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Abstract

Various types of optical fibres have been investigated and compared for delivering high power
laser beams to an optical plug (comprising of lenses and an optical window) for the application
of laser-induced ignition of gasoline and air mixtures in an automotive internal combustion
engine. Three main types of optical fibre were examined: multi-mode step index silica, sapphire
and photonic crystal. The fibres had various core sizes ranging from 35 to 600 «m and
numerical apertures between 0.046 and 0.64. A Q-switched Nd: YAG laser operating at the
fundamental wavelength 1064 nm with a pulse length of 15 ns was used for the testing. Fibre
output beam properties, including beam mode quality, output divergence, transmission losses,
beam energy thresholds and effects of engine vibration were investigated. These fibre beam
properties were compared with known beam parameters for laser ignition to assess the
suitability of such fibres for a laser ignition system. Online fibre delivery laser ignition engine
tests were performed with the most suitable fibres, which showed that combustion could be
achieved with this system despite a relatively large percentage of misfires.
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

Laser-induced ignition (LI) of air—fuel mixtures in internal
combustion (IC) engines has many potential advantages over
conventional electrical spark ignition (SI). These benefits in-
clude: variable ignition positions within a cylinder/combustion
chamber [1], absence of electrodes which can disturb the
cylinder geometry and can quench a propagating flame
kernel [2], possibility of multiple ignition positions in time and
space [3, 4], lower ignition energies [5], more stable combus-
tion [5, 6], reduced tailpipe emissions [7] and combustion of
leaner air—fuel mixtures [6].

There are four principle LI mechanisms: non-resonant
breakdown ignition, resonant breakdown ignition, thermal
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ignition and photochemical ignition [8]. The most widely
used mechanism is non-resonant breakdown as this is most
similar to conventional electric SI, in that a plasma is produced
which emits light, heat and a shockwave. However, laser-
induced sparks are generally smaller in size, shorter in duration
and have higher temperatures and densities [9]. For non-
resonant breakdown, a laser beam must be sufficiently focused
to produce laser irradiances in excess of 10'' W cm~2 at the
minimum beam waist. Here, the electrical field of the focused
beam is sufficient to cause dielectric breakdown of the air—
fuel mixture. The process generally begins with multi-photon
ionization of a few molecules, which leads to the release of
electrons that can then readily absorb more photons from the
laser source via the inverse bremsstrahlung process. This in
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turn increases the kinetic energy of these released electrons,
which then collide with other molecules and ionize them,
leading to an electron avalanche and subsequent breakdown of
the combustible gas mixture [2, 8, 10].

Open beam path optical arrangements have been used for
the majority of LI research, and although this is suitable for
laboratory experiments, it is not appropriate for real-world use.
Therefore, if LI is to become a commercially viable alternative
to spark plugs in the future, a practical, inexpensive, reliable
and robust beam delivery method must first be developed.
Possible solutions to this could be to have individual compact
lasers combined with an optical plug for each cylinder [11],
or to have a single laser with the beam split and coupled into
fibres to deliver the beams to optical plugs located in each
cylinder [12]. The latter has the advantage of having the laser
source remote from the harsh engine environment. A third
potential solution is a hybrid of the first two, which is the use
of fibre lasers for each engine cylinder. However, at present
they do not have high enough output beam energies required
for ignition, although the technology is advancing at a rapid
rate.

Optical fibre laser delivery using common multi-mode
step index fibres is well established in areas such as laser
material processing (laser drilling, cutting and welding) for
delivering high beam energies to a work piece. However, to
produce a laser-induced spark in air at atmospheric pressure
with a beam that has been delivered by an optical fibre is
much more technically challenging. The main reason for
this is that the damage threshold of conventional silica fibre
(~5 GW cm~?) is an order of magnitude lower than the laser
irradiance required to produce a spark (optical breakdown) in
air, which is >100 GW cm~2 [13]. Also, the beam exiting
a multi-mode optical fibre will be of a poorer beam quality
(higher M?) compared to the input beam, as many modes
become excited as the beam propagates through the fibre.
This reduces the fibre output beams’ focusability to produce
a small beam spot required for optical breakdown. Therefore,
the aim of the research presented in this paper is to compare
and assess the suitability of various optical fibres for beam
delivery in an LI system and investigate methods for increasing
the deliverable beam energy and retaining fibre output beam
quality.

