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ABSTRACT 

EXPERIMENTAL INVESTIGATION OF THE VIBRATIONAL AND THERMAL 
RESPONSE OF A LASER SPARK PLUG 
 
Gregory S. Yoder 

 

A study was conducted in order to evaluate the external thermal and vibrational effects on 

the operation of a laser ignition system for internal combustion (IC) engine applications.  West 

Virginia University (WVU) in conjunction with the National Energy Technology Laboratory 

(NETL) have constructed a prototype laser spark plug which has been designed to mount directly 

onto the head of a natural gas engine for the purpose of igniting an air/fuel (A/F) mixture in the 

engine’s combustion chamber.  To be considered as a viable replacement for the conventional 

electrode-based ignition system, integrity, durability and reliability must be justified.  Thermal 

and oscillatory perturbations induced upon the ignition system are major influences that affect 

laser spark plug (LSP) operation and, therefore, quantifying these effects is necessary to further 

the advancement and development of this technology.  

The passively q-switched Nd:YAG laser was mounted on Brüel & Kjær (B&K) Vibration 

Exciter Type 4808 Shaker in conjunction with at B&K Power Amplifier Type 2719, which was 

oscillated in 10 Hz intervals from 0 to 60 Hz using a sine wave to mimic natural gas engine 

operation.  The input signal simulated the rotational velocity of the engine operating from 0 to 

3600 RPM with the laser mounted in three different axial orientations.  The laser assembly was 

wrapped with medium-temperature heat tape, outfitted with thermocouples and heated from 

room temperature to 140 ºF to simulate the temperatures that the LSP may experience when 

installed on an engine.  The acceleration of the payload was varied between 50% and 100% of 

the oscillator’s maximum allowable acceleration in each mounting orientation resulting in a total 

of 294 total setpoints.  

 For each setpoint, pulse width, pulse width variation, q-switch delay, jitter and output 

energy were measured and recorded.  Each of these dependent variables plays a critical role in 

multi photon ionization and precise control is necessary to limit the variability of these key 



 

 

parameters.  Under the influence of thermal and oscillatory perturbations, the q-switch delay of 

the laser was found to vary significantly.  For application on an IC engine, such variation in q-

switch delay would result in an ignition timing variation by as much as ±4.6 crank angle (CA) 

degrees in the most extreme setpoint on a cycle-to-cycle basis.  Every setpoint tested was 

calculated to be capable of generating a plasma spark in air (>100 GW/cm2), however the 

resulting focal intensity was found to vary by as much as ±13 GW/cm2.  
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1.  INTRODUCTION 

To improve the combustion process in a natural gas fueled internal combustion (IC) 

engine, an alternative ignition source was considered.  The use of a laser to ignite an air/fuel 

(A/F) mixture has been proven to be a viable technology over the conventional spark ignition 

(SI) system and has the potential to improve several facets of engine performance including 

brake thermal and fuel efficiency, exhaust constituent emissions and power output.  By use of a 

high peak power solid-state laser and a fiber-coupled pumping source, an ignition system is 

realized for the spatially complex, high energy pulse transfer necessary for plasma spark 

generation.   

The progress of laser ignition (LI) has yet to develop to the point where it may be deemed 

applicable for industrial use primarily because durability, integrity and reliability are of major 

concern.  The implementation of such a sensitive optical system into a harsh engine environment 

presents a multitude of challenges that must be overcome prior to becoming a suitable 

replacement for the conventional electrode-based ignition system.  Limitations set forth by the 

application, such as the influence of temperature and vibration, present obstacles regardless of 

the engine to which the alternative ignition source is being applied.  The purpose of this study 

was to expose these limitations, and to characterize the effects that temperature and vibration 

will have on the LI system’s performance.  

1.1. Objectives 

The global objective of this study was to promote the advancement of LI systems for 

natural gas engine applications.  The primary objective was to study the effect that temperature 

and vibration have on the operation of the laser spark plug (LSP).  The specific objectives are (1) 

assess the effect that temperature and vibration each had on the output characteristics of the LSP, 

(2) assess the combined effect that temperature and vibration have on the LSP, and (3) present 

the collected results in such a manner as to be beneficial towards the continued research and 

development of a safe, durable and marketable alternative ignition source. 
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2. LITERATURE REVIEW 

2.1. Laser Ignition Background 

As emission regulations continue to become more stringent for IC engines, optimization 

of the in-cylinder combustion process is becoming more critical.  The movement to reduce the 

amount of harmful engine emissions entering our atmosphere begins with perfecting the ignition 

strategy of the engine.  The conventional electrode-based spark ignition strategy has been widely 

utilized to initiate combustion in a multitude of SI engines, however it is fundamentally limited 

for igniting natural gas in an IC engine and an alternative means of igniting the A/F mixture may 

prove to yield better combustion efficiency. 

The use of a laser to ignite A/F mixtures in an IC engine is a comparatively young 

technology, compared to conventional electrode-based spark ignited method, and possesses great 

potential to advance the IC engine industry.   Typically, a laser is q-switched to produce a high 

peak power pulsed beam, which with the proper accompanying optics, has the capability of 

producing a plasma spark. Chen, a plasma physicist, defines plasma as, “A quasineutral gas of 

charged and neutral particles, which exhibits collective behavior” [1]. This phenomena has been 

applied in several different LI experimental setups such as open air beam transfer [2, 3], 

transmission via fiber optic cables [4, 5, 6, 7, 8, 9] or a single laser mounted directly onto the 

head of each cylinder [10, 11].  Depending on the limitations set forth by the application, one of 

these LI strategies may provide certain advantages for initiating combustion over the others.  

An alternative ignition source, such as LI, offers several advantages over a conventional 

spark plug.  Unlike a spark plug where the point of ignition is limited to the top of the 

combustion chamber near the head, a laser with the proper accompanying optics has the 

capability to produce a plasma spark virtually anywhere in the combustion chamber, allowing for 

optimization of the combustion process [4, 5, 10, 11, 12].  This allows for more complete 

combustion to be achieved, as the spark location may be optimized to best conform to the 

geometry of the engine, resulting in an extension of lean limit operation [2, 4, 5, 10, 13].   Even 

with the application of current strategies to optimize the combustion process, carbon chamber 

deposition (CCD) is an unfortunate byproduct which leads to fouling of the conventional spark 

plug electrodes for several gaseous and liquid fuels.  In the case of clean fuels such as natural gas 

however, the effects from CCD are not significant. With the use of a non-invasive LI ignition 
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source, particle deposition now has a minimal influence on ignition characteristics.  It has been 

shown that as a laser pulse passes through the optically accessible quartz window in the 

combustion chamber, the particles that have accumulated on the window from the previous 

combustion event undergo an ablation process where the deposits may partially absorb the laser 

pulse, heated to the point of evaporation and are removed from the window [14, 15].  This is a 

key advantage over the conventional system in that this ignition source is self-maintaining.   

The use of a plasma spark is rather attractive for pressurized applications as well, due to 

the fact that a combustible medium’s optical breakdown threshold decreases with increasing 

pressure [16, 17].  These ignition features allow for an engine to operate at a higher compression 

ratio and leaner A/F mixture providing greater fuel efficiency, reduced emissions and a more 

complete combustion process than is capable with the use of an electrode-based spark plug [2, 3, 

4, 5, 10, 11, 12, 13]. 

The reduction of NOx formation is the primary reason a natural gas engine would be 

operated with a lean A/F ratio.  If a mixture is too lean, a misfire event can occur resulting in 

improper engine operation.  To compensate for this, the compression ratio of the engine may be 

increased.  A higher compression ratio will result in higher cylinder pressures which becomes 

problematic for electrode-based spark plugs.  At elevated pressures, a higher voltage potential is 

required to breakdown the plug’s gap to create the spark.  This abides by Paschen’s law which 

states that as the pressure of a gas is increased, it takes a higher potential difference to initiate the 

electrical breakdown of the gas [18].  As pressure is increased in the engine’s combustion 

chamber, there is a higher quantity of air and fuel molecules being squeezed into the volume in 

between the spark plug electrodes.  This necessitates a higher amount of ignition voltage to jump 

the electrode gap.   

Since more current is needed to pass through the electrodes to initiate and sustain 

breakdown at elevated pressures, the spark plug electrodes wear out quicker requiring a higher 

frequency of replacement.  Spark plug degradation is a strong argument for utilizing a laser to 

initiate ignition rather than a conventional spark plug. For engine owners, this degradation is 

unattractive since a higher replacement frequency means a higher out of pocket cost for engine 

maintenance as well as the loss from the downtime of the engine.  Therefore an alternative 

means of ignition, such as a laser spark, is desirable in these operating conditions. 
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2.2. Optical Plasma Formation 
There are a total of four physical processes whereby a laser can be used to induce 

breakdown in gaseous mixtures: thermal heating, photochemical excitation, resonant breakdown, 

and non-resonant breakdown [19].  The dominant mechanism used in this and several other LI 

strategies is non-resonant breakdown [2].  Non-resonant breakdown is a process in which initial 

electrons absorb the energy from the laser pulse via the inverse Bremsstrahlung process whose 

exact mechanism is further defined in the literature [20, 21]. 

The optical breakdown location within the cylinder can be controlled via the focal length 

of the focusing lens and the steering optics.  This versatility allows for the combustion process to 

be optimized based on the engine geometry and fuel delivery strategy to provide for a more 

complete and uniform burn to occur, leading to higher fuel efficiency and a greater power output 

[8].  The range of focal lengths which can be applied to the system is fundamentally bounded by 

the power and beam quality considerations of the system.  A longer focal length results in a 

larger spot size at the focal point of the lens requiring a greater laser power to initiate the 

formation of plasma [22]. 

Focusing a high power laser pulse produces a high optical intensity at the focal point of 

the lens.  If this local intensity is greater than the breakdown voltage of a given medium, multi-

photon ionization will occur and release electrons onto the medium [23]. These new free 

electrons are accelerated by the electric field produced by the photons and collide with other 

atoms of the given medium.  This further ionizes the atoms leading to an avalanche cascade of 

electron release, referred to in this work as a plasma spark.  At standard atmospheric pressure 

and temperature, the breakdown intensity of air for plasma formation is approximately 100-200 

GW/cm2 [8].  A laser spark is desirable in spark ignition applications due to the decrease of a 

gaseous medium’s breakdown intensity with increasing pressure [8].   

 As pressure is increased in the combustion chamber, there are more insulators that are 

being squeezed into the focal volume of the LSP.  As previously discussed, plasma formation 

generated from a laser source works on the principal of molecules absorbing the energy from the 

laser, thereby increasing the energy of the molecules and thus leading to the subsequent release 

of electrons as the breakdown threshold is reached [8].  In a high pressure atmosphere, 

breakdown is more readily achieved due to the fact that there are more molecules in the focal 

volume to absorb the laser’s energy.  More efficient energy transfer to the gas occurs at higher 
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pressures.   This is a primary advantage of LI over the electrode-based spark plug.  Figure 1 

shows this trend in breakdown threshold intensities for some common gasses as a function of 

pressure. 

 

Figure 1: Experimental laser breakdown thresholds of Nitrogen, Air and Methane  [21] 
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2.3. Laser Fundamentals 

2.3.1. Laser Light 

The acronym LASER stands for Light Amplification by Stimulated Emission of 

Radiation.  In order to stimulate an excited state in a laser gain medium, a means of transferring 

pump energy to the media is required.  For a particular gain media, the active elements of the 

material require a pumping mechanism capable of exciting the elements electrons an appropriate 

energy level.  Injection of energy creates a large collection of atoms in their excited state.  This 

causes what is known as a population inversion as there are more excited atoms than atoms at the 

ground state. Once the media’s electrons have reached this higher energy level, they naturally 

want to return to their ground state to satisfy the equilibrium in their respective atom.  By doing 

so, energy in the form of photons is released as media’s electrons relax to lower energy states.  

This natural photon release is monochromatic whose wavelength is dependent upon the 

properties of the excitation media.  When two atoms of identical composition contain electrons 

dropping from the same higher energy level to the same lower energy level, photons of identical 

wavelengths will be released.  The classical energy level diagram for a four level atomic laser 

system is shown below in Figure 2.   

 

Figure 2: Energy level diagrams for a four level laser atomic system [24] 



 

7 

 

As photons are emitted, they get trapped in the optical resonator and travel back and forth 

through the lasing medium where they interact with other atoms in their excited state.  This 

process induces stimulated emission causing photons of the same phase, wavelength and 

direction of travel to be emitted.  An exponential increase of stimulated emission then occurs 

allowing for the generation of a large amount of photons in the resonator.  Some photons from 

the resonating cavity are allowed to leak through the output coupler (OC) and the resulting 

output is a directional, coherent, monochromatic, continuous wave laser beam. 

2.3.2. Beam Quality 

The quality of the output beam is quantified by its M2 value and dependent upon the 

characteristics of the beam.  It is the ratio of the actual beam parameters over the ideal Gaussian 

beam (TEM00) where the best possible beam quality has M2=1 [25].  Equation 2-1 shows the 

calculation for the diffraction limited spot diameter that can be obtained for a given lens at a 

given wavelength for a given output beam diameter.   Here, d0 is known as the diffraction limited 

spot diameter and it represents the beam diameter at the focal point of a lens assuming a M2=1 

for a perfectly Gaussian beam. 

𝒅𝟎 = 𝟒𝝀𝒇𝑳
𝝅𝑫

            2-1 

 The parameter D is the diameter of the laser beam at the input of the focusing lens, fL is 

the focal length of the focusing lens and λ is the operating wavelength of the laser.  The M2 factor 

relates the diffraction limited spot diameter to the actual spot diameter that will be achieved by 

an imperfect beam being focused through an imperfect lens.  The factor is simply multiplied by 

the diffraction limited beam diameter to obtain the real spot diameter Dm as shown in Equation 

2-2. 

𝑫𝒎 = 𝑴𝟐𝒅𝟎            2-2 

The relationship between focusing an actual laser beam and focusing a perfect diffraction 

limited laser beam is graphically shown below in Figure 3.  Here it is visually shown that a much 

tighter focal diameter can be achieved with higher beam quality.  The diameter of the focal spot 

size affects the focal intensity.  As Dm increases, the focal intensity decreases.  This relationship 

is shown in Equation 2-3 where Im is the focal intensity and P is the laser output power. 
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𝑰𝒎 = 𝟒𝑷
𝝅𝑫𝒎

            2-3 

 

Figure 3: Comparison of the focused beam waste sizes of a real laser beam and a diffraction 

limited laser beam [21] 

The quality of the output beam is an important factor in LI applications.  The closer the 

M2 gets to 1, the lower the power requirements are to generate a laser spark.  A beam with low 

M2 has a uniform energy distribution allowing for a uniform energy distribution at the focal 

point.  This is desired in LI applications since the better the M2 the less amount of energy is 

required to achieve multiphoton ionization.  It is still possible to generate a plasma spark using a 

beam of poor quality however it takes considerably more energy. 

2.4. Operational Parameters of a Pulsed Laser 

2.4.1. Q-switching and Q-switch delay 

Q-switching is an optical technique used for obtaining short energetic pulses from a laser 

by means of modulating the intracavity losses.  Energy from a diode laser is directed into the 

LSP’s gain media where it is used to produce an excited state population inversion.  When the 

gain medium has reached a certain level of excited state population inversion, the energy is 

dumped from the cavity resulting in a high energy pulse of light in a short amount of time.  This 

energy pulse is accomplished with the use of a q-switch.  It is essentially an optical gate that 
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allows for an energy potential to build to a desired level and to be quickly dumped once the 

energy has reached this desired level. 

Q-switch delay is an important parameter that affects the timing of the laser output pulse.  

Figure 4 shows how the output pulse energy will vary as a function of the q-switch delay.  Too 

long of time delay between the pump pulse and the bleaching of the q-switch will result a 

decrease in the population inversion within the cavity.  Too short of a time delay will result in a 

reduction in output energy as well since the population inversion did not have a sufficient 

amount of time to reach its maximum value [26]. 

 

 

Figure 4: Pulsed energy output as a function of q-switch time delay from an actively q-switched 

Nd:YAG laser [26] 

The q-switch delay is defined as the time from when the pump energy enters the cavity to 

the point where the q-switch becomes saturated and laser output is produced [26]. The q-switch 

delay can be quantified with the use of an oscilloscope as shown in Figure 5.  The q-switch delay 

is a function of pump energy, resonant cavity material parameters and environmental conditions.   
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Figure 5: Measurement technique for q-switch delay using an oscilloscope 

The technique of q-switching is achieved by inserting a variable attenuator into the 

resonating cavity of the laser.  With the addition of an attenuator in its high state, the losses in 

the cavity are high (low Q factor) and most of the light which leaves the excitation media does 

not effectively couple with the cavity and does not contribute to useful output.  When the 

attenuator is switched to its low level, a high Q factor is yielded and the losses in the cavity 

become low allowing the excited photons to resonate within the optical cavity.  At this point, 

lasing begins.   

In a q-switched laser, the gain media is pumped with the q-switch set to high preventing 

the resulting photons from circulating within the cavity and producing further stimulated 

emissions within the gain media.  Preventing the energy from leaving the cavity causes a large 

population inversion to occur resulting in a high amount of energy potential within the cavity.  

