three species: Cu, N, and Nþ. As, for example, Fig. 12 shows time-
resolved experimental emission spectrum of the spectral region
499–505nm with several Nþ lines, fitted by synthetic spectra calcu-
lated for different excitation temperatures.

Figure 13 shows the evolution of Tr obtained by fitting N2 SPS
spectra, and Texc estimated by fitting emission spectra of Cu, N, and
Nþ, measured with different delay relative to the appearance of the

first current pulse. The exposure time used to measure these N2 SPS
spectra was quite long, 1–10 ls. This may be the reason why even the
first value of the rotational temperature (delay 1 ls, exposure time
10 ls) is already quite high, around 4500K. Later, the rotational tem-
perature further increases up to around 7500K. The uncertainty is quite
high, mostly due to weak signal and overlap of N2 second positive sys-
temwith NH(A-X) emission system (main band at around 336nm).

Texc was estimated from emission lines of three different species,
but the lines around �820nm used to estimate excitation temperature
characterizing N species are very weak for time above �100 ls, and
the intensity of the Nþ line at 504.5 nm was high enough only for time
delay below �150 ls. Despite these limitations, we see that the excita-
tion temperature of Nþ ions is higher than the electronic excitation
temperature of neutral species at the beginning of the second current
pulse (time around 100 ls on Fig. 13). However, the excitation tem-
perature of ions decreases to around 15 kK until it equals the excitation
temperature of Cu species (time 140 ls on Fig. 13). Later, the excita-
tion temperature of Cu species slightly decreases to around 10 kK
(time>190 ls on Fig. 13).

The fact that the obtained excitation temperature derived from
N, Cu, and Nþ spectra differs implies that plasma is out of thermody-
namic equilibrium conditions, and the temperature of free electrons
probably differs from the temperature of heavy particles (for time
<140 ls). Moreover, the population of excited levels probably does
not follow the Boltzmann law.

We assume that the excitation temperature obtained by fitting of
Nþ emission spectra is higher because the Nþ species emitting pho-
tons with the wavelength of 504.5 nm are excited by impact with high-
energy electrons. This line is visible only when the density and the
temperature of electrons are high enough. For this reason, the emis-
sion of these species fades out quickly after the peak electron density
is achieved, with a characteristic decay time s1¼ 116 2ls (time
�100–120 ls on Fig. 10).

The Cu emission lines around 327nm correspond to transition
to the ground state. The energy of the upper level is around 3 eV.
Thus, the excited Cu species could be generated by collisions of Cu in
the ground state with other heavy particles in gas having mean kinetic

FIG. 11. Fitting of experimental spectrum with synthetic spectra of NH(A-X) emis-
sion system and N2 second positive emission system, vibrational transition 0-0.

FIG. 12. Time-resolved emission spectra of the spectral region 499–505 nm with
several Nþ lines, fitted by synthetic spectra calculated for different excitation tem-
peratures, delay 100 ls, exposure time 100 ns.

FIG. 13. Temperature evolution in generated plasma, N2(C
3Pu) rotational tempera-

ture Tr obtained by fitting N2 SPS spectra, the excitation temperature Texc estimated
by fitting spectra of Cu, N, and Nþ.
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energy around 1 eV (�10 kK). The Cu excitation temperature is, thus,
probably in equilibrium with the kinetic temperature (energy) of heavy
particles.

2. Electron density evolution

Figure 14 shows normalized spectrum of the region 652–660nm
with a Ha line. The Ha line is significantly broader compared to the
line in synthetic spectrum, where the Stark effect was not taken into
account, just the instrumental and Doppler broadening effects. This
spectrum demonstrates that the Stark broadening effect is so signifi-
cant that it is the major broadening mechanism influencing the mea-
sured line profile. Thus, it can be used to calculate the electron density
in generated plasma. We used a method presented by Gigosos et al.,25

using the full width of the half area of the Ha line.
Figure 15 shows example spectra of spectral region 775–780nm

with the O triplet line near 777nm. From this triplet, the intensity pro-
file of O was derived, and a few spectra were fitted by the Specair soft-
ware to estimate the electron density from the Stark broadening of
these lines (see Ref. 37 for details). Figure 15 shows two experimental
spectra demonstrating changes of shape of O triplet line. At delay 270
ls, the Stark broadening is already weak, and we can see three sepa-
rated lines, while at delay 90 ls, the overlapping of these lines is
obvious.