To date, the only demonstration of a laser-induced spark
at atmospheric pressure by optical fibre delivery has been
performed by Yalin et al [14]. They used a cyclic olefin-
polymer-coated 700 pm hollow core waveguide with a silver
inner coating layer developed by Matsuura er al [15]. This
was used in subsequent research to laser-ignite natural gases
in stationary reciprocating gas engines [12] using fibre output
beam energies of 27 mJ and focal point laser irradiances of
100 GW cm™—2.

Optical breakdown at atmospheric pressure by fibre beam
delivery is not necessarily required for LI of gasoline and air
(or other gas) mixtures. This is because automotive engine
cylinder pressures can be up to 10 bar at the time of ignition,
meaning that less laser intensity is needed for combustion.

There have been relatively few studies on the investigation
of optical fibres for the application of LI [12, 14, 16-18].

The majority of these studies have discarded the use of solid
core optical fibres due to their damage thresholds being lower
than the ignition irradiance and their poor output beam quality.
However, solid core fibre-delivered LI has been demonstrated
in research performed by El-Rabii and Gaborel [16]. In
their work, they show preliminary results on the ignition of
n-heptane and JP-4 mixtures initiated by a laser delivering
nanosecond pulses of 30 mJ focused to a spot of 200 um
through a solid core silica optical fibre.

When considering the potential use of silica fibres for LI,
there are two conflicting issues. The first being that due to
the high beam energies involved with LI, larger core diameter
fibres are preferable in order to reduce the associated laser
irradiances which can damage the fibre. However, in order to
focus the fibre output beam to a sufficiently small spot to obtain
the required irradiance needed for ignition, a smaller fibre core
diameter is desirable, as this produces an output beam with less
modes and better beam quality.

There are also certain physical design constraints when
designing a fibre-delivered LI system for an automotive engine.
The main ones are the size of the access hole into an engine’s
cylinder currently taken up by the spark plug (which can vary
depending on the engine) and the severe heat and vibration
ranges caused by the engine. These issues and concerns are
addressed in the following sections.

2. Experimental set-up and procedure

The general experimental set-up for the optical fibre testing
is illustrated in figure 1. The laser used for the experiments
was a ‘Mini-Q’ flashlamp-pumped Q-switched pulsed Nd: YAG
laser, manufactured by GSI Group, which operated at the
fundamental wavelength 1064 nm. The laser originally had
a pulse width of 5 ns. However, for these optical fibre
experiments, the laser cavity was lengthened from 0.5 to
1.5 m, which extended the pulse length to 15 ns, which was
measured to the full width at half-maximum (FWHM). This
was performed in order to reduce the thermal impact on the
optical components and hence increase the energy damage
thresholds of the fibres investigated.

The laser’s internal cavity aperture was removed for the
majority of the fibre testing, resulting in a multi-mode output
beam profile and energies of up to 180 mJ per beam pulse.
The output beam divergence was found to be 10 mrad using
a laser beam analyser (LBA) system (Electrophysics ‘Micro-
viewer’ 7290A charge-coupled device camera and software),
where the cross-sectional beam sizes were measured to the
1/€? limit (86.5% of beam) to an accuracy of +5 um. The
LBA was also used to find the beam quality factor, M 2 which
was calculated to be 5.2 using equation (1):

AM? f

dvy = 1
M wdr (D

where dy; is the minimum beam spot diameter, f is the focal
length of the focusing lens, A is the laser beam wavelength and
dp, is the beam diameter incident on the focusing lens.

An exception to the above-mentioned laser configuration
was for the examination of the large mode area (LMA)
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Figure 1. Experimental set-up for optical fibre testing: (1) optical
bench, (2) Nd: YAG laser with extended cavity, (3) variable polarizer,
(4) 1/4-wave plate, (5) beam dump, (6) neutral density filters,

(7) mirror, (8) variable telescope, (9) fibre launch lens, (10) optical
fibre, (11) fibre output optics (optical plug), (12) CCD camera/energy
meter, (13) 1.6 L Zetec IC engine, (14) low inertia dynamometer and
(15) control and data acquisition PC.

photonic crystal fibre, where a 1.4 mm diameter aperture was
used in the laser cavity to produce a near-Gaussian TEM
mode intensity beam profile. This was necessary as the fibre
required a single-mode input beam in order to focus the beam
down to the small core size of 35 um with a shallow fibre
launch angle. For this laser configuration, the M? and output
beam divergence were calculated to be 1.5 and 4 mrad, where
the maximum pulse energy was 20 mJ.