After a certain amount of time has passed to accumulate a desired amount of energy, the q-

switch changes the quality of the cavity from a high Q to a low Q.  At this point, the buildup of 

excited photons is able to circulate within the optical resonator and stimulated emission begins.  
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Since a large amount of energy has built up over the time, a large amount of energy is released 

when the Q of the cavity becomes low.  The result is a high intensity pulse of light.   

The Q of the light within a laser cavity is defined as the proportion of the energy that is 

stored in the cavity to the energy that is lost due to pumping, as shown in Equation 2-4 [27].  

This technique of modulating the Q of the cavity results in a large portion of the stored energy in 

the laser’s cavity to be released in periodic pulsed intervals.  This produces a high energy pulse 

at the lasers output.   

𝑸 = 𝑬𝒔𝒕𝒐𝒓𝒆𝒅
𝑬𝒍𝒐𝒔𝒕

            2-4 

The q-switching technique is advantageous for ignition purposes over a continuous wave 

(CW) lasing system for several fundamental reasons.  The peak power output from a pulsed laser 

system is typically several orders of magnitude larger than the CW output from the same laser 

system [21].  A comparison of the output from a pulsed laser system and a q-switched laser 

system is graphically shown below in Figure 6. 

 

Figure 6: CW and q-switched pulsed laser development [28] 
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The upper portion of Figure 6 shows how energy is stored within the laser system as a 

function of time, while the bottom portion shows the output power of the laser system as a 

function of time.  It can be seen that a q-switched laser system can accumulate and store energy 

beyond the point which would typically be possible with a CW laser system. Both a q-switched 

laser and a CW laser will deliver energy to the surroundings, however the difference arises in the 

time in which the energy is delivered. Typically, there are two types of q-switching techniques, 

active and passive, which are further explained in the next section. 

The time in which energy is delivered from a pulsed laser system is known as the pulse 

width.  The pulse width from a q-switched laser is typically on the order of picosecond or 

nanosecond scale depending upon the laser’s design.  For the purposes of this investigation, 

pulse width is defined as the full width half maximum (FWHM) of the 1064nm optical energy 

exiting the LSP as a function of time.  

2.4.1.1. Active Q-Switching  

In an actively q-switched laser, the q-switch itself is a variable attenuator that is 

controlled through some external means.  The trigger mechanism for the q-switch may be 

actuated through several different means including but not limited to mechanically, electrically 

or using acousto-optics.  With an active q-switch, the recurrence intervals of the output pulse can 

be precisely controlled to suit the need of the application.  An active q-switch not only allows for 

precision control of the pulse interval, but can be utilized at a very high repetition rate as well.  

There are a few reasons why applying an actively q-switched laser towards laser ignition 

applications is not practical.  An active q-switch laser is generally bulky as per its requirements 

to house an actuation mechanism and accompanying circuitry.  Given the complexity of this 

design, an actively q-switched laser is typically expensive as well.  Given these properties, an 

actively q-switched laser is currently not considered to be practical for mass produced laser spark 

plugs. 

2.4.1.2. Passive Q-Switching 

In a passively q-switched laser, the q-switch material acts as a saturable absorber whose 

opacity has the potential to vary as a function of energy input. It is a material that is introduced 
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into the laser’s optical cavity whose transmission is dictated by the intracavity photon density. 

Initially, the losses from the passive q-switch are high and few photons are able to circulate 

within the cavity.  As pump energy continues to be applied to the excitation media, the 

population inversion continues to build and produce low level stimulated emission with a 

steadily increasing degree of photon circulation until the saturation threshold of the absorber is 

reached.  When the light intensity exceeds the threshold of the q-switch within the laser cavity, 

the cavity losses are reduced and the transmission of the material rapidly increases allowing the 

stored energy to be released into the cavity. This transition to an increased transmission is known 

as bleaching.  Unlike an active q-switch where an external means of modulation is required for 

operation, a passive q-switch’s operation is a strict function of the material’s absorption 

proprieties and intracavity photon density.  The most typical means of controlling this type of q-

switch is by control of the pumping frequency.  Output from a passively q-switched laser can be 

controlled via the pump pulse duration and pump power applied to the gain media.   The 

combination of the passively q-switched laser’s initial transmission, OC and neodymium 

concentration influence the output characteristics as well. In this technique, maximum excited 

state production is a function of the time it takes the saturable absorber to reach its transition 

threshold. 

Passively q-switched lasers are considered to be practical for mass production of laser 

spark plugs.  Although indirect control over the Q of the cavity presents a certain amount of error 

that may lead to cycle-to-cycle variation of the resulting output pulse, they are far less expensive 

than active q-switches, more easily mass produced and can be manufactured much smaller as 

well.  A passive q-switch is an ion doped material which belongs to the transition material 

family. The q-switch material chosen for a particular laser setup should operate in conjunction 

with a given gain medium based on the stimulated emission from the gain media [21, 29].  In the 

case of this experimentation, a Cr:YAG q-switch  was used in conjunction with  a Nd:YAG gain 

medium. 

Under operation, a lasing medium undergoes a significant thermal variation from the 

addition of the pump energy.  Since the excitation media of a passively q-switched laser is best 

controlled through modulating the pump source, the media undergoes a thermal cycling process 

which has been found to affect the average power output of the laser [30].  Transient thermal 
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effects have been found to strongly effect the 1064 nm output from a passively q-switched 

Nd:YAG laser rod [30]. Attempts have been made to control the naturally occurring temperature 

fluctuations of an active medium by use of techniques such as heat capacity mode (HC) of 

operation and continuous cooling (CC) with success.  The heat capacity mode of operation is 

defined as where no cooling takes place during lasing and the waste heat from the excitation 

process is stored within the gain medium.  Continuous cooling is a process in which the 

excitation media is cooled in periodic intervals between the lasing cycles.  The rate of cooling is 

limited by the fracture stress of the gain medium and has been shown to result in an increase in 

power output and provides for a reduction in optical distortions [31].  

As shown in Figure 7, the average power output increases with the increased addition of 

pumping input power from a solid-state Nd:YAG laser [30, 32].  Under these modes of 

operation, the thermal gradients were minimized through their control techniques resulting in 

significantly reduced thermo–optic distortions and improved M2.  Also shown in Figure 7, a 

higher average power output was achieved under CC as opposed to all other HC modes of laser 

operation.  Adequately cooling gain media in a passively q-switched laser gives a level of control 

over the output energy [30]. 

 
Figure 7: Output power of an Nd:YAG laser as a function of input power in HC mode and its 

comparison with CC mode [30] 
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The Cr:YAG crystal has unique properties allowing it to be efficiently used in 

conjunction with Nd:YAG as an active laser medium. The absorption properties of a Cr:YAG q-

switch compliment the stimulated emission from an Nd:YAG gain media.  The initial 

transmission of the q-switch is engineered to fit the application where the initial transmission is 

dependent upon the doped chromium concentration and the optical path length [21].  The 

temperature dependence upon the operation of the Cr:YAG q-switch is of importance when 

being applied towards LI applications.  With an increase in temperature, the initial transmission 

of the Cr:YAG crystal has been found to increase as shown in Figure 8 [33].   

 
Figure 8: Initial transmission of a Cr:YAG crystal as a function of crystal temperature [33] 

As shown by McIntyre and Woodruff in Figure 9, q-switch delay decreases with 

increasing initial transmission for a given OC and pumping frequency.  This work shows that 

there is a relationship between initial transmission and q-switch delay.  Upon analysis of Figure 8 

concerning the operational thermal setpoints applied in this investigation, it is shown that the 

initial transmission of the q-switch may have changed by as much as 1% across the range of 

temperatures tested. The change in the initial transmission of the q-switch may alter the q-switch 

delay, however, given the small amount of change, research performed by Bass et al. suggests a 

negligible effect on the delay [34].   
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Figure 9: Q-switch delay data for an end pumped laser plotted with numerical data as a function 

of initial transmission [29] 

Initial studies to determine the thermal influence on the operation of a laser with a 

Cr:YAG saturable absorber have found that the output energy can be maintained over a wide 

temperature range.  Tsunekane and Taira have tested and reported on this for a wide range of 

temperatures [33].  It was found that output energy increases with increasing temperature as 

shown in Figure 10.  This is due to an increased saturation absorption coefficient with respect to 

increasing temperature.  As temperature increases, the molecular absorption cross section of the 

gain media increases in size.  The absorption cross section is a measure of an atoms interaction 

cross section to absorb a photon at a certain wavelength.  As cross section increases, there is a 

higher probability that a photon come in contact with the atom.  This increases the absorbed 

photon percentage allowing for a greater number of electrons to enter an excited state, resulting 

in higher output energy at elevated temperatures. 
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Figure 10: Calculated and measured output energy of an end pumped Nd:YAG laser [33] 

Research has shown that the thin film coatings and intra cavity optics do not show any 

temperature dependence in this range, and that the absorption cross sections of the Cr:YAG q-

switch remain virtually independent of temperature as well [34].  The energy output from a 

passively q-switch laser is found to be a strong function of the temperature of the gain medium.  

Equation 2-7 and Equation 2-8 describe the linear relationship between output energy and 

temperature in an Nd:YAG solid-state laser assuming all other parameters are held constant 

where E is the output energy, T is the temperature and b0 is output energy at an initial 

temperature. 

 

𝑬(𝑻) = 𝑻𝒅𝑬
𝒅𝑻

+ 𝒃𝟎           2-5 

𝒅𝑬
𝒅𝑻

> 0            2-6 
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As indicated by Equation 2-8, the slope of the line in Equation 2-7 is always greater than 

zero.  This is confirmed by the work of Shah et al in Figure 7 [30], and Tsunekane and Taira in 

Figure 10 [33]. The increasing slope of the line is determined by not only the operating 

temperature of the laser, but is a function of the temperature variance due to thermal cycling 

from absorbtion of the pump energy as well. 

2.5. High Peak Power Delivery through Fiber Optic Cables 

Fiber optic cables are useful for spatially complex energy transfer.  Fiber cables are 

attractive due to their flexibility, which is needed for routing energy from a remotely located 

laser and multiplexer to a designated engine cylinder.  A durable exterior jacket on the fiber is 

also desired to absorb vibrations from the engine and to protect the core-cladding interface.   

The amount of induced stress residing in the core and cladding of the fiber optic cable has been 

found to have a significant impact on the beam’s intensity profile at the fiber’s output.  A fiber in 

a relaxed state where the influence of external stresses is minimized provides a more desirable 

M2 value than a fiber influenced by a force such as bending or surface loading.  An exception to 

this is a uniformly distributed bend or coil, which will cause a reduction in transmission 

efficiency, but will also cause the fiber to lose its higher order modes resulting in better M2 [22].   

The intensity profile of the fiber’s output is a critical aspect when attempting to generate 

a laser spark using high peak power fiber delivery.  The preparation of the input and output ends 

of the fiber cable is critical to obtain the best possible laser pulse transmission and output beam 

quality.  A uniformly spatial beam distribution across the fiber face is strongly desired and is 

obtained by having a perfectly flat surface polish.  The polishing process is a laborious procedure 

which must be conducted with the utmost cleanliness and care to ensure the final quality of the 

fiber’s face.  A poor surface finish will lead to unwanted light scattering, Fresnel back reflection, 

a high M2 value and may cause damage to the fiber via mode coupling and local intensity peaks 

[35].  

There are several styles of fiber optic cable which vary geometrically and in material 

composition to compliment a specific application.  Only a select few have the necessary features 

to accommodate the requirements for laser ignition.  These fibers must be able to transfer 

megawatt level power laser pulses of adequate beam quality to allow for the breakdown 

threshold of a gas to be reached at the fiber’s focused output. For gases such as methane, the 
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breakdown intensity when stoichiometrically mixed with air is approximately100 GW/cm2 which 

presents an optically challenging situation for pulsed laser delivery [8, 36, 37]. Optical 

breakdown through fiber optic cables has been achieved with energies as low as 4 mJ at 10 ns 

pulse durations, however ignition of most A/F mixtures is achieved with pulse energies of ~15 

mJ at 15 ns pulse durations [38, 39].  

2.5.1. Multimode Solid-Core Step-Index Fibers 

Multimode solid-core step-index fibers are considered to be the most ideal fibers for high 

intensity pulse transmission.  Their construction is of a constant refractive index throughout the 

core of the fiber followed by an abrupt index increase at the cladding interface.  This allows for 

the majority of the transmitted pulse to reside in the fiber’s core.  A coating and jacket layer 

surround the cladding provide the fiber with more resistance to external influences such as stress, 

bending, abrasion and heat.  The core/cladding ratio is available in several different 

configurations dependent upon wavelength and application, typically with a core size between 

50-1000 µm. Under ideal fiber operation, total internal reflection will occur at the core cladding 

interface for all of the operating modes that the fiber supports.  The consistency of a solid core’s 

refractive index results in a more uniform intensity profile at the fiber’s output.  It is this quality 

that makes step index fibers attractive for plasma spark generation and laser ignition applications 

[22].   

Recent advances in the research of step index fibers (core/clad=400/720) have shown that 

the transmission of 3mJ at 10 ns pulse durations using 1064nm light is capable of producing 

100% plasma spark generation in air at atmospheric pressure [39]. Although this energy is below 

the minimum energy required for ignition of applicable gases, much higher transmission energies 

can be achieved at longer laser pulse durations.  This presently makes the solid-core step-index 

fiber optic cable the most applicable style of fiber for pulsed transmission and laser ignition 

applications [22].  This style and size of fiber is small enough to still maintain an appropriate M2 

and large enough to be structurally resistant to induced perturbations. 

Vibration can lead to unwanted mode coupling when using fiber optic cables.  A laser 

beam passing through an optical fiber may have several propagation modes even when the fiber 

is kept straight and in a relaxed state. Vibration inherently yields oscillatory bending which 

induces stress within the fiber.  This causes a non-linear interaction between the propagation 



 

20 

 

modes leading to high local intensities within the fiber.  Under low energy applications this is not 

of major concern, however when transmitting energies close to the breakdown threshold of the 

fiber’s fused silica core, damage to the fiber may occur.  A fiber that has reached its breakdown 

threshold in a localized volume is shown in Figure 11. 

 

Figure 11: Solid core step index fiber with exceeded damage threshold of ~1-5 GW/cm2 [22] 

In vibration induced stress situations where the breakdown of the fiber’s core is not 

reached, adverse effects from mode coupling can occur at the fiber’s output as shown in Figure 

12. Mode coupling can occur via several different mechanisms in the fibers core.  These 

mechanisms are primarily due to changes in geometry that affect the internal reflection angle of 

the fiber. This can make it extremely difficult to produce a plasma spark given the distorted 

intensity profile at the output.  In an ideal case, a plasma spark is most easily achieved with a 

Gaussian profile beam.  Vibration leads to significant nonuniformity of a laser’s output intensity 

profile and is therefore a major concern when applying this technology to the oscillation 

intensive environment of an IC engine. 
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Figure 12: Output beam intensity profile due to mode coupling from externally induced stress 

(left), and desired beam quality output (right) [22] 

2.6. Current Laser Ignition Technology 

To date, the majority of LI research has focused on stationary large bore natural gas 

engines.  Traditionally, a laser based ignition system is very sensitive to the heat and vibration 

produced by the operation of an IC engine, requiring a large portion of the experimental 

apparatus to be remotely located [4, 5, 10].  Also, the cost of a laser system capable of producing 

the output characteristics necessary to achieve optical breakdown is relatively expensive and 

consequently, a multiplexed strategy is often adopted for multiple cylinder engines [4, 5, 6, 8, 

10].  For these reasons, stationary engines have been highly targeted for the application of this 

technology because of the ability to remotely locate a desired component of the ignition system.  

Figure 13 shows a strategy for multiplexing the low peak pumping energy through fiber optic 

cables to the respective laser plug mounted directly on the cylinder. 
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Figure 13: Strategy for multiplexing the pump energy to each respective ignition laser [21] 

The problem with utilizing a laser as an ignition source fundamentally resides in its 

ability to be mass produced cost effectively, and to be rugged enough to operate in a harsh 

engine environment.  A laser of this magnitude can be a sensitive and costly instrument making 

it a challenge to implement this technology for ignition applications even in a controlled 

laboratory environment.  Design of this ignition system must be focused towards durability, 

reliability and cost effectiveness for it to be accepted for industrial applications and long term 

usage. 

2.6.1.  Laser Spark Plug Approach 

Current research conducted by NETL has allowed for the creation of a Nd:YAG, solid-

state laser operated at 1064 nm that can be directly positioned at the spark plug port of a cylinder 

head [40].  This design is far more impervious to temperature and vibration than previous LI 

strategies such as open beam transfer or high power transmission through fiber optic cables, 

since open beam transfer requires the entire apparatus to be remotely located due engine 

perturbations and fiber optic cables are extremely susceptible to vibration.   The number of 

components involved in the construction of the LSP was minimized as to allow for a significant 

reduction in cost for mass production.  In this design, the passively q-switched ignition laser is 

directly mounted on the cylinder head of the engine and is optically pumped via a pulsed 200 
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watt fiber-coupled diode laser bank operating at 808 nm [40].  A photograph of the prototype 

laser spark plug mounted on a research engine is shown in Figure 14. The pumping energy from 

the diode laser is transmitted to the ignition laser via a multi-mode step-index solid core fiber 

optic cable with a 400µm/720µm core/cladding ratio.  This pump energy is significantly less 

than that of the breakdown threshold of the fiber’s fused silica core and does not damage the 

fiber.  Although vibrational effects can still lead to mode coupling in the fiber and an 

inconsistent output intensity profile, this is not of major concern as the only purpose of the 

energy transferring through the fiber is to pump the ignition laser.  The pumping of a laser’s 

media does not require a precisely uniform intensity profile to be effective. 

