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Abstract: We report on a study into multi-location laser ignition (LI) with a Spatial Light Modulator (SLM),
to improve the performance of a single cylinder automotive gasoline engine. Three questions are
addressed: i/ How to deliver a multi-beam diffracted pattern into an engine cylinder, through a small
opening, while avoiding clipping? ii/ How much incident energy can a SLM handle (optical damage
threshold) and how many simultaneous beam foci could thus be created?; iii/f Would the multi-location
sparks created be sufficiently intense and stable to ignite an engine and, if so, what would be their effect
on engine performance compared to single-location LI? Answers to these questions were determined as
follows. Multi-beam diffracted patterns were created by applying computer generated holograms (CGHS) to
the SLM. An optical system for the SLM was developed via modelling in ZEMAX, to cleanly deliver the
multi-beam patterns into the combustion chamber without clipping. Optical damage experiments were
carried out on Liquid Crystal on Silicon (LCoS) samples provided by the SLM manufacturer and the
maximum safe pulse energy to avoid SLM damage found to be 60 mJ. Working within this limit, analysis of
the multi-location laser induced sparks showed that diffracting into three identical beams gave slightly
insufficient energy to guarantee 100% sparking, so subsequent engine experiments used 2 equal energy
beams laterally spaced by 4mm. The results showed that dual-location LI gave more stable combustion
and higher engine power output than single-location LI, for increasingly lean air-fuel mixtures. The paper
concludes by a discussion of how these results may be exploited.

Keywords: laser ignition, spatial light modulator, computer generated hologram, automotive gasoline
engine, multi-location laser-induced spark.

1. Introduction

Engine ignition systems with electric spark plugs have been developed for the automobile industry for over
a century. However, they offer only limited possibilities for optimizing engine efficiency, due to the fixed
position and protrusion of their electrodes within the cylinder, which can quench the flame kernel. Recent
research on laser ignition (LI) of air—fuel mixtures in internal combustion (IC) engines has revealed a
number of potential advantages over conventional electrical spark ignition (SI) [1-5]. LI offers, in principle,
the potential to deposit ignition energy at any location, including multiple points [6-8]. Other benefits
foreseen include reduced emissions, faster ignition, more stable combustion, lower idle speeds and better
cold engine performance. However, challenges remain, self-cleaning of the window into the cyclinder has
not been demonstrated over long time periods, and the cost of the laser system needed is prohibitively
high. Tauer et al. [9], Morsy et al. [10] and Dearden et al. [11] recently reviewed progress in research on
laser ignited engines. Previous work on LI of IC engines found that simultaneously igniting in more than
one location resulted in more stable and faster combustion [7]. Two previous attempts to create laser
induced sparks in multiple locations for engine ignition were a complex arrangement of external conical
cavities [7] and the use of three independent lines to pump a passively Q-switched Nd:YAG/Cr4+ laser
cavity [8]. These were able to generate two and three foci, respectively, but only at fixed locations within
the combustion chamber. We recently reported on an optical technique for multi-location spark generation
in air using a spatial light modulator (SLM), for potential use in LI [12]. There, several sparks with arbitrary
spacing in 3-dimensions were created by variable diffraction of a single pulsed laser beam and its
transmission through a lens. However, before the benefits of the method could be properly evaluated on a
test engine, the following questions were technical challenges to be addressed: i/ How to deliver a multi-
beam diffracted pattern through a small opening into an engine cylinder, while avoiding clipping? ii/f How
much incident energy can a SLM handle (optical damage threshold) and how many simultaneous beam
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foci could thus be created?; iiif Would the multi-location sparks created be sufficiently intense and stable to
ignite an engine and, if so, what would be their effect on engine performance compared to single-location
LI? This study firstly addresses each of these three questions. To address i/, we design and develop an
optical system set-up incorporating the SLM, which aims to avoid clipping of the multi-beam pattern along
its path into the combustion chamber. This was challenging, given the spatially diffracted beams must be
carefully aligned and cleanly transmitted through the internal bore (minimum diameter 6 mm) of an optical
plug, which replaces the Sl plug and is vibrating with the engine, before final focusing into the cylinder. To
address ii/, an experiment was carried out to assess the optical damage threshold of Liquid Crystal on
Silicon (LCoS) samples provided by the SLM manufacturer. Here, the aim was to determine a maximum
safe energy that could be applied to the SLM, and hence the energy available to distribute into multiple
beams. To address iii/, based on the upper safe limit of energy derived from ii/, experiments were performed
to analyse the stability of laser induced sparks generated in multiple foci by the SLM. The aim was to
determine the minimum energy per foci needed for spark creation and thus how many beams with sufficient
energy could be generated (under the specific optical conditions). The study then goes further to apply this
SLM based technique to a single cylinder automotive gasoline IC engine and to evaluate the effect on
engine performance of multi-location LI, comparing in this case the results for dual-location and single
location LI.