After analyzing a set of Ha line and O triplet line spectra
recorded at different delays, we obtained time evolution of electron
density during the second current pulse (Fig. 16). The electron density
during the second current pulse is high, above 1017 cm�3, and it gradu-
ally decreases in time, from the peak value around 3�1017 cm�3.
There is reasonable agreement between the electron density obtained
from broadening of Ha line and O triplet line. The Stark broadening
mechanism of O triplet line depends also on electron temperature (we
used 10 kK), not only by electron density. Moreover, the shape of line
calculated by the Specair software depends also on selected gas tem-
perature and pressure (we used 8 kK and 2 atm). If we tune the values
of the gas pressure, gas temperature, and the electron temperature, we

could, thus, achieve perfect agreement with the electron densities
obtained from Ha line.

3. Plasma channel diameter evolution

Finally, we used the iCCD camera in image mode to measure the
evolution of the plasma channel diameter. The spectrometer’s entrance
slit was fully opened (300lm), and the camera recorded 2D images of
the spatial intensity distribution of spectrally unresolved light emitted
by the plasma (see Fig. 17, background layer). The plasma channel
image was projected perpendicularly onto the entrance slit of the spec-
trometer by a single convex lens. The zoom factor was 1.6. Each pixel
on camera, thus, represents approximately 8.15lm. In order to esti-
mate the plasma channel diameter, we used intensity profile in row of
illuminated pixels parallel to entrance slit (Fig. 17, smaller inlet plot

FIG. 14. Emission spectra of the H line at 656 nm broadened by the Stark effect,
delay 90 and 220 ls. Comparison with synthetic spectrum without the Stark broad-
ening effect.

FIG. 15. Comparison of synthetic spectrum (calculated by Specair) with experimen-
tal spectra (O triplet near 777 nm) for delay 90 ls. The synthetic spectrum was cal-
culated for pressure 2 atm, gas temperature 8 kK, electron temperature 10 kK, and
electron density 2.16� 1017 cm�3.

FIG. 16. Evolution of electron density calculated from Stark broadening of Ha line
and obtained by fitting of O triplet near 777 nm.
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down, left). In order to improve the accuracy, we have made sum of
profiles from all illuminated rows (Fig. 17, smaller inlet plot down,
right). The plasma channel diameter was estimated as FWHM of the
final profile from sum of all illuminated rows.

Figure 18 shows the plasma channel diameter as a function of
delay with respect to the beginning of the first current pulse. The
diameter of the plasma channel generated by a tradition spark coil
ignition systems is usually estimated on the order of 100lm.38 This is
in a good agreement with the initial plasma diameter observed in our
system right after the breakdown, 140–200lm.

Afterward (delay 1–10 ls), the plasma channel diameter expands
rapidly, at least to 3000lm. It is not possible to guess the final value
because the optical emission intensity is too weak for delay 10–50 ls.
Still, we can estimate that the plasma channel diameter increases by
around 3mm in 10 ls after the first current pulse. Thus, the channel

expansion velocity is about 300 m/s, and the plasma channel diameter
probably expands with sonic speed indicating shock wave formation
after the first current pulse. It can be explained by the relatively fast
energy deposition rate during the first current pulse. We do not know
exact value of the deposited energy during the first current pulse, but
we estimated that the upper limit for theoretically available energy is
163 mJ (see Subsec. III B). Assuming 10% conversion efficiency of the
energy released during the discharging of C1 on the primary winding
of the transformer into the energy released in the spark gap, we obtain
approximately 16 mJ deposited to the gap during the initial spark cur-
rent pulse with a duration of 0.3 ls (Fig. 3). Thus, the average energy
deposition rate is around 5� 104 J/s.

As was already mentioned, the optical emission intensity is too
weak for delay 10–50 ls. Despite this, we can deduce that the channel
diameter shrinks before the onset of the second current pulse, from at
least 3mm down to around 500lm. Meanwhile, the current in the cir-
cuit increases to about 36 1A. Similar behavior with a current growth
enabled by the plasma channel contraction was observed in a short
and weak sparks (amplitude�2A, duration below 1 ls) in nitrogen.39

Despite this similarity, here, we observe specific behavior, with
extremely slow current increase and plasma diameter contraction in a
strong electric field between the two current pulses (delay�10–80 ls).
The estimated electric field is around 2700V/cm (voltage 800V across
3mm gap), and the reduced electric field strength at 300K would be
only around 11Td (1Td¼ 10�17 V cm2), far below the breakdown
threshold (�120Td). However, here, the temperature increases from
around 4500K to 7500K between two pulses (Fig. 13). If the gas pres-
sure in the plasma channel is equal to 1 atm, the reduced electric field
strength increases from �165Td up to �270Td between two current
pulses. Thus, the reduced electric field strength would be above the
breakdown threshold all the time between the two current pulses. Fast
discharging of the capacitor C2 and the formation of the second cur-
rent pulse are inhibited by characteristics of our circuit—high reac-
tance of the secondary winding of the transformer before the
saturation of its core.