 

Figure 14: The NETL prototype laser spark plug was initially mounted onto a research engine 

fueled by NG or a NG/hydrogen mixture [40] 

The LSP was originally installed and operated on an engine located in a test cell at the 

U.S. DOE’s NETL facility in Morgantown WV.  The test cell facility consisted of a Ricardo 

Proteus single cylinder engine and dynamometer in addition to the accompanying control and 
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instrumentation necessary for modifying the operational parameters of the engine.  The LSP 

successfully ignited the A/F mixture in the engine at several different setpoints which have been 

fully defined in the literature [29, 40]. 
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3. EXPERIMENTAL SETUP  

The LSP was mounted on a vibration exciter system and wrapped with heat tape.  The 

LSP was mounted in three different orientations.  In each of the three orientations, matrices of 

thermal, oscillatory and acceleration setpoints were employed.  The following sections describe 

the experimental setup, data collection procedure and the variables of concern in detail.  

3.1. Vibration 

In order for a LI system to be considered for igniting an A/F mixture in an IC engine, the 

effects that induced external perturbations from the engine have on laser operation must be 

quantified.  The precise frequency and amplitude at which an engine vibrates is somewhat 

complex to characterize as several conditions such as location, plug angle, engine speed/load and 

the engine’s design must be taken into consideration.  To obtain some preliminary information 

about engine vibration, two engines have been outfitted with an accelerometer and a 

thermocouple to record the engine’s vibrational frequencies, accelerations and temperatures at a 

given setpoint.  Both of these engines were mounted inside the engine compartment of vehicles, 

and measurements were taken with the vehicles stationary and on flat ground.  The acceleration 

data collected is graphically shown in Figure 15.   

 

Figure 15: G-force as a function of frequency in the x axis for a 3.4L V6 5VZ-FE gasoline 

engine (left) and for a 7.3L V8 Powerstroke turbo diesel (right) 
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The accelerometer data reveals that oscillations occur simultaneously in all three 

Cartesian directions, however, only the primary “x axis” is taken into consideration here due to 

the significantly smaller magnitudes of the other two axes.  Attempts were made to mimic the 

acceleration magnitudes for a given frequency setpoint, however, due to limitations set forth by 

the vibrational testing equipment this was not possible. 

3.1.1. Vibrational Testing Equipment 

3.1.1.1. Shaker 

The vibration system used for this work was a single axis B&K Vibration Exciter Type 

4808 Shaker shown in Figure 16, which was used in conjunction with at B&K Power Amplifier 

Type 2719 [41].  Specification sheets for each of these pieces of equipment may be found in 

Appendix-B.  This series of permanent magnet shakers has a wide frequency response band and 

are comprised of electro-dynamic transducers that are capable of producing linear sine wave 

motion with a maximum orthogonal vector force of 25 lbf without assisted air cooling.  In order 

to allow for maximum performance to be achieved, OEM provisions have been made to the 

vibrator body to accommodate a forced air cooling system from an auxiliary cooling fan, 

resulting in forces of approximately 42 lbf to be achieved.   

 

Figure 16: Single Axis B&K Vibration Exciter Type 4808 Shaker [41] 
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The shaker is capable of oscillating in a large useable frequency band of 5-10,000 Hz, 

however the operational frequency of an IC engine are significantly less than this.  The rated 

speed of a NG engine varies not only between manufacture, but varies amongst applications as 

well.  For example, the rated speed of a natural gas engine in most transit busses range from 

1,600-3,500 RPM, while the rated speed of stationary large bore natural gas engines used for the 

transfer of NG in a pipeline range from 600-1,800 RPM.  Since the purpose of this investigation 

was to provide a stepping stone for the advancement of laser ignition for multiple applications, a 

range of frequencies up to 60 Hz was analyzed that simulates a wide range of NG engine 

operational frequencies up to 3,600 RPM.  

Adapters were constructed in order to connect the laser to the vibration exciter.  The LSP 

was then mounted on the vibration exciter in three different orientations of 0º, 45º and 90º 

relative to the horizon.  A picture of the LSP in the 90º orientation mounted on the exciter is 

shown in Figure 17.  
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Figure 17: Laser spark plug mounted on the vibration exciter with a 90º orientation. 

3.1.1.2. Accelerometer 

To verify proper magnitude of oscillation and to provide a means of positive feedback for 

the acceleration setpoint, an accelerometer was mounted on the laser adapter.  The accelerometer 

used for the oscillation verification was a UM6 Ultra Miniature Orientation Sensor.  It is a tri-

axial accelerometer with a built in rotational gyroscope capable of measuring ± 2g up to 500 Hz 

[42].   
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3.2. Temperature 

To measure the expected temperatures that the LSP was exposed to, a thermocouple was 

mounted on each of the engines used to collect the preliminary acceleration data.  Since 

temperature varies with the speed and load of the engine, multiple engine speed setpoints were 

used to collect this data in accordance with the vibrational test matrix discussed in Section 4.1.4.  

This provided a means of quantifying the expected temperatures that the LSP will be exposed to, 

and directly translated to the thermal setpoints in the test matrix.  The thermocouples were 

located as close as possible to the top of the combustion chamber for each engine without 

physically coming in contact with any portion of the engine as to measure the local air 

temperature.  In this LI strategy, the LSP is mounted in such a manner that conduction heat 

transfer to the LSP is minimal and the primary means of heat transfer can be assumed to be 

convective and radiative.    For the 3.4 L and 7.3 L engines, the recorded operating temperatures 

were approximately 130 ºF and 140 ºF respectively. 

3.2.1. Temperature Testing Equipment 

3.2.1.1. Heat Tape and Insulation 

The LSP was wrapped with Omega: Medium Temperature Heat Tape SRT051-080 and 

heated to temperatures as high as 140 ºF to simulate the environment in which it will be 

operating on an engine.  The heat tape was six feet in length and one inch wide with a maximum 

heat range of 212 ºF.  This particular coil type heat tape was chosen due to its inherent versatility 

to adapt to complex geometries.   A picture of the LSP wrapped in the heat tape is shown in 

Figure 18.   
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Figure 18: The laser spark plug mounted in a 90º orientation wrapped with the heat tape. 

Once the entire LSP was wrapped with the heat tape, its temperature was controlled with 

a proportional integral derivative (PID) controller to minimize transient effects from repeated 

heating and cooling of the LSP as to minimize overshoot and steady-state error.  The LSP was 

heated to the specified setpoint in the test matrix via a temperature controller using a 

thermocouple for feedback.   
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3.2.1.2. Temperature Controller  

An Omega PID based Temperature Controller- CNi3243-C24 was able to control the 

temperature of the LSP at each thermal setpoint in the test matrix with an accuracy of ± 0.9 ºF.  

The control thermocouple was mounted directly to the housing of the LSP so it was in contact 

with the LSP and the heat wrap.  The feedback signal from the control thermocouple was used 

for the thermal setpoint of the heat tape.  Due to the location of the thermocouple mounting on 

the LSP, the heat wrap and the exterior of the LSP became much hotter than the interior when 

the setpoint temperature was initially set.  For this reason, a substantial amount of time was 

allowed for the temperature to stabilize throughout the LSP.  Temperature was monitored in 

several locations within the LSP assembly as well to monitor the difference in temperature across 

the LSP as the testing was conducted, but also to act as a failsafe mechanism if the control circuit 

were to malfunction.   

3.2.1.3. Thermocouples 

The LSP was outfitted with Omega Cement-On Style J-Type thermocouples in order to 

supply a feedback signal to the Omega PID based Temperature Controller- CNi3243-C24 and 

data acquisition (DAQ) system.  The small size of these thermocouples allowed for local 

pinpoint temperature measurements to be made across the LSP.  Thermocouples were mounted 

in various locations on the LSP including the OC housing, high reflector housing, and the 

subminiature version-A (SMA) fiber connector for monitoring, and on the heat wrap for control.   

In order to ensure an accurate temperature determination for each of the subject 

components of the LSP, thermocouples and accompanying DAQ system components were 

calibrated in accordance to 40 CFR 1065.315 with a National Institute of Standards and 

Technology (NIST) traceable thermocouple simulator [43].  The thermocouple calibrator was a 

certified NIST traceable Fluke 714 thermocouple calibrator.  The thermoelectric electromotive 

force (EMF) values of the J-type thermocouples were calibrated in 10 equally spaced intervals 

across a temperature range of 60-160 ºF to encompass the temperature range being measured on 

all the LSP components.  Simulated temperature as a function of thermocouple temperature was 

plotted and upon linear regression analysis the R2 curve fit was found to be greater than 0.998 in 
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each case per NIST requirements [44].  The specification sheet for the thermocouples can be 

found in Appendix-B. 

3.3. DAQ System 

Data acquisition and control was conducted using National Instruments (NI) devices in 

conjunction with a desktop computer.  A NI DAQ Card (PCI-6024E) was installed in the 

computer and connected to a 68-Pin Shielded Desktop Connector Block (SCB-68, MIO-16E 

Series) with a NI Cable (Type: SH6868).  This combination allowed for several I/O ports to be 

configured to accommodate both thermocouple and function generator signals.  Operation of the 

DAQ Card used is generally defined in Appendix-B with the pin specification list is further 

defined in the NI 6023E/6024E/6025E Family Specifications manual [45] .   

 Communication and data logging from the DAQ Card was conducted via a LabVIEW 

interface constructed specifically for this investigation.  A virtual image (VI) (Appendix-C) was 

constructed to read and log the temperature signal from each of the thermocouples which 

sampled at a constant rate of 2 Hz throughout the duration of the thermal testing.  Since the 

thermal portion of this investigation was to monitor LSP performance under the influence of 

temperature, steady-state setpoints were chosen and therefore in the interest of data reduction the 

sampling rate was kept low.  Steady state operation was chosen due to limitations in the 

equipment, interest of time, lack of previous documentation and because transient thermal 

operation is beyond the scope of this investigation.  External thermal effects on the operation of a 

laser have been relatively undocumented. External transient thermal effects imposed on a laser 

may have adverse effects on its operation as well, and additional testing is required and 

recommended to reveal its full influence.  

The VI (Appendix-C) allowed for the LSP to be shaken at a wide range of frequencies 

within the test matrix between 0 Hz and 60 Hz.  Due to the weight of the assembly mounted on 

the oscillator and the limitations of the oscillator itself, amplitude variation was limited primarily 

at higher frequencies.  The acceleration that can be applied to an object is a strong function of the 

mass of the object and the capabilities of the oscillator.  Fundamentally, the acceleration of an 

object is defined by Newton’s Second Law of Motion shown in Equation 3-1 below. 

𝑭 = 𝒎𝒂            3-1 
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 When applying this equation to the operation of an oscillator, the force is considered to 

be the total amount of force that the oscillator can exert, and the mass is the sum of the test 

object mass and the mass of the oscillator’s mounting piston.  Applying this to Newton’s Second 

Law yields Equation 3-2 which defines the acceleration of the payload as a function of the mass 

and the applied force from the oscillator. 

𝒂 = 𝑭𝒕
𝒎+𝒎𝒆

            3-2 

 The force that the oscillator can produce was a function of the cooling mechanism.  The 

force ratings that this oscillator can exert can be found in Table 1. For this experimentation, a 

common computer cooling fan was adapted to mount to the oscillator’s cooling passage.  It 

should be noted that the addition of this cooling mechanism produced a slight increase in the 

applied force capability of the oscillator was observed. 

Table 1: Force ratings for B&K Vibration Exciter Type 4808 

 Cooled Uncooled 

Force (lbf) 42 25 
 

The total mass being oscillated varies based on the angle that the LSP is mounted, due to 

the difference in mass of the mounting adapter.  These masses are shown in Table 2. 

Table 2: Oscillated masses 

 90° & 0 ° adapter 45° adapter LSP Hardware Mounting Piston 

Mass (lbm) 4.18 3.97 1.57 0.41 0.35 

  

Given the acceleration due to gravity, the maximum acceleration and total g-force were 

calculated for each condition, and are shown in Table 3. 
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Table 3: Maximum acceleration and g-force calculations for every combination of testing 

parameters 

 90° & 0 ° Adapter 45° Adapter 

Cooled Uncooled Cooled Uncooled 

Acceleration (ft/s2) 207.5 123.5 214.4 127.6 

g-force 6.4 3.8 6.7 4.0 

 

 The accelerometer had a maximum measurement range of ±2 g.  The maximum 

acceleration and g-force that the payload experienced in the 100% acceleration setpoints were 

unable to be confirmed and therefore the acceleration and gyroscopic characteristics of the 

payload were measured for the 50% acceleration setpoint only. This limitation is further 

discussed later in Section 4.1.3.  It is possible to estimate the acceleration parameters for 

frequencies that exceed the threshold limit of the accelerometer via non-linear interpolation 

however these parameters would only be estimates and therefore are not presented here.  An 

estimation of the acceleration and g-force that the payload will experience is provided by B&K 

Vibration Exciter Type 4808 and presented graphically in Figure 19. 
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Figure 19: Performance curves for Vibration Exciter Type 4808 for operation without assisted 

cooling [41] 

Communication with the UM6 Ultra Miniature Orientation Sensor for data logging was 

performed using a transistor-transistor logic (TTL) serial to universal serial bus (USB) 

connection interface.  The interface converter was a USB 2.0 to TTL UART 6PIN Module Serial 

Converter CP2102, which converted the Serial TTL output from the accelerometer to a USB 2.0 

input.  Initial calibration and graphical display was performed on the accelerometer using the 

accompanying freeware CH Robotics (CHR) Serial Interface Software v2.2.0.  Data logging was 

conducted with the CHR interface (Appendix-C), which was designed to split the serial output 

signal from the accelerometer and extract the acceleration components.    

3.4. Laser 

High power transmission through fiber optic cables is a research area of great importance 

that has the potential to revolutionize an industry.  The fiber transmission energies required to 

achieve optical breakdown intensities of ~100-200 GW/cm2 are however extremely difficult to 

achieve at the fiber output in a harsh engine environment [8, 9].  For this current ignition 
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strategy, each cylinder of the engine will be equipped with its own ignition laser instead of a 

different fiber optic cable transmitting high peak pulse energy for each cylinder.  This strategy is 

different from alternative methods such as using a single ignition laser for the entire engine 

whose high pulsed energy is multiplexed through fiber optic cables to the respective cylinder.  In 

this experimental setup, only a single LSP was subjected to the oscillatory and thermal 

perturbations for output analysis. 

 Regardless of the strategy used for introducing the ignition pulse into the combustion 

chamber, a sufficient means of pumping the laser is necessary.  In this work, the pump energy 

exits a fiber-coupled diode laser and is directed to the LSP that is directly mounted on the engine.  

The pump laser is significantly larger and heavier than the ignition laser and is far more 

susceptible to heat and vibration as well.  For this reason, the pump laser was remotely located 

from the engine.  Ideally, the pump and the ignition laser would both be small, compact, coupled 

together and directly mounted on an engine.  LI technology has reached the point where a single 

compact unit may be produced, however financial limitations are still of concern. 

3.4.1. Laser Testing Equipment 

3.4.1.1. Laser Spark Plug 

The LSP used for this line of testing was a miniature diode end pumped passively q-

switched Nd:YAG laser operating in the infrared (IR) at a wavelength of 1064 nm [40].  Figure 

20 shows a basic optical alignment diagram of the high reflector (HR), Nd:YAG Rod, q-switch 

and OC which comprise the construction of the LSP.  This design was chosen in part from the 

work of McIntyre et al. who performed an investigation of a lasing medium’s concentration on 

the output characteristics of a passively q-switched LI system.  The work showed that by 

lowering the Neodymium concentration in the active media, lowering the OC reflectivity and 

reducing the initial q-switch transmission, a larger and brighter spark can be achieved [21].   
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Figure 20: Basic layout and construction of the LSP 

The addition of a q-switch to the laser cavity provides a means of modulating the energy 

storage capacity of the cavity.  This is done to produce a pulsed output from the ignition laser for 

the sole purpose of providing the high peak power output necessary for generating sparks as 

previously discussed in Section 2.4.1.  By inserting a q-switch into the laser cavity, the energy 

storage capability can be greatly increased.  When the q-switch has absorbed enough photon 

energy to reach its threshold, as previously discussed in Section 2.4.1.2, it becomes bleached and 

the high potential buildup of energy is released from the laser cavity thereby creating a high peak 

power output pulse [21].  As previously shown in Figure 6,  the output power of a q-switched 

pulse is typically several orders of magnitude larger than a CW output. 

The approach of using a single laser to initiate the onset of combustion was investigated 

as a solution to the problems encountered with transmitting high peak power into and through 

fiber optic cables.  The LSP is capable of producing pulsed output energies in the megawatt 

range which are steered directly into the combustion chamber from the ignition laser which is 

mounted directly onto the engine.  This strategy alleviates the problems that arise from high 

power transmission through fiber optic cables of open beam transmission.  The LSP is designed 

to be much more impervious to the engine’s harsh environment than previous laser based designs 

for ignition applications.  The preliminary design that was previously shown in Figure 14 is 

much larger and heavier than the LSP that would be designed for mass production.  The 

preliminary design weighs 2 lb. 6.9 oz. and is approximately 12 in. long with a 4 in. diameter.  