Due to the nature of lasers, output beam properties tend to
change with varying pulse energies and repetition rates. This
is due to a phenomenon known as thermal lensing, where a
lensing effect occurs in the laser crystal (or gain medium). This
effect is particularly apparent for flashlamp-pumped lasers,
which were used for these experiments. As the flashlamp (or
pumping medium) is driven harder and quicker by increased
beam frequency and energy, a thermal gradient is produced
across the cross section of the laser crystal. This causes the
refractive index of the crystal to change, thereby affecting
the output beam. When a beam is focused by a lens (or
number of lenses), then the diameter of the minimum beam
waist produced is a function of the beam diameter incident
on the focusing lens, as shown in equation (1). Therefore, if
the output laser beam were to increase in size with increased
energy or repetition rate, then the focused minimum beam spot
would become smaller. This would cause the laser irradiance
(W cm™2) at this point to increase and therefore could cause
the damage threshold of the fibre to be exceeded.

(b) (©) (d)

Figure 2. Microscope images of optical fibre ends: (a) silica step
index fibre, (b) sapphire fibre, (c) large mode area photonic crystal
fibre and (d) multi-mode ultra-high numerical aperture photonic
crystal fibre.

To reduce the effects of this issue, a variable polarizer,
1/4-wave plate and beam dump were positioned at the laser
output in the set-up, as illustrated in figure 1. The laser was
driven at 90% power for all experiments. The beam energy was
adjusted by rotating the beam’s plane of polarization, where the
1 /4-wave plate would reflect a portion of the beam into a beam
dump (or onto an energy meter) and transmit the remaining
through.

To ensure that the same beam angles were launched into
the fibres, a variable telescope was used in the experimental
set-up before the optical fibre and launching lens, as shown
in figure 1. Various singlet lenses with different focal lengths
(—50-400 mm) were used in the telescope and for launching
the beam into the fibre, to achieve a wide range of fibre input
beam angles.

Three main types of optical fibre were investigated for the
application of LI: multi-mode step index silica fibres, sapphire
fibres and photonic crystal fibres (PCF), where the choice was
largely due to availability. All these fibres were 1 m in length
and had various core sizes ranging from 35 to 600 um, with
numerical apertures (NA) between 0.046 and 0.64. The details
of the specific fibres tested are shown in table 1 and the ends
of the different fibre types can be seen in figure 2. The silica
and sapphire optical fibre ends were prepared by hand using
the lap and polish method and the PCF ends were prepared by
the manufacturer.

A cross-sectional beam diameter of approximately 90% of
the fibre core diameter was launched into all the optical fibres.
For example, a fibre with a core diameter of 600 um would
have a 540 um beam diameter, measured to the l/e2 limit,
launched into the fibre. The focused minimum beam waist
created by the fibre launch optics was located before the input
fibre face, so that the beam started to diverge as it entered the
fibre. This is common practice with high power fibre beam
delivery in order to prevent damage to the fibre [19, 20].

The fibre output optical assembly consisted of a dual-
lens imaging system, which is illustrated in figure 3. Various
singlet lenses made of BK7 were used, which had focal lengths
ranging from 9 to 45 mm.

When the optics are arranged in this way (figure 3), the
minimum focused beam spot diameter, ds, is a function of
the fibre core diameter, dc, and the ratio of the focal lengths
of the two lenses, L; and L;, and can be calculated using
equation (2):

dcL,

ds = T 2)
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Table 1. Details of the various optical fibres tested.

Core diameter Cladding diameter ~ Buffer diameter
Optical fibre type (um) (um) (pm) NA Manufacturer
Pure silica—step index 200 240 320 0.12 CeramOptec

200 230 400 0.22 M

200 225 400 0.48 3M

300 330 430 0.22 GSI group

365 400 730 0.22 M

365 400 730 0.48 M

400 440 540 0.12 CeramOptec

400 440 540 0.22 CeramOptec

400 425 730 0.48 3M

600 660 760 0.12 CeramOptec

600 660 760 0.22 CeramOptec
Sapphire 250 — — 0.12 Laser components

325 — — 0.12
Photonic crystal (silica) LMA 35 283 — 0.046  Crystal fibre A/S

MM.UH.NA 112 229 — 0.64
200 335 — 0.64
Collimating  Focusing which the laser beam was focused into the fibres were reduced
lens (L7)  lens (L2)

Optical fibre

[«——>
Focal length of
collimating lens (Fl 1)

[<—>]
Focal length of
focusing lens (Fl.2)

Figure 3. Fibre output optical assembly used in the fibre-delivered
laser ignition system.

