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Abstract

In this work, the influence of pressure on the electrical parameters of a
standard automotive ignition system and the characteristic spectra of
the ignition spark were shown. The spectrum of the breakdown shows
the strongest change, from a relatively discrete N» band spectrum to a
bright continuum spectrum with intense NII line radiation in it. In the
arc discharge, the metal lines from the electrode material dominate the
shape of the spectrum. These lines can be used to determine the excita-
tion temperature and to estimate the intensity with which the electrode
material is released by the thermionic effects of the discharge. Lastly,
the shape of the glow discharges is not affected by the pressure, only
their intensity decreases. Because of the differences in the spectra, sev-
eral methods are needed to determine different temperatures or other
plasma characteristics.

1 Introduction

1.1 Motivation

The phases of the ignition spark were first described by the observations of
Maly [1-8]. He divided the spark into the three phases of the breakdown, the arc
and the glow discharge, which differ of their plasma-physical mechanism of
electron supply. These different mechanisms resulting in different inflammation
and erosion behavior of the phases, which are summarized in Fig. 1.
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Fig. 1: Connection between the inflammation probability and the potential of
electrode wear of the three ignition phases.

In addition to the phases, the knowledge of the electrical structure of an ignition
system is necessary. Therefore, Fig. 2 shows as an example the schematic of an
electrical circuit of a standard automotive ignition system, consisting of induc-
tors, capacitors and resistors. The location of these resistances affects the dis-
charge characteristics of the remaining elements by increasing or decreasing
their time constants, depending on whether the element is an inductance or ca-
pacitance. A closer look to the capacitances of the system, the spark plug comes
more into the focus. It can be divided into a capacitance in front of the suppressor
resistance Cspy and behind it Cspy, resulting in different discharge behavior of
these two capacitances [9]. Especially the second one is interesting, because it
is not inhibiting by the resistance and can discharge extremely fast.
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Fig. 2: Connection between the inflammation probability and the potential of
electrode wear of the three ignition phases.
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Therefore, the connection between ignition system design, the ignition phases,
the erosion and inflammation behavior need further observation. In this work, a
study on the influence of the pressure on the spectrum of the ignition phases is
done.

1.2 Plasmaphysical Basics

In the following subsection, the plasma physical basics of the three phases are
roughly outlined to illustrate some special features of the measurements.

1.2.1 Breakdown

The breakdown process begins with the avalanche or townsend mechanism de-
scribed by Townsend [11-13]. It begins with a start electron supplied by radia-
tion, field emission or similar. This electron is accelerated by the electric field
and accumulates energy. If the energy is too low for ionization, the electron-
particle collisions are elastic and there is no energy loss for the electrons. Once
the energy exceeds the ionization energy of the electron collision partner, the
particle is ionized and the colliding electron loses its energy by inelastic colli-
sions. Afterwards, the two electrons move further in the direction of the anode
and get accelerated, and the process repeats. The resulting ions move towards
the cathode and release new electrons at this electrode by secondary electron
emission. These electrons starting new avalanches until a conductive channel is
formed. This process requires more than one avalanche to form this channel.
As soon as the electron number reaches a critical value of 10 [14], the space-
charge cannot be neglected compared to the external field, which marks the tran-
sition to the so-called streamer mechanism described by Loeb, Meek and Rae-
ther [15-17]. The fast electrons leave the slow ions behind, forming a negatively
charged streamer head and positively charged streamer tail. Increased recombi-
nation processes occur between these two regions. In addition, ionization and
recombination are enhanced in front of the streamer head due to the high field
strengths. This leads to radiation, which can also ionize the gas again even at a
greater distance. Therefore, the streamer can move very fast forward to the an-
ode. The time to form a conductive channel with this process is in the range of
ten ns. Moreover, the streamer can form a conductive channel with only a single
avalanche.
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1.2.2 Arc Discharge

The arc discharge is characterized by its high current densities, which can only
be delivered by thermionic-field emission [18]. In this process, the electrode
material melts and evaporates in a very localized area of some tens um in each
plasma channel [19]. This area is called cathode spot. In addition, atomic oxygen
produces in the plasma column form volatile metal oxides with the electrode
material, transporting them into the gas [10]. There, the metal can be ionized
and form a strong electric field to the cathode in which electrons can be released
from the cathode by field emission. These processes are very efficient in sup-
plying electrons and therefore require a low burning voltage of the plasma [20].
Furthermore, the metal atoms can be detected with a spectrograph and are thus
a direct indicator of the arc discharge.

