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Abstract

Improving spark-ignition engines in terms of efficiency and compatibility with renewable
fuels is essential for ensuring energy security, cost-effectiveness, and sustainability. However,
electrode wear of spark plugs, especially under conditions involving novel fuels and lean
mixtures, becomes a significant technical challenge. Therefore, a deeper understanding of
the interactions between spark discharges and electrode materials is more crucial than ever.

Conventional ex-situ, long-term testing methods lack the temporal and spatial resolution
required to capture the dynamics of electrode wear during short spark discharges. As a
pioneering work, this thesis incorporates laser-based optical diagnostics to study electrode
wear of spark plugs in-situ for the first time.

Strong nickel emission lines were detected between two prominent nitrogen bands during
spark discharges. Several excitation pathways of nickel atoms were investigated, identi-
fying the 336.96 nm line as the optimal transition for diagnostic purposes. The effective
fluorescence lifetime of nickel under atmospheric conditions was measured for the first time
and found to be approximately 1.1 ns, with no statistically significant variation throughout
the discharge duration. The spatiotemporal behavior of gas-phase nickel atoms originating
from the spark plug electrodes was characterized using planar laser-induced fluorescence.
The spatial distribution of nickel atoms across the electrode gap varied with pressure, in-
dicating different wear mechanisms. Spark power was identified as the dominant factor
driving electrode erosion via evaporation, and a classic model was modified accordingly.

Opverall, this thesis provides valuable experimental data and offers new insights into the
fundamental mechanisms governing spark discharge-electrode interactions, contributing to
the advancement of ignition systems for future spark ignition internal combustion engines.
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Popular Summary

A significant milestone in the progress of human civilization and social development is
the use of fire. Nowadays, more than 80% of human energy supply still comes from the
combustion of fossil fuels (such as coal, oil, and natural gas). In the field of transportation,
this proportion is even higher, exceeding 95%. However, the carbon dioxide produced
during the combustion of fossil fuels accelerates global warming and the climate crisis,
threatening all humans. Furthermore, considering the geographical differences between
countries and regions, and the potential geopolitical risks arising from these differences,
the security, cost, and sustainability of energy have always been and will continue to be the
focus of scientists and engineers in various countries in the foreseeable future.

Although the use of renewable energy (such as solar, wind, and hydro power) has been
increasing year by year, and in some countries and regions (such as the Nordic countries
where the author resides), it has even become the main source of electricity supply, global
replacement of fossil fuels is still a long way to go due to geographical and technologi-
cal limitations. Therefore, the modification of existing infrastructure has become a quick
and relatively inexpensive option. For example, in transportation and power generation,
modifying existing internal combustion engine units to be compatible with eco-friendly
fuels (such as hydrogen) has become a potential solution. Undoubtedly, such adaptations
will bring some accompanying issues, such as pre-ignition and knocking. But surprisingly,
compared to the vast and complex system, the electrode wear of small spark plugs used for
ignition is the first issue needs to be solved.

With the invention and utilization of internal combustion engines in the mid-19th century,
the electric spark plug used for ignition was also invented in 1860 and has since developed
alongside internal combustion engines. Spark discharge can be approximated as a form of
micro lightning, where gas is ionized in a very short time (on the order of 107 seconds),
and collisions between particles generate high-temperature plasma, thus igniting the mix-
ture of gases in the combustion chamber of the internal combustion engine. It can be
imagined that, just like lightning causing damage to surface objects, sparks also damage
the surface of the metal electrodes. Of course, such damage has attracted attention since

vii



the invention of the spark plug, and various hypotheses and theories have been proposed.
Moreover, compared to traditional fuels, experiments with hydrogen-oxygen mixtures show
that wear on the metal electrodes of the spark plug accelerates significantly, shortening their
lifespan, increasing maintenance frequency, downtime, and potentially causing engine mis-
fires and even damage. We know that this wear involves the metal or alloy material leaving
the surface of the electrode in some way, but the instantaneous nature of spark discharge
and the strong background radiation from the plasma makes it difficult for commonly
used offline diagnostic techniques and regular optical methods to characterize this wear
phenomenon during spark discharge.

Laser-based advanced optical diagnostic techniques, due to their high temporal and spatial
resolution, have been widely applied in research areas such as combustion and plasma.
Inspired by this, the main focus of this thesis is to apply these techniques to investigate the
interaction between spark discharge and its electrodes. For the first time, clear imaging of
atomic clusters between the two spark plug electrodes has been achieved. We believe that
the results of the thesis will help to improve the design of current electric ignition systems,
extend the service life of commercial spark plugs, and refine existing theoretical models.
Moreover, the strategies and methods presented in this work can be further extended to
research on gas discharges and material interactions in other contexts.
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Chapter I

Introduction

Before I came here, I was confused about this subject.
Having listened to your lecture, I am still confused,
but on a higher level.

— Enrico Fermi

A defining feature of human civilization has long been the controlled use of fire - a fun-
damental form of combustion. From prehistoric times to the present day, combustion has
provided essential benefits including processed food, warmth, light, and protection. Nowa-
days and in the foreseeable future, this principle will remain central, for example, in the
sectors of electricity generation and transportation [1, 2]. Seen in Fig. 1.1, more than 80%
of the total energy of the whole world is supplied by the combustion of fossil fuels and the
importance becomes more self-evident in the field of transportation. These facts indicate
that further research about combustion is strongly demanded and necessary.

Energy security, affordablity & sustainablity

Recently, concerns have been raised regarding the global energy supply chain due to geo-
graphical disparities and potential geopolitical risks [3-6]. For Sweden, only 71,7% of the
total energy demand is met through domestic production [7]. For the whole European
Union, the situation is even more pronounced, with an energy imports dependency rate of
58% [8]. Needless to say, energy security is a critical concern for every country and region.
Local energy production from renewable sources offers a viable alternative [9], which not
only enhancing the immedicy but also reducing the risks of energy supply.

The cost of energy is another important factor to consider. Some sources, such as solar, hy-
dro, and wind power, are relatively low-cost. However, due to the substantial investment

"' The figure is made based on the open source data from International Energy Agency.
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Figure 1.1: Left: Total energy supply by different sources in the whole world. Right: Consumption in the field of transportation
by different sources.

required for infrastructure and the intermittent nature of these sources, combustible re-
newable fuels can serve as a practical substitute. Certain renewable fuels, such as ammonia,
can serve as effective means of energy storage, which help alleviate pressure on the power
grid [10, 11]. In the transportation sector, hydrogen SI-ICE can leverage existing manufac-
turing infrastructure and rely on widely available materials, making large-scale deployment
more feasible [12-15]. Moreover, those engines are relatively inexpensive compared to other
emerging propulsion technologies, such as fuel cells [16].

Last but not least, environmental concerns are escalating. Global warming, which is driven
primarily by greenhouse gas emissions, poses an existential threat. According to interna-
tional climate targets, the average increase in global temperature must be limited to 1.5 °C
by the end of the 21st century to avoid catastrophic environmental consequences [17, 18].
The energy transtion and global emissions reduction need to be sped up.

In response to abovementioned reasons, the continuous development of ICE are neces-
sary and one of the major transitions focuses on the adaption to renewable fuels, such as
hydrogen (H,) and ammonia (NH3).



Figure 1.2: (a): A J-gap spark plug before long-term test. (b): The same spark plug after 52 millions sparks.
The black dashed lines mark the original outline of the electrodes.

Key role of electrode wear in such large framwork

Despite the vision is promising, it can be imagined that there are technical challenges [19—
23]. One of the such challenges is the accelerated electrode wear, which becomes a limiting
factor in the lifetime of spark plugs, especially in demanding applications like lean-burn
gas engines where high spark energy is required [24, 25]. As an example, commercial spark
plugs used for fossil fuels last more than 1000 working hours [26]. While, when ignite
hydrogen/air mixture, they will be worn out quickly and the lifespan decreases to a level far
below the demand of customers [16, 27]. Consequently, the frequent need for spark plug
replacement not only increases maintenance costs '* but also poses a risk of unplanned
downtime.

Undoubtedly, many efforts have been made to understand such electrode wear since the
invention of the first commerically viable electric ignition system and spark plugs in the
early 20th century [28]. These studies have primarily relied on long-term durability test-
ing and involved visual inspections and post-mortem analyses to evaluate material loss and
surface changes over time [29—40]. Fig. 1.2 '3 is an example showing such conventional
methodology, which is a comparison of the volume between a new J-gap sparkplug before
long-term test and after 52 million sparks. However, the degradation of electrodes occurs
incrementally during each individual spark event, which lasts only tens to thousands of mi-
croseconds (us). In order to understand the mechanisms and reveal the interactions between
spark discharge and electrode, diagnostic tools with high temporal and spatial resolution,
which have the ability to capture rapid, transient phenomena, is therefore crucial.