With the appearance of the second current pulse, there is steep
increase in Dp (delay 90–110 ls), followed by even faster decrease
(delay 110–120 ls). Gradual increase in Dp follows in the later phase.
It is necessary to emphasize that it would require further study of the
plasma channel evolution to be sure that observed evolution is really
relevant. For example, it would be useful to record spectrally resolved
images of the plasma channel, showing radiation from selected species
only (for example, Nþ or Alþ ions). This could help us to explain
plasma diameter increase and decrease during period with delay
90–120 ls.

Despite this lack of complete explanation for plasma channel
behavior, obtained results are very useful. It is known that for success-
ful ignition, the spark kernel or hot bubble of gas created by the spark
must grow to a critical size,40 and here, we see significant increase in
the final plasma diameter to almost 4mm. Next, obtained plasma
diameter allows us to estimate the specific energy deposited to gas.
Assuming maximum plasma channel diameter Dp ¼ 4mm, spark gap
3mm, and the total deposited energy 230 mJ, the specific energy is
around 3 mJ/mm3.

Already the first current pulse generates the high-temperature
plasma region (Fig. 13) that can cause the combustion initiation, but
its lifetime does not exceed a few microseconds, and it cannot be used

FIG. 17. Image of the plasma channel recorded by the iCCD camera, exposure
time 250 ns and delay 90 ls; inset figures in the lower part show intensity profile
from a single row of pixels (left) and normalized profile obtained as a sum of intensi-
ties from all illuminated rows (right).

FIG. 18. Evolution of plasma channel diameter as a function of time from the begin-
ning of the first current pulse.
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for a reliable ignition due to chemical reactions delays. The second
current pulse can be considered as thermal source for the reliable igni-
tion, thanks to longer time of the thermal action exceeding 200 ls
(Fig. 13) and increased size of the plasma channel diameter to
4–5mm.

Finally, obtained plasma diameter evolution brings another pos-
sible explanation for high-energy efficiency of our ignition system. The
plasma channel diameter increases by around 2.5mm during the ini-
tial 100 ls of the second current pulse, when the major part of the
energy is deposited to the gap (Fig. 6). Thus, the average channel
expansion velocity is about 25 m/s, i.e., the plasma channel diameter
expands with a slow subsonic speed. It can be explained by the rela-
tively slow energy deposition rate. Approximately 180 mJ is deposited
to the gap during the initial 100 ls of the second current pulse accord-
ing to our calculations (Fig. 6). The average energy deposition rate
during this phase is around 1.8� 103 J/s, i.e., almost 30 times lower as
estimated energy deposition rate during the first current pulse. We,
therefore, assume that the shock wave is not formed during the second
current pulse, and only a small fraction of the deposited energy is
accumulated in the kinetic energy of gas flow. This is one of the rea-
sons why we can achieve energy-efficient ignition in our system. At
the same time, it means that the presented system is more suitable for
the deflagration ignition process than for detonation.

IV. CONCLUSIONS

Despite necessary environmental protection and switch to renew-
able energies, different types of internal combustion engines will be
used for at least several decades. An improvement of the overall envi-
ronmental performance of an engine can be achieved by feeding it
with a lean mixture. However, it is difficult to ignite lean mixtures
energy-efficiently. It is, therefore, desirable to develop new advanced
ignition systems for reliable energy-efficient ignition of lean mixtures.

Here, we present the high-energy self-stabilized spark ignition
system. Energy release and plasma characteristics were determined
measuring electrical signals and optical emission spectra. There are
two high current pulses. The first spark current pulse appears as a con-
sequence of the high-voltage pulse (about 20 kV) supplied to the spark
gap. The discharge current after the first current pulse gradually
increases up to 36 1A, when the second current pulse appears. The
delay between two current pulses increases with the growing spark gap
size from 60 to 125 ls, corresponding to gap size of 0.5 and 13mm,
respectively. The duration of the second current pulse is about
150–300 ls, with the current amplitude of 140–180A. The second cur-
rent pulse is formed, thanks to specific features of used electrical
circuit.

The deposited energy in the presented ignition system increases
from 0.23 to 0.54 J as the spark gap increases from 3 to 13mm.
Interestingly, the energy efficiency of the designed system increases
with increasing spark gap from 23% to 58%. The efficiency of the pre-
sented system is, therefore, much higher than the efficiency of a typical
automotive ignition system.

The analysis of the optical emission spectra allowed us to evaluate
the gas temperature, electron density, and the spark kernel size. These
data can be used as an input for computer simulations of the ignition
process during the second current pulse, when the flame kernel expan-
sion is dominated by diffusive processes and chemical reactions. Based
on obtained results, reliable ignition of the lean mixtures in high-

turbulent gas flow by studied ignition system is expected. The experi-
mental research of the combustible gas ignition by the presented sys-
tem will be done in the near future.
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