1.2.3 Glow Discharge

In contrast to the arc discharge, in the glow discharges electron supply happens
in the gas takes place by electron collisions. The spatial structure of the glow
discharge is the most complex of the three ignition phases and can be divided
into three relevant areas [21, 22]. In the negative glow area, high ionization lead
to high inhomogeneous electrical field strength near the cathode, which results
in a high cathode fall and burning voltage of the discharge [23]. This area is by
far the brightest of the glow discharge. Next is the area of the positive column,
which is significantly darker. In this area, electrons are accelerated by the con-
stant homogenous field, resulting in uniform radiation. Near the anode, electrons
accumulate, flow off into it and form the region of the so-called anode glow,
which is slightly brighter than the radiation of the positive column.

2 Experimental Setup and
Methodology

The ignition coil used in these experiments is a commercial cassette coil system
for passenger cars. It has a secondary energy of 90 mJ and an initial spark current
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of 150 mA at atmospheric pressure. A commercial tip-to-tip j-gap spark plug
with an IrRh10 alloy at the center electrode and PtRh30 at the ground electrode
is used. The electrode diameters and spacing are 0.6 mm and 0.9 mm, respec-
tively. The suppressor resistance is 4.2 k2 and the total capacitance of the spark
plug is 12 pF. Due to the geometry of the spark plug, this capacitance can be
divided into the two capacitances Csp: and Csp With 4 and 8 pf, respectively.
Ignition coil and spark plug are connected by a high-voltage cable without re-
sistance. The spark plug is fitted into a pressure chamber filled with synthetic
air (79 vol.-% N2 and 21 vol.-% O,)

2.1 Spectroscopic and Electrical setup

2.1.1 Spectroscopic Setup

A scheme of the experimental electrical and spectroscopic setup used is shown
in Fig. 3. The core element is the Acton SP2556 grating spectrograph from
Princeton Instruments. Its focal length is 500 mm and has an adjustable inlet slit
width between 10 and 3000 um. In addition, it has three different gratings with
150, 600 and 1200 lines/mm mounted on a turret, which can be easily switched
between.

Mounted on the spectrograph is a PI-MAX 2 ICCD camera from Princeton In-
struments with a multichannel plate (MCP) amplifier. The chip used has a di-
mension of 1024x256 pixels in direction of the wavelength and axial to the spark
plug gap, respectively. Therefore, an analysis of the plasma over the spark plug
gap is possible. The ignition spark uses 58 pixels in the height, which results in
a resolution of 16 pm/pixel. During the investigations, 20 additional pixels are
evaluated because the glow of the glow discharge protrudes beyond the center
electrode.

Three combinations of slit width and gratings are used in this work, resulting in
different instrumental broadenings of the system. These broadenings were meas-
ured using a LOT-Oriel LSP035 mercury-argon arc lamp. For high resolution,
the 1200 lines/mm grating in combination with a 10 um slit is used. This results
in an instrumental broadening of less than 0.1 nm. A medium resolution was
achieved with the 600 lines/mm grating and a slit width of 200 pm, resulting in
an instrumental broadening of 0.7 nm. To detect a wide range of wavelengths,
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the 150 lines/mm with the 200 pm slit width is used. The determined instrumen-
tal broadening was 2.7 nm.

2.1.2 Electrical Setup

For measuring the high-voltage a Tektronix P6015A is used. In addition, two
Pearson 2877 current monitors in the high-voltage and ground path are used to
measure the currents. A LeCroy Waverunner 6030A oscilloscope with adjusta-
ble input impedance is used to acquire data from the devices. The P6015A is
connected via its compensation box to an electric circuit that cuts off the high-
voltage peaks of the breakdown to pretend the A/D-converter of the oscilloscope
from being overdriven at higher resolutions. This circuit is then connected to the
high impedance input of the oscilloscope. The two current clamps are connected

to the oscilloscope with a 50 Q input.
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Fig. 3: Spectroscopic and electrical measurement setup.
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2.2 Methodology

2.2.1 Methodology of Data Collection

The gating of the camera is recorded with the oscilloscope. Therefore, the point
in time of the ignition spark and the acquired spectrum can be matched with this
signal. This technique allows to differentiate between the different spark phases
under consideration of the measured voltage and currents. To increase the accu-
racy of the following post processing, 50 spectra are acquired and then averaged.
The determination of the three phases had to be performed with different expo-
sure times and gains due to their different time intervals and intensities. In the
arc and glow phase of the spark, the gain was in maximum setting and the ex-
posure time was adjusted in the range of 100 to 200 s to sustain acceptable
signal-to-noise ratios of the signals. The short duration of the breakdown re-
sulted in short exposure times of 2 ps.