“* Trust me, the cost for spark plug itself is way more expensive than you thought, not even considering the
number of cylinders.
'3 The figure is re-made from Figure 5 in Paper III.



Figure 1.3: A close-up photograph of a spark plug during discharge.

Uniqueness of laser diagnostics

From spark plug to lightning, spark is an electrically conductive channel abruptly created
through a insulating medium [41]. Fig. 1.3 is a photograph of a spark plug captured during
adischarge. The intense plasma emission within the narrow electrode gap significantly hin-
ders the accurate diagnosis of electrode wear, thereby necessitating the need for advanced
techniques. Laser-based optical diagnostic methods are well-proved for the detection of
target species in harsh environments, such as plasma and combustion [42—50]. Their non-
intrusive nature and high spatiotemporal resolution make them ideally suitable for investi-
gating the complex and instantaneous phenomena - spark-induced electrode wear.

Overview and structure of the thesis

The main objective of this thesis is to develop and apply laser-based optical diagnostic tech-
niques for in-situ investigations on sparkplug wear and advance the funamental understand-
ing of the interaction between spark discharge and electrode. The content is structured as
follows:

* Chapter II introduces the fundamental physics of spark discharge and highlights the

existing research gap of spark-induced electrode wear.

* Chapter III desrcibes the necessary initial spectral study in an obscure field for performing

laser diagnostics from a practical perspective and establishes the cornerstone for subsequent
LIF studies.

* Chapter IV presents the key findings of electrode wear by different mechanisms during
spark discharges using LIF.

* Chapter V concludes the thesis with a comprehensive summary and an outlook on future
research directions.



Chapter I1

Let there be sparks

The first high-voltage magneto and spark plug [Picture: Bosch]

From the crackling sound when taking off clothes in dry days to one of the most beau-
tiful and dangerous natural phenomenon — lightning, spark discharge is the very special
one among all different kinds of gas discharges. In this chapter, the fundament of spark
discharge will be presented with its distinct phases. The most common applications of
spark discharge, as the ignition tool in SI-ICEs, will be introduced. Lastly, the interac-
tion bewtween sparks and electrodes and current research status are given, which reveal the
reasons for the demand of laser-based optical diagnostic methods.






2.1 Spark discharge

2.1 Spark discharge

Spark discharge can be viewed in several phases - from the initial pre-breakdown events
through the breakdown of gas, arc, glow, and their transitions [s1]. Illustrated with a stan-
dard DC spark in Fig. 2.1, each phase has distinct characteristics in terms of voltage, current,
and plasma-electrode interactions, which in turn influence how the electrodes are eroded
by the spark. An brief overview of these phases is introduced here.

2.1.1 Pre-breakdown Phase

Before the main spark ’breakdown’ occurs, there is a pre-breakdown stage. A detailed
voltage-current waveform of this phase can be seen in Fig. 2.2 before the marked gas break-
down moment. In this stage, as the circuit is triggered to stop charging the ignition coil,
the voltage across the spark plug gap rises rapidly ** but no visible spark is present yet. Free

*! Faraday’s Law of Induction

o @ 3) (4) 5)

Voltage

Current

Voltage (kV)

Current (mA)

|
0 500 1000 1500 2000 2500 3000 3500 4000

Time (us)

Figure 2.1: The voltage and current characteristic waveform of a standard DC spark discharge, measured in atmospheric condition across
a 1.2 mm gap.
Different phases are marked with black dashed lines and numbers above the figure.
(1) Pre-breakdown and breakdown. (2) Arc phase. (3) Arc-glow transition. (4) Glow phase. (5) End of discharge.



Chapter II  Let there be sparks

ions and electrons randomly presented in the gap ** begin to move under the high electric
field, creating ’small’ ionization events. If the electrode geometry produces locally high
fields, such as at sharp edges, faint corona discharges may occur at the anode or cathode
[s2]. These pre-breakdown currents are usually very low (the current in Fig. 2.2). They
serve to seed the gap with additional charge carriers while the electric field continues to
build. Essentially, the pre-breakdown phase ends when the electric field becomes sufficient
for a self-sustaining avalanche of electrons, i.e., when actual breakdown is imminent. The
number of electrons and ions generated is sufficient to replace the lost, so the ionization
avalanche can continue on its own. Once this condition is met, the spark discharge enters

the breakdown phase.

2.1.2 Gas Breakdown

Breakdown is the abrupt formation of a highly conductive plasma channel across the gap.
When a sufficiently high electric field is applied *3, free electrons in the gap rapidly accel-
erate toward the anode. These electrons collide with neutral gas molecules, ionizing them
and creating new electrons and ions, creating an electron avalanche that grows exponentially
[41]. This moment is so-called breakdown: a conductive channel bridges the gap. A surge
of current on the order of hundreds of amperes *# flows through the nascent plasma chan-
nel, albeit for an extremely short time (in the order of nanosecond) [53]. The voltage across
the gap then collapses from the high breakdown value (Fig. 2.2). The end of breakdown is
marked by the formation of a conductive plasma filament and the electrodes are heated up
due to the intense energy flux, which seeds the next phase, the arc phase.

2.1.3 Arc Phase

In the arc phase (Phase (2) marked in Fig. 2.1), the spark discharge is maintained by a
relatively high current following the breakdown. For a typical spark in SI-ICE, the arc
phase current is in the order of hundreds mA. The heated cathode during the breakdown
phase emits thermionic electrons and supply a large electron current [s4]. As a results, the
voltage needed to sustain the discharge is low.

** Mostly produced by the mother of nature.

*3 The breakdown voltage can be described by Paschens Law, which is based on the Townsend Breakdown
Model. 1t is deserved to be mentioned that this mechanism is inapplicable in high pressure, long gaps or
considerable overvoltage conditions, like nanosecond pulsed discharges, where Streamer Theory becomes more
suitable.

*4Itis not recorded in Fig. 2.1 and Fig. 2.2. Such high current was digitally filtered out during measurements
because of its potential damage to the oscilloscope.
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2.1 Spark discharge
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Figure 2.2: The voltage and current waveform in the vicinity of gas breakdown.
The dashed black line indicates the moment of breakdown, when the voltage reaches the highest value.

2.1.4 Glow Phase

As the stored electric energy is depleted, the spark discharge transitions into the glow phase
(Phase (4) marked in Fig. 2.1). The spark discharge in glow phase is maintained at a lower
current (typically S so - 100 mA) compared with the value during arc phase. Opertaing
with a ’cold’ cathode, the primary mechanism sustaining the plasma becomes secondary
electron emission from the cathode by photons or ions, rather than thermionic emission
[s4]. This process is far less efficient in terms of supplying electrons. Thus, the voltage drop
near the cathode increases and becomes much higher to sustain the current. As a result, the
spark voltage in Fig. 2.1 rises again, while the current remains decreasing.

2.1.5 Arc - Glow Transition

As the arc turns to the glow, a second voltage plateau in the voltage waveform is usually
observed, which is shown in Fig. 2.3. However, the transition between arc and glow in a
spark is not always a simple, single switch. The two modes can ’compete’ during the spark
events. In some sparks, multiple arc-glow-arc transitions occur as the current fluctuates
[s5, 56]. The exact sequence depends on factors like electrode material, gas pressure, and
circuit inductance. While from a fundamental perspective, the key distinction is how the
plasma gets its electrons. For arc, it’s thermionic from hot cathode spots and for glow,
the secondary emission becomes dominant. Generally, higher current or a readily heated
cathode favor arc mode, whereas lower current or "cold’ cathodes favor glow mode.

2.1.6 AC Spark

Most conventional ignition systems produce a unidirectional spark (DC spark), meaning
the current flows in only one direction across the gap. In such DC sparks, one electrode
remains the cathode and the other the anode for the duration of the discharge (as Fig. 2.1).
In contrast, an alternating-current discharge (AC spark) swaps the polarity of the electrodes
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Figure 2.3: The voltage and current during arc-glow transition.

each half-cycle, resulting in a bidirectional spark. The voltage and current waveforms of

a AC spark are presented in Fig. 2.4, which is produced by a newly developed capacitive
ignition system used in this thesis.

At the beginning phase, a breakdown occurs when the voltage across the spark gap exceeds
the threshold, causing the initiation of the spark. In the first following half-cycle, the
AC spark behaves similar to a DC one, which persists until the current naturally falls to
zero at the end. The plasma channel cannot be maintained and the spark momentarily
extinguishes.