This design was initially chosen because it utilizes common off the shelf components that are 
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readily available and at a relatively low cost.  The configuration of this design is presently 

considered to be the geometrically simplest design using the fewest components necessary to 

achieve optical breakdown.  The size, shape and construction of the present LSP prototype was 

manufactured with adjustability in mind.  Each of the optical components are physically separate 

from each other to allow for interchangeability and maintenance to provide the necessary 

isolation to determine the optimal characteristics of the LSP for this application.  It is possible 

for the optical components used here to be reduced into a monolithic design.  The final product 

has the potential to be significantly reduced in size and mass to approximately the same size and 

mass of a conventional spark plug. 

3.4.1.2. Power Meter, Oscilloscope, Detector Head and Photodiode 

Measurement of the LSP’s output parameters was critical for evaluating the LSP’s 

performance under the influence of temperature and vibration.  With the PE50BB-DIF detector 

head placed in the output beam, it was connected to the Laserstar Power Meter to obtain the laser 

energy output.  The measurement location of the detector head varied in this testing for reasons 

further discussed in Section 5.5.  The power meter was in turn connected to the computer for real 

time data logging capabilities via the power meters accompanying software.  Laser pulse energy 

was collected and recorded at each test matrix setpoint. 

A High Speed Photodiode Detector (DET110) was used to monitor the pulse width, pulse 

width variation, q-switch delay and jitter of the LSP.  It was mounted at an angle pointing 

directly at the power meter’s detector head and connected to an appropriate oscilloscope.  The 

reflection of the pulsed laser light off of the detector head’s diffuser was captured by the 

photodiode and recorded by the oscilloscope.  With the power meter detector head and 

photodiode in place, the output parameters of the LSP were measured and recorded. 

A mounting bracket with a vibration isolation pad was constructed to hold the detector 

head and the fast photodiode.  This setup is shown in Figure 21.   The signal from the detector 

head was analyzed by the power meter through RS232 serial communication and logged into the 

computer via the accompanying software from OPHIR.  The signal from the photodiode was 

read by the oscilloscope which was able to detect the pulse duration as well as the pulse 
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frequency of the LSP.  Data and specification sheets for the detector head, power meter, 

oscilloscope and photodiode may be found in Appendix-B. 

 

Figure 21: Positioning of the equipment in the experimental setup 

3.4.1.3. Pump Laser 

The laser used to pump the ignition laser was quasi CW diode laser bank operating at 808 

nm.  This fiber-coupled diode laser was used to end pump the primary ignition laser with 500 µs 

duration pulses at 200 watts [40].  These parameters were chosen based on review of the 

literature and the previous experimentation of Woodruff et al.  For mass production applications, 

the pump laser would remain remotely located from the engine and be multiplexed through a 

series of fiber optic cables.  Each fiber would then transfer the light energy to the LSP mounted 

on the respective cylinder.  Experimentation conducted by Yalin et al. illustrates a means of 

accurately multiplexing a low energy laser pulse for ignition purposes [7, 8, 9].  A description of 
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how a multiplexed strategy is applied to a LI setup can be found in the literature and extends 

beyond the scope of this experimental setup and procedure.  

The advancement of laser technology has developed to the point where several 

components comprising the construction of a laser can now be manufactured to suit an 

alternative pumping strategy.  Advancement in semiconductor research have allowed for the 

development of a Vertical-Cavity Surface-Emitting Diode Laser (VCSEL) that can be 

manufactured at a much lower cost, smaller and less sensitive to high temperatures than previous 

edge or surface emitter diode pumps [46].  If implemented properly, these diode lasers have the 

potential to act as a miniaturized end pump source for q-switched lasers.  This technology has yet 

to develop for LI applications, however it has been applied as a pumping mechanism for end 

pumped, Nd:YAG solid-state lasers [47, 48, 49]. 

3.5. Design of the Experiment 

The experimental design used in this testing was constructed based on a thorough 

literature review and a preliminary investigation of the targeted parameters.  From these sources, 

a set of independent and dependent variables were developed to display the gathered results in a 

manner that may be advantageous to a wide range of disciplines. The independent variables were 

temperature, vibrational frequency, acceleration and mounting angle of the LSP, while the 

dependent variables were pulsewidth, pulse width variation, q-switch pulse delay, jitter and 

output energy.  A four dimensional array of three cubic mounting orientation matrices were used 

whereby each setpoint has five test values.  Execution of the test matrix is further discussed in 

Section 4.1.4. 

For each test value in the matrix the pulse width, pulse width variation, q-switch pulse 

delay, jitter and energy output values were gathered and recorded.  The testing procedure at each 

of the setpoints was conducted a total of three times so that an average resulting value could be 

calculated.  A more accurate result may be obtained with a higher number of repetitions, 

however, for the preliminary investigative purposes of this study it was deemed unnecessary.  

For each of the resulting dependent variables collected, one standard deviation was reported for 

each of the data points.  This variation interval was chosen to gauge the deviation of the collected 

data from the mean.  Since the resulting dependent variables are independent of time, day-to-day 
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variation of the collected data is expected to be minimal. However to verify the negligibility and 

to reduce the error of the results, the test matrix was repeated three times for each data point as 

an attempt to account for this variation.  This is further discussed in Section 4.1.4. 

3.6. Sources of Error 

As with every experiment, there is a certain amount of error associated with the data 

collection and ultimately the results.  Regardless of the precision in which the experimental 

matrix is executed, there is an inherent amount of error in the equipment used as well as the 

inevitable human error.  In this experimentation, an attempt to minimize the error from human 

interaction and day-to-day variation was performed by repetition of the test matrix and statistical 

analyses to obtain a data set that was globally representative of the setup’s performance.  The 

following are the defined sources of error involved in the equipment used in this preliminary 

testing as specified by the manufacturers.   

3.6.1. NI_DAQ SCB68 Shielded Desktop Connector Block 

There are several sources of error involved in SCB68 Shielded Desktop Connector Block.  

Compensation error from the SCB68 can arise from the temperature sensor wires and the screw 

terminals on the block.  This presents a resistance node in the measurement technique, which 

may yield results that vary up to ±1.8 ºF [50].  An attempt was made to minimize this error by 

keeping the connector block away from the heaters and isolated from the transient vibrational 

effects from oscillation propagation through the table and floor. 

3.6.2. NI DAQ Card (PCI-6024E) 

Measurement error from the DAQ device itself comes from inaccuracies in the preset 

gain and offset of the device and from ambient noise as well.  The service manual for the DAQ 

card provides calculations for a means of calculating the accuracy of the device and provides a 

procedure for calibrating the device as well.  The DAQ system was calibrated with a NIST-

traceable, independently calibrated and cold junction compensated Fluke 714 Thermocouple 

Calibrator that is specified to have an error of ±0.6 ºF [51].  The calibration procedure was 

followed using the WVU Standard Operating Procedure (SOP)-0381 Thermocouple 

Measurement Verification worksheet in accordance with 40 Code of Federal Regulations (CFR) 
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1065.315. Potential error exists with the linearization of the calibration.  This is dependent upon 

the degree of the polynomial used for the best fit line.  As a consequence, the polynomials used 

are considered to be approximations of the actual thermocouple output.  For each thermocouple 

calibrated, a linear regression was preformed for each of the calibrated points yielding an R2 

value of ≥0.998 .  This conforms to the regulations set forth by the CFR and therefore no 

additional error was accounted for in the linearization calibration.  Error potentially exists during 

this calibration process from the thermocouple wire connection to the junction block as well.  

This is accounted for in the error that arises from the thermocouple and thermocouple wires 

presented in the next section. 

3.6.3. Omega Cement-On J-Type Thermocouples 

The thermocouples used to make the temperature measurements were Omega Cement-On 

J-Type Thermocouples Style 3.  They were fast response thermocouples that are designed for 

surface temperature measurements.  Inconsistencies, inhomogeneities and impurities in the 

thermocouple wire resulting from the manufacturing process were the main sources of error in 

the thermocouple construction.  As specified by the manufacturer, the total error resulting from 

these main sources were 2 ºF or 0.4% whichever is greater [52].  Given the temperature range of 

this experimentation, the error assumed was 2 ºF as this value was always greater than 0.4%. 

3.6.4. UM6 Ultra Miniature Orientation Sensor 

The accelerometer used in this investigation was a UM6 Ultra Miniature Orientation 

Sensor.  The acceleration signal extracted from the sensor was processed to obtain instantaneous 

acceleration measurements at each of the test points.  Calibration of the accelerometer and 

gyroscope was performed using the CHR Serial Interface provided as freeware from the 

manufacture website. The manufacturer specifies that the major influence affecting the 

measurement is thermal variation.  The acceleration sensor had a sensitivity change due to 

temperature of 0.02 %/°F.  As a result, the accelerometer was mounted away from the heat tape.  

Due to the rigid construction of the adapter to mount the LSP on the oscillator, any transfer 

functions that may occur were assumed to be negligible.  This was verified by using multiple 

installation locations prior to testing. 
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3.6.5. Vibrational Setup and Control 

There was a certain amount of error that was inherent in the vibrational setup, control 

parameters and equipment.  Sources of error reside in the DAQ system, amplifier and vibration 

exciter itself.  It was possible to calculate the acceleration that the payload can oscillate at as a 

function of its weight and input signal, however the damping system that was implemented for a 

means of vibration isolation introduces a source of error that is very complex to calculate. The 

damping coefficient of the open cell vibration isolation pad was a linear time invariant 

component which changed with payload frequency and the natural harmonic frequency of the 

oscillator.  The acceleration at which the pay load was actually oscillating at was verified by the 

accelerometer. As shown in Figure 22, the difference between the calculated data and the 

response from the accelerometer takes a similar form but differences in magnitude are evident.  

This may be due to the fact that the mass is assumed to be uniform in nature and does not 

account for any geometric constraints.  For the purposes of this work, the accelerometer response 

frequency is presented as the actual oscillating frequency. 

 

Figure 22: Calculated and actual 50% x-axis g-force of the payload in the 90 degree mounting 

orientation as a function of frequency 
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3.6.6. Temperature Setup and Control 

The LSP was wrapped with the heat tape and allowed to come to an equilibrium 

temperature for each thermal setpoint.  This strategy for controlling operating temperature 

presents an inherent source of error since most of the heat transfer is conductive.  This is 

different from what the LSP would experience on the engine since for this design the LSP was 

mounted at a suitable distance from the head where the majority of the heat transfer would be 

convective and radiative.  This conductive heating strategy leads to non-uniform temperature 

distributions within the laser as shown in Figure 23.  There is a significant difference in the 

optical component operating temperature for a given thermal setpoint.  The 90 degree mounting 

orientation for example acts as a heat stack where the applied heat was funneled up the optical 

axis of the LSP effectively making the highest point of the laser the hottest.  Here in this 

orientation, the connector was the highest point of the laser and the OC was the lowest. 

 

Figure 23: Laser spark plug component temperature as a function of setpoint temperature in the 

90 degree mounting orientation 
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3.6.7. Total Error 

There are several independent parameters that may affect the error in the measurements, 

however only the calculated error measurements as specified by the equipment manufacturers are 

presented here. The total error involved in the temperature measurements due to the equipment 

was calculated to be ±4.3 ºF, and the total error involved in the oscillation measurement was 

calculated to be ±0.5 Hz 

3.7. Safety 

Safety is a major requirement regardless of the situation you are presented with.  When 

performing tasks that have the potential to cause damage to your sense of vision such as the LSP, 

the proper precautions must be taken to ensure safety.  For the purposes of this preliminary 

investigation, safety precautions included wearing the proper safety glasses, fully enclosing the 

setup to the point where no light can escape and posting the proper warning signs notifying 

others of the hazards. 

The LSP assembly is considered a Class 4 optical source capable of achieving upwards of 

3 MW of peak pulse power.  A Class 4 laser is the most dangerous class of laser. The class of 

laser is dependent upon the laser output power and wavelength and is a means of generally 

classifying the lasers ability to cause harm.  A Class 4 laser has the capability to burn the skin 

and cause permanent damage to vision even if exposure to the laser beam occurs through 

reflection or diffusion [53].  These lasers also have the capability to ignite combustible materials 

and therefore a significant amount of care must be taken in controlling the path of the beam.  The 

categorization of every laser is defined by the American National Standards Institute (ANSI) 

Z136.1 Standard (Z136.1-2000) and is typically regulated in the work place by the Occupational 

Safety and Health Administration (OSHA) [54].  For compliance and verification purposes for 

these rules and regulations, the LLNL Laser Safety HS5200-W test was completed to ensure 

knowledge of safety during this testing. 

To make certain that personal were properly notified of the dangers accompanying this 

optical setup, signs were posted with the operating parameters of each of the lasers as shown in 

Figure 24.  Since the test cell used in this investigation was not primarily constructed with 

optical testing in mind, precautionary measures such as blocking out all the windows and 
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covering all highly reflective surfaces were taken.  Coworkers involved in alternate projects in 

the same facility were supplied with literature explaining the dangers of laser exposure and were 

lectured about the proper techniques and safety precautions necessary to ensure their own 

personal safety.  For the duration of this testing, only a single researcher was in the test cell while 

the laser was operating.  Since safety was a major concern in this experimentation and the proper 

personal protection equipment (PPE) were used to protect against the hazards of laser exposure. 

 

 

Figure 24: Danger sign posted in the optical test cell 
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4. EXPERIMENTAL PROCEDURE 

4.1. Diode laser and LSP 

To provide the best means of comparison between the results gathered here and previous 

experimentation conducted by NETL, the settings of the diode laser and the LSP were set to the 

settings as specified by McIntyre et al. [29].  Due to time limitations, only the pump pulse width 

and pump pulse frequency were varied throughout the testing.  The optical components 

comprising the cavity of the LSP were a Cr:YAG passive q-switch  with a  10% initial 

transmission, an OC with a 20% transmission, a Nd:YAG gain medium with a doped 

concentration of 0.9%  and a HR with a 99.999% reflectivity.  The diode laser was water cooled 

at 82.4 °F using a chiller and operated with a variable pulse width throughout the test matrix as a 

function of setpoint temperature.  The thermal distributions were different for each of the 

mounting angles and for this reason, the pump pulse width was adjusted to be approximately 125 

μs less than the pump pulse width that would initiate a second consecutive output pulse. The 

pump pulse widths used for each mounting orientation and temperature are presented in Table 4.  

Note that for each mounting orientation, the pump pulse width increased as a function of setpoint 

temperature, and the rate at which the pump pulse width increased was smallest for the 45 degree 

mounting orientation.  This relationship is further explained in Section 5.2.3. 

Table 4: Pump pulse width used for each thermal and mounting orientation setpoint 

 Pump Pulse Width (μs) 

Temperature (ºF) 0 Degree 45 Degree 90 Degree 

80 350 375 375 

90 380 375 390 

100 390 375 390 

110 440 380 410 

120 450 380 430 

130 500 380 490 

140 540 390 540 
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Since the q-switch delay of the LSP is a function of the power and time that the pump 

laser is exciting the active medium, at some setpoints multiple 1064 nm output pulses occurred. 

This especially happened at some of the higher frequency and thermal setpoints where jitter was 

large.  Referring back to Figure 6 which shows the strategy for obtaining high peak power pulsed 

output with a passively q-switched laser, as pump energy enters the cavity, the q-switch absorbs 

the pump energy until it reaches it saturation threshold bleaches. This bleaching effect only 

occurs for a short amount of time until the ions return to their ground state and the majority of 

the 1064 nm energy has left the cavity.  If the pump pulse width is long, the q-switch will 

saturate, dump the 1064 nm energy and begin again to absorb the 808 nm energy for the 

remaining pump pulse duration.  If the pump pulse width is too long, the q-switch may reach its 

saturation threshold multiple times for a single pump pulse leading to multiple output pulses.  

Multiple output pulses are reported by the power meter as a single pulse since the energy 

measurement is triggered from of the leading edge of the pump pulse. When multiple 1064 nm 

output pulses occur within a single pump pulse, the resulting output energies are additive and are 

reported by the power meter as a single pulse.  When continuously pumped, the passively q-

switched laser will produce periodic output where the repetition is set by the pump rate and the 

combination of initial q-switch transmission and OC.  For the setpoints where multiple ignition 

pulses occurred, the repetition pulses were negated and the average energy presented here was 

adjusted accordingly.  

The frequency of the pump pulse varied as a function of the oscillatory frequency of the 

payload.  Since the oscillatory frequency of the payload was intended to imitate the rotational 

frequency of the crankshaft from a four stroke IC engine, the frequency of the pump source was 

triggered at exactly half the frequency of the oscillatory setpoint.  This was done to coincide with 

the fact that for a four stroke IC engine, ignition occurs once every two revolutions of the 

crankshaft. 

4.1.1. Alignment 

Alignment is critical due to the necessity for pinpoint accuracy for optical cavity 

operation.  Improper alignment of the pump laser steering optics may cause the pump energy to 

only reach a portion of the gain media.  If the pumping beam from the diode laser reaches the 
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Nd:YAG laser cavity but is not properly coupled with the high reflector and Nd:YAG rod, little 

or no1064 nm output energy will be emitted from the laser.   