Four different sets of experiments were performed on
all the optical fibres and are described in the following
subsections.

2.1. Investigation of fibre damage thresholds

These tests were conducted offline on the optical bench.
Firstly, an energy meter (Gentec ED200 head and Solo PE
monitor) was used before and after the fibres to measure their
transmission. For the duration of the fibre damage threshold
testing, a straight length of fibre was used where the energy
meter was positioned at approximately 50 mm from the fibre
output, and the beam pulse repetition rate was kept constant at
10 Hz. The tests were started with a low input beam energy,
which was gradually increased using the variable polarizer and
1/4-wave plate, until catastrophic failure of the fibre occurred.
This process was repeated twice more for each fibre and an
average damage energy threshold was recorded.

2.2. Investigation of fibre output beam mode and divergence

For the application of LI, lower output beam divergences
from fibres are advantageous. This is due to the limited size
of the spark hole in the engine cylinder, and the fact that
smaller minimum beam spot sizes can be achieved with larger
distances between the fibre output and the first lens in the
optical plug, as shown by equation (2). Therefore, the angles at

from the fibre’s NA, which were compared with the fibre output
beam angles. A low energy beam was used, which was well
below the damage threshold of the fibre. The LBA was used
to measure the cross-sectional beam diameters and also to
capture the fibre output beam mode intensity profiles from all
the fibres.

2.3. Effects of bending and engine vibration on fibre output
properties

A shallow fibre input beam angle of 4 mrad and 5 mJ energy
was used for both the fibre bending and engine vibration tests.
Initially for the bending testing, a straight length of fibre
was examined and used as a benchmark. A single ‘loop’ of
360° was then introduced in the fibre where its diameter was
varied from a maximum of 280 mm, down to the minimum
bend diameter, which was different for each fibre. The fibre
bending experiments were taken further to include the effects
of vibration from the running engine to give more realistic
results in terms of output beam divergence. Therefore, the fibre
was given a bend and a twist from the horizontal optical bench
to the vertical plane, where the fibre output end was mounted
on a section of the test engine, replicating the set-up for online
fibre delivery LI testing. The LBA camera was mounted
vertically at the fibre output to capture the beam profiles, with
and without the engine vibration, at various distances from
the output face. The fibre output beam divergences, intensity
profiles and transmissions were recorded for both the bending
and engine vibration testing.

2.4. Fibre-delivered LI engine testing

An optical plug was designed and manufactured for the online
fibre-delivered LI engine testing. Various photographs of this
optical plug are shown in figure 4, alongside a conventional
spark plug. The optical plug allowed different configurations
of two lenses to collimate and refocus the beam from a fibre
into one of the test engine cylinders. Various focal length
lenses were used (which were dependent on the fibre) which
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Figure 4. Photographs of the optical plug: disassembled, with
optical fibre attached and compared with a conventional spark plug.

were made from uncoated BK7 and had diameters of 6 mm.
An uncoated sapphire window of 5 mm diameter and 1 mm
thickness was used at the base of the plug to seal off the
cylinder.

The IC engine used for the testing was from a Ford
Mondeo.  This was an unmodified four-stroke 1.6 litre
aspirated port fuel-injected Zetec engine, which had four inline
cylinders, 16 valves controlled by double overhead camshafts,
and was operated in a homogeneous ignition mode. The single-
fibre optical plug was used in one cylinder of the test engine,
while the remaining three cylinders used conventional spark
plugs to ignite the fuel. The laser was controlled through
a dSpace DS1005 card in a bus-linked expansion box using
an open-loop Simulink laser timing model designed and run
through MATLAB, which ensured that the laser fired at the
same time as the spark plugs. Cylinder pressure data was
collected from all four cylinders, using Kistler pressure sensors
in situ every 1° of crank angle.

