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ABSTRACT
Fundamental studies on laser ignition have been performed by the US Department of Energy under ARES(Advanced Reciprocating Engines Systems) and by the California Energy Commission under ARICE (Advanced Reciprocating Internal Combustion Engine). These and other works have reported considerable increases in fuel efficiencies along with substantial reductions in green-house gas emissions when employing laser spark ignition. Practical commercial applications of this technology require low cost high peak power lasers. The lasers must be small, rugged and able to provide stable laser beam output operation under adverse mechanical and environmental conditions. New DPSS (Diode Pumped Solid State) lasers appear to meet these requirements. In this work we provide an evaluation of HESP (High Efficiency Side Pumped) DPSS laser design and performance with regard to its application as a practical laser spark plug for use in internal combustion engines.
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Introduction

The operation of internal combustion engines with lean gas-air mixtures, high cylinder head pressure and plasma spark ignition has been shown to increase fuel efficiencies and reduce green-house gas emissions by significant amounts

The use of laser ignition to improve gas engine performance was initially demonstrated by J. D. Dale in 1978 . However, with very few exceptions, work in this area has for the last 20+ years been limited to laboratory experimentation employing large, expensive and relatively complicated lasers and laser beam delivery systems. More recently, researchers at GE-Jenbacher, Mitsubishi Heavy Industries, Toyota, National Energy Technology Lab and Argonne National Lab have obtained and/or built smaller high peak power laser spark plugs . Unlike many earlier laboratory laser systems, these smaller lasers are now mounted directly onto the engine cylinder head so as to fire the laser beam directly into the chamber. This arrangement allows the laser to become a direct replacement for the traditional high voltage electrical spark-gap plug. Further reductions in laser size, price and complexity will help the laser spark plug become a commercial reality and a viable competitor to the traditional high voltage spark-gap plug.

In order to ignite a mixture of gaseous fuel and air and initiate a flame, a localized input energy in a form of heat or active chemical species (radicals) must be added. The magnitude of this energy should be higher than a critical value called minimum ignition energy (Emin). The physics of combustion initiation guides us to a requirement of a minimum flame embryo (flame kernel) size or radius of, say Lk, see Ronny (1994). The Lk can be approximated by the thickness of a flame front (Lf ) consuming the charge in a homogeneous fuel-air mixture. Hence, the simplest physical picture of the ignition process can be formed as an injection of a certain minimum amount of energy (Emin) to raise the temperature of a spherical zone of fuel-air mixture with size of Lf to a distinct temperature referred to as “adiabatic flame temperature”. The term “adiabatic flame temperature” defines a terminal temperature of a fuel-air mixture when its combustion occurs under adiabatic condition (i.e., no heat losses from the combustion chamber). For example, experimentally speaking, the Emin of about 0.02 mJ energy is needed to ignite a stoichiometric mixture of hydrogen in air, whereas 0.4 mJ is required for methane and air mixture.

Fundamentally, there are four different methods in which laser light can interact with a combustible gaseous mixture for ignition, see Ronny (1994). They are referred to as thermal initiation, nonresonant breakdown, resonant breakdown, and photochemical ignition.

In thermal initiation of ignition, there is no electrical breakdown of the gas and a laser beam is used to raise the kinetic energy of target molecules in either translational, rotational, or vibrational forms. Consequently, molecular bonds are broken and chemical reaction occurs leading to ignition with typically long ignition delay times. This method is suitable for fuel/oxidizer mixtures with strong absorption at the laser wavelength. However, if localized ignition in a gaseous or liquid mixtures is an objective, thermal ignition is unlikely a preferred choice due to energy absorption along the laser propagation direction. Conversely, this is an ideal method for homogeneous or distributed ignition of combustible gases or liquids. Thermal ignition method has been used successfully for solid fuels due to their absorption

ability at infrared wavelengths.

In nonresonant breakdown ignition method, because typically the light photon energy is in visible or UV range of spectrum, multiphoton processes are required for molecular ionization,see Fig. 1(a). This is due to the lower photon energy in this range of wavelengths in comparison to the molecular ionization energy. The electrons thus freed will absorb more energy to boost their kinetic energy (KE), facilitating further molecular ionization through collision with other molecules. This process shortly leads to an electron avalanche and ends with gas breakdown and ignition. The multi photon absorption occurs in presence of losses (electron diffusion outside the focused volume, radiation, collisional quenching of excited states, etc.), thus demanding very high input beam intensities (through tightly-focused high energy short-duration laser beam pulses) for a successful ignition process. To assist the breakdown process, in some studies a metal needle is inserted just behind the beam focused volume as an additional source of electrons. By far, the most commonly used technique is the nonresonant initiation of ignition primarily because of the freedom in selection of the laser wavelength and ease of implementation.