The alignment of the laser not only influences the output energy of the laser but it also 

influences the q-switch delay.  In an ideal case, the pump light would excite the gain media in 

such a manner that constant and homogeneous stimulated emission would occur.  With a slight 

misalignment, the light does not effectively couple with the gain media yielding a variation in 

cavity resonance resulting in a longer time duration to reach q-switch saturation.  When aligning 

this laser, the q-switch delay was minimized through an iterative process of adjusting all 

available degrees of freedom.  Once a minimum q-switch delay was obtained, further minute 

adjustments to the alignment were made to optimize the output energy.  Great care was taken 

when aligning and optimizing the LSP.  This alignment procedure was repeated several times 

during testing. 

The initial optical alignment procedures were performed with the q-switch removed and 

using a 633 nm Helium-Neon laser which provided the best results for visual alignment of the 

LSP based on the given back reflection of the intra-cavity components. Once a satisfactory 

alignment was achieved based on back reflection with the Helium-Neon laser, the q-switch was 

reinstalled and the LSP was connected to the diode pump source.  At this point, the optimization 

process previously discussed was performed in order to minimize the delay of the passive q-

switch and to maximize the energy at this point.  With the LSP fully aligned and properly 

operating, it was mounted on the oscillator and wrapped in heat tape to be ready for testing when 

needed.  

4.1.2. Temperature  

Temperature control of the LSP was monitored and modified by the J-type thermocouples 

and the Omega temperature controller. With other thermocouples mounted on the laser, a 

thermal profile of the LSP was gathered.  A thermocouple was mounted on the SMA connector 

head of the coupled fiber of the diode laser, another was mounted on the adjustable housing of 

the high reflector and the third was mounted on the housing for the OC.  The HR and OC 

mounting locations were chosen due to spatial limitations of the LSP assembly.  Ideally, the 

thermocouples would be mounted directly to the HR, OC, q-switch and Nd:YAG rod; however, 
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this was not possible with the current optical assembly.  For each thermal setpoint, a stabilization 

period was allowed to negate any transient effects.  The heat tape temperature was controlled to 

the specified setpoint temperature, and the resulting thermal profile of the LSP was measured 

and recorded through the DAQ system and LabVIEW interface. 

4.1.3. Vibration 

With the LSP securely mounted on the oscillator, vibration was applied to the LSP.  

Frequency and applied acceleration were varied in accordance to the test matrix at each 

vibrational setpoint via the LabVIEW vibrational interface.  To verify the acceleration of the 

payload, the accelerometer was mounted on the adapter and connected to the computer as a 

confirmation measure.  Linear acceleration and rotational acceleration were measured and 

recorded for the three primary Cartesian coordinate axes yielding a total of six movement 

measurements for a single setpoint.   

Due to the sensitivity of the surrounding equipment needed to conduct this investigation, 

great care was taken to isolate the vibration.  The oscillator itself was placed on an open-cell 

foam isolation pad on a rigid steel table which kept the transfer of vibrational energy low.  

Rubber damping pieces were placed under each of the legs of the table as to minimize any 

vibrational energy transfer to the rest of the room as well.  Upon review of the operations manual 

for the detector head, it was found that the detector head was extremely sensitive to vibration 

[55].  For this reason, open-cell foam was also placed under the mount that was constructed to 

hold the detector head and photodiode as an additional damping mechanism.  With all the 

vibration isolation precaution in place, the oscillatory component of the test matrix was 

conducted. 

 Accurate vibration control of the LSP is a crucial aspect in obtaining meaningful results 

in this experimentation.  In an effort to ensure proper oscillatory response, two measures were 

implemented to monitor the vibration.  The input signal from the computer to the oscillator was 

monitored and recorded from the graphical output on the LabVIEW interface and from an 

oscilloscope which displayed the signal output from the SCB68 Connector Block to the oscillator 

as well.  The acceleration response signal from the oscillator was monitored with the 

accelerometer which was mounted on the adapter plate as shown in Figure 25.  As previously 
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discussed, this mounting location was chosen because the accelerometer is thermally sensitive.  

Both the oscillatory position input and the acceleration response signal from the accelerometer 

were logged via the DAQ system and LabVIEW interface.  The input sine wave from the DAQ 

system was used in defining the frequency setpoints and was monitored using an oscilloscope.  

The induced g-force was normalized at each setpoint for consistency purposes throughout the 

test matrix.  

 

Figure 25: Accelerometer mounting location for the 0 and 90 degree mounting angles 

 Prior to conducting the test matrix, the payload was vibrated to quantify the maximum g-

force that the oscillator could apply to the payload.  The accelerometer could only measure 

accelerations of ± 2 g, therefore an alternative means of calculating the g-force setpoint was 

necessary since the calculated maximum g-force from Table 3 exceeds this limit [42].  For the 

higher g-force setpoints, the induced g-force could not be verified.  Upon examination, it was 

discovered that the oscillator amplifier gain varied linearly with induced acceleration of the 

payload.  Therefore for each frequency and mounting angle setpoint, the maximum g-force 

setpoint was determined by increasing the gain of the oscillator’s amplifier until the system 
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reached the upper current limitation of 9 amps.  The maximum amplifier gain required to reach 

this current limitation defines the maximum g-force setpoint in the test matrix and is tabulated 

below in Table 5.  The results from the amplifier gain to maximum g-force correlation loosely 

coincide with the specified maximum acceleration ratings of the oscillator as previously shown 

in Figure 19 which is as to be expected.   

Table 5: Amplifier gain needed to reach maximum (100%) g-force of the payload for each 

orientation mounting angle as a function of frequency 

Frequency (Hz) Gain: 0 Degree Gain: 45 Degree Gain: 90 Degree 

10 4.2 4.4 5.0 

20 5 6.0 6.6 

30 6.2 6.2 6.8 

40 6.2 6.2 6.8 

50 6.4 6.2 6.5 

60 6 6.0 6.4 

 

The capabilities of the oscillator were fundamentally limited by the mass of the payload.  

As frequency increased, the maximum amplitude that the oscillator can produce decreased in a 

nonlinear fashion.  This nonlinear response is displayed in Figure 26 where the greatest 

amplitude capable of being produced by the oscillator occured at lower frequencies.  As applied 

frequency was increased, the maximum capable amplitude of the oscillator declines.  This 

directly relates to the calculated and measured g-force as previously shown in Figure 19 and 

Figure 22 since induced g-force is not only a function of payload mass, but is a function of the 

operational frequency and amplitude as well. 
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Figure 26: Generalized amplitude response of an oscillator as a function of frequency 

Acceleration was normalized as a function of the amplifier gain as previously defined in 

Table 5, where the 50% acceleration setpoints represents exactly half of the maximum amplifier 

gain and the 100% acceleration setpoints represent 100% of the maximum amplifier gain.  This 

normalization was performed as a result of the nonlinear amplitude response as a function of 

applied frequency shown in Figure 26.   

4.1.4. Test Matrix 

The testing template was a four dimensional array comprised of three cubic matrices.  

Each of the matrices in the array was conducted at the three different test angles: 0º, 45º and 90º 

relative to the horizon.  In each matrix, temperature, frequency and percentage of maximum g-

force were varied.  Temperature was varied from 80 ºF to 140 ºF in 10 ºF increments giving a 

total of seven thermal setpoints.  Vibrational frequency was varied from 0 Hz to 60 Hz in 10 Hz 

increments giving a total of seven frequency setpoints which represent engine speeds from 0 

RPM to 3600 RPM in 600 RPM increments.  Acceleration was varied between 50% and 100% of 

the maximum total g-force capability of the oscillator as a function of mounting angle.   

The test matrix shown in Figure 27 is a cubic array of setpoints for a single mounting 

angle.  Each setpoint for each mounting angle was conducted a minimum of three times as to 

obtain an average distribution of the resulting dependent parameters.  For each set of data at a 

given setpoint, the standard deviation was calculated and used as a measure of error for the 

graphs presented in Section 5.   
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Figure 27: Test matrix for a single mounting angle 

Using the results gathered from the first test matrix, a better means of conducting the data 

collection process was used to obtain increasingly more accurate results.  Figure 28 below shows 

the complete array of test matrices for each mounting angle.    The resulting effects that the 

independent variables had on the dependent variables were found to be quite significant and are 

presented in the following chapter. 
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0º 45º 90º 

Figure 28: Four dimensional array of three cubic matrices 

The test matrix was conducted as follows.  For a given mounting angle, the setpoint 

temperature was applied and allowed to reach a steady-state.  It should be noted that it takes 

approximately 45 minutes for the temperature of the LSP to reach equilibrium.  For each thermal 

setpoint the LSP was subjected at two different levels of g-force, 50% and 100% of the 

maximum g-force attainable by the vibrator.  For each level of applied g-force, an array of 

frequencies from 0 Hz to 60 Hz was applied to the LSP in 10 Hz increments from low to high 

frequencies.  For each frequency setpoint, data was collected for a sufficient amount of time as to 

accurately represent the resulting parameters.  Each setpoint was conducted three times as to 

obtain an average value for that setpoint.  No data points were removed regardless of deviation 

from the mean.  
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5. RESULTS AND DISCUSSION 

The following discussion pertains to the data gathered from the experimental 

investigation.  The measured values and assumptions that are taken as constants in the calculated 

results are presented in Table 6.  These assumptions are consistent with previous experimentation 

conducted by Woodruff and McIntyre [29].  Additional graphical and numerical data that was 

collected in this experimentation can be found in Appendix-E and Appendix-F respectively. 

 

Table 6: Assumptions and constants 

Wavelength 

(nm) 

Focal length 

(mm) 

Beam diameter at lens 

(mm) 

Beam quality Focal area 

(cm2) 

1064 14.37 2.5 5.5 1.44X10-5 

5.1. Correction Factor 

During each output pulse from the LSP, a significant amount of 808 nm pump energy 

exits the laser cavity in addition to the 1064 nm output pulse.  When the 808 nm pump energy 

enters the cavity is it is focused inside the Nd:YAG gain media.  Not all of the 808 nm energy is 

absorbed by the gain media.  The 808 nm energy that is not absorbed by the gain media passes 

through at a relatively high angle of divergence and exits the cavity. 

Due to the proximity of the power meter’s detector head to the output of the LSP, a 

correction factor for the output energy was necessary to account for transmitted 808 nm energy 

for the 45 degree and 90 degree mounting angles.  The positioning of the detector head directly 

adjacent to the laser’s output was necessary for these mounting angles due to spatial constraints 

of the experimental setup.   

The correction factor data was collected with the optical axis of the LSP in a 0 degree 

orientation with respect to the horizon.  Data was measured with the detector head the same 

distance from the laser output as it would have been if mounted on the oscillator (d1). In this 

position, both 808 nm and 1064 nm energy are measured by the detector.  Data was also 

collected with the detector head ~30 inches back from the laser output (d2).  This was deemed a 

suitable distance ,through experimentation, to collect only 1064 nm output by allowing the 808 
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nm pump energy to significantly diverge.  This is shown in Figure 29 where the red lines 

represent the 808 nm energy exiting the LSP at a high divergence angle and the green line 

represents the 1064 nm energy exiting the LSP as a collimated beam.  By measuring the output 

energy with the detector head close to the laser’s output and by measuring the output energy a 

reasonable distance away from the output, a ratio of 1064nm energy to 808 nm plus 1064 nm 

energy was generated.  This results in a percentage of 1064 nm energy from the total energy 

output as shown below in Equation 5-1. 

 

Figure 29: Detector head positioning for calculation of the correction factor 

 

%𝑬𝟏𝟎𝟔𝟒𝒏𝒎 = � 𝑬𝟏𝟎𝟔𝟒𝒏𝒎
𝑬𝟖𝟎𝟖𝒏𝒎+𝑬𝟏𝟎𝟔𝟒𝒏𝒎

� ∗ 𝟏𝟎𝟎 = �𝑬𝟐
𝑬𝟏
� ∗ 𝟏𝟎𝟎      5-1 

The divergence of the pump beam and its effect on the measured energy is best described 

by the inverse square law, as shown in Equation 5-2, where the intensity of the beam is 

proportional to the inverse of the distance traveled squared where I is intensity and d is the 

distance or radius from the output.  As the distance to the detector increases, the intensity of the 

808 nm energy that the detector is capable of measuring is significantly reduced.  Since intensity 

is power per area, and the area influenced by the diverging photons resembles the surface area of 

a sphere, the intensity scales inversely with the square distance the photons have traveled from 
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the point source [56].  This method is sufficient because the 1064 nm energy exits the cavity with 

a nearly collimated profile and has very little divergence. 

𝑰 ∝ 𝟏
𝒅𝟐

             5-2 

 With the LSP wrapped in heat tape in a similar fashion as it would be if mounted on the 

oscillator, correction factor data was collected as a function of temperature and pump pulse 

frequency only.  The literature review shows that the energy output for an end pumped passively 

q-switched Nd:YAG laser is a function of operating temperature and a function of energy 

absorbed by the media on a time average basis as well [34].  As vibrational frequency increases 

due to the increasing speed of an engine, the pump pulse frequency must increase respectively as 

well.  The increase in pump pulse frequency yields a higher rate of energy absorbed by the 

Nd:YAG gain media.  This increases the rate of thermal energy absorbed and affects the 1064 

nm output energy as well. 

The data shown in Figure 30 shows the correction factor data collected as a function of 

temperature.  Each data point for a given temperature setpoint is an average of all of the data 

points for that temperature over the frequency range.  For example, the 90 degree temperature 

data point in Figure 30 is the average of all the frequency data collected at that temperature.  This 

was done to simplify the data presentation since the matrix conducted is in several dimensions. 

The 1064 nm output energy increases in a near linear fashion as a function of operating 

temperature.  This is consistent with the findings by Bass et al. [34]. As temperature increases 

within the gain medium, the local energy increases as well making it easier for an atom to reach 

an excited state [24].  With a higher temperature, the input pump energy excites more atoms 

within the gain media yielding higher output pulse energy as previously discussed in Section 

2.4.1.2. 
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Figure 30: Average correction factor energy as a function of temperature 

Also from an analysis of Figure 30, we see that the average 808 nm energy output 

increases with increasing temperature as well. As the temperature of the LSP is increased, it was 

found through preliminary investigations that the q-switch delay increases as a function of 

increasing temperature.  This is accounted for by increasing the pump pulse width.  Increasing 

the pump pulse width increases the total amount of 808 nm energy entering the ignition laser per 

pulse.  Given the assumption that little q-switch absorption of the pump energy occurs by the 

saturable absorber in its bleached state, the 808 nm energy is able to pass through the q-switch 

and exit the LSP.  This 808 nm energy is measured and corrected for in the 45 degree and 90 

degree mounting orientations.  The correction factor was not applied to the 0 degree mounting 

orientation because in this orientation, it was possible to locate the detector head in the “Far” 

position. 

Upon examination of Figure 31  where the energy is shown as a function of pump pulse 

frequency, it can be seen that the average 1064 nm energy increases in a linear fashion with 

increasing pump pulse frequency.  This is consistent with the literature [34].  The values 

presented here for a given pump pulse frequency is an average of all of the data points for that 

pulse frequency over the temperature range.  For example, the 10 Hz pump pulse frequency data 

point in Figure 31  is the average of all the temperature data collected at that pulse frequency.  

With an increasing pump pulse frequency, the amount of thermal energy absorbed increases, 
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causing the time integrated global temperature of the excitation mechanism to be higher.  With a 

higher temperature, the input pump energy excites more neodymium atoms within the gain 

media yielding a higher ignition energy output pulse. 

 

Figure 31: Average correction factor energy as a function of pump pulse frequency 

Figure 31 illustrates that the average 808 nm energy output remains nearly constant, 

unlike in Figure 30 where the average 808 nm energy increases.  Although the rate of thermal 

energy absorbed increases with increasing pump pulse frequency, the change in temperature is 

not significant enough to produce a noticeable change in the 808 nm pumping energy.   

From an analysis of Figure 30 and Figure 31, it is evident that the average 808 nm energy 

exiting the cavity appears to be a strong function of heat tape temperature and a weak function of 

pump pulse frequency.  Using this data, a correction factor accounting for the amount of 808 nm 

energy passing through the ignition laser’s cavity was generated for each thermal and pump 

pulse frequency setpoint.  The resulting percentages of 1064 nm energy to total energy as 

calculated from Equation 5-1 are graphically displayed below in Figure 32. 
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Figure 32: Applied correction factor percentage as a function of temperature and pump pulse 

frequency 

The correction factor data points shown in Figure 32 represent the amount of 1064 nm 

energy present when the detector head is located near to the output of the LSP.  As previously 

stated, the detector head was located near to the laser’s output for the 45 degree and 90 degree 

mounting orientations.  The array of correction factors were also applied to these data for each 

thermal and pump pulse frequency setpoint.   

In an ideal passive q-switch, all of the chromium ions would be in their ground state.  

However this is not the case in real operation.  Electrons may exist in slightly excited states due 

to temperature or inhomogeneous energy distributions.  Excited state absorption occurs when an 

excited chromium ion interacts with 1064 nm laser energy, and is caused to go to a short lived 

higher excited state that does not contribute to the q-switch transmission.  In this process, an 
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atom in the saturable absorber remains transparent, but it absorbs the 1064 nm energy accounting 

for a loss.  This loss process that can help explain the additional time needed for the q-switch to 

fire [34].  This causes a longer time for the saturable absorber to reach its bleached state yielding 

a longer q-switch delay as a function of increasing temperature.  This can be seen in Figure 33 

and Figure 34 where the q-switch delay has been found to increase with pump pulse frequency as 

well as with heat tape temperature.  The margins of error presented here are one standard 

deviation from the mean of the data.  They are large because they are averaged over the pump 

pulse frequency band (Figure 33) and heat tape temperature band (Figure 34). 