2. Experimental
2.1 Optical system development and alignment simulation

Fig.1 is a schematic of the experimental optical system designed and developed for multiple laser beam
generation and delivery to a single cylinder IC test engine. Fig.2 illustrates the engine system comprising
engine, diagnostics and data acquisition. As shown in Fig.1, the laser used was a flashlamp-pumped Q-
switched Nd:YAG laser (Litron LPY 764-30), delivering up to 500mJ output energy at a wavelength of 532
nm. The SLM used was a LCoS device (Hamamatsu X10468) with 800x600 pixels and dielectric coating
for 532 nm operation (reflectivity > 99%). Computer generated holograms (CGHs) were displayed on the
SLM to create multi-beam patterns by diffraction [12-15]. ZEMAX optical modelling software was used for
optical design and simulation of beam alignment and propagation performance. 1x2 and 1x3 beam arrays
were generated using binary linear grating CGHs. Arrays with higher numbers of beams (e.g. 1x5) were
created using Dammann grating CGHSs [14, 15], according to the grating equation:

d(sin8; + sinf,) = mA (1)
Oy = arcsin(mT/1 — sinb;) (2)

where d is the grating period, 6 is incident angle at the SLM, m is the diffracted order number and 6 is the
corresponding angle of diffraction. 6, and hence the separation of the multiple foci, can be adjusted by
varying the correspondent grating period (d). After the SLM, the laser beam was passed through a series
of lenses and mirrors forming a x2 Keplerian telescope (lens 1&2) and two 4f optical systems (lens 3&4,
lens 5&6 in dummy line, and lens 5'&6’ in engine line). These optical systems reduced the laser beam
diameter and reconstructed the optical plane from A (SLM) to A’ (end of the ‘dummy line’) and A” (the end
of ‘engine line’). This arrangement sought to ensure that the multi-beam patterns were delivered to the
engine cylinder without clipping. As shown, a ‘dummy line’ was designed to make the laser ignition pattern
visible outside the engine. The conditions for both the engine and dummy line match, since the laser
propagation from J to A’ (dummy line) mimics the propagation from J to A” (engine line). The multi-beam
pattern was then passed through an optical plug containing a 2 mm thick plano-convex sapphire lens (f =
16 mm) to generate the multiple foci. To create multiple sparks, the optical set up was designed to achieve



focused intensities exceeding 10 Wcm2 in each of the transmitted beams, sufficient to cause dielectric
breakdown of the air-fuel mixture [9-11].
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Fig. 1: Experimental setup — Optical system for multi-beam generation and delivery to the test engine

2.2 SLM optical damage test

Prior to any SLM experiments involving high laser pulse energy (Ey) input, optical damage experiments
were carried out to determine a safe threshold input energy for the SLM, using LCoS samples provided by
SLM maker Hamamatsu Photonics. All LCoS samples had the same material and coating as the SLM. A
laser beam of diameter = 8 mm, with various values of E, (increasing from 10 mJ), was applied to each one
of the samples for a period of 10mins. In each case, if the sample appeared unaffected (i.e. undamaged)
by the irradiation, the energy E, was then increased by 10 mJ and applied to the sample for a further 10mins.
This process was repeated, gradually increasing Ep, until damage became evident.

2.3 Stability analysis of laser induced sparks generated in multiple foci (Dummy line)

To determine the minimum energy needed for spark creation under the optical conditions set out in Fig.1,
and hence how many multiple beams with sufficient energy could be applied for engine LI, an experiment
was carried out to analyse the sparking stability of multiple laser beam generated by the SLM. As in Fig.1,
a photodiode connected to an oscilloscope was placed near to the optical plug in the dummy line optical
train, to capture light emitted from plasma formation in the spark. The captured signals were recorded to
show if breakdown had taken place or not, while the probability of breakdown plasma formation was then



measured as the pulse energy was increased. The same diagnostic was used in engine LI experiments to
indicate any misfires occurring, by capturing ignition light emitted back through the optical plug.
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Fig. 2: Experimental setup — test engine, diagnostics and data acquisition [16]