2.2.2 Determination of Electrical Energy

With the voltage curve of the ignition spark, the supplied energy to the different
spark phases can be determined. Fig. 4 shows the voltage profile of 200 sparks.
For clarification of the relevant voltage levels, the breakdown voltage is cut off.
The two voltage levels with a difference of approximately 300 V are clearly vis-
ible. It is also noticeable that the arc discharge is not found over the entire dura-
tion of the ignition spark and is found at higher currents.
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Fig. 4: Persistent plot of 200 ignition sparks at a pressure of 6 bar.
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The calculation of the electrical energy of each phase can be done with the fol-
lowing two equations (1) and (2).

1
Egp = ECSPZ * UﬁD 1)

Ep = J-uu(t) * (1 — Rgp * iD(t)) *ip(t)dt (2)

In these equations, E is the electrical energy of the breakdown (BD) and the
inductive discharge (D). The other parameters are the capacitance Cgp, Of the
spark plug, the breakdown voltage Uy, the discharge current and voltage i, (t)
and uy, (t), and the spark plug resistance Rgp.

3 Results and Discussion

3.1 Pressure Influence on Electrical
Parameters

First, the electrical behavior of the ignition system used must be evaluated under
different pressures. Starting with the behavior of the breakdown voltage Ugp in
the upper graph of Fig. 5. In addition, the static breakdown voltage Us, calcu-
lated by paschen’s law, and the ratio of both Ugp/Usi: are shown here. At low
pressures below five bar, the measured breakdown voltage is much higher com-
pared to the static voltage. This is can be explained by the absence of a start
electron for the avalanche process in the dark and shielded pressure chamber
[26]. With increasing pressure, this start electron is more likely supplied by field
emission from the electrodes [14], therefore the ratio decreases. In addition, the
voltage slope of charging the secondary capacitances decreases also due to elec-
trical behavior of the ignition coil, which gives the discharge more time to form
a conductive channel.

The increase in breakdown voltage results in an increase in the energy stored by
the capacitances and therefore decrease the energy stored in the inductance. As
a consequence, the initial current of the inductive discharge also decreases,
which is shown in the bottom left graph of Fig. 5. In the case of the ignition coil
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used, the current decreases in two steps. Between atmospheric pressure and
eight bar absolute pressure, the current is reduced from -150 to -140 mA. In the
second step, this decrease is much stronger and reduces this initial current to
approximately -100 mA.

Finally, these effects also the influence the duration of the glow and arc dis-
charge, which is shown in Fig. 5 (bottom right). The area between both dis-
charges shows the duration of the respective discharge. The top line shows the
total duration of the ignition spark. As the pressure increases, the spark shortens
due to the lower energy in the inductance. However, an increase in the arc dura-
tion can be observed. The higher pressures support higher charge carrier densi-
ties, which can lead to arc discharges. On the other hand, the reduction of initial
current can lead to the opposite effect and reduces the arcs duration slightly,
which explains the maximum between six and eight bar and the subsequent re-
duction.
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Fig. 5: Effect of the pressure on the measured breakdown voltage (Ugp), the
static breakdown voltage (Ust) and their ratio on top, the initial current of the
inductance on the left, and the duration of arc and glow discharge on the right.



Influence of the Pressure on Spatial and Temporal Resolved Plasma Physical
Parameters on a TClI-Ignition System

3.2 Spectra of the Breakdown

At atmospheric pressure, the spectrum is shaped by the nitrogen bands of the
first positive system (FPS) between 600 and 770 nm, the second positive system
(SPS) between 300 and 430 nm, as well as the first negative system (FNS) with
its transition at 391.4 nm, as shown in the upper graph of Fig. 6. In the at the
right edge of the spectrum, the triple transition of the atomic oxygen at
777.2-777.5 nm is also visible. This shape of the spectrum is preserved up to a
pressure of four bar, above which the spectrum suddenly changes to continuum
radiation with intense atomic nitrogen radiation. Three examples of this contin-
uum are shown in the bottom graph of Fig. 6. The change in the shape of the
spectrum indicates a change of the physical mechanism of the breakdown. At
low pressures, the breakdown appears to be initiated by the townsend mecha-
nism, in which the main reason for the formation of a conductive channel is
electron collisions. On the other hand, the continuum radiation appears to be a
mixture of different physical mechanisms such as, photo-ionization, electron-
ion interaction (free-free) and recombination (electron-ion interaction, free-
bound) [27-29]. These mechanisms occur in the process of the streamer for-
mation described in chapter 1.2.1.
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Fig. 6: Spectrum of the breakdown at atmospheric pressure (upper graph) and
higher pressures (lower graph) at a temperature of 20 °C and synthetic air.