 

Figure 33: Average q-switch delay as a function of pump pulse frequency in correction factor 

orientation 
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Figure 34: Average q-switch delay as a function of heat tape temperature in correction factor 

orientation 

 With a longer q-switch delay, there is more time for the pump source to generate a large 

population inversion within the gain media.  This effectively causes a higher build up of photons 

in the laser’s cavity.  As shown in Figure 35, as temperature increases, the q-switch delay 

increases in a linear fashion.  This effectively yields an increased energy output as a function of 

increased temperature.  This is mathematically described in Equation 5-3 where E is the output 

energy, T is temperature and σ is the atomic cross section [34]. 

𝒅𝑬
𝒅𝑻

= 𝑬�−𝟏
𝝈
𝒅𝝈
𝒅𝑻
�           5-3 

 Equation 5-3 represents the change in output energy as a function of changing 

temperature and atomic cross section.  It describes the roll temperature plays in the output energy 

of an ideal Cr:YAG passively q-switched Nd:YAG laser.  In the case of a real q-switch, there are 

some ions that remain in the ground state during bleaching which vary the actual operation of the 

laser.  Equation 5-3 holds true based on the assumption that there are no ions left in their ground 

state during bleaching. 
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5.2. Temperature 

The influence of temperature was found to have a considerable impact on the 

characteristics of the output pulse from the LSP.  Pulse width, pulse width variation, q-switch 

delay, jitter and energy output were all found to vary with respect to temperature.  The variation 

of these parameters can potentially lead to cycle-to-cycle variation within the combustion 

chamber through mechanisms such as ignition delay, ignition timing variation and ignition 

efficiency.  The following sections discuss the temperature dependence of the LSP and the 

dependent variables collected from the oscillatory and thermal testing. 

The use of bulk crystals in high power laser systems continues to be the best solution for 

achieving high peak power outputs.  Although these laser crystals are convenient they are 

fundamentally limited by thermal loading that causes thermo-optical and thermo-mechanical 

perturbations to present themselves [32, 57, 58].   This yields an undesirable parameter referred 

to as thermal lensing.  Thermal lensing is the increased refraction angle of light waves from a 

reflective surface when the surface is subjected to nonsymmetrical thermal loading.  It was 

proved to be a major source for power fluctuations and an inconsistent M2 allowing the laser 

operation to deviate from its optimized condition [32, 57, 58].  The thermal cycling and thermal 

conductivity of the crystal produces inconsistent thermal gradients that can affect operation and 

overall performance of the laser.  These variable thermal gradients are caused by heterogeneous 

pump source distribution, inconsistencies of the beam trajectory in the rod and heterogeneous 

distribution of the doping concentration.  

Heat repartition and thermal conductivity directly influence the thermal profile of the 

crystal and ultimately impose optical index gradients.  These gradients affect the wave front 

propagation of the beam leading to unwanted variation in the system. Thermal lensing causes 

variation from axial parallel beam transmission within the laser cavity which strongly affects the 

characteristics of the output beam [32].  When considering the thermal effects from pumping, 

energy is absorbed in the gain media due to non-radiative transitions, impurities and 

inhomogeneities.  In Nd:YAG for example, 30% of the pumping energy is lost due to the thermal 

absorption of the rod [32]. 

Thermal expansion of the materials comprising the structure of the LSP was found to 

have a significant effect on the alignment.  The thermal expansion of the steel used for the 
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mounts is 8.8μin/ºF.  When incorporating the temperature difference between 80 ºF and 140 ºF, it 

was calculated the LSP alignment may have shifted by over 500μin.  The need for pinpoint 

accuracy is critical in order to obtain efficient, reliable and consistent output characteristics. 

5.2.1. Pulse Width  

The oscilloscope used to measure the pulse width has a built in function which measures 

the pulse width and reports the resulting measurement numerically in 5 Hz sampling intervals on 

the screen as shown in Figure 35.  Temperature and vibration were predicted to not only have an 

impact on the pulse width of the beam but also on the variation of the pulse width.  At each 

setpoint, the numerical display was monitored and the minimum and maximum readings were 

recorded.  The pulse width was defined as the average between the minimum and maximum 

reading and the pulse width variation was defined as difference between the minimum and 

maximum readings divided by two.  An attempt was made to capture this data through the DAQ 

system, however limitations of the equipment prohibited this.  This presents an addition of 

human error into the tabulated results which is not quantified. 

 

Figure 35: Pulse width measurement using the oscilloscope 
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The width of the output pulse has a significant impact on the combustion efficiency and 

combustion stability in IC engines.  A pulse that is too short may yield a high intensity plasma 

spark, but may lack sufficient duration to effectively initiate the combustion process.  Too wide 

of a pulse width may decrease the focal intensity to a point that is below the breakdown 

threshold of the gas.  Therefore an optimum pulse width exists for LI applications.  This 

relationship between focal intensity and pulse width is shown below in Equation 5-4, where I is 

the focal intensity, Eout is the output energy, tp is the FWHM output pulse width and A is the 

focal spot size area.  The focal spot area in fundamentally limited by the operating wavelength, 

M2 and focal length of the optic as well.  For ignition applications, there exists an optimal pulse 

width range that is short enough to yield a high focal intensity but long enough to effectively 

allow for enough energy to be transferred to the medium to initiate combustion.  At room 

temperature, pulse width remains approximately constant because it is a strong function of cavity 

length. 

𝑰 = 𝑬𝒐𝒖𝒕
𝒕𝒑𝑨

            5-4 

Figure 36 shows the trend of the pulse width measurements as a function of temperature.  

The average pulse width has been found to vary by as much as ±0.2 ns across the temperature 

setpoint band.  There is strong potential for this variation to be due to the error in the 

instrumentation.   Although a variation exists in the collected pulse width data, the actual change 

in pulse width appears to be nearly independent of mounting orientation or temperature. 
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Figure 36: Pulse width as a function of temperature for 0, 45 and 90 degree mounting 

orientations with 100% acceleration 

Figure 37 shows the pulse width as a function of temperature for the 90 degree 

orientation at 100% acceleration with margins of error encountered with the measurement 

collection.  The bars represent one standard deviation from the mean combined with the pulse 

width variation for each setpoint. 

 

Figure 37: Pulse width as a function of temperature for the 90 degree orientation with 100% 

acceleration 
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Since the average pulse width has been found to remain consistent with respect to 

temperature and mounting angle with significant cycle-to-cycle variations, a means of 

minimizing this variation in the pulse width is necessary to ensure consistent ignition parameters.  

Fueling and ignition strategy must be controlled based on the operating pulse width of the LSP.  

Since pulse width strongly affects the focal intensity, fixing the pulse width and minimizing its 

variation is desirable.   

The ignition pulse width is a function of the length of the cavity and the switching rate of 

the saturable absorber.  The decay rate of a particular saturable absorber is largely dependent 

upon its material properties and the pumping strategy at which it is being operated.  The length 

of the cavity has the potential to optimize the pulse width for a given application based on the 

engine’s control parameters and flow geometry of the engine.  Minimization of the pulse width 

variation in such a system is the key to obtaining consistency.   

5.2.2. Pulse Width Variation 

Pulse width variation has the potential to cause cycle-to-cycle variation within the 

system. With increasing temperature, the magnitude of the variation in the pulse width was found 

to fluctuate for each mounting angle.  Although the results show variation on the tens of 

picoseconds scale, there exists room for improvement.   Figure 38 shows how the variation in the 

pulse width trends under the influence of increasing temperature for each mounting orientation at 

the 50% acceleration setpoints. 
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Figure 38: Pulse width variation as a function of temperature for 0, 45 and 90 degree mounting 

orientations with 50% acceleration 

In an ideal case for applying for LI system of IC engine applications, the variation in the 

pulse width would be zero.  However this is not the case in a real system.  There will always be a 

certain degree of variation based on the heterogeneity of the system. An average pulse width may 

be computed for a particular operating temperature and orientation, however there is no means of 

predicting the exact pulse width variation for a given ignition event.  This presents a variability 

parameter that cannot be compensated for by ignition or injection timing variation.  Therefore, a 

means of minimizing the variation in the pulse width is necessary for ignition optimization which 

is further discussed in Section 6.2.  Figure 39 shows the variability in the pulse width variation 

for the 45 degree mounting orientation at 50% acceleration.  The bars presented here are one 

standard deviation away from the pulse width variation mean for each thermal setpoint. 
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Figure 39: Pulse width variation as a function of temperature for the 45 degree mounting 

orientation with 50% acceleration 

The margin of error in the pulse width variation accounts for nearly 50% of the variation 

in the pulse width.  This large magnitude of variation was attributed primarily to the laser 

chassis.  As the payload was heated and oscillated in each respective orientation, flexing of the 

mounts and thermal expansion of dissimilar materials leads to minute variations in cavity path 

length and the alignment on a per cycle basis.  In order to minimize the amount of variation in 

the pulse width, a chassis must be developed that is resistant to vibration and thermal influences. 

The smaller and more compact the payload given the same durability as the present system, the 

less susceptible to vibrational and acceleration influences the laser will be.  The closer the 

intracavity optical components are to each other, the smaller the effects of temperature will have 

on the laser’s output.  Pulse width variation had a significant room for improvement in this 

design. 
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presented here is defined as the time from when the pump laser is triggered until the saturable 

absorber bleaches producing a pulsed 1064 nm output as previously shown in Figure 5. 

Q-switch delay was found to increase with increasing temperature as shown in Figure 40 

for the 0 and 90 degree orientations.  An increase in the q-switch delay effectively yields an 

increase in the ignition delay.  The resulting q-switch delay for the 0 and 90 degree mounting 

orientations was found to increase by as much as 130 μs and 111 μs, respectively.  When 

considering this system to be operating on an engine from cold start to standard operating 

temperature, this change in q-switch delay may cause the point of ignition to change by as much 

as 4.6 CA degrees. 

 

Figure 40: Average q-switch delay as a function of temperature for the 0, 45 and 90 degree 

mounting orientations with 100% acceleration 

Also shown in Figure 40, the average q-switch delay appears to remain constant across 

the thermal setpoints for the 45 degree mounting orientation.  The 0 degree and 90 degree 

orientations were tested first and the 45 degree orientation was the final mounting orientation to 

be tested.  It is a possibility that the 45 degree angle is the most ideal orientation for the LSP.  

However, it is also possible that a near perfect alignment was obtained for the 45 degree 

mounting orientation.  It should be noted that for the 0 degree, 90 degree and correction factor 

orientations, several alignments were performed for each thermal setpoint, and in some cases 

multiple alignment procedures were performed during a single thermal setpoint.  In the case of 
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the 45 degree mounting orientation, a single alignment and optimization procedure was initially 

conducted at 80 ºF and a second alignment and optimization procedure was conducted at 90 ºF.  

Other than these two alignment procedures, no other alignments were performed for this 

mounting orientation.  As shown in Figure 41, the variation of the q-switch delay in the 45 

degree mounting orientation is minimal.  Even with the bars in place, which represent one 

standard deviation from the q-switch mean in addition to the jitter, it is shown that the delay 

remains fairly constant throughout the thermal setpoints for the 45 degree mounting orientation. 

 

Figure 41: Average q-switch delay as a function of temperature for the 45 degree mounting 

orientation with 100% acceleration 

Alignment variation is the most critical factor pertaining to the q-switch delay of a 
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as shown by the bars increasing in size as temperature increases.  This is consistent with the 

alignment of the optics being more variable at higher temperatures. 

 

Figure 42: Average q-switch delay as a function of temperature for the 90 degree mounting 

orientation with 100% acceleration 

As temperature is increased, the thermal expansion of the materials in the laser’s chassis 

causes a variation in the optical alignment of the LSP. This results in a longer time to generate a 

spark since the alignment and coupling efficiency decreases as a function of increasing 

temperature. This presents an issue since the engine operates at increasingly higher temperatures 

as it goes from cold start up to normal operating temperature.   

An interesting result that should be mentioned is the measured q-switch delay presented 

here when compared to the q-switch delay measured in previous experimentation by McIntyre et 

al.  In Figure 43 where the q-switch delay is shown as a function q-switch initial transmission 

percentage, it can be seen that the resulting q-switch delay at 10% initial transmission is roughly 

twice the measured q-switch delay presented here.  An explanation for this would be that a better 

alignment was obtained in this investigation thereby increasing the pump’s coupling efficiency. 
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Figure 43: Q-switch delay as a function of q-switch initial transmission [29] 

5.2.4.  Jitter 

Jitter is an important operating parameter of a LI system, which affects the ignition delay 

as well as the ignition timing.  For the purposes of this investigation, jitter is defined as the 

deviation of q-switch delay from the average q-switch delay.  For a LI system such as this, 

significant jitter is highly undesirable.  The more jitter that is present in this optical system the 

more diverse the cycle-to-cycle variation will be.  Jitter may lead to combustion initiation 

instabilities as well as a decrease in the time averaged combustion efficiency.  As shown in 

Figure 44, jitter was found to increase with increasing temperature for the 90 degree mounting 

orientation. A maximum jitter of 27 μs was found to occur at the highest thermal setpoint with 

100% acceleration.  Assuming that the engine is operating at 3600 rpm, this yields a variation of 

±0.6 CA on a per cycle basis simply due to the thermal effects on the laser’s operation. 

200.00

300.00

400.00

500.00

600.00

700.00

800.00

5.00 10.00 15.00 20.00 25.00 30.00 35.00

Q
-S

w
it

ch
 D

el
ay

 (
m

ic
ro

se
co

nd
s)

Q-Switch Initial Transmission [To] (%)

OC 30% 200W Exp
OC 40% 200W Exp
OC 50% 200W Exp
OC 30% 1.98E22 Num
OC 40% 1.98E22 Num
OC 50% 1.98E22 Num



 

75 

 

 

Figure 44: Average jitter as a function of temperature for 50% and 100% acceleration for the 90 

degree mounting orientation 

The variation in the q-switch delay that was observed on the oscilloscope appeared as a 

gradual transition in delay time, whereas the jitter appeared as a shot-to-shot variation 

superimposed upon the temporally varying q-switch delay.  The jitter and q-switch delay that 

was observed on the oscilloscope is shown in Figure 45, where Qd is the q-switch delay and δ is 

the jitter. This reciprocation in the q-switch delay did not appear to follow any particular pattern 

and was unpredictable.  As temperature increased, the magnitude at which the delay deviated 

increased for the 90 degree mounting orientation and the 0 degree mounting orientation as well.  

Jitter appeared in the system in a seemingly random and sporadic fashion.  Regardless of the 

setpoint, jitter was always measured to be at least an order of magnitude less than the q-switch 

delay. 
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Figure 45: Variation in the q-switch delay and the jitter as a function of time as observed on the 

oscilloscope 

At low temperatures the difference between Qd_min and Qd_max was low yielding a small 

standard deviation, while as temperature increased the difference between Qd_min and Qd_max 

typically increased resulting in a higher standard deviation at higher temperatures.  This can be 

seen by the bars in the q-switch delay as previously shown in Figure 42.  At lower temperatures 

the variation in δ was small, and at higher temperatures the variation in δ was high as shown in 

Figure 44. 

Figure 46 shows average jitter results as a function of frequency and temperature for the 

90 degree mounting orientation at 100% acceleration.  From the magnitudes presented here, it 

can be seen that with the combination of thermal and oscillatory effects that the jitter is 

significantly higher than it would be if the induced perturbations were purely thermal.  
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Vibrational effects will be presented later, however this graph presents a good visual 

representation of the effects that a combination of perturbations has on the laser’s output.  When 

considering the jitter pertaining to engine operation, the variation of spark timing may change by 

as much as ± 2.9 CA degrees. 

 

Figure 46: Average jitter as a function of frequency and temperature for the 90 degree mounting 

orientation with 100% acceleration 

Again, the anticipated output parameter was not consistent for the 45 degree mounting 

orientation.  As shown in Figure 47, the jitter was found to increase as a function of temperature 

for the 0 degree and 90 degree mounting orientations, while the jitter was found to remain 

relatively constant for the 45 degree mounting orientation.  The same shot-to-shot deviation 

existed for this 45 degree mounting angle, however the magnitude at which it fluctuated was 

significantly less.  Again, this is attributed to precision alignment. 
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Figure 47: Average jitter as a function of temperature for the 0, 45 and 90 degree mounting 

orientations with 100% acceleration 

Jitter is a strong function of inherent heterogeneities within the gain medium and the 

saturable absorber, in addition to the coupling of random noise to the timing signal [59].  During 

each pulse there is a variation in the absorption rate for both the gain medium and the saturable 

absorber due to the molecular arrangement of the crystals.  This variation exists not only due to 

the inhomogeneities in the physical structure of the crystals, but to heterogeneities and 

inconsistencies in the pumping light as well.  For these reasons, there will always be an inherent 

amount of jitter present in a laser system.  Certain laser arrangements produce less jitter than 

others under similar operating environments and in some cases, steps can be taken to minimize 

the jitter.  To minimize jitter, a compact rigid design is necessary as to keep the optical path 

length as small as possible and to be as resistant as possible to thermal expansion. 