3. Results and discussion

3.1. Investigation of fibre damage thresholds

Initially for the fibre damage threshold experiments, the silica
step index fibre ends were permanently fixed into SMA fibre
connectors (screw coupling) using adhesive, which is common
practice for industrial laser set-ups. The damage thresholds
for these silica fibres, in terms of laser irradiance required to
cause catastrophic failure, were found to be ~3 GW cm™2.
The failure point always occurred at the input fibre face, where
surface cracks and expulsion of silica transpired. Compared
to the laser irradiances required for LI, this damage threshold
was considered too low. Therefore, in an attempt to increase
the damage thresholds, the fibre ends were left free-standing in
an SMA connector with a 100 mm long metal ferrule attached.
The fibres were lightly clamped at the opposite end to the SMA
connector on the ferrule, which is shown in figure 5.

The free-standing fibre ends made a difference to the
amount of beam energy that could be delivered by the silica
fibres and to the position where fibres failed. On average, the
silica fibre damage thresholds increased by at least a factor of
3, to approximately 9 GW cm~2. Similar observations have
been shown by Allison et al [21], who used a similar method
to clamp fibre ends. They found that the free-standing ends
increased the damage threshold by reducing the stresses at the
fibre face.

[ |
"

SMA comnector
\\

Metal farrule Free standing fibre end

Figure 5. Free-standing fibre end ferrule holder with SMA
connector.

For the free-standing fibre ends, catastrophic fibre failure
was found to occur not at the input face, as was observed with
the fixed connectors, but at various distances along the fibre
from the input face. This is due to the fact that, when the beam
is launched into the fibre, the fibre end is suddenly exposed to
an extremely high heat input, which causes slight expansion
of the fibre. This induces higher stresses on the fibres with
the constricted adhesive fixed connectors, causing catastrophic
failure at the input face. However, with the free-standing fibre
ends, the fibre is not constrained and therefore the failure point
was further along the fibre. The distances from the fibre input
to the point of failure were found to be dependent on the input
beam angle launched into the fibre, where the shallower the
input beam angle, the larger the distance from the fibre input
face to the point of failure. This effect is due to heat build-up at
the first internal reflection within the fibre. As the free-standing
fibre ends were found to increase the damage thresholds of the
silica fibres, this method was used for the remainder of the
experiments.

The damage thresholds for both PCF types (LMA and
MM.UH.NA) were found to be slightly lower than the solid
core step index silica fibres at ~7 GW cm~2. However,
the failure mode was in a similar manner to the silica step
index, where the fibre failed at a distance from the end of
the fibre input face. The lower damage threshold of the
PCFs was thought to be due to the air holes running through
them, producing a different damage mechanism to that of bulk
silica, where the laser radiation induces heating and creates
non-uniform strains which break the thin walls of the micro-
structure. Similar observations have been reported in work on
damage thresholds of PCFs performed by Michaille er al [22].

The sapphire fibres were found to have the lowest damage
thresholds of ~4 GW cm~2, of the three main types of optical
fibre tested. This was thought to be due to the wavelength
of the laser used (1064 nm), as the sapphire fibre is more
suited for the Er: YAG laser wavelength of 2940 nm, where the
attenuation is 0.2 dB m~' compared to 0.4 dB m~! at 1064 nm.

An interesting observation of the sapphire fibre damage
threshold testing with free-standing fibre ends was that damage
was only ever noticed at the input face, where continuous
plasmas formed at the maximum damage threshold beam
energies. Subsequent inspection of the fibre input face under
a microscope showed a ‘bubbled’ texture on the surface where
the incoming beam had irradiated, which can be seen in
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Figure 6. Microscope images of the sapphire fibre input face after
damage threshold testing (a) 250 ;m core diameter, (b) 250 pm core
diameter, (c) 325 um core diameter and (d) 325 um core diameter.

figure 6. This indicates that the beam had begun to melt the
sapphire surface, which has a melting temperature of 2053 °C,
which caused plasmas to occur for subsequent beam pulses.

Other techniques and methods to increase the damage
thresholds of fibres have been investigated by other
researchers. These include CO, laser annealing of the fibre
ends [23], air evacuation (partial vacuum) at the fibre launch
and filling hollow core fibres with inert gases. Although these
methods have been shown to be effective, the latter two are
not really suitable for a fibre-delivered LI system as this would
increase the complexity and cost. The CO, laser annealing of
fibre ends may have merit as this was found to increase the
damage threshold by an order of magnitude. This would be
beneficial for fibres used in a LI system, as they would have to
last for long periods without damage.