The resonant breakdown laser ignition process involves, first, a nonresonant multiphoton dissociation of molecules resulting to freed atoms, followed by a resonant photoionization of these atoms, see Fig. 1(b). This process generates sufficient electrons needed for gas breakdown. Theoretically, less input energy is required due to the resonant nature of this method.

In photochemical ignition approach, very little direct heating takes place and the laser beam brings about molecular dissociation leading to formation of radicals (i.e., highly reactive chemical species), see Fig. 1(c). If the production rate of the radicals produced by this approach is higher than the recombination rate (i.e., neutralizing the radicals), then the number of these highly active species will reach a threshold value, leading to an ignition event. This (radical) number augmentation scenario is named as chain-branching in chemical terms. Optical fibre laser ignition system shown in fig.2 
Practical Laser Sparkplug Requirements

The simplest and least costly laser ignition design architecture would consist of a compact high peak power laser transmitter head, and a sapphire window/lens delivery system. The sapphire window is a well proven and reliable method of providing a transparent bulkhead seal on high pressure combustion chambers such as gas engine cylinder heads and the breeches of 155mm howitzers . BMLIS (Breech Mount Laser Ignition System) lasers, mounted directly on to the breech of large cannons, have over the last 20 years proven to be more reliable than fiber optic laser beam delivery systems . In these laser applications the laser window “self cleaning” or “burning free” effect is well known . This is a laser ablation effect where ignition residue that collects on the window surface is blown free and clear of the optical aperture with each laser pulse.

Mechanical- Laser and mounting must be hardened against shock and vibration

Environmental- Laser should perform over a large temperature range

Peak Power- Laser should provide megawatts raw beam output

Average Power- 1-laser per cylinder requires 10Hz for 1200rpm engine operation

Lifetime -100 million shots – good, 500 million shots - better

Cost (ARES) -Laser cost less than $3,000 each (100M pulse life ~ break even)

Cost (Auto)- Laser cost less than $600 each

We may also envision smaller and less costly laser spark plugs for use in common automobile and truck engines . These applications may make use of very small low cost single emitter laser diodes to significantly reduce the laser spark plug component cost. Diode laser pumps are the most costly element employed in traditional side and end pumped DPSS Lasers. The diode lifetime is the limiting factor in the laser lifetime.
Mechanical Requirements

Laser spark plug designs must perform under engine mount shock and vibration conditions. Testing to shock and vibration specifications for engine mounted products will help to validate the durability and design life of the laser spark plug. It appears that large stationary ARES engines will most likely subject the laser spark plug to substantial long term vibration and limited shock. Military lasers are designed for use under adverse environmental conditions. The HESP lasers are designed with an exoskeleton optical bench and to comply with military environmental standard It appears that military standard test specifications are tougher than the vibration test specifications for engine mount automotive products. The mil-spec calls for shock and vibration compliance of random vibration frequency testing at 20 to 40 g’s

while the automotive requirements are limited to less than 15 g’s. Other exoskeleton optical bench lasers such as the BMLIS and MK-367 have withstood shock and vibration testing in excess of 1000 g’s.

Environmental Requirements

Lasers and optical instrumentation designed for outdoor use are typically hermitically sealed backfilled with dry inert gas. DPSS lasers are most sensitive to environmental temperature fluctuations as the diode pump wavelength changes with temperature. This can be especially troublesome in Nd:YAG and other crystal host DPSS lasers as their pump band width tends to be narrow. Glass host DPSS lasers provide broad pump band widths allowing them to traverse through -30 to +50 oC mil spec temperature operating range without the need for diode thermal conditioning. A typical specification for diode wavelength drift with temperature is 0.25nm/ oC. Figure 3. illustrates the difference in pump band width and how it affects the thermal stability of neodymium doped crystal and glass host lasers.
The ideal laser spark plug requires maximum performance over large temperature ranges with minimum thermal conditioning. Decreasing the laser’s thermal conditioning requirements makes the laser design less complicated and less expensive to build and maintain.