As shown in Figure 48 where the jitter is analyzed for the 45 degree mounting 

orientation, vibrating at 60 Hz with 100% acceleration, a decrease in jitter as a function of 

temperature is observed.  This result is not consistent with the other mounting orientations, nor is 

it consistent with the correction factor testing or the literature. 
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Figure 48: Jitter as a function of temperature in the 45 degree mounting orientation vibrating at 

60 Hz with 100% acceleration 

Not only is the magnitude of the jitter, shown in Figure 48, small compared to the other 

mounting orientations, but the bars representing one standard deviation are small as well.  Oddly 

enough, the largest deviation in the jitter was found to occur at the lowest temperature setpoint.  

This is not consistent with the other mounting orientations or the correction factor investigation.  

Figure 49 show jitter as a function of temperature at the 60 Hz vibrational setpoint for each 

mounting orientation with 100% acceleration.  Here it is shown that for the 0 degree and 90 

degree mounting orientations, the jitter trends upward as temperature increases, however, as 

previously shown in Figure 48 and now in Figure 49 this upward trend does not occur in the 45 

degree mounting orientation.  Note the large scale increase in the jitter axis.  For the 140 ºF 

setpoint as shown in Figure 49, the magnitude of the measured jitter in the 0 degree mounting 

orientation was over 17 times larger than the magnitude of the jitter at the same thermal setpoint 

in the 45 degree mounting orientation.  This may be because the 45 degree mounting orientation 

is the most complimentary mounting orientation in accommodating for thermal expansion 

thereby maintaining optical alignment. 
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Figure 49: Jitter as a function of temperature at 60 Hz for the 0, 45 and 90 degree mounting 

orientations with 100% acceleration 

5.2.5. Energy  

The energy that each laser pulse delivers into the combustion chamber has an impact on 

the ignition efficiency of the engine’s power stroke.  It has been shown in the literature that there 

exists a minimum amount of spark energy that is required to effectively ignite an air fuel mixture 

in the combustion chamber [8, 12, 60, 61]. Alternatively there is an upper energy threshold that 

exists where if the ignition pulse energy exceeds this threshold the ignition efficiency does not 

change [61].  The point where the ignition energy reaches this upper energy threshold is 

considered to be the ideal ignition spark energy since this is the energy level that will yield 

efficient combustion while using the optimal amount of pulse energy.  These upper and lower 

thresholds vary depending upon the properties of the fuel, and are described further in the 

literature [60, 61]  

In Figure 50, the average energy output as a function of temperature is displayed for each 

of the mounting orientations for the 50% acceleration setpoint.  As shown, the mounting 

orientation with the highest variability in energy output is the 0 degree orientation.  Relating to 

the correction factor data in Figure 30, it was shown that output energy increases as a function of 

increasing temperature.  This still holds true for the data in Figure 50, however when averaged 

over the frequency band, the output energy does not appear to follow a particular trend for any of 
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the thermal setpoints. The 0 degree mounting orientation is the most susceptible to vibrational 

influences since it is mounted as a cantilever.  Thermal expansion of the lasers chassis causes the 

most deviation in this 0 degree mounting orientation primarily due to the force of gravity.  For 

this orientation, several alignment procedures were conducted to compensate for this cantilever 

bending. However, when data was collected for each of these orientations, there was still a 

noticeable increase in output energy as a function of increasing temperature for each of the 0 Hz 

setpoints.  This coincides with the fact that output energy increases as a function of temperature, 

and the deviation is a strong function of frequency, which will be discussed later in Section 5.3.5. 

 

Figure 50: Average energy as a function of temperature for 0, 45 and 90 degree mounting 

orientations with 50% acceleration 

For the 45 degree and the 90 degree mounting orientations as shown in Figure 50, the 

energy output remains relatively constant.  In each of these cases, the output energy shows very 

little deviation.  For example, Figure 51 shows the average output energy as a function of 

temperature in the 45 degree mounting orientation at 50% acceleration, it can be seen that the 

bars which represent one standard deviation from the mean are small.  This is ideal when 

considering this optical setup for LI applications.  The more steady and consistent the output 

energy remains as a function of increasing temperature the more consistent the focal intensities 

will be thus leading to more consistent combustion. 
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Figure 51: Average energy as a function of temperature for the 45 degree mounting orientation 

with 50% acceleration 

As shown in Figure 52, the output energy as a function of temperature for the 90 degree 

mounting orientation show very little dependence upon acceleration.  For each of the thermal 

data points collected, the 50% and 100% setpoints fall nearly on top of each other. The 

consistency between acceleration setpoints across the temperature range is consistent with 

expectations because the output energy is a function of temperature as shown in Equation 2-7 

and not dependent upon the magnitude of vibrational frequency.  Figure 52 shows the 

temperature dependence on the output energy, however the results presented here appear to be 

nearly constant across the thermal setpoints, which is not consistent with the literature. Figure 10 

shows the output energy increasing with increasing temperature.  An explanation for this is that 

the temperature range presented in Figure 10 is much larger than the temperature range presented 

here in Figure 52.  The range of temperatures presented here may not be large enough to 

effectively show the energy dependence upon temperature 
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Figure 52: Average energy as a function of temperature for the 90 degree mounting orientation 

with 50% and 100% acceleration 

A good result is the measured output energy presented here when compared to the output 

energy measured in previous experimentation by McIntyre et al.  In Figure 53 where the output 

energy is shown as a function q-switch initial transmission percentage, it can be seen that the 

resulting output energy at 10% initial transmission is roughly equivalent the measured energy 

presented here.  This result was as to be expected. Although a direct comparison of numerical 

findings may not be reasonable since a 20% OC was used in this investigation, the results from 

McIntyre et al. appear to be consistent with the results presented here. 
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Figure 53: Output energy as a function of q-switch initial transmission percentage [29] 

5.2.6. Focal intensity 

As previously discussed, the focal intensity is a function of output energy, pulse width 

and focal area as defined in Equation 5-4.  The trend of Figure 54 is similar to the trend in Figure 

50 meaning that the output energy is the primary factor in determining focal intensity. This is 

primarily due to the small magnitudes of changing pulse width as seen in Figure 36 and that the 

focal area was assumed constant across the array of test matrices.  As shown Figure 54, each of 

the focal intensity data points when averaged over the vibrational frequency band is above the 

breakdown threshold of 100 GW/cm2 making every data point conducted in this testing capable 

of generating a plasma spark. Recall from Section 2.2 that the breakdown threshold for gas 

decreases as a function of increasing pressure as well. This indicates that as LSP is currently 

capable of achieving ignition inside an engine’s combustion chamber at elevated pressures.  
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Figure 54: Focal intensity as a function of temperature for the 0, 45 and 90 degree mounting 

orientations with 50% acceleration 

Although every focal intensity data point that was calculated was intense enough to 

generate a plasma spark in air, the variation measured in the focal intensity when averaged over 

the frequency band is significant.  The focal intensity was found to vary by as much as 25 

GW/cm2 over a range of temperatures, which may result in a variation of ignition and 

combustion efficiency.  In an ideal case, the focal intensity would remain near constant as to 

ensure consistent ignition events. 

5.3. Vibration 

The influence of vibration was found to have a profound impact on the output pulse 

produced by the LSP.  Pulse width, pulse width variation, Q-switch delay, jitter and energy 

output were all found to vary with respect to oscillatory perturbations.   The variation of these 

parameters will lead to cycle-to-cycle variation within the combustion chamber through 

mechanisms such as ignition delay, ignition timing variation and ignition efficiency.  The 

following describes the vibrational dependence of the LSP on the independent variables collected 

from the oscillatory and thermal testing. 
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5.3.1. Pulse Width  

The output pulse width of the ignition laser has a significant impact on the on the ability 

to generate a plasma spark and its ability to initiate ignition.  When increasing frequency, the 

mean pulse width was found to remain relatively constant as shown in Figure 55 for each 

mounting angle configuration for the 100% acceleration test points.  Similar trends are found for 

the 50% acceleration setpoints (Appendix-E) indicating that not only is the pulse width of the 

laser output virtually independent of acceleration and amplitude, but it is widely independent of 

vibrational frequency as well.  In Figure 55, it can also be seen that there is approximately a 0.1 

ns time reduction in the output pulse width for the 45 degree mounting orientation.  A reduction 

in the pulse width will yield a higher focal intensity as previously defined in Equation 5-4. This 

reduction may be due to achieving a slightly better alignment for the 45 degree mounting 

orientation or due to rotation of the intracavity components upon installation after they were 

removed for periodic cleaning.  

 

 

Figure 55: Average pulse width as a function of frequency for the 0, 45 and 90 degree mounting 

orientations with 100% acceleration 

When analyzing a single mounting angle with bars representing one standard deviation in 

addition to the pulse width variation in Figure 56, it is shown that the average pulse width for 
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each frequency setpoint falls within the margin of variation represented here.  Given the minute 

scale of variation at each frequency setpoints, it can be stated that the pulse width stays relatively 

constant with respect to frequency.  Using this assumption, the focal intensity for each mounting 

angle becomes strictly a function of output energy.  The values for focal intensity presented later 

in Section 5.3.6 still utilize the averaging method for the values presented here in Figure 55, 

however since these values are averaged over the temperature band and there is little change in 

the pulse width, it can be said that pulse width is independent of vibrational frequency and pump 

pulse frequency.  

 

Figure 56: Average pulse width as a function of frequency for the 90 degree mounting angle with 

100% acceleration 

Significant cycle-to-cycle variations in the pulse width exist as a function of vibrational 

frequency as shown by the standard deviation bars in Figure 56.  A significant difference in pulse 

width can mean the difference between generating a plasma spark or not.  A means of 

minimizing this variation in the pulse width is necessary to ensure consistent ignition parameters.  

Fueling and ignition strategy must be controlled based operating pulse width of the LSP.  To 

ensure consistent ignition results, fixing the pulse width and minimizing its variation is 

necessary.  As discussed next in Section 5.3.2, the pulse width variation with respect to 

vibrational frequency has the potential to be reduced with an alternative configuration of pump 

steering optics and intracavity components. 
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An interesting result that should be mentioned is the measured output pulse width 

presented here when compared to the output pulse width measured in previous experimentation 

by McIntyre et al.  In Figure 57 where the output pulse width is shown as a function q-switch 

initial transmission percentage, it can be seen that the resulting pulse width at 10% initial 

transmission is roughly half the measured pulse width presented here.  This may be due to the 

lower transmission OC (20%) used in this investigation, or a better alignment being obtained 

leading to a higher coupling efficiency. 

 

Figure 57: Output pulse width as a function of q-switch initial transmission [29] 

5.3.2.  Pulse Width Variation 

Pulse width variation has the potential to cause cycle-to-cycle variation within the 

system.  With increasing vibrational frequency, the variation in the pulse width has been found to 

vary for each mounting angle.  Although the results show variation on the tens of picoseconds 

scale, there exists room for improvement. Figure 58 shows the average pulse width variation as a 

function of vibrational frequency for each mounting orientation in the 50% acceleration 

setpoints. 
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Figure 58: Average pulse width variation as a function of frequency for the 0, 45 and 90 degree 

mounting angles with 50% acceleration 

As shown below in Figure 59 where the average pulse width variation is represented with 

bars as a function of vibrational frequency for the 45 degree mounting orientation at the 50% 

acceleration setpoints, the magnitudes of the bars are of interest.  If the standard deviation error 

bars on Figure 58 were to be added, the range of variation of the pulse width would encompass 

nearly every calculated average.  Given the overlapping of measured variation, it may be 

assumed that the pulse width variation presented here is not a function of mounting angle and 

vibrational frequency.  The variation in the trends is attributed to different vibrational harmonics 

of the LSP for a given mounting condition.   
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Figure 59: Average pulse width variation as a function of frequency for the 45 degree mounting 

orientation with 50% acceleration 

Although not presented here, the vibrational harmonics of the physical structure of the 

payload were very apparent during testing, especially for the 0 and 45 degree mounting 

orientation.  The harmonics of the LSP in the 90 degree orientation were not as apparent since 

the LSP was oriented coaxially with the oscillator.  For the 0 and 45 degree mounting 

orientations, considerable shaking occurred for certain vibrational frequencies.  At certain 

frequencies, the resulting induced vibration came close to the natural harmonic frequencies of the 

laser chassis.  This was visually apparent during testing because at certain frequencies, nodes in 

the structure were noticed such that high rates of gyration would exist with very little linear 

acceleration.  As distance from the node along the axis of the LSP increased, the local 

acceleration increased and the rate of gyration decreased. Although the accelerometer used here 

in this experimentation was mounted on the oscillator to LSP adapter, Figure 22 shows how the 

previously discussed induced acceleration varies as a function of vibrational frequency. 
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orientations can be seen.  As expected from the correction factor investigation where q-switch 

delay was found to increase as a function of pump pulse frequency (shown in Figure 33), the q-

switch delay for the 0 degree and 90 degree mounting orientations were found to increase as a 

function of frequency as well.  This does not mean that q-switch delay increases as a function of 

vibrational frequency, but rather that the q-switch delay increases as a function of pump pulse 

frequency.  A higher average heat deposition occurs for higher pumping frequencies.  Recall that 

the pump pulse frequency increases at a rate of exactly half of the vibrational frequency setpoint. 

 

Figure 60: Average q-switch delay as a function of frequency for the 0, 45 and 90 degree 

mounting orientations with 100% acceleration 

Similar to the trend in q-switch delay as a function of temperature data for the 45 degree 

mounting angle presented in Figure 40, the q-switch delay presented in Figure 60 shows the 45 

degree mounting orientation to remain nearly constant throughout the vibrational frequency 

range.  This result contradicted the preliminary data found in the correction factor investigation. 

An explanation for this would be that in this mounting orientation, the physical structure of the 

LSP was able to handle the induced vibration in such a manner that it did not transfer the 

vibrational energy to susceptible components. 

Figure 61 shows the q-switch delay as a function of vibrational frequency for the 90 

degree mounting angle for the 100% acceleration setpoints with bars that represent one standard 

deviation from the mean in addition to the jitter. This graph was chosen because not only does it 
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show the increase in q-switch delay, but it also shows how the variation in the q-switch delay 

increases as a function of vibrational frequency.  For this mounting angle, the margin of variation 

is similar to that found with the q-switch delay as a function of temperature in Figure 41.  The q-

switch delay increases as a function of pump pulse frequency which coincides with the literature 

and the correction factor investigation.  The margins of variation of the delay increase as a 

function of vibrational frequency as well, which is as to be expected since as vibrational 

frequency increases, the alignment of the payload becomes more variable. 

 

Figure 61: Average q-switch delay as a function of frequency for the 90 degree mounting 

orientation with 100% acceleration 

Figure 62 shows the q-switch delay as a function of vibrational frequency for the 45 

degree mounting orientation at the 100% acceleration setpoints.  Although the trend of the 

average q-switch delay remains fairly constant, which is not consistent with the other mounting 

orientations, the margins of variation for the 45 degree mounting orientation was still found to 

increase as a function of vibrational frequency.  The increasing margins of error as a function of 

increasing frequency are further discussed and explained in Section 5.3.4. 
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Figure 62: Average q-switch delay as a function of frequency for the 45 degree mounting 

orientation with 100% acceleration 

For the purposes of this discussion, the q-switch delay is directly proportional to the 

ignition delay.  Figure 63 shows how the ignition delay increases with respect to both 

temperature and vibrational frequency.  This is a good graphical representation of how 

temperature and vibration both affect the delay of ignition.  As shown, the point where the 

longest q-switch delay occurs is in the most extreme vibrational and thermal setpoint.  The rate 

of ignition delay time increases gets becomes larger as the thermal setpoint is increased.  This 

indicates that temperature and vibrational frequency both have a significant impact on the q-

switch delay.  Given this plot, an ignition control strategy may be realized to accurately control 

the ignition timing as a function of both of these independent variables.  An ignition control 

strategy is needed because upon analysis of these results, it was determined that the spark timing 

may change by as much as ± 4.6 CA degrees from the least extreme setpoint to the most extreme. 
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Figure 63: Average q-switch delay as a function of frequency and temperature for the 90 degree 

setpoint with 100% acceleration 

5.3.4.  Jitter 

The jitter of the laser output is an important operating parameter of a LI system which 

affects the ignition delay as well as the variation in ignition timing.    The more jitter that is 

present in an optical system the more diverse the cycle-to-cycle variation will be.  Jitter may lead 

to combustion instabilities, as well as a decrease in the time averaged ignition efficiency.  Jitter is 

an unattractive quality for this application, however a small amount of jitter is acceptable.  

Relating to IC engines, the jitter is best described in terms of change in CA on a cycle-to-cycle 

basis.  This conversion is shown below in Equation 5-5 where f is the applied vibrational 

frequency (Hz), 2δ is twice the measured jitter (s), ω is the corresponding rotational velocity of 

the engine (RPM) and a 360 constant conversion factor (deg/rev). 
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𝟕𝟐𝟎𝜹𝝎𝒇−𝟏 = 𝜟𝑪𝑨           5-5 

Figure 64 shows the average jitter as a function of vibrational frequency for the 90 degree 

mounting orientation for the 50% and 100% acceleration setpoints.  The jitter was found to 

increase as a function of vibrational frequency regardless of the imposed acceleration. The faster 

the laser is shaken, the higher the probability for variation of the coupling efficiency.  This result 

is consistent with the literature and is one of fundamental issues regarding mounting a laser on an 

engine. 

 

Figure 64: Average jitter as a function of frequency for the 90 degree mounting orientation with 

50% and 100% acceleration 

As previously shown in Figure 44 and shown in Figure 64 above, the measured jitter for 

all of the 50% acceleration setpoints are lower in value than the 100% acceleration setpoints.  