2.4 Single cylinder IC test engine and LI experiments

The arrangement of engine, diagnostics and data acquisition is shown in Fig.2. The engine used was a
prototype single cylinder gasoline engine with 776 cc swept volume, compression ratio of 9.2 and 100 bar
pressure direct injection fuel delivery. A dSPACE prototyping system was designed for engine control and
data acquisition, with a signal from this used to externally trigger the laser output in synch with the engine
cycle [16]. Operating in ‘spark advance’ mode, the ignition timing was set at ~ 20° ‘before top dead centre’,
late in the compression stroke, when the cylinder volume would have dimensions 102 mm diam. by ~ 15
mm height. The engine diagnostics included a pressure sensor (AVL M5) and charge amplifier (Kistler
5011), used for sensitive measurement of in-cylinder pressure. The attached dynamometer was used to
measure engine power output, accounting for losses. The following brief definition of parameters used later
in characterising engine performance may benefit readers not familiar with engine technology. The
Indicated Mean Effective Pressure (IMEP) is a theoretical expression for the mean pressure exerted on the
piston during the expansion stroke of a cycle (ignoring friction), and is defined as [17]:

IMEP = Y& (3)
Va

where V4 is the displaced cylinder volume and W; is the gross work delivered to the piston over the
compression and expansion strokes, which is obtained by the circular integration of the pressures, P, over
these strokes, with respect to cylinder volume [17]:

W, = § Pdv @)

IMEP is extensively used in engine calibration and the coefficient of variation in IMEP (COV\uep) is used as
an indicator of combustion stability. The COVimep is commonly used in industry and is defined as [17]:

COVyypp = —IMEE_ 5 100% (5)

IMEPmeqn



where oivep is the standard deviation in IMEP and IMEP mean is the mean IMEP. The COV\uep is expressed
as a percentage and defines the variability in indicated work per cycle.

3. Results, analysis and discussion

3.1 Optical alignment simulation
Fig.3 shows optical designs for (a) the dummy line and (b) engine line, arrived at via ZEMAX modelling.
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Fig. 3: ZEMAX modelling of the experimental optical alignment

As shown, the multi-beam pattern propagated through the designed optical system and reached the plug
lens without clipping. Based on the models, an experimental setup was created on an optical table next to
the engine. Fig.4 shows some optical alignment photographs taken of the propagating laser beams (the
vicinity of the room was sprayed with small particles to make the beams visible). As this shows, the multi-
beam patterns were delivered to the dummy line (a) and to the engine (b) without clipping. All the optics
used had correct dielectric coating for 532nm. The energy losses through the optical system were < 5%.
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Fig. 4: Multi-beam delivery through the optical plug without clipping: (&) dummy line; (b) (vibrating) engine

3.2 SLM optical damage experiments

The results are given in Table 1. As shown, the LCoS sample was damaged when E; reached a value
between 80mJ and 86mJ. This value of damage threshold, Ep.t» was found to vary slightly when changing
the laser repetition rate (R). When R = 10Hz or 15Hz, E,.+ was the highest (= 86mJ). This is because the
Litron laser was designed to give its best beam mode at frequencies between 10Hz and 15Hz. The Ep.n
decreased slightly when R was either too low, at 1Hz or 5Hz, or too high, at 20Hz or 25Hz, due to the poorer
beam mode and possibly also hot spots caused by thermal lensing effects. Ep.w was lowest (80mJ) when

(b) Engine Line

R = 30Hz, most probably due to the higher average power in addition to the poorer beam mode.

Table.1: Optical damage results for LCoS samples

R(Hz)
Ep(mJ)

10

15

20

25

30

78
{F=39ml/cm?)

80
{F=40ml/cm?)

82
{F=41mlfcm?)
84
{F=42ml/cm?)
86
{F=43ml/cm?)

Normal: Damaged: -

Fig 5 shows an example of damage to the LCoS that can be caused by pulse energies exceeding Ep.th. TO
avoid such costly damage, applying ~ 25% safety margin, the input laser energy was limited to 60mJ.
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Fig. 5: SLM optical damage — visual inspection of LCoS samples