In the next half-cycle, the voltage builds up with opposite polarity and the spark re-ignites.
Notably, from the right plot in Fig. 2.4, the voltage required is significantly lower than the
breakdown voltage in the beginning phase. This is because residual ionized gas from the
previous discharge remains in the gap >, which facilitates the re-ignition and initiate the

*3 Similar to the phenomenon plasma afierglow.
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Figure 2.4: Left: The voltage and current characteristic waveform of the AC sparks used in this thesis, measured in atmospheric

condition across a 1.2 mm gap. Right: The sudden increase in spark voltage at the moment of polarity reversal.
The black dashed lines mark the intercepted half-cycle.
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2.2 Spark ignition

next half-cycle discharge. From the voltage and current behavior, it can be considered that
each half-cycle of an AC spark behaves like a short DC spark. In other words, after each
re-ignition, the AC discharge evolves through the same characteristic phases observed in
DC discharges —namely, the arc phase, the glow phase, or their transitions —depending
on the instantaneous voltage and current within the half-cycle.

2.2 Spark ignition

Ignition is the very first stage of combustion, which starts with a reactive mixture and
evolves into a self-sustaining flame [57]. Ignition can occur spontaneously or be forced by
an external energy source. Forced ignition means using an external energy source to initiate
combustion. Various methods have been developed, such as electric spark, laser ignition,
hot surface ignition, pilot flame, and even shock wave ignition. Among these, the electric
spark is by far the most common in gasoline engines due to its reliability, simplicity, and
precise timing control.

When a spark discharges, it deposits a certain amount of energy into a very small volume of
the fuel-air mixture in the form of a plasma kernel. Highly reactive radicals (such as H, O,
OH) are formed, which will kick-start the chain reactions of combustion [s1]. A tiny kernel
of burning gas is then formed. From that point, if conditions are favorable 26 the flame
kernel will grow and a self-propagating flame front develops [58]. The spark’s role is thus
to reliably create a flame kernel above the minimum ignition energy and volume required
for sustained combustion. Increasing the spark energy or using a longer-duration spark can
enlarge the flame kernel and improve the chance of a successful ignition, especially under
lean *7 or high-flow conditions [59]. However, more energy will also induce an increase in
electrode wear (i.e., the subject of the thesis), so there is a trade-off.

2.2.1 Technical reality

The history of electric ignition system and spark plug >® is as long as the internal combustion
piston engine, which can be traced back to 19th century [28]. The whole system typically
consists of an electric energy storage, a triggering switch, an extension and a spark plug.
Despite the large number of different designs, both experimentally and commerically, the
equivalent circuit can be simply described by Fig. 2.5 *9. A coil (in the inductive system) or
a capacitor (in the capacitive system) is used to store electrical energy and when triggered,

a high-voltage pulse is delivered to the spark plug. The spark energy can be calculted by

*6 Several factors determine whether the spark ignition is successful: the amount of energy deposited, the
duration over which it’s deposited, the size of the initial plasma kernel, the local mixture composition and
turbulence, and the quenching effects of the electrodes.

*7 Hydrogen is an excellent example, which normally run with super-lean to reduced NO, formation.

>® First commerically viable ignition system was invented by G. Honold from the company Robert Bosch.

*9 The figure is made based on Figure 1 in [s1].
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Figure 2.5: Equivalent circuit of electric ignition sytems.
Trigger: Signal from MCU, Ug(#): High-voltage pulse, R;: Coil resistance, Z;: Coil inductance, C;: Coil capacity,
Zesension” IMpedance of the extension, R, Resistance of the extension for radio frequency oscillation damping, C,:
Capacitance of the spark plug, L,: Inductance of the spark plug, «(z): Voltage monitor, i(z): Current monitor, R::
Shunt resistance for current monitor.

integrating the product of the measured spark voltage #(#) and current i(¢) over the entire
discharge duration # with Eq. 2.1.

Wopark = /t u(t) - i(2) dt. (2.1)
0

Spark Plug

The spark plug itself is a deceptively simple but crucial device. A schematic drawing of a
J-gap spark plug is presented in Fig. 2.6 *'°. The spark plug has a center electrode and a
ground electrode. An insulator isolates the center electrode and allows the voltage to build
until breakdown occurs in the gap between the two electrodes. It is designed such that the
spark kernel protrudes into the combustion chamber for good access to the mixture, but at
the same time the electrodes should not be so large as to quench the flame [60].

2.3 Spark-electrode interaction

Once the spark is formed, the plasma and the electrodes > are in close interactions. The
electrically conducting plasma channel exchanges energy and particles with the electrode

*1° The figure is originally generated using an Al with the author’s prompt.
> The electrdodes are mostly made of metal alloys to benifit the performance and the lifetime.
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2.3 Spark-electrode interaction

Figure 2.6: Schematic drawing of spark plug with section view.
1: Terminal, connected with the ignition system. 2: Insulation, the length of which can also be used to control the
heat transfer of spark plug. 3: Central electrode, connected with the terminal through an internal core with high
electrical conductivity. 4: Ground (or side) electrode, connected with the engine through thread. 5: Hex head.

surfaces. This plasma-material interaction governs how the electrodes wear out with re-
peated sparking. In this section, the fundamental interactions between the spark plasma
and the electrodes are briefly discussed, focusing on the different roles of the cathode and
anode in the discharge. Then, the current research status of electrode wear identified in
literatures is overviewed.

Ion - cathode interaction

Positive ions from the plasma are accelerated toward the cathode by the electric field. These
ions strike the cathode surface with significant kinetic energy. Ion bombardment is one of
the most important processes at the cathode and delivers the ion energy to the surface [61].

For the arc, the ions are rapidly deposited in a very small area (the cathode spot), leading
to intense local heating [62, 63]. If the ion current density at cathode spot is enormous,
the molten pool will be formed and the evaporation will start if the energy is high enough.
While for the glow, the cathode is relatively cool’. The cathode spots do not form and the
current density is lower. However, the high voltage in glow due to the inefliciency of ion-
induced electron emission makes the cathode subjected to a continuous rain of ions that
gradually erodes the surface by knocking atoms out (i.e., sputtering) [64]. Such ion-cathode
interaction is widely ultilized in material processing. For example, ion beam etching uses
ions to sputter material from a target surface [61].
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Chapter II  Let there be sparks

Electron - anode interaction

At the anode, the situation is opposite: electrons are accelerated toward the anode and hit
its surface. An electron has less mass than an ion and thus travel much faster. Most of the
electron’s kinetic energy will be deposited as heat in the anode material [65]. If the current

is high, this can cause considerable heating of the anode, potentially enough to locally melt
it [66].

For example, in an electric arc furnace or arc welding, the anode develop ’anode spots’
where intense electron flux creates hot spots that can vaporize metal [67]. There is also
something known as "explosive electron emission’ at the anode in certain transient sparks
[68]. Essentially, if the anode tip gets extremely hot, it can explosively emit vapor and
electrons.

2.3.1  Mechanisms of electrode wear

Over the years, researchers have proposed several mechanisms to explain how electrical
discharges erode electrode material theoretically and experimentally. The four most well-
known mechanisms identified will be briefly discussed.

Sputtering refers to the process by which energetic particles (in the thesis, ions from the
plasma) knock atoms out of the electrode surface [64, 69—71]. When a high-energy ion
strikes the metal lattice, it transfers momentum to the target atoms. Through a series of
collisions, some atoms near the surface may gain enough energy to overcome the binding
energy and escape from the surface into the gas phase. The ejected atoms are typically
neutral metal atoms that have been physically dislodged.

For bulk material, most sputtered atoms tend to eject back along the direction from which
the ions came, which is called 'back-sputtering’ [72]. In other words, ions from the plasma
cause atoms to be ejected from the cathode surface back into the plasma. Based on the
theroy developed by P. Sigmund [69], the primary backsputtering yield Sy is mainly de-
pendend on the ion’s energy, the masses of the ion and target atoms, the incident angle,
and the target material’s binding energy. For spark discharge, the ions are mostly N;‘, O;‘ ,
etc., from air. With energies ranging from tens to hundreds of eV, typical electrode metals
(e.g. Ni, Pt, Ir) can be sputterred out.