As the pressure increases, the electrical energy stored in the capacitances of the
ignition system also increases, which is shown in the left graph of Fig. 7. For
calculation of the energy, the capacitor Csp2 was used. The resulting energy with
using this capacitance is in the range of 0.2 to 4 mJ. This energy range is slightly
underestimated because it is assumed, that the energy is only supplied by this
one capacitance. In reality, the other capacitances of the ignition system dis-
charge slightly during this phase and therefore add some of their energy to the
breakdown.

The right graph of Fig. 7 shows the intensity of the continuum radiation as a
function of the pressure. Since the continuum appears above pressures of
four bar, the graph starts at this pressure. At first, the intensity increases nearly
linear with the pressure until eight bar. Afterwards it has a degressive tendency.
However, in this pressure range, the supplied electrical energy increases almost
linear, which means there is a gap between supplied energy and radiation yield.
The energy from this difference can probably be found in dissociation processes
or gas heating.
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Fig. 7: Electric supplied energy (left) and intensity of the continuum radiation
(right).
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3.3 Spectra of the Arc Discharge

Fig. 8 shows the spectra of an arc discharge at atmospheric pressure in the upper
and at higher pressures at the lower graph. All spectra are obtained from the near
cathode region of the spark plug gap. At atmospheric pressure, the species of N
are overlaid by metal lines of iridium and rhodium from the center electrode
material. Due to the low resolution used to obtain the spectrum, the different
lines are not resolved and form a so-called pseudo-continuum, which is shown
resolved in the small lower graph. With increasing pressure, the radiation from
the nitrogen molecules is masked by the metal lines and can no longer be de-
tected. The radiation of the metal lines is a direct result of the melting and evap-
oration of the electrode material due to the thermionic-field emission of the arc

discharge.
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Fig. 8: Spectrum of the arc discharge at atmospheric pressure (upper graph)
and higher pressures (lower graph) at a temperature of 20 °C and synthetic air.
The small graph shows a high-resolution spectrum between 345 and 375 nm.
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The intensity of the metal radiation is proportional to the particle density of the
observed material, assuming a constant excitation temperature. The formulaic
connection between the intensity &;; and the particle density n, is described by

equation (3)
h=*c, 4
i = —— % A x N 3
ji 4w x Ay Ji T 3)
with the boltzmann distribution equation (4)
E:
I
*ngy x e kpTexc, 4

n _—gj
T um

The equations contain the Planck constant h, the speed of light in vacuum c,,,
the wavelength of the transition 4;;, the transition probability Aj;, the occupation
density of the particle n;, the statistic weight g;, state sum U(T), the energy of
the upper state Ej, the Boltzmann constant kp and the excitation temperature
Texc-

Therefore, the intensity of a line is connected to the material evaporated by the
cathode spot of the arc discharge. The more electrode material there is in the
gas, the greater the probability that some of the released atoms will leave the
electrode and thus wear it out.

The left graphic of Fig. 9 shows the supplied electrical energy, power and expo-
sure time as a function of the pressure. Up to a pressure of three bar, the energy
and power of the arc discharge increase. After that, both remain at a constant
level until the pressure reaches nine bar, at which point they decrease again. This
is explained by the reduction of the initial current, which makes it harder to reach
the necessary current density for an arc discharge.

On the right graph of Fig. 9 the intensity of the 5d’6s(°F)6p = 5d8(°F)6s iridium
transition in dependence of the pressure is shown. The intensity of this line is
not to mixed up with the intensity of the pseudo-continuum from Fig. 8. The rise
of the intensity at a pressure of seven bar is obviously. Even with decrease of
the electrical supplied power and energy, the intensity remains at a high level or
is even increases with pressure. A reason for this behavior could be the contrac-
tion of the plasma channel and the cathode spot area due to the higher charge
carrier particle density which can be achieved at these pressures. The decrease
between 13 and 15 bar correlates with the decrease of supplied energy, power
and the reduction of the initial current of the discharge.
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Fig. 9: Influence of the pressure on the supplied power, energy and exposure
time (left), and the intensity of Ir-radiation.