3.2. Investigation of fibre output beam mode and divergence

As expected, the 35 um core diameter LMA PCF had the
greatest output beam mode quality of all the tested fibres. A
fibre output beam intensity profile measured at 35 mm from
the fibre exit can be seen in figure 7, which shows the beam to
be near single mode. However, the maximum beam energy that
this fibre could transmit was 0.4 mJ, which is 10 times less than
the minimum LI energy required for combustion of gasoline
and air mixtures of similar beam quality, which is ~4 mJ [5].
As this fibre had the smallest NA of 0.046, it was
quite difficult to achieve input beam angles lower than this.
Therefore, the output divergence angle was equal to the NA
which equates to a half-angle of 46 mrad using equation (3),
where Oyax 1s the maximum fibre beam angle of acceptance:

NA = Sin <9%> . 3)

The fibre output beam angles from the larger multi-mode
fibres were found to be dependent on the input beam angle,
bends in the fibre and the fibre’s NA. The former is illustrated
in figure 8, which shows the output beam divergence from
a 365 um core silica fibre of 0.22 NA for various beam
input angles. This shows that smaller output beam divergence
angles can be achieved with shallower fibre beam input angles,
and hence greater fibre exit beam quality (lower M?) can be
obtained. This is beneficial for the application of fibres in
LI as smaller focal spot sizes can be achieved within the size
constraints of the engine cylinder access hole.

In theory, the beam angle focused into a straight length of
fibre with end faces perpendicular to its axis should be equal

Figure 7. Beam intensity profile at 35 mm from the output of the
35 um core LMA PCF, measured to have a 1.7 mm diameter.

Fibre input beam half angles: ¢ 30 mrad = 15 mrad A 8 mrad 4 mrad * 2 mrad

25

2

o

Average Beam Radius [mm]

o
13

Distance from fibre output [mm]

Figure 8. Output beam divergence from a 1 m straight length of
365 um core diameter step index silica fibre of 0.22 NA with varying
fibre input beam half-angles.

to the output beam angle. However, in reality, the fibre has
manufacturing defects and micro-bends which cause the exit
beam angle to be larger. A relationship was found between
the input and output angles for straight lengths of silica fibre,
where the output beam angles were approximately 2.5 times
that of the input angles.

The transmission losses of the step index silica fibres
were calculated to be ~8%, which was as expected, as
approximately 4% of the beam is reflected at both the
entrance and exit faces of the fibre. The transmission losses
of the sapphire fibres were higher at ~20%, which again
was expected as this was the transmission quoted by the
manufacturer at the 1064 nm wavelength.

3.3. Effects of bending and engine vibration on fibre output
properties

The output beam divergence of a 400 pwm core silica of 0.22 NA
and 1 m length with different bend diameters introduced into
the fibre is shown in figure 9. It is evident that reducing the
bend diameter in the fibre increases the output beam divergence
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+ 160 mm bend diameter
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Average beam radius (mm)

0 2 4 6 8 10
Distance from fibre output (mm)

Figure 9. Output beam divergence from a 1 m length of 400 pm core
diameter step index silica fibre of 0.22 NA with various bend
diameters in the fibre.

until it reaches the NA of the fibre, which therefore reduces the
fibre output beam quality. Similar observations were seen in
work by Kuhn et al [24]. This was found to be true for all the
step index fibres, although the smaller the fibre core, the less
the sensitivity to bends. In addition, the higher NA fibres (silica
0.48 NA and PCF 0.64 NA) were shown to be more sensitive to
very tight bends of <80 mm diameter, where the output beam
divergence would rapidly increase towards the NA of the fibre.

It can also be seen from figure 9 that the beam divergence
from a straight length of fibre is very similar to that from a
fibre with a 280 mm bend diameter. This implies that a fibre-
delivered LI system can afford to have fibre bends as long as
these are fairly large.

Of the three types of optical fibre tested, the sapphire
was shown to be the least affected by bends in the fibre,
with the exception of the 35 um core PCE, which is evident
from figure 10 for the 325 um core diameter sapphire fibre of
0.12 NA. However, the minimum fibre bend diameter of the
sapphire specified by the manufacturer (160 mm) was much
larger than that of the other fibres, which were between 20 and
80 mm for the silica fibres.

Fibre bending was also found to affect the output beam
intensity profile, as more modes were induced as the beam
propagated through the fibre. This effect was more apparent
for the higher NA fibres, which tended to produce an annular
intensity profile as shown in figure 11. Moreover, all fibres
were shown to be very sensitive at both input and output ends
near the clamping point on the fibre connectors to small bends
or ‘kinks’, which again typically resulted in an annular beam
intensity profile.