Evaporation, on the other hand, is a thermal process: the plasma heats the electrode surface
so much that the metal locally boils and vaporizes. The idea is that hot spots form tiny
’boiling craters’. The metal in the spots is heated to its boiling point (7},) and continually
vaporizes during the discharge. This mechanism was considered dominant by EL. Jones
[73-75]. 'The classic model proposed by him assumed that the energy input Wy, after a
certain time #to the hot spots is balanced by the losses and the energy needed for evaporation
E,, which can be expressed as
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2.3 Spark-electrode interaction

Ey = Wopark — 1t — qt — Z. (2.2)

7 is the radiation rate from the hot spots to the environment with a temperature 7" based
on Stefan-Boltzmann Law, which is

r=eaS(T) — T%). (2.3)

q is the loss rate of energy by heat conduction, which can be estimated by

q=2k7S(Ty - T). (2.4)

Z stands for all other losses, such as the heat convection and conduction with the crossflow
between the electrodes, which can be considered negligible compared to 7 and 4.

In the model, assuming a fixed heat flux on the electrode surface, the temperature rise 7;
after the certain time 7 can be estimated using a 1D heat conduction equation *'*, which
equals

P 1

S \/rheo

If the temperature 7 reach the boiling temperature of the electrodes 77, the energy E,

(2.5)

needed to evaporate certain mass of electrode material can then be calculated as

E, = me(T, — T) + mAHps + me)(Ty — T,) + mAH,p. (2.6)

Based on this, the properties that matter most for an electrode material are its boiling point
and thermal conductivity. A material with high boiling point and excellent thermal con-
ductivity will resist forming a boiling spot. It will conduct the heat away and require more
energy to vaporize the material. For example, tungsten and iridium have extremely high
boiling points, and indeed they are found to have lower erosion rates compared to cop-
per or nickel [33]. However, this model not only neglects the chemical reactions, but also
can not explain certain features, such as the discrete molten craters and droplets found on
electrodes. Another mechanism is thus proposed, particle ejection.

Particleldroplet ejection is provided by E.W. Gray and colleagues in the 1970s involving
molten metal being physically expelled from the electrode [76—78]. During the discharge,

2
212 87';?) = aaarif;’t) (x>0, > 0), with a constant heat flux —/ % s £ (forz>0).
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Chapter II  Let there be sparks

a small molten pool forms at the cathode spot. The incoming positive ion stream exerts a
pressure on this molten pool, effectively pushing the liquid metal outward toward the edges
of the crater. This creates a hydrodynamic pressure gradient in the molten metal, generating
a recoil force. As the discharge ends, the ion bombardment stops instantaneously. The
force that was pushing outward (ion pressure) vanishes, but the molten metal that was set
in motion continues due to inertia. The recoil drives the liquid metal inward and upward
since the confining pressure is gone. The result is that the molten metal can pinch off into
one or more droplets. What remains on the electrode is a crater and often a rim or splattered
edge where some molten metal was pushed outward.

Researchers also observed similar features on spark plug electrodes: craters often with a dis-
tinctive ’lip’ and tiny droplets of electrode material scattered around [40, 79]. This strongly
supports the particle ejection mechanism as one of the major erosion processes in spark
discharges.

Oxide removal is more chemical in nature: erosion due to the formation and subsequent
removal of oxide layers on the electrode, rather than direct metal removal. The basic idea
is that the presence of oxygen leads to oxidation of the hot electrode surfaces during spark.
Metals can form oxide compounds when heated under activated oxygen. These oxide layers
may be brittle or have different density from the metal, and they can flake off or spall due
to thermal stresses. If each spark forms a bit of oxide which later cracks or is blown off, the
metal underneath is gradually consumed in the process. In other words, the spark doesn’t
directly gouge out metal; instead it facilitates oxidation and then the oxide breaks away and
takes material with it. This gives a better explanation why high-melting metals still wear.

Y. Shimanokami supported this model by showing that using materials with high melting
points and excellent oxidation resistance improved spark plug life [31]. Such materials,
like iridium, exhibited significantly lower wear in long-term engine tests. J. Rager and
colleagues performed spark erosion tests in controlled atmospheres [80, 81]. They found
that in pure nitrogen, the electrode erosion was almost negligible. But in air, the same
electrodes showed substantial erosion.

This mechanism suggest that without oxygen, the three abovementioned wear processes
were not sufficient to cause major loss. However, since spark plugs are designed for ignition
in ICEs where oxygen is inherently present, this mechanism is regarded more as an added
effect than a primary consideration in the following content.

Remark

Approaching the end of this chapter, it is clear that spark discharge is a multi-phase phe-
nomenon with complex plasma-material interactions. It can be imagined that in reality,
the discussed mechanisms are not mutually exclusive. All can occur in one single spark,
breakdown may cause sputtering, arc may cause evaporation and material ejection, and

18



2.3 Spark-electrode interaction

glow may cause sputtering. All the previously mentioned studies and proposed mecha-
nisms are undoubtedly valuable, while they primarily rely on long-term endurance tests or
isolated single-spark experiments. Such ex-situ measurements cannot transfer zay’ to be’
Thus, the main work of this thesis is tyring to fill this gap as a pioneer. With the in-sizu
laser-based optical diagnostic methods, it is possible to identify how each phase of the spark
contributes to the electrode wear.
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Chapter III

Towards in-situ

If I have seen a little further,
it is by standing on the shoulders of giants.

— Isaac Newton

Now the questions are raised: can we visualize the material ’leaving’ electrode that leads
to spark plug wear during spark discharge, and if so, how? So, the journey of lased-based
optical diagnostics starts from this chapter. The fundament of atomic physics is briefly
introduced as a foundation. Optical Emission Spectroscopy for passive emission monitoring
and Laser-induced Fluorescence for active and sensitive detection are then delved into. The
aim is to provide a comprehensive understanding of how element’s spectral "fingerprint’
arises and how these fingerprints can be used for the diagnostics of electrode wear from an
application perspective.






3.1 Fundament of atomic physics

3.1 Fundament of atomic physics

Understanding atomic spectra starts with understanding the structure of the atom and how
electrons are arranged in discrete energy levels. Atoms are not mini solar systems with
electrons free to orbit at any radius; instead, they have quantized energy states [82], which
is simply illustrated by a nickel atom in Fig. 3.1. The unique spectral lines of each element
originate from electrons transitioning between these specific energy levels.

Term Symbol

Four quantum numbers (7, £, my, m;) are used to uniquely identify the state of an electron
in an atom. The arrangement of different electrons is described using an electron config-
uration notation, which lists the occupied subshells and the number of electrons in each.
However, an electron configuration alone does not uniquely specify the quantum state of
a multi-electron atom when subshells are partially filled [83]. For example, if two electrons
occupy the same subshell (like the two 2p electrons in carbon), there are multiple ways to
arrange their individual 72y and ; values. As a result, the total angular momentum states
for the atom are different, which have slightly different energies due to electron-electron
interactions and spin coupling. They manifest as multiple spectral lines even for the same
configuration. To distinguish these difference, the term symbol and the total angular mo-
mentum quantum numbers / are used.

There are two mainly used shemes for multi-electron atoms, LS (Russell-Saunders) coupling
and jj coupling, which differ in how total angular momentum / is built and how atomic
energy levels (term symbols’) are labeled [83]. Both have limitations, depending on the
relative strength of electrostatic interactions versus spin-orbit coupling. For lighter atoms,
LS coupling is a good approximation, where spin-orbit interaction is weak compared to

.
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Figure 3.1: Simplified illustration of nickel, with the atomic number 28.
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Chapter Il Towards in-situ

electron-electron repulsion. For heavier atoms, jj coupling becomes appropriate as spin-
orbit effects becomes strong.

These two limiting models delineate how total / is constructed and how terms are labeled.
Understanding both schemes and their domains of validity is essential for interpreting
atomic spectra. However, it is important to remember that real atoms often lie between
these extremes, requiring intermediate coupling treatments, for example, /L coupling for
some nickel energy levels [84].

3.2 Optical emission spectroscopy

OES is a foundational technique in spectroscopy where one analyzes the light emitted by
excited species to determine what elements (and sometimes what quantities of those ele-
ments) are present in the probe volume. The basic principle is straightforward: if a sub-
stance is heated, electrically excited, or otherwise energized, its constituent atoms will emit
light at specific wavelengths as their electrons transfer to lower energy levels. By measuring
the spectrum of the emission and identifying the wavelengths (or frequencies) present, one
can infer which atoms produced them, because each element has a unique set of allowed
transitions. In the context of spark plug wear, OES allows us to directly see and identify
the materials in gas phase (such as nickel) that stemmed from the electrodes.