Peak Power Requirements

The peak power requirements for the laser spark are relatively high. Formation of a plasma or “laser spark” in free space air is not difficult if you start with Megawatt class (nanosecond pulse width - millijoule energy level) laser pulses. Simple optics may be used to focus a Q-switched laser pulse and breakdown air if sufficient peak power is contained within the laser pulse. Megawatt (raw beam) laser pulse power densities are readily focused to form a plasma spark at distances of 20 to 50mm using a single lens. More complicated lens systems may be employed to focus the laser spark at longer distances. As the engine cylinder head pressure increases, the

required laser pulse peak power level for air breakdown decreases. With a multiple lens focusing system it is plausible that one could reliably project a laser spark into a high pressure cylinder head utilizing lower Kilowatt class pulse power densities. High peak power pulses are obtained from a laser by spoiling the Q-factor of the

resonator cavity. A passively Q-switched laser contains a saturable absorber or passive Q-switch. This passive Q-switching method provides for smaller, simpler and less expensive high peak power laser devices than alternative means of intra-cavity modulation. Passive Q-switched lasers also allows for generation of a multiple laser pulse output or “pulse train.” The first pulse of a pulse train initiates the plasma and successive pulses feed more energy into the plasma causing the plasma to expand. For neodymium lasers the pulses are typically separated by a few 10’s of microseconds. The net result of pulse train operation is a longer sustained plasma containing higher energy. 
Average Power Requirements

The average power requirements for a laser spark plug are relatively modest. A four stroke engine operating at maximum of 1200 rpm requires an ignition spark 10 times per second or 10Hz (1200rpm/2x60). For diode pumped neodymium lasers pumping at ~ 800nm and lasing at 1000nm the quantum defect (~200nm) is relativelysmall and the quantum efficiency high. With for example 1-Joule/pulse electrical diode pumping levels we are readily able to generate high millijoule levels of Q-switched energy. This provides us with an average power requirement for the laser spark plug of say approximately 1-Joule times 10Hz equal to approximately 10 Watts.

Lifetime & Cost, New Micro-Laser Designs

With funding support from DARPA, Kigre developed core technology for a new generation of micro-lasers. These megawatt class laser devices utilize a unique pumping architecture that provides a foundation for compact reliable high 
Power/high gain laser devices an order of magnitude lighter, smaller, more efficient and less expensive than the existing state-of-the-art. These High Efficiency Side Pumped (HESP) DPSS lasers utilize a new generation athermal high-gain laser glass material and innovative conduction cooled packages (patents pending) to support long diode lifetime performance at high power levels with minimal thermal conditioning

requirements. Lifetime testing of pre-production HESP laser devices designed for applications in eye-safe laser surveillance and detection systems is currently underway. Figure 4. illustrates improvement in laser life. These improvements include implementation of unique conductive cooling designs and the use of lower diode pump amperage settings. Further improvements and life testing is currently underway.

CONCEPT FOR LASER IGNITION OF AN ENGINE

There are several options for implementing laser ignition in practice. We distinguish the following schemes:

(i) Noncentral ignition source: one ignition laser on each cylinder, offside-located pump source;

(ii) Central ignition source: one master laser for a group of cylinders, beam distribution by a scanner;

(iii) Distributed ignition source: one seed laser for a group of cylinders, one laser amplifier for each cylinder;

(iv) One fiber laser for each cylinder.

The first idea is presently favored by us and, therefore, will be described in detail. Such an optical igniter for each cylinder of the engine consists of a monolithic

microchip laser, to be positioned directly on the cylinder head, and one or several pump diodes located offside the cylinder, to be connected to the microchip laser via commercially available standard multimode fibers. Figure.5. depicts this concept schematically, and Fig. 6 reveals some of the basic properties of the diode-pumped passively Q-switched solidstate laser. Modern passively Q-switched microchip lasers can emit pulse energies of a few millijoules during a few nanoseconds. Such energies are certainly enough to ignite a plasma spark and to set aflame the fuel–air mixtures of engines. The MPE for ignition under rich-fuel conditions was found to be around 150 μJ, which lies very close to the theoretical limit when ideal optical focusing is involved. About 1–1.5 mJ are sufficient under all conditions, again associated with the smallest focal spots.

In principal, it is possible to also mount the pump diodes directly on the cylinder head, but this is not recommended because of the thermally and acoustically hostile environment and the limited space for the cooling and supply units for the diodes. The employed fibers have to withstand only low peak powers, are mass-produced at low cost, and can be encapsulated by proper cover materials to become highly robust and reliable system components. Additionally, the pump beam delivered to the microchip laser is inherently homogenized due to propagation through the fiber and, therefore, facilitates the design of the optics needed to shape and focus the pump radiation into the laser crystal. The microchip laser should be passively Q-switched to avoid the need for an additional high voltage component like a Pockels cell, to gain robustness, and to design a system suitable for mass production, thus reducing the costs decisively. The timing of the laser pulse is determined by the onset of the pump diode radiation, taking a proper design of the passive Q-switch material inside the laser cavity into account. Different trigger signals for diode activation are generated by a proper timing controller, which receives data about the position of the crank shaft from a crank angle position detector
IGNITION OF COMBUSTIBLES