Bending losses were evident from the fibre testing,
although for the relatively larger fibre bend diameters (240 and
160 mm) these losses were quite low at around 1-2%, which
has been shown in other research in the field [25]. However,
beam transmission losses of up to 20% were found for the
smallest permissible fibre bend diameters. These losses are
due to the light rays inside the fibre exceeding the critical angle
required for total internal reflection and escaping into the fibre

0.8

4 160 mm bend diameter

+ 200 mm bend diameter
0.6 240 mm bend diameter

* No bend

0.4

0.2

Average beam radius (mm)

0 2 4 6 8 10
Distance from fibre output (mm)

Figure 10. Output beam divergence from a 1 m length of 325 um
core diameter sapphire fibre of 0.12 NA with various bend diameters
in the fibre.

cladding. Over time this was shown to lead to catastrophic
failure at the point of the tight fibre bend.

One of the most interesting results of this study was from
the effects of engine vibration on the output beam quality
from the fibres. Engine vibration was found to increase the
fibre output beam divergence angle as the engine was exciting
the fibre, which constantly produced fibre bends. More
interestingly, the extent of the divergence angle was shown to
be dependent on the engine speed. The fibre output divergence
angle varied disproportionally with increasing engine speed,
where the greatest output beam angle was found at a particular
engine speed which was different for each fibre tested. Here,
the fibre output beam intensity profile changed from a typical
multi-mode profile to a spiral pattern as illustrated in figure 12,
which shows the output beam profiles from a 400 pvm core 0.22
NA step index silica fibre at various output distances with and
without engine vibration. This spiral mode pattern shown in
figure 12 indicates that a possible resonant frequency of the
400 um core fibre was found at an engine speed of 1500 rpm.
These resonant effects are undesirable for a fibre-delivered LI
system, as the fibre output beam quality is compromised. This
led to the development of a rubber damping system, which was
employed at both ends of the fibres on the clamping connector
to retain the increased beam quality from using a shallow
beam input angle and minimum twists and bends in the fibre.
Although the fibre dampers were found to reduce the engine
vibration effects on the fibre output beam, some beam quality
was still lost in terms of increased output divergence.

3.4. Fibre-delivered LI engine testing

Of all the optical fibres tested offline, only four were really
suitable for the online fibre-delivered LI engine tests. These
were the silica step index 400 and 600 pum core diameters of
both 0.12 and 0.22 NA. The focal lengths of the optical plug
lenses for the 400 pum core fibres were 24 and 9 mm, which
produced a minimum beam spot diameter of 150 um. The
focal lengths of the lenses used in the optical plug for the
600 pum core fibres were 30 and 9 mm, which produced a
minimum beam spot diameter of 180 um. The transmission
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Figure 11. Fibre output annular beam intensity profile produced by small diameter bends along the fibre length.
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Figure 12. Cross-sectional beam intensity profiles at various distances from a 400 pwm core 0.22 NA step index silica optical fibre output, with

and without engine vibration.

of the overall optical system (fibre and optical plug) was
measured to be ~70%, which was mainly due to the uncoated
optics and sapphire window. The focal point for both the
optical plug configurations was at 4 mm from the end of the
plug. This was found from previous research to be the optimum
LI position for the test engine [1], which is also the same
position of the electrical discharge of the engine spark plugs.
The optical plug was placed into cylinder 4 of the test
engine, where the remaining three cylinders used conventional
spark plugs. The spark timing for both fibre tests was at a crank
angle of 20° before top dead centre. On starting up the engine,
the laser input energy was set to nominal values of 10 and 20
mJ for the 400 and 600 um core fibres, respectively, which
was then ramped up to 50 and 65 mJ over the first 300 engine
cycles. This was done to ensure that the fibre did not fail due
to thermal shock from the high beam energies. Combustion
data was collected in 300 engine cycle samples. Three fibre-
delivered LI engine tests were performed on separate days for
both the 400 and 600 wm core fibres. The data for these three
tests were averaged and the results can be seen in figure 13.
This shows the percentage of combustion events for the 400
and 600 pm core fibre-delivered LI tests in cylinder 4 only. It
is evident that laser-induced combustion was achieved using
fibre beam delivery, despite a relatively large percentage of
misfires. It can be seen from figure 13 that the 600 um
core fibre LI tests produced a higher percentage of combustion
events at around 35% average, compared with the 400 pm core