3.3 Stability analysis of laser induced sparks generated in multiple foci (Dummy line)

With the pulse energy of the laser adjusted to 60mJ (measured close up to the SLM) and a repetition rate
of 10Hz, multi-location sparks were successfully generated on the dummy line. As can be seen in the first
column of images in Fig.6, an intense single laser induced spark was created when no CGH was applied.
The other three columns show the laser beam split into two, three and five identical diffracted beams
respectively, when applying corresponding binary linear grating CGHs. Row (a) shows the binary gratings
displayed on the SLM, row (b) the far-field beam profile after the SLM and row (c) the sparks created after
the optical plug. Spark generation was observed for one to three beam foci (the first three columns). In
contrast, the five beam foci case (fourth column) shows no sparks after the optical plug, due to the fact that
insufficient energy was assigned to the individual diffracted order to generate an air-breakdown spark when
the laser beam was split into five.
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Fig. 6 Laser induced multiple sparks created by binary Dammann grating CGHs: (a) gratings displayed on
the SLM; (b) far-field beam profile after the SLM; (c) sparks created after the optical plug



The traces presented in Fig.7 are a sample of photodiode data capturing plasma formation events in the
cases of single-location, two-location and three-location sparking. These show that the single- and two-
location sparks were perfectly stable; whereas, the three-location sparks were irregular.
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Fig. 7: Sample of photodiode data capturing plasma formation events (a) single-location sparking, (b) two-
location sparking, (c) three-location sparking

A graph of breakdown plasma formation probability versus input energy E; (single beam) was plotted, as
shown in Fig.8, to gain an understanding of the relationship between the two parameters. The formation
probability was calculated by simply taking the ratio between the number of peaks in the photodiode
measurement and that of the trigger signal. The onset of breakdown spark generation took place when E,
reached 18mJ (running at R = 10Hz) and became stable (i.e. 100% probability of plasma formation) when
Ep, reached approximately 22mJ. When the laser was split into two beams, the E, of individual spark
locations was measured to be = 27mJ, which is higher than the E, required for 100% probability of plasma
formation, hence demonstrating the stable sparking. However, when the laser was split into three beams,
the Ep was measured to be only about 19.5mJ for each spot, lower than the E, required for 100% probability
of plasma formation, hence resulting in unstable sparking. This finding led to the selection of dual-position
LI for comparison with single-location LI for the engine performance tests.
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Fig. 8: Stability of plasma formation versus laser pulse energy at pulse frequencies of 5, 10 and 15Hz.

The lateral spacing of individual sparks could be varied arbitrarily by modifying CGHs applied to the SLM
[12]. Fig.9 shows captured images of dual-location sparks with lateral spacing (d) of ~ 4, 2 and 1 mm,



obtained by adjustment of the CGH grating period (as discussed in section 2.1). The single beam spark is
shown for comparison. The diffraction efficiency varied by < 2% as the spacing was changed, so the energy
per spark had the same maximum percentage variation. For 60mJ onto the SLM, the energy per foci was
kept at ~ 27 mJ to ensure excellent sparking stability (100% probability of plasma formation). The spacing
d ~ 4 mm was then selected for engine LI experiments, so that engine performance data for dual-location
LI could then justifiably be said to be the result of a clear spatial separation of the 2 simultaneous sparks,
within the cylinder volume (10.2 cm bore), sharing the total energy equally between them.
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Fig. 9: Dual-location laser-induced sparks with varying lateral spacing, alongside a single beam case

3.4 Single- and dual-location LI experiments on the single cylinder IC test engine

Fig. 10 compares in-cylinder pressure traces for single- and dual-location (d = 4 mm) LI, at an air-fuel ratio
A = 1.2. This leaner air-fuel ratio was chosen since one of the advantages of laser over spark ignition is
leaner engine running, which is more fuel efficient. In both the single- and dual-location cases the total laser
energy input to the cylinder was the same. For the dual-location, the 2 sparks each had the same amount
of energy.

The data plotted was recorded in real time, with the engine running at a constant speed of ~ 1000 rpm
(ignition frequency = 8.33Hz). Each data point recorded at every 1° of crank angle represents ~ 500 engine
cycles. These pressure traces show dual-location LI gave improved engine stability. At the moment of
ignition, the fuel distribution might not be perfectly homogenous, some areas might still be stratified. If the
spark location happens to be one of these areas, then the probability of ignition is reduced, which could
explain why dual-location LI misfires less.
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Fig. 10: Comparison of pressure traces (in-cylinder pressure versus crank angle in degrees) for single-
and dual-position (4mm spacing) laser ignition of a single cylinder engine at air-fuel ratio A = 1.2.

Fig.11 shows sample data acquired by photodiode sensing of light emission during engine operation with
both single- and dual-location LI at A = 1.2. In (a), evidence of misfires can be seen for the case of single-
location LI; whereas, in (b), no misfires were observed for the case of dual-location LI.