3.2.1 Selection Rules

Before going deep to OES, the selection rules for atomic electronic transitions is need to be
briefly introduced. Atoms have discrete energy levels as discussed, and a transition between
two energy levels occurs when an electron moves from one level to another. The set of
all possible transitions between atom’s energy levels gives rise to that element’s spectrum.
However, not all imaginable transitions actually occur. Certain selection rules must be
obeyed based on fundamental conservation laws (such as conservation of angular momen-
tum) and the quantum mechanical properties of the states [85]. Selection rules determine
whether a transition between two quantum states is allowed (i.e., has a high probability and
hence an observable spectral line) or forbidden (i.e., highly unlikely, resulting in either no
line or a very weak line). Therefore, when analyzing spectra for diagnostic purposes (like
identifying elements from their lines), we are usually dealing with the allowed lines that
obey the above selection rules.

3.2.2 Broadening Effect

Spectral lines are never perfectly sharp single wavelengths, but instead appear broadened
due to various physical mechanisms. For example, the observed nickel lines in Fig. 3.2 are
clearly broadened instead of infinitesimally narrow. Multiple factors cause emission lines
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3.2 Optical emission spectroscopy

to have a finite width (i.e. line broadening) rather than delta functions. Key broadening
effects include natural broadening, Doppler broadening, and pressure broadening [82]. In
addition, instrumental resolution can also broaden observed lines by a certain width.

Natural broadening (also called lifetime broadening) is an intrinsic effect arising from the
finite lifetime of excited atomic states.

Doppler broadening is caused by the thermal motion of emitting atoms, which have a
Maxwell-Boltzmann distribution of velocities in random directions. As a result, the emis-
sion from many atoms produces a spread of Doppler-shifted frequencies around the central
frequency.

Pressure broadening (also known as collisional broadening) occurs when interactions be-
tween the emitting atom and other particles perturb the emission process. Frequent col-
lisions cause slight random shifts in the energy levels, producing an uncertainty in the
emitted frequency and thus broadening the line.

Stark broadening results from that the electric fields of nearby ions and electrons cause
splitting and broadening of energy levels (the Stark effect), spreading the emitted line over
a range of wavelengths.

Actually, the line shape and width result from a convolution of different broadening mech-
anisms. The resulting profile is often a Voigt shape, which is a convolution of a Lorentzian
function with a Gaussian function.

3.2.3 Application

Typically, a spectrometer 3" is used to disperse the detected signal into its component wave-
lengths and recorded by the attached detector 3* as an emission spectrum (intensity vs
wavelength). Each peak in the spectrum corresponds to a particular transition in a specific
element and the recorded signal can be expressed by Eq. 3.1. R; is the optical reponse of
the spectrometer, which is wavelength-dependent. 7, is the population of the excited
state and A,y is the Einstein spontaneous emission coeflicient.

[)» = R/l * Pexcited Aexcitm’- (31)

OES is widely applied in the field of material science, particularly for elemental analysis
[86-89]. For example, in analytical chemistry, ICP-OES are standard for detecting trace
amount of elements. In our case of spark plug wear diagnostics, OES offers a quick way
to detect the metals or other elements that are presenting in the spark gap. A spark plug

! For spectrometer, F number, slit width and grating density are important for achieving optimal spectral
resolution and signal intensity. After calibration, the exact location of the wavelength and the corresponding
spectral response can be known.

* Noramlly, the detector is a iD/2D CCD or CMOS array.
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Figure 3.2: Plasma emission and detected nickel emission in the wavelength range from 323 nm to 363 nm.
Transitions of detected emissions are listed in Table Il of Paper 1.

typically has electrodes made of nickel alloy or noble metals, like iridium or platinum. These
metal atoms have many possible lines, which often in the visible and ultraviolet ranges.

Limitations

OES generally requires a reasonably high population of atoms in excited states to get a
detectable signal. If the erosion is extremely slight, the metal atom density might be low
and their emission is very weak. If the intensity is at the level as same as the noise, the target
species is unable to be distinguished.

Spectral interferences is another issue. If multiple elements have lines in the same spectral
region, a low-resolution spectrometer might confuse them. In practice, spectrometer with
a relatively high resolution or well-known line positions could mitigate this.

OES signals are inherently line-of-sight integrated, meaning that the detected spectrum
represents the cumulative emission along the entire optical path. In a complex environ-
ment, observing through an optical window may result in a spectrum that includes both
the desired emission from the target species and unwanted background radiation. To im-
prove the SNR, time-gating 33 or spectral gating >4 can be employed.

Nevertheless, OES remains a powerful and relatively simple tool to monitor atomic species.
In the case of spark plug wear, a general idea whether the atoms eroded from the electrode
exist or not is gained during spark discharges. Considering OES cannot detect ground-state
atoms that never get excited, a more powerful laser diagnostics tool, LIE is thus ultilized.

33 The detector can be gated to exclude intense background, if the signal has a relative long lifetime.
4 For example, in Fig. 3.2, one can focus on the nickel emission lines located between two intense nitrogen
emission bands u y = — .
bands (CI1, — BT, A 1,0
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3.3 Laser-induced fluorescence

3.3 Laser-induced fluorescence

While OES relies on passive emission, LIF is an active spectroscopic technique. The basic
principle is illustrated in Fig. 3.3 35 and more detailed description can be seen in [90]. The
atoms or molecules of interest are excited using a laser with a specific wavelength, and the
subsequent spontaneous fluorescence is captured by certain detectors. LIF is renowned for
its high sensitivity and selectivity, which can detect even trace species that would be difficult
to see with OES. Also, excellent spatial and temporal resolution can be achieved by focusing
the laser with short pulse duration to a small region. In the context of electrode wear, LIF
can be employed to detect ground-state metal atoms in gas phase, such as nickel within the

spark plug gap.
3.3.1 Setup

A typical experimental setup for LIF is given in Fig. 3.4, a laser beam is tuned to a wavelength
that corresponds to a transition of the target species. When the laser is fired, photons are
absorbed by the atoms, elevating electrons from a lower state ¢ to an excited state. Shortly
after, those excited atoms will spontaneously emit photons as they decay back down, which

35 For photoionization (M 4 hv — M" 4 ¢7), the excitation mostly needed below Far-UV region (< 200
nm). Predissociation (AB + hv — A + B) exists in molecules.
36 The lower state is often the ground state due to Boltzmann distribution.

Upper Level

Lower Level v

Figure 3.3: Simplified energy level diagram for LIF modelling.
b1p: Absorption of excitation photon, A: Spontaneous emission, By;: Stimulated emission, Q: Non-radiative de-
excitation by collisional quenching, W,;: Photoionization, P: Predissociation.
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(a) ﬁ Test Rig

Beam Dump

Figure 3.4: The typical experimental configuration of LIF, also used in the thesis work.
(a) Schematic illustration. (b) A close look at the probe volume. The blue lines indicate the Gaussian laser beam.
Ly: Focusing lens, sphrical for point measurements and cylinderical for two-dimensional planar measurements. L,:
Signal collecting lens.

is so-called fluorescence. By detecting and collecting the fluorescence signal 7, one can
infer the presence and quantity of the target species.

Detectors

The fluorescence photons are collected ># by different detectors, oftenly intensified cameras
or photomultiplier tubes. A spectrometer can be used together if spectral resolution is
needed, like the setup in Fig. 3.4.

Intensified camera is a time-resolved imaging device that couples a CCD or CMOS sen-
sor with a MCP image intensifier for ultralow-light detection. Incoming photons strike a
photocathode at the front of the intensifier, releasing photoelectrons that are multiplied by
the MCP, which is a thin disc of densely packed glass channels under high voltage. This
electron cascade yields gains and can even enable single-photon sensitivity. The amplified
electrons then strikes a phosphor screen 39, converting back to an optical image that is re-
layed to the sensor. The MCP can be electronically gated on and off within nanoseconds
intervals, which provides a precise temporal resolution and enables rejection of background

7 From the theroy discussed before, the fluorescence can be at either the same wavelength as the laser or
at a different wavelength if the excited state decays to some other energy level. In practical, the later one is
preferred to remove the background of the excitation laser.

¥ Typically at 90 degrees perpendicular to the incident beam.

39 Various phosphors are designed for different purposes. For example, if one want a fast reponse, phosphor
with a short lifetime is preferable.
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3.3 Laser-induced fluorescence

light outside the gate window.