Spark plug ignition

Conventional ignition of a combustible requires that a high voltage is applied to the electrodes of the spark plug. The field strength reaches values of approximately 
3 .104V/cm. Electrons are accelerated by the field and hit other atoms or molecules, thus ionizing additional atoms and an avalanche-like reproduction of ionized atoms occurs and the compressed fuel/air-mixture is ignited. For ignition of an inflammable gas mixture, the overall energy balance has to be positive within a small volume near the ignition location. Energy delivered by the spark together with the exothermal heat of reaction have to exceed energy losses caused by heat conduction and radiation losses together with the required activation energy of the molecules. Other ignition systems, like heating wires are not as fast as required or are destroyed after one ignition sequence. Additionally, several problems occur with conventional ignition which are caused by the fact that the ignition location cannot be chosen optimally.

Laser ignition
Only laser ignition by optical breakdown fulfils the requirements on a well defined ignition location and time. A powerful short pulse laser beam is focused by a lens into a combustion chamber and near the focal spot a hot and bright plasma is generated.
Advantages of laser ignition 

Passive Q-switching of the ignition laser leads to a compact and robust system without need for a high voltage supply. In this way, the ignition laser can profit

from a monolithic structure, thus facilitating fabrication under mass-production conditions and thereby reducing cost. The fibers must guide only quasi-continuous

pump radiation (laser pulses with durations of several hundreds of microseconds and peak powers up to several hundreds of watts) of low peak power, making it

possible to select cheap, already commercially available multimode fibers for this application. These standard waveguides, normally made out of fused silica,

show acceptable bending behavior and are easy to encapsulate by special cover tubes, making these system components robust, easy to handle, and safe. No electrical connections to the laser head on the cylinder are necessary. Exchanging the pump diodes at the end of their lifetime does not require any realignments of the microchip

laser. An easy plug-in system could be designed based on existing fiber connector technology. In principal, it is also possible to apply two pump diodes for one

ignition laser to increase the durability of the ignition system by coupling both orthogonally polarized beams by a polarization-dependent mirror into the same fiber.

Such a backup system allows the dying diode to be exchanged without stopping the engine. It is also possible to use the second diode during a period of increased

demand on ignition energy, as in the case of engine startup. Since the diodes decisively determine the cost of the system, these ideas can only represent an economical solution if the price per watt of output power of the diodes will significantly decrease in the future. On the other hand, it could also be interesting to reduce the number of laser diodes by employing one pump source for two or more cylinders, although, in this case, an additional optical component would be necessary to distribute the pump radiation to different cylinders. The typical ignition rate of each cylinder of a gas engine running at a speed of 1500 rpm is only 12.5 Hz, leading to a low repetition rate of each laser. As a consequence, the onset duty cycle of the diodes is also quite low, thus reducing the average pump power and increasing the lifetime of the pump diodes. A lower repetition rate additionally decreases the thermal load on

the crystal, thus enhancing the beam quality of the ignition laser.

LASER IGNITION APPLICATIONS

One of the most promising near-term applications of the laser ignition is for large lean-burn natural gas engines. Regulations on NOx emissions have continued to force operation of natural gas engines to leaner air/fuel ratios. Engine operation under the lean fuel/air mixtures using a spark plug ignition is limited because of the misfire and unstable operation. Additionally, ignition of the lean mixture is difficult and conventional systems require high ignition energies. High energies are usually achieved through an increased ignition coil energy. However, this measure tends to rapidly burn out even the precious metal spark plugs utilized in stationary engines for power generation. Also, natural gas is more difficult to ignite than gasoline due to the strong C-H bond energy. Considering the foregoing, and the recent availability of small-sized high-power solid-state rugged lasers, the near-future use of the laser ignition in this application is promising.

Figure 7. indicates the so-called tradeoff between the specific fuel consumption and NO emissions for the two ignition systems. It is clear that for a given level of NO emission, the laser ignition system offers a superior fuel economy than the spark plug system. Regarding the window fouling, the authors reported that carbon deposit build-up made it necessary to remove the window for cleaning every 30 to 75 minutes of operation.

One of the earliest application of the laser ignition in a gasoline engine was demonstrated by Dale et al. (1978). They reported that the laser ignition was able to ignite a leaner mixture and that the pressure rise time was shorter compared to an electric ignition unit. However, the smaller pressure rise time led to a higher emission of the nitric oxide (NO). In particular, the use of laser increased the peak cylinder pressure by 5% and 15%, without the exhaust gas recirculation (EGR) and with 16% EGR, respectively. Additionally, they found that the CO and HC emissions were comparable for the two ignition systems. Figure 10 shows samples oftheir reported results.