()

0 0.5 1 15 2 25 3 35 4 45 5 55 (s)
Misfire Misfire

(o) 1

g 1 15 2

|

iy

a5 5

(] 0.5 1 15 2 25 3 35 4 45 5 55 (s)

Fig. 11: Sample photodiode signals from (a) single-location and (b) dual location engine Ll at A = 1.2

Fig.12 compares the percentage of misfires, plotted against air-fuel ratio (A), between single- and dual
location LI. Photodiode detection of light emitted from the combustion chamber back through the optical
plug was used to record numbers of combustion and misfire events, from which the percentage misfires
was calculated. As can be seen, dual location LI gave less misfires than single location LI for all A values
>1.05. It is worth pointing out here, even with single-location LI, the ability to operate this engine at an air-
fuel ratio of 1.45 (albeit with > 30 % misfires) is an impressive and encouraging achievement for LI. With
conventional electric Sl, the engine could not run properly at values of A higher than ~ 1.2.
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Figs. 13 and 14 show the variation in engine output power and COVvep, measured respectively against
increasing air-fuel ratio (A). The graphs are presented in this order because values of COV\uep are derived
using values of the generated power. Compared to single-location LI, dual-location LI leads to higher engine
power output and reduced COV uvep (better engine stability) when operating with increasingly lean mixtures.
This was attributed to the two simultaneous separate laser sparks within the combustion volume reducing
the probability of misfires, as the air-fuel mixture became increasingly leaner. Though not included here in
the presented data, the engine losses were also reduced for the dual-location LI case, with less unburnt
fuel and emissions. A higher output power generated (for dual-location LI) means the air-fuel mixture burnt
more fully and at a more optimised rate, therefore the variation of force on the piston matched better what

was needed in the engine cycle. The findings of our recent LI studies indicate that lower COV\uep correlates
with lower NOx emissions [16].
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10

g frrnneeeenneennd b
g —~+Single LI /

~i-Dual-location LI /
T - - /

COVimer (%)
\

1 1.1 1.2 1.3 1.4 1.5
Air-fuel ratio (A)

Fig.14: COVimep Vs Air-fuel ratio (A) for single- and dual-location LI.

The findings here of improved engine performance with simultaneous dual-location LI are considered to be
important for future LI system development and exploitation. With a matrix of suitable laser and optical
parameters identified to match a range of desirable engine running conditions (including cold start, idling,
etc.), cost-effective miniaturised LI systems and standardised optics could then be developed to supplant
such a research system as described here. The LCoS response characteristic enables CGHs applied to
the SLM to be refreshed at rates of up to 50-60 Hz, so the distribution of laser energy within the cylinder
can actually be freely varied in ‘real time’ (at every engine cycle).

4. Conclusions

We have reported here on experiments and results from a study on multi-location LI of a single cylinder IC
engine using a SLM. Multi-beam diffracted patterns were successfully created by applying CGHs to a LCoS
SLM. An optical system incorporating the SLM was successfully designed and developed, using ZEMAX
optical design modelling software, for efficiently delivery of multi-beam patterns into the engine without
clipping. An optical damage experiment was carried out on LCoS samples provided by the SLM maker,
from which a safe limit threshold of 60 mJ laser pulse energy input to the SLM was determined. The sparking
probability of multi-beam foci was studied and its variation with laser pulse energy analysed using a
photodiode light sensor. Diffracting this into three identical beams gave slightly insufficient energy to
guarantee 100% sparking, so two equal energy beams (dual-position) were selected for subsequent engine
experiments. Applying appropriate CGHs to SLM, the spacing between these dual-position sparks could
be freely varied from 1-4 mm. By selecting a spacing of 4 mm for the engine LI experiments, engine
performance results for dual-location LI could be justifiably attributed to a clear spatial separation of the 2
simultaneous sparks within the combustion volume. Comparing between single- and dual-location LI, the
results showed clearly that dual-location LI gave more stable combustion and higher power output when
operating with increasingly lean air-fuel mixtures. This was attributed to the simultaneous generation of two
separate laser sparks within the combustion volume giving reduced probability of misfires, especially for
increasingly leaner air-fuel mixtures. Engine losses were also reduced for the case of dual-location LI, with
less unburnt fuel and emissions. Successful engine operation (despite misfires) by LI at air-fuel ratios up to
1.45 goes well beyond the typical Sl limit (A ~ 1.2) for this test engine. These findings are deemed to be
important for future LI system development and implementation.
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