@400 micron core silica fibre
W 600 micron core silica fibre

20

Combustion events [%]

Consecutive 300 engine cycles samples

Figure 13. Percentage of combustion events for the 400 and 600 um
core fibre-delivered laser ignition tests in one cylinder of the test
engine, where the three remaining cylinders were ignited by
conventional spark plugs. Beam energies launched into the fibres
were 50 and 65 mJ for the 400 and 600 pm core fibres, respectively.

fibre LI tests which produced about 8% average combustion.
Looking at the results in figure 13, it may be logical to think
that a fibre core size larger than 600 um may give a higher
percentage of combustion. However, the 600 pum fibre output
beam divergence, when subjected to engine vibration, reached
the diameter limitation inside the optical plug. Therefore, a
beam from any larger core fibre would impinge on the inner
walls of the optical plug, causing large transmission losses.



J. Opt. A: Pure Appl. Opt. 11 (2009) 054007

J D Mullett et al

The self-cleaning mechanism in which the laser beam
ablates combustion deposits from the optical plug window was
shown to be present for the fibre-delivered LI engine tests.
Observation of the optical plug window after engine testing
showed a distinctive laser-irradiated spot in the deposited
combustion residuals, which is shown in figure 14.

To further this research, the raw laser beam could be split
into three separate equal beams, and individually coupled into
three 600 um core fibres. Then the fibre outputs could be
combined and a specially designed diffractive optical element
could be used to focus the three beams to one focal point. In
theory this would effectively triple the deliverable beam energy
to the cylinder and therefore achieve 100% combustion by
fibre-delivered LI.

Damage thresholds for the fibres were found to be lower
by about 20% for the online engine LI fibre-delivered tests,
where the point of failure was typically at the connector
clamping at the optical plug end of the fibre. This change in
fibre failure point was most likely due to fatigue stress and heat
build up caused by the running engine.

If fibre-delivered LI is to compete with spark plugs in the
future, then the lifetime of the optical fibres should last at least
10000 miles (~500 h) of operation. Therefore, the fibres must
be able to withstand engine heat and vibration for prolonged
hours of use. Moreover, the longevity of the optics within
the optical plug (lenses and windows) should also be assured.
Therefore, future studies in the field of LI should investigate
the long term effects of these optical elements in a harsh IC
engine environment, as there is insufficient research in this
area.

4. Conclusion

The damage thresholds of the multi-mode silica step index
were found to increase by employing the free-standing fibre
ends in specially adapted fibre connectors, which lightly
clamped the fibre at 100 mm from the ends. This allowed
greater amounts of beam energy to be transmitted by the fibres,
and hence larger laser irradiances at the focal point produced
by the optical plug.

Fibre output beam divergence was found to decrease by
reducing the beam input angle launched into the fibres, and
therefore higher beam qualities could be obtained, meaning
that the beam could be focused down to smaller spot sizes.
However, in reducing the fibre beam input angle, the fibres
became more susceptible to bending and engine vibration in
terms of increased output divergence, reduced transmission and
poorer beam mode quality.

In the fibre bending and vibration testing, the smaller
numerical aperture fibres were found to be less susceptible
compared to the higher numerical aperture fibres. The sapphire
fibres were shown to be least affected by fibre bends and engine
vibration. These bending and vibration effects on the fibre
highlighted the need for a fibre damping mechanism in the
fibre-delivered LI system.

Of all the fibres tested, the 400 and 600 pum core
diameter silica step index fibres were shown to be the most
suitable for single-fibre-beam-delivered LI, and were found to

Figure 14. Optical plug end after fibre-delivered LI engine tests
showing ‘self-cleaned’ area in the combustion deposits on the
sapphire window.

produce combustion in the online testing, although not reliably.
Nevertheless, the online tests demonstrated encouraging results
for the realization of achieving 100% combustion with fibre
beam delivery, where the possible next research step could be
to multiplex a number of fibres together to increase the overall
beam energy delivered to the engine cylinder. Furthermore,
other types of fibres not included in this study, such as
hollow core photonic bandgap fibres, should be investigated
for application in LI, as there are many different cross sections
of these fibres emerging which are increasingly being used to
deliver high power laser beams. However, the beam energies
currently needed for LI are somewhat higher than the damage
threshold of these single-mode photonic bandgap fibres, and
these would therefore need to be bundled or multiplexed in
order to deliver adequate energy to initiate combustion of
air/fuel mixtures.
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