Photomultiplier tube is ultra-sensitive light detector widely used to capture weak fluores-
cence signals. A PMT consists of a vacuum tube with a photosensitive cathode and a series
of dynodes held at successively higher potentials. When a fluoresced photon from the probe
strikes the cathode, it releases an electron via the photoelectric effect. This electron is elec-
trostatically accelerated into the first dynode, knocking out multiple secondary electrons,
which are in turn accelerated to the next dynode. Through multiple dynode stages, the sin-
gle photoelectron is multiplied into a large electron pulse, which is collected at the anode as
a measurable current or pulse. This internal amplification gives PMTs single-photon detec-
tion capability and excellent signal-to-noise characteristics. Moreover, PMT have a relative
fast rise time. In LIF setups, PMT is typically synchronized with the pulsed laser excitation,
which enables the detection of fluorescence decay profiles following the excitation pulse.

Tunable laser systems

In 1917, Einstein proposed that in the interaction between the radiation field and matter, the
molecules or atoms can generate stimulated emission or absorption of photons under the
excitation of light. This has been implied that light amplification by stimulated emission
of radiation (LASER) can be achieved if the number of electrons is reversed according to
Boltzmann distribution. Years later, the first laser was born in 1960 by T. Maiman, which
works with the medium - Ruby [91].

Since the advent of the laser, various types of lasers have emerged, from gas lasers, semi-
conductors lasers to fiber lasers. Specifically, performing LIF requires an intense and short-
pulsed light source to allow time-resolved measurements and high peak power. To locate
the target transitions for nickel, a laser with tunable wavelengths and a narrow linewidth
is also desired to specifically excite a particular transition without off-resonant excitation.
The two tunable laser systems used in this theis were a picosecond laser system based on an
OPG pumped by a fiber laser 3™ and a conventional Nd:YAG pumped dye laser system
3.11

. With those two laser systems, not only LIF can be performed but also two other critical
pieces of information for analyzing the fluorescence signal can be obtained.

Excitation spectrum by varying laser wavelength to find resonance peaks and measure ab-
sorption line profiles using dye laser with a narrower bandwidth.

31° The OPG combines an OPO with a multi-pass OPA to generate widely tunable pulses, which is pumped
by a high-power picosecond fiber laser. The OPO stage seeds the OPA, and a double-pass amplification scheme
is used to boost pulse energy while maintaining beam quality. A spectral cleaning unit is incorporated as a
filtering module to ensure a narrow bandwidth output.

3 The Nd:YAG-pumped dye laser uses organic dye solutions as the gain medium. In this thesis, a Q-
switched Nd:YAG laser with nanosecond pulses at 532 nm was used to illuminate dye cells, containing a mixture
of DCM and LDS 698 solutions. The dye molecules fluoresce and, within a resonant cavity (mainly a diffraction
grating as the wavelength-selective element), undergo stimulated emission to produce laser pulses. By selecting

different dyes or tuning the grating in the cavity, the dye laser output can be tuned across a certain range.
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Figure 3.5: Laser-induced fluorescence signal from nickel excited by the laser from 327.8 nm to 337.7 nm and detected in the range 338
nm to 353 nm.
Respective transitions are listed in Table 1 of Paper I.

Fluorescence lifetime by observing the decay of the signal after the excitation laser pulse.

3.3.2 Excitation spectrum

For the interest in electrode wear, LIF would specifically target the metal atoms, like Ni,
within the spark plug gap. The laser would be directed into the spark gap area ata controlled
timing relative to the ignition spark. By scanning the laser wavelength across the nickel
resonance and measuring the resulting fluorescence between the intense nitrogen emission
bands (as shown in the OES result in Fig. 3.2), the optimal excitation transition can be
identified to maximize signal detection and the SNR can thus be improved.

An excitation plot of nickel can be seen in Fig. 3.5, which was performed in a range of 10
nm from 327.8 nm to 337.7 nm, with a 0.1 nm step-size. The abscissa is the emission and
the ordinate is the excitation. It can seen that the most robust fluorescence signals were
observed when the excitation occurred at a wavelength of 337.0 nm. From the detailed
transitions listed in Table I of Paper I, this transition is probed around 336.96 nm and the
involved ground state of nickel, the most populated state, gives the explanation.

Fig. 3.5(#) is the corresponding normalized spectrum, which is integrated by the emission
signals detected at each excitation wavelength. Several other possible excitation transi-
tions were discerned in addition to the prominent peak at 337.0 nm. With the excitation
spectrum, not only is the optimal excitation transition identified, but also the detected
fluorescence signal stemming from target species is confirmed.
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3.3 Laser-induced fluorescence

3.3.3 Fluorescence lifetime

When an atom is excited by the laser in LIF, there is a characteristic delay of the following
emission, which is statistically described by the fluorescence lifetime of that excited state.
The fluorescence lifetime, usually denoted z, is the average time an atom stays in the excited
state before emitting a photon and returning to a lower state. This is an intrinsic property
of the atomic energy level, determined by the probabilities (Einstein A coefficiens) of al-
lowed transitions from that level. For a level that can decay to lower levels 7 with transition
probabilities Aj; (s71), the natural radiative lifetime is

0 = Z:IA (3.2)
i4ji

The concept of fluorescence lifetime is important for LIF signals [92]. The number of
photons emitted (and hence the signal) from an excited population is proportional to the
fraction of excited atoms that actually emit before other processes deplete them. If an
excited state has a long radiative lifetime, an excited atom could emit one photon given
enough time - but if something else de-excites the atom first, the photon is quenched.
In a dense environment, collisions can de-excite the atom non-radiatively, which is so-
called collisional quenching. The effective lifetime in such a case is shorter than the natural
radiative lifetime. Illustrated in Fig. 3.6, the detected fluorescence signal /777 from a single
short-pulse excitation is:

1%) ¢
Irp= 77/ loe " dr. (3-3)
n

7 is the constant combining the fluorescence collection efficiency and quantum yield of
the detector. /y represents the peak fluorescence intensity. # and #, give the opening and
closing time of the gate function. If collisions add an extra decay path, the total decay rate
increases and weakens the signal.

Collisional quenching

Without a vacuum-like environment, the presence of other species can easily shorten the
fluorescence lifetime. These particles can collide with the excited atom and cause it to drop
to a lower state without emitting a photon 3> [93]. The higher the pressure or particle
density, the more likely quenching collisions become. The effective lifetime 7.4 in the
presence of quenchers is given by:

12 The energy normally turns into kinetic energy of the colliding partner or exciting that partner.
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Figure 3.6: Illustration of detected LIF signal with different fluorescence lifetimes.
The grey zone shows the period of data collection. # and #, indicate the opening and closing of the gate function.
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, where 7;, is the number density of quencher species # and ¢, is the quenching rate coeth-
cient.

In the context of spark plug wear study, the fluorescence lifetime of the nickel transitions
needs to be considered. Operating at a complex plasma enviroment, a relative high density
of gas and possible impact from electrons and ions will induce a strong quenching effect.
To correlate the intensity of measured LIF signal to the number density of nickel atoms
from electrodes, the knowledge of effective fluorescence lifetime and how it changes across
the duration of the spark discharge is necessarily needed.

Fig. 3.7 gives the effective fluorescence lifetime of nickel atoms produced by 3 ms DC sparks.
The decay profile was capture by a PMT, which excited by a 337.0 nm picosecond laser.
From the initiation of the discharge to the end, the measured lifetime stay constant at about
LI ns. As a comparsion, in vacuum and absence of other perturbations, the same excited
energy level of nickel atoms has a lifetime in the order of tens of nanoseconds [94—97].

In summary, fluorescence lifetime is a one of the key parameters in LIF, which affects the
intensity of the fluorescence signal and can be ultilized to optimize the detection. Also, the
fluorescence decay can itself provide diagnostic information about the environment [98],
like temperature and ambient pressure.
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Figure 3.7: Effective fluorescence lifetime of nickel atom during spark discharges in atmospheric pressure.
The shaded zone indicates the 95% confidence prediction bounds of the linear fitting.

3.3.4 Excitation intensity

For LIE the relationship between the laser excitation intensity and the fluorescence signal
can operate in two regimes: linear LIF and saturated LIF, which can be seen in 3.8.

At low excitation energies (i.e. weak laser intensity), the LIF process is in the linear regime.
The fluorescence signal is directly proportional to the laser irradiance. However, the signal
is sensitive to the quenching rate, resulting in difficult quantitative measurements in this
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Figure 3.8: The dependency of the intensity of laser-induced nickle fluoscence with excitation laser energy.
The laser works at the optimal excitation transition 336.96 nm.
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regime.