3.4 Spectra of the Glow Discharge

The spectrum of the glow discharge has only minor changes with increasing
pressure, as shown in Fig. 10. Like in the breakdown, the second positive system
majorly shapes the spectrum. In the negative glow of this discharge, strong emis-
sions of the FNS Av = 0 are observed. In the remaining part of the plasma col-
umn this emission is not very bright. The strong presence of the FNS in the
negative glow is a typical indicator for this area of the glow discharge, due to
the high ionization processes.
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Fig. 10: Spectrum of the glow discharge in the negative glow at different pres-
sures and a temperature of 20 °C with synthetic air.
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In the left graph of Fig. 11, the electrical supplied power and energy are shown.
With increasing pressure, both decrease slightly. At seven bar, the exposure time
was doubled to sustain the signal-to-noise ratio of the measurements, so the sup-
plied energy increases at this pressure.

The dependence of the intensity across the entire gap as a function of the pres-
sure is shown in the right graph of Fig. 11. It shows a decreasing trend until a
pressure of seven bar. From this point on, the intensity does remains on a con-
stant level. This constant level could be a remnant of the data acquisition pro-
cess, in which measurements below a certain level were not recorded. Remark-
able is the difference between one and two bar. At one bar, the discharge is
significantly brighter and varies much less than at two bar. This can be explained
by the spatial propagation in the radial direction of the discharge. At one bar, the
discharge propagates the whole cathode, therefore its intensity remains very
constant. With increasing pressure, the discharge contracts and cannot propagate
the entire cathode anymore. Therefore, it is possible, that the discharge misses
the optical path of the lens and the slit of the spectrograph. This results in lower
intensities and the higher fluctuation of it.
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4 Discussion

The spectra of the three ignition phases differ significantly from each other.
Therefore, it is necessary to obtain different methods of data acquisition to each
phase and to apply different methods to determine plasma characteristics such
as temperatures or particle densities.

The breakdown is the brightest phase of the ignition spark. Up to a pressure of
three bar, N, band spectra can be observed, which can be used to determine ro-
tational and vibrational temperature by comparing measured with simulated
spectra. Above four bar, the continuum radiation could be used to determine
particle densities and electron temperature. For these values, the absolute radi-
ance of the plasma has to be obtained, which is not possible with the measure-
ment setup used. Another approach is the determination of excitation tempera-
ture via the NI1 ions in the range of 500 nm using the line ratio method, which
was performed, for example, by [30, 31]. In addition, the NII lines at 500 nm
can be used to obtain the electron density due to stark broadening. This method
is for example used in [32].

Due to the thermionic-field emission and the volatile oxides in the arc discharge,
only metal lines could be observed. This makes it difficult to determine a tem-
perature from the gas in this phase. However, the metal lines can be used to
determine an excitation temperature of these metal lines by using the boltzmann-
plot method. The prerequisite for this method is, that the metal lines used are
carefully selected and the resolution has to be as high as possible to obtain ac-
curate measurement results [33]. Nevertheless, the metal intensities can be used
to estimate the intensity and erosion behavior of the observed arc discharge.

In the glow discharge, the N> bands of the second positive system and the first
negative system are easily measurable. Therefore, they can be used to determine
the rotational and vibrational temperature of this discharge. Moreover, by cal-
culating the rate coefficients, the electron temperature can be determined by the
line ratio method using the first negative system and the second positive system,
as shown in [34]. The spatial area used to calculate these temperatures has to be
chosen carefully because the temperatures depend strongly on the axial height
of the discharge [9, 24, 25, 35].
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5 Conclusion

In this work, we showed a measurement setup and methods for determining the
influence of the pressure on the spectra of the ignition phases. The spectra
showed significant influence from the pressure and the observed ignition phase.
Also, the results show, that the ignition spark cannot be described by a single
plasma-physical parameter. Rather, it is necessary to apply different methods to
determine characteristic plasma-physical quantities of the phase. Furthermore,
it was shown that the measurement setup used is suitable to estimate the intensity
of arc discharge in terms of the release of electrode material into the gas. In the
next steps, different calculation methods will be applied to determine the char-
acteristic plasma parameters for each phase.
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