Result and Discussion

Laser Ignition in Large-bore Single Cylinder Engine

Argonne’s engineers have been successful in demonstrating that natural gas engines canbe operated leaner (i.e. lower fuel to air ratio) and hence more environment  friendly by replacing conventional spark ignition with laser ignition. Tests were performed in a natural gas fired single cylinder engine at SwRI (Southwest Research Institute) using “Fiber optic coupled laser ignition system” fig.8(a). designed and fabricated by ANL team. The same engine was operated using free-space laser ignition  fig8(b). and a conventional ignition system (Altronic CD-200) under similar condition to compare the performance and emissions benefits.(a) (b)

These tests showed that the flame spread is accelerated during all phases of combustionin the case of laser ignition. The accelerated flame spread leads to more efficientcombustion and thereby reducing the fuel consumption. Additionally, the lean-operation limit (i.e. lowest possible fuel to air ratio for smooth engine operation) could be substantially extended resulting in additional fuel savings. Also with laser ignition COV IMEP (coefficient of variation of indicated mean effective pressure) – a yardstick that industry uses for ignition quality – remained quite low (fig 9.). Lower COV IMEP represents more reliable ignition. Most importantly, laser ignition exhibited reductions in NOx emissions up to 70% for a given efficiency. In other words, for a given level of NOx emissions, efficiency gains up to 3% are likely . fig.10.

NOX Reduction in gas engine

Gas engine test bench results also showed the extension of the “Lambda window” in the direction of even leaner limits with lower NOX emission values. These tests were carried out with commercially available lasers; it was possible to adjust the ignition energy in a very wide range up to 100 mJ. A comparison with conventional ignition systems shows the superiority of the laser ignition system Figure 11. It was possible to attain a value of 70 mg NOx/Nm³ (@ 5% O2 – TALuft Standard) already after some 100 hours of engine operation -- without particular developmental activities. The variation coefficient (VOC), better than 1.6, is remarkable for this extreme lean-burn operation.

The advantages are clearly visible, especially in comparison with the micro-pilot concepts (micro-pilot direct ignition and pre-chamber micro-pilot). To make faster headway and also to apply the knowledge gained from the combustion vessel, a laser was procured specifically for these tests. This laser has a power output of about 1.5 mJ and can, if required, be miniaturized to a size allowing it to fit inside an M-12 spark plug adapter. 
Conclusion

A major advantage of this scheme is expected to be a significantly longer lifetime of diode-pumped solid-state laser ignition systems in comparison with conventional sources, thus making them realistic for future commercial laser ignition systems.

Main advantages are are the almost free choice of the ignition location within the combustion chamber, even inside the fuel spray. Significant reductions in fuel consumption as well as reductions of exhaust gases show the potential of the laser ignition process. Results indicate that pollution of the beam entrance window is not critical as expected, even heavily polluted windows have had no influence on the ignition characteristics of the engine. Measurements show that the required pulse energy for successful ignition decreases with increasing pressurelaser ignition is nonintrusive in nature, high energy can be rapidly deposited, has limited heatlosses, and is capable of multipoint ignition of combustible charges. More importantly, itshows better minimum ignition energy requirement than electric spark systems with lean andrich fuel/air mixtures. It possesses potentials for combustion enhancement and better immunity to spurious signals that may accidentally trigger electric igniters.
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Fig.2 Optical fibre laser ignition system
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Fig.3– Effective diode drift range for Nd:YAG and Nd:Glass pump bands
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Fig.4 – Laser life improvement with lower amperage levels and unique cooling
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Fig. 5. Microchip laser-based ignition system (concept (i)): 1—pump diode, 2—pump fiber, 3—microchip laser (see next figure for details), 4—chamber window, 5—ignition timing controller, 6—power supply, 7—crank shaft position detector.
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Fig.6. Sketch of an innovative miniature solid-state laser mounted on an engine cylinder optically pumped via a standard commercial multimode fiber from a remote quasi-cw laser diode integrated in its power supply (left feature in the figure).
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Figure 7. Plots of NO emissions versus specific fuel consumption (SFC), the trade-off curves, for laser and standard (STD) electric ignition systems. Dale et al. (1978).
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Figure8(a) Fiber-coupled laser ignition setup, (b) Free-space laser ignition setup.
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Figure9. Equivalence ratio vs. COV of IMEP at 15 bar BMEP
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Figure 10. BSNOx vs. efficiency
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               Figure 11.: Comparison of NOX emissions of different ignition concepts