At sufficiently high laser pulse energy or intensity, the LIF signal begins to deviate from
linearity and saturate. In the saturated regime, the laser intensity is so strong that the ab-
sorption/excitation rate outpaces all depopulation processes, causing the excited-state pop-
ulation to approach its maximum. Essentially, the laser-driven transitions dominate over
spontaneous decay and collisional de-excitation. Under complete saturation, the fluores-
cence signal is only dependent on the species population and is independent of both the
laser power and the quenching rate. This is a key advantage of operating in the saturated
regime: once achieved, the measurement is no longer sensitive to shot-to-shot laser fluctu-
ations and collisional quenching effects in the probe medium. The signal is essentially at
its theoretical maximum for the given number of fluorescing species.

Despite its benefits, achieving fully saturated LIF in practice can be challenging. It requires
very high laser energies, and even then the laser beam often has a spatial intensity profile
(e.g. Gaussian) such that only the central region is truly saturated while the edges remain
in the linear regime. In other words, maintaining uniform saturation over the entire probe
volume is difficult. Thus, in this thesis, the LIF measurements are working in the linear
regime to ascertain a linear response.
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Chapter IV
Key findings

Experimental physics is not only about knowledge and intuition,
but also about crafismanship.

— Chao-Yang Zhang

Based on the necessary initial spectral study in Chapter III, two-dimensional LIF mea-
surements were performed and some key findings will be discussed in this chapter. Two
different mechanisms causing electrode wear are visualized for the first time within the

spark plug gap. The evaporation model is refined based on the findings.






4.1 Sputtering

Ambient gas pressure was found to strongly influence detected laser-induced nickel fluo-
rescence signal. At higher pressures, the LIF imaging revealed a more intense nickel vapor
plume emanating from the electrode. At lower ambient pressures, by contrast, the nickel
atoms is found concentrated close to the cathode surface, with certain expansion into the
gap. These observations indicate that a lower-pressure environment promotes sputtering-
driven erosion, whereas a higher—pressure environment results in a evaporation process,
which is shown in Fig. 4.1.

4.1 Sputtering

Throughout all test conditions, sputtering is found to be one of the two primary erosion
mechanisms for the nickel electrode. As discussed in Section 2.3, sputtering refers to the
ejection of atoms from a solid surface due to the impact of energetic particles, typically ions,
with sufficient kinetic energy. This mechanism is clearly evidenced in the time-resolved
LIF images shown in Fig. 4.2. In these images, which span from 10 s to 1750 us after
the initiation of the DC sparks, the sputtered nickel atoms are clearly visualized. The color
scale on the right corresponds to relative emission intensity.

Sputtering becomes evident shortly after the breakdown phase of the discharge, particularly
from around 7= 50 us onward. The bright spot on the cathode is the laser reflection from
the metal surface, which can not be totally filtered out. This localized plume expands and
intensifies through 7'= 75 wsto T'= 200 us, peaking in visibility around 7"= 300 xs. The
persistence of emission even at later times (7" > 500 us) suggests sustained nickel atoms
release, though with a decreasing intensity.

During the discharge, the cathode accelerates positive ions, toward the electrode surface.
These ions can possess energies in the range of tens to hundreds of eV #*. Upon impacting
the cathode surface, these ions transfer momentum to nickel atoms. If the transferred
energy exceeds the surface binding energy, individual nickel atoms are ejected from the
lattice into the gas phase, i.e. into the spark plug gap. The evolution of the fluorescence

+! Estimated with the value of voltage (~ 1000 V) in Fig. 2.1 and a 1 mm gap.

(a) Cathode Cathode

"’ Anode “rau’

Figure 4.1: Laser-induced fluorescence images of nickel, obtained by averaging 100 spark events at the time of peak signal under different
ambient pressures.

(a) Captured at 350 ps after breakdown at 1 bar and (b) captured at 20 ps after breakdown at 6 bar.
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Chapter IV Key findings

Figure 4.2: Time-resolved laser-induced fluorescence images of nickel at 1 bar ambient pressure.
Each frame represents the average of 100 spark events and corresponds to a specific delay time after the breakdown
phase during a 3 ms DC spark discharge. The images show the distribution of nickel atoms within the 1 mm electrode
gap of the spark plug. The cathode is located at the top, and the anode at the bottom.

pattern in Fig. 4.2 provides the visual evidence of the ion-induced sputtering.
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4.2 Evaporation

Figure 4.3: Single shot laser-induced fluorescence images of nickel at 6 bar ambient pressure, captured from pre-breakdown phase to 20
s after.
Blue dashed contours indicate isolines of equal LIF intensity.

4.2 Evaporation

Evaporation was confirmed as the dominant erosion mechanism of the nickel electrode
under elevated ambient pressure conditions. The early phase of the evaporation process is
shown in Fig. 4.3. The electrode surface is rapidly heated to a high temperature and once the
local temperature approaches or exceeds the boiling point, surface atoms acquire sufficient
thermal energy to transition into the gas phase, initiating evaporation. This process results
in the formation of a nickel vapor cloud above the electrode surface, particularly at localized
hot spots.

The evolution of the evaporated vapor afterwards is presented by a time-resolved LIF image
series of neutral nickel atoms in Fig. 4.4. The image sequence gives the spatial and temporal
evolution of the Ni vapor cloud from 10 us to 1750 s after the spark initiation. Each frame
corresponds to a distinct time delay after the breakdown.

From 10 s to 50 us, intense LIF signals are observed, particularly around 77 = 10 ws.
These signals, following Fig. 4.3, indicates the emergence of highly concentrated Ni vapor
plumes. After 7= 75 us, the LIF signal broadens and weakens, forming more diffused
structures. This reflects a combination of continued evaporation at lower rates and diffusion
of the nickel atoms away from the electrode surface. The relatively persistent signal up to
around 7' = 300 ws indicates that the energy release by plasma remains sufficient to sustain
evaporation for several hundred microseconds after breakdown. From 7= 400 xs onward,
the fluorescence intensity steadily diminishes.
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=50 ps

T
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T

Figure 4.4: Time-resolved laser-induced fluorescence images of nickel vapor at 6 bar ambient pressure.
Each frame represents the average of 100 spark events and corresponds to a specific delay time after the breakdown
phase during a 3 ms DC spark discharge. The images show the distribution of nickel atoms within the 1 mm electrode
gap of the spark plug. The cathode is located at the top, and the anode at the bottom.

These LIF images provide compelling visual evidence that thermal evaporation is a key
driver of electrode material loss in spark discharges, especially under elevated pressure con-
ditions. The prolonged presence of nickel vapor indicates that once formed, the hot spots
on the electrode can sustain evaporation well beyond the initial breakdown.
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Figure 4.5: Temporal evolution of LIF intensity after breakdown phase from 6 s to 3250 #s for 3 ms DC sparks under different ambient
pressures.
Colored curves represent median-fitted profiles, while the shaded regions indicate the measurements variability.

4.3 Refinement of the evaporation model

DC sparks with a fixed 3 ms dwell time was investigated under different ambient pressures
from 1 bar to 8 bar. Fig. 4.5 is the intensity of detected LIF signal at different time after
breakdown during the spark discharge. Only representative data (1 bar, 4 bar and 8 bar) is
presented in the plot. As the ambient pressure becomes higher, an increase in the LIF signal
was observed, indicating a greater population of nickel atoms. However, an apparent con-
tradiction of the fluorescence quantum yield arises when considering collisional quenching
effects (Eq. 3.4) at elevated pressures. A higher density of colliding species under elevated
pressure conditions should lead to an increased collisional quenching rate, which would
result in a decrease in the LIF signal intensity due to more frequent deactivation of excited
states. Hence, the actual nickel from the electrodes must be higher than the indicated LIF
intensity with increasing pressure.

The dwell time of the the inductive coil was fixed at 3 ms, ensuring that the energy of DC
sparks remained constant. According to Jones’ evaporation model discussed in Section 2.3,
this should result in comparable levels of electrode evaporation across all cases. However,
this prediction clearly contradicts the LIF measurements considering that the only param-
eter varied was the ambient pressure and thus the breakdown voltage.

As defined in Section 2.2.1, the instantaneous power of the spark can be expressed as

Pk = . (41)
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Figure 4.6: The power of DC sparks with the same energy at different ambient pressures.

Figure 4.6 shows the profiles of spark power under different pressures, where the total en-
ergy is held constant #*. In comparison with the intensity of LIF signals in Fig. 4.5, it
can be deducted that the power of spark plays a more dominant role in driving electrode
evaporation than spark energy.

To further validate this finding, additional experiments were conducted, and the detailed
results and discussion can be seen in Paper IV. Only the main conclusions are summarized
here. DC sparks with varying energies were investigated under a constant ambient pres-
sure. Sparks with lower energies yielded weaker LIF signals. This behavior is attributed to
the shorter dwell times (i.e. lower energy), which lead to the reduced value of current and
consequently lower spark power. To decouple the effects of spark energy and ambient pres-
sure, AC sparks with controlled peak currents were also examined. The results showed that
sparks with higher peak currents produced stronger LIF signals. These observations consis-
tently support the conclusion that spark power, rather than total energy, is the dominant
factor governing the detected nickel atoms in gas phase.

The evaporation model proposed by EL. Jones treats a single spark event as creating hot
spots on the electrodes. In essence, the spark deposits a certain energy W, into a tiny
area of the electrode, and this energy is partitioned into two components: (i) the energy
required to heat and vaporize a volume of metal (Eq. 2.6) and (ii) various losses (Eq. 2.2).
The condition was assumed that the hot spots reach a steady temperature - the boiling
temperature of the electrode material - during the discharge. In that state, any additional
energy input goes into the evaporation of the metal electrodes. However, based on the
discussions above, the author want to propose a refinement of this model, which in short,
the spark power dominates the processes instead of the spark energy.

From Eq. 2.5, whether the temperature of hot spots 7} at time # will exceed the boiling

*+* The observed ’ringing’ behavior arises from the resonant nature of the RLC circuit.
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4.3 Refinement of the evaporation model

temperature 7} or not is decided by the spark power Py, per unit area (S) and the spark
duration . Although the spark power during the breakdown phase can reach hundreds or
even thousands of watts, its short duration is insufficient to heat the electrode material to
the evaporation temperature. The nickel atoms observed in the gas phase within the spark
plug gap originate from the sputtering process.

Although the total area of hot spots varies during discharges, its influence is negligible
compared with that of the spark power [74, 99]. Thus, the minimum spark power required
to sustain the evaporation can be estimated by modifying Eq. 2.2 to

P.rpark =r+yq, (4-2)

if the electrode surfaces reach the boiling temperature. Combined with Eq. 2.3 and Eq. 2.4,

Popart = £0S(T} — T*) + 2kV/2S(T}, — 1). (4.3)

Such a refinement of the evaporation model can provide an improved framework for inter-
preting the observed laser-induced fluorescence signal of nickel atoms.
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Chapter V

Summary and outlook

You don’t have to see the whole staircase,
Just take the first step.

— Martin Luther King Jr.

In this thesis, laser-based optical methods was introduced for diagnostics of electrode wear
for the first time. A comprehensive analysis of spark discharge used in SI-ICEs has been
done. The voltage and current characterization and various mechanisms of spark-induced
electrode wear at different phases were briefly overviewed. OES and LIF have been success-
ful applied and ultilized to investigate the spark plug wear with nickel-based alloy electrodes.

OES measurements revealed the existence of nickel atoms and most of the observed emis-
sions lie within the spectral region bewtween two nitrogen emission bands (C — B, Av =
0, 1). Excitation spectrum determines the most favorable transition for nickel is at 336.96
nm. The effective fluorescence lifetime was measured to be about 1.1 ns throughout the
duration of the discharge at atmospheric condition.

A two-dimensional LIF was then successfully performed within the spark plug gap. Various
parameters, such as breakdown voltage, coil energy, ambient pressure and gas composition,
were examined to study how they can affect the wear process of the electrode. Different
distributions of laser-induced nickel fluorescence within the spark plug gap indicate differ-
ent mechanisms for the electrode wear. In low pressure, the wear comes from sputtering.
While, under high pressure, the high current following the high breakdown voltage melts
and boils the electrodes, causing the evaporation. The power of spark has been identified
as the determining factor governing the balance between sustained evaporation and heat
dissipation.

Opwerall, this thesis delivers a practical stragety as a cornerstone to perform laser diagnostics
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on spark plug wear. New insights are also provided to advance the understanding of spark-
induced electrode wear.

Outlook

The understanding of the wear mechanisms is not only valuable for academia, but also can
help the industry optimize the ignition systems and spark plug materials that can achieve
the twin goals of reliable ignition and long life of the electrodes. Thus, further research
remains needed to investigate the interactions between spark discharges and the electrodes.

This thesis was conducted specifically with nickel electrodes, the applicability of the LIF
technique can extend far beyond this material and setup. The strategy can also be applied
to spark plugs made of other metals, such as platinum (Pt) and iridium (Ir). Also, due to the
limitation of the lab-scale test rig, more parameters that are relevant for evaporation process
were untested, for example, the temperature of the electrode. With more information, my
refinement of Jones” evaporation model could be further validated.

The output of the thesis is based on ’quasi-single’ spark measurements. High repetition-
rate burst mode laser together with OPO would be a better choice towards single spark
diagnostics. Such excitation source could be highly interesting for revealing the dynamics
during one single spark discharge. Another limitation is the qualitative LIF data, primarily
due to insufficient knowledge. Further data about the population distributions among
energy levels and the fluorescence lifetimes under varying ambient pressures may enable a
transition towards quantitative measurements.

Based on other proposed wear mechansims, other laser-based optical diagnostics could be
performed, for example, detection of particle ejection with laser-induced Mie scattering
and oxides with Raman scattering.

These ideas can be considered as a guidance and explored further. Together with long-
term test results in real engine environment, the understanding of electrode wear will be
more deepened. In all, the ultimate goal is to build a theoretical model to describe the
spark-induced electrode wear.
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Figure A.1: Grotrian diagram of neutral nickel atom (Ni-I), which is plotted based on the open source data in NIST Atomic Spectra Database.
The figure is to show the ‘sea’ of energy levels and lines.
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Paper 1:
Detection of Nickel Atoms Released from Electrodes in Spark Discharges
Using Laser-Induced Fluorescence

The idea for this paper is to study the spectra of neutral nickel atoms generated by spark
discharges, both on the emission and the excitation sides. Most plasma-induced nickel
emission were found within a ’spectral window’ between 339 nm and 354 nm, between
two strong nitrogen emission bands, which are suitable for nickel detection under intense
plasma background. Following this, an excitation scan was performed using a tunable pi-
cosecond laser and the optimum excitation wavelength of 336.96 nm was found by studying
the intensity of the emission spectra within this ’'window’, which can be used for performing
2D PLIF imaging measurements.

R. Bi and I designed the experiment and performed the measurements together. I did the data
analysis and wrote the manuscript. All co-authors reviewed the manuscript and provided their

Sfeedbacks.

Paper 11:
Effective lifetime of Ni laser induced fluorescence excited at 336.9 nm
during spark plug discharge

Following Paper 1, the idea of this paper is to measure the effective fluorescence lifetime of
Ni atoms excited by a 336.96 nm laser in atmospheric conditions. The results indicated that
the measured lifetime was constant around 1.1 ns during the whole spark discharge. Based
on this, a linear correlation was found between the number density of Ni atoms and the
detected LIF intensity. Using the conclusion above, the generation of Ni by DC discharges
was studies temporally, showing that the number density maximize around 350 us after gas
breakdown, and decrease as the discharge continues.

R. Bi and I designed the experiment and performed the measurements together. I assisted in
drawing figures and writing the manuscript. All co-authors reviewed the manuscript and pro-
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Paper mr:
Robust Ignition and Sparkplug Wear for H, SI-ICE

The aim of this proceeding paper is trying to give a brief review of spark discharges for
ignition of SI-ICE and theoretical models for spark-induced electrode wear. Long-term
test were performed and indicated that measurement methodology with a high temporal
resolution is needed to reveal the mechanisms of the interaction between spark and elec-
trode of sparkplug. Based on the previous two journal papers, prelinminary PLIF images
show great compentence of such technique for further meansurements, by giving a spatial
distribution of gas phase nickel atoms originated from electrodes.

1 did the literature review about sparkplug wear and perform the PLIF experiments. Jakob and I
wrote the manuscript together and I was responsible for the said sections. All co-authors reviewed

the manuscript and provided their feedbacks.

Paper 1v:
Investigation of Electrode Wear during Spark Discharges
using Planar Laser-induced Fluorescence

The idea of the paper is to extend the PLIF measurements of sparkplug wear to a ’close-to-
reality’ condition with elevated pressures and an added cross-flow. Pressure was changed
from 1 bar to 8 bars and different mechanisms were found for the existence of nickel within
the 1 mm gap by comparing the spatial distribution. The temporal dynamics of evoparated
nickel was studied. Two different types of spark discharge were examined, DC sparks with
different dwell times and AC sparks with different peak currents. In the end, a pure nitrogen
condition was compared with the air condition to study the impact of oxygen.

[ designed the experiment and performed the measurements. 1 did the data analysis and wrote
the manuscript. All co-authors reviewed the manuscript and provided their feedbacks.
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