This indicates a dependence upon acceleration.  Not that the physical properties of the optics 

have acceleration dependence, but rather that the chassis responds in a significant manner to the 

induced vibrations.  This is because a longer chassis yields a larger rotational moment about the 

mounting point, and non-uniform weight distributions cause inconsistent local accelerations 

across the chassis of the LSP. 

Figure 65 shows the average jitter as a function of frequency for all of the mounting 

orientations and for the 100% acceleration setpoint.  For each mounting orientation, the average 
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jitter increases as a function of increasing frequency.  The average measured jitter was highest 

for the 0 degree mounting orientation and was lowest for the 45 degree orientation.  Using 

Equation 5-5, the maximum change in CA that may occur on a per cycle basis for the 0 degree 

mounting orientation is 2.3 degrees for the 60 Hz setpoint.  This is compared to the average 

maximum change in CA for the 45 degree mounting orientation of 0.7 degrees for the 60 Hz 

setpoint. 

 

Figure 65: Average jitter as a function of frequency for the 0, 45 and 90 degree mounting 

orientations with 100% acceleration 

In order to analyze the maximum jitter for the most influential temperatures at each 

mounting angle, Figure 66 shows the jitter as a function of vibrational frequency.  Note that the 

scale shown for the jitter axis has changed.  For each mounting orientation, the jitter increases 

with increasing vibrational frequency which is to be expected.  The 0 degree mounting 

orientation was found to have the highest amount of jitter out of all the mounting orientations, 

and the 90 degree mounting orientation was found to have the least amount of jitter in the highest 

frequency setpoint.  The maximum change in CA for the 0, 45 and 90 degree mounting 

orientations at 60 Hz was calculated to be ±4.6 degrees, ±1.2 degrees and ±3.3 degrees, 

respectively.   
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Figure 66: Maximum jitter as a function of frequency for the 0, 45 and 90 degree mounting 

orientations with 100% acceleration for the most influencing temperatures 

It follows logic that the most jitter would be present at the highest temperatures, highest 

vibrational frequencies and in the 0 degree mounting orientation.  For this orientation, the 

resulting jitter would be the highest because the laser is cantilevered in an orthogonal direction to 

the vibrational axis.  This was found to be true.  Again, it is shown that for the 45 degree 

mounting orientation the least amount of jitter is present compared to the other mounting angles.  

What is surprising about this result though is that the point of maximum jitter occurs at 100 ºF, 

where the point of maximum jitter for the other mounting orientations occurs at 140 ºF.  The 0 

degree and 90 degree mounting orientations follow the correction factor data and literature, 

where as the 45 degree mounting orientation does not.   

5.3.5.  Energy 

As previously discussed in Section 5.1, the energy output was shown to increase with 

respect to increasing pulse frequency.  This relationship was confirmed in the literature and has 

been further confirmed here as well [34].  Recall that the pulse frequency was applied at exactly 

one half the rate of the vibrational frequency.  Figure 67 shows the relationship between average 

output energy and vibrational frequency for the 0, 45 and 90 degree mounting orientations for the 

50% acceleration setpoints.  All mounting orientations were found to show an increase in output 
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energy with respect to increasing frequency. The highest energy output was found to come from 

the 0 degree mounting orientation data.   

 

Figure 67: Average output energy as a function of frequency for the 0, 45 and 90 degree 

mounting orientations with 50% acceleration 

An explanation for the increasing output energy as a function of increasing frequency for 

the 0 degree mounting orientation deals with the orientation itself.  With the 0 degree orientation, 

the LSP is vibrated as a cantilever in an orientation orthogonal to the axis of vibration.  As 

previously discussed, when shaken in this orientation the LSP displayed a central node, which 

acted as an axis for gyration.  In a stationary state, the pump energy is steered into the ignition 

laser cavity and focused down to a point within the gain medium.  When shaken in this 

orientation, the focal point for the pump energy sweeps the excitation mechanism allowing for a 

larger area within the gain medium to be pumped. This theory would not only produce slightly 

larger output energy, but it would also increase the focal area size of the ignition laser decreasing 

the intensity of ignition.  Since the axis of vibration occurred in a single direction, the excitation 

area would become taller and more ovular than the excitation region under stationary conditions.  

An illustration of this theory is shown in Figure 68.  As shown d2 and E2 are both larger than d1 

and E1.  As vibrational frequency is increased, the sweeping motion becomes faster and wider. 
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Figure 68: Laser vibration theory for the 0 degree mounting orientation 

The focal area was assumed to remain constant throughout the duration of this testing 

regardless of the mounting orientation.  This assumption was made due to lack of proper 

equipment necessary to measure the focal area to a sufficient resolution.  The representation 

shown in Figure 68 is an exaggerated depiction of the actual change in focal area.  It is 

hypothesized that the focal area may have changed somewhere on the magnitude of 10-8 cm2, 

which is much less than the assumed constant value used for focal area, which lies on the order 

of 10-6 cm2. 

The pumping strategy used in this design is an end pumped strategy.  This means that the 

pump energy enters the gain media on the end of the crystal which is oriented coaxially with the 

global axis of the laser.  Figure 69 shows the excitation regions of an end pumped Nd:YAG 

crystal.  As shown, the focal point of the PCX lens is focused directly in the center of the crystal 

rod.  The highest excited region of the crystal occurs at the focal point of this lens since this is 

the point where the focal intensity is the highest. Under vibrational influences, as shown in 

Figure 68, the distribution of highly excitation regions would be more spread out in the crystal.  
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Figure 69: Excitation regions of the Nd:YAG crystal using an end pumped strategy [21] 

As previously discussed, energy output increases with increasing pump pulse frequency.  

Figure 70 shows the output energy as a function of vibrational frequency for the 45 degree 

mounting orientation at 50% of the maximum acceleration.  Here, a constant trend in output 

energy as a function of increasing frequency is shown.  This is inconsistent with the literature, 

the correction factor investigation shown in Figure 31 and the other mounting orientations.   

 

Figure 70: Average output energy as a function of frequency for the 45 degree mounting 

orientation with 50% acceleration 
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Figure 71 shows the relationship between the average output energy and frequency for 

the 90 degree mounting orientation for both acceleration setpoints.  As shown, the 50% and 

100% setpoints nearly overlap at every vibrational frequency setpoint.  This indicates that there 

exists very little energy output dependence upon acceleration. 

 

Figure 71: Average output energy as a function of frequency for the 90 degree mounting 

orientation with 50% and 100% acceleration 

5.3.6. Focal Intensity 

When averaged over the temperature band, data showing the focal intensity as a function 

of frequency is produced for the 0, 45 and 90 degree mounting orientations at the 50% 

acceleration setpoints as shown in Figure 72. The trend of the plot is similar to the trend in 

Figure 67 meaning that the output energy is largely the controlling factor in determining focal 

intensity.  This is primarily due to the small amount of change in the output pulse width as 

previously shown in Figure 55, and the fact that the focal area was assumed constant across the 

array of test matrices.  As shown below, each of the focal intensity data points, when averaged 

over the thermal setpoints, is above the breakdown threshold of 100 GW/cm2. This means that at 

every thermal setpoint conducted in this testing, if a focusing lens were to be placed in front of 

the output of the LSP, it is possible to generate a plasma spark at atmospheric pressures. 
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Figure 72: Focal intensity as a function of frequency for the 0, 45 and 90 degree mounting 

orientations with 50% acceleration 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1. Thermal Influence  

The material compositions of the components comprising the structure of the LSP are of 

importance.  The thermally conductive material used in the construction of the LSP play a 

significant roll on the alignment of the optical circuit when operating over a wide range of 

temperatures.  The thermal expansion of steel that was used to make the alignment mounts for 

the HR and OC causes negative effects upon the alignment of the LSP.  The thermal expansion 

of the steel with respect to increasing temperature leads to a decrease in coupling efficiency.  

With a single optimized alignment at 80 ºF, the LSP ceased to output 1064 nm when the 

temperature reached steady state at 140 ºF.  This may be overcome with a re-alignment 

procedure at elevated temperatures.  Since the purpose of this study was to determine the effects 

of temperature and vibration of the prototype spark plug, an optimization alignment was 

conducted when necessary.  

In an ideal setup, the structure of the laser plug would be perfectly symmetrical about the 

optical axis, and be manufactured from a material with a low coefficient of thermal expansion.  

Symmetry about the optical axis is of importance because if any thermal expansion were to occur 

over a range of temperatures, the resulting thermal lensing may be kept to a minimum.  Although 

there is nothing that can be done to alter the thermal expansion or other material properties of a 

particular optical component, the material that is used to mount the optical component may be 

chosen at the freedom of the designer.  The ideal material to be used for the construction of the 

LSP would be one with a small coefficient of thermal expansion. 

An alternative means of accounting for the varying temperature would be to control the 

operating temperature of the laser to a fixed setpoint.  This temperature control may come in the 

form of heating or cooling the laser depending upon the optimal output characteristics chosen by 

the designer.  Similar to the method of controlling the laser to a setpoint temperature as 

performed here in this testing, the consistency of the output will be high if all of the components 

comprising the construction of the laser are kept at a uniform and steady state temperature. 

If a thermal map of the LSP’s response under the influence of temperature were to be 

incorporated into the engine’s ignition management system, a strategy for accurately controlling 
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the ignition timing as a function of the LSP’s temperature may be realized.  However if the LSP 

were to have a cooling/heating system implemented onto it which controlled the temperature to a 

relatively steady state, the ignition delay would be fixed and the LI system would be able to 

operate independently of the engine temperature.  The effects of thermal expansion and thermal 

lensing would also be kept minimal if the spacing between the ignition laser’s optical 

components were minimized thereby minimizing the probability for alignment variation.  This is 

reasoning for a monolithic designed LSP which would not require adjustable optical mounts. 

6.2. Size and Weight Distribution 

As previously discussed in Section 5.2.5, the physical size and heterogeneous weight 

distributions leads to inconsistent output characteristics when mounted in particular orientations. 

Variations in acceleration and vibrational frequency have been found to significantly impact the 

operation of the laser.  In order for a laser plug to be deemed a viable replacement for the 

conventional electrode-based spark plug, a direct drop in substitute which is independent of 

mounting orientation is desired.  This desire alone requires a reduction in size, however when 

considering the increased optical stability that can be achieved from a shorter path length when 

under the influence of engine perturbations, a reduction in size is a must.  With a smaller design, 

the laser plug could be more rigid and have a more uniform weight distribution.  This is the key 

to minimizing the effects that vibrational perturbations have and reduce the probability for 

alignment variation over a range of temperatures. 

In an ideal case, the LSP would be approximately the size of a conventional spark plug 

and couple with the engine directly into the existing spark plug port.  A monolithic design would 

allow for a significant reduction in size, reduction in weight, removal of unnecessary hardware 

and have an intracavity alignment that is permanently fixed. By fusing the optical components 

together effectively reduces the degrees of freedom that are susceptible to variation.  This 

strategy is flawed in this sense that if a single component requires replacement, the entire set of 

optics would have to be replaced.   However when considering the design to be manufactured on 

a mass scale, the potential for a significant reduction in cost exists.  The cost analysis is a critical 

aspect at this point in the design process which needs to be quantified.    
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6.3. Pumping 

The pumping strategy is a critical aspect in the operation of a laser regardless of its 

application.  In the current design, the need for the pumping mechanism to be remotely located 

exists.  This is not ideal for industrial applications.  Although this current strategy may be 

applied to stationary engines, a pump source that is directly coupled the ignition laser would 

widen the range of applications and simplify the overall integration. 

A fiber coupled pump source works well for the spatially complex optical routing 

necessary for generating a plasma spark within the engine’s combustion chamber, however it is 

fundamentally flawed.  As previously discussed in Section 2.5, fiber optic cables are extremely 

susceptible to bending and vibrational losses.  Bending leads to energy loss through the fiber and 

undesired mode coupling which may lead to damage.  Vibration amplifies these losses and 

ultimately affects not only the energy output but the output beam profile as well.  Recall that an 

ideal pump beam would be perfectly Gaussian and couple with the gain medium to cause a high 

rate of population inversion. 

As previously discussed in Section 3.4.1.3, VCSEL technology has developed to the 

point where it can efficiently act as a pumping source for end-pumped passively q-switched 

Nd:YAG lasers [47, 48, 49].  This pumping mechanism is presently considered to be the best 

means of pumping a laser with unique spatial requirements in harsh conditions.  A pump source 

such as this would eliminate the fiber optic cable and broaden the range of applicable engine 

industries.  The small size, reliability and high output energy would be ideal to act as a pump 

source for a LSP.   

6.4. Engine Operation 

It has been shown that the output characteristics of the LSP are sensitive to vibrational 

and thermal perturbations.  The parameter that was most strongly affected by these perturbations 

was the time at which 1064 nm emission occurred.  This has been discussed in previous chapters 

relating to the q-switch delay and the effective jitter.  Spark timing in an IC engine is critical for 

several reasons relating to combustion efficiency, resulting emissions and overall engine 

operation.  In this system, output timing variability exists even in the least extreme setpoints.  

Therefore, it is necessary to consider the probability of output occurring at a desired time.  Figure 
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73 shows the probability of output occurring at a desired time from pulse to pulse as a function 

of temperature and vibration. 

 

Figure 73: Q-switch timing stability as a function of temperature and frequency in the 90 degree 

mounting orientation with 100% acceleration 

As shown, the chance of obtaining output at a desired time decreases as temperature and 

vibration increase.  This representation was calculated based on the measured temporal deviation 

from the average q-switch delay.  Considering that there is a narrow window in which ideal 

spark timing resides, the undesired pulse-to-pulse variation from this LI system presents a 

challenge for IC engine applications 
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6.5. Recommendation for Future Work 

6.5.1. Ricardo Proteus 

The current LSP should be recoupled to the Ricardo Proteus engine as previously shown 

in Figure 14, and operated with an improved ignition strategy.  Given the research and data 

presented here, a numerical model may be developed for an ignition strategy to optimize the 

ignition timing and output power based on the independent variables.  This ignition strategy 

should initially be used with the engine fueled by natural gas so the performance metrics may be 

directly compared to previous research performed by McIntyre et al.   

6.5.2. Beta Prototype 

Given the data collected here and the research performed by others, the requirements for 

developing a laser to act as a direct replacement for the conventional spark plug are clear. 

Working towards bringing a product to market, a second/beta prototype should be developed.  

The optical components comprising the laser cavity should be fused together to generate a 

monolithic cavity design.  Since this will still be a prototype where additional thermal and 

oscillatory testing is necessary to fully characterize the response of the plug, the pump steering 

optics should remain as separate entities from the cavity.  This should be done for adjustability 

reasons since thermal effects are still expected to be an issue, and because of the limitations of 

the pump source. 

Given the currently high price of VCSELs, it is recommended that the pumping source 

for the second prototype remain a fiber coupled diode laser that is remotely located from the 

perturbation source.  This will allow valuable research to proceed in such a manner as to bring a 

product to limited market, and allow this research to continue in a financially effective manner.  

Integrity, long term reliability and long term durability during engine operation remain to be 

significant hurdles in the development of this technology. 

Oscillatory and thermal testing should be performed on the beta prototype as well, since 

the response of the output characteristics will be different than presented here.  Vibrational 

testing and characterization may be improved upon by simultaneously shaking the laser the three 

orthogonal directions as to more accurately mimic the operation of an engine.  Perhaps the best 
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and easiest way to do this would be to mount the laser directly on an operating engine and 

measure its output characteristics.  This may also be the best way to investigate the thermal 

effects as well, however if the laser were to be mounted on an engine, the operational 

temperature would be difficult to vary over a wide range.  To generate an accurate thermal 

profile, the laser should be tested in a thermally controlled enclosure and allowed sufficient 

amount of time to reach an equilibrium temperature.  This strategy for heating the LSP in an 

enclosure is better than wrapping it in heat tape because in an enclosure, the heat transfer is 

purely convective which would more accurately simulate engine conditions and the LSP would 

be heated more uniformly. Recall from Section 3.6.6 that the non uniform temperature 

distribution is a source of error in this experimentation. 

6.5.3. The Ideal Laser Spark Plug 

It may be beneficial at this point to describe the characteristics of what is presently 

considered to be an ideal LSP.  All of the optics would be constructed into a monolithic design 

thereby fixing the alignment, reducing the weight, reducing the sources for error and obtaining a 

compact device.  The laser would be pumped with a VCSEL, or similar compact pump source, 

so that the plug may be packaged as a single unit.  The housing for the optics and pump source 

would be rigid as to limit the vibration and acceleration influences.  The housing should be 

constructed in entirety from the same material with a low coefficient of thermal expansion.  An 

acceptable design for the chassis would be an injection molded ceramic that could be completely 

sealed to the point where it could permanently hold a vacuum at a sufficient level.  Sealing the 

laser with its own atmosphere would restrict ambient particles from influencing its operation.  

The HR and OC coatings would be applied to a face of the gain medium and q-switch 

respectively by means of physical vapor deposition to a thickness of a few hundred angstroms. 

The gain medium and q-switch would be fused together and may be assembled in a manner 

similar to the schematic shown in Figure 74.  The size and weight of the LSP would be 

approximately the size and weight of a conventional spark plug, and it would be a direct drop in 

replacement as well.   
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Figure 74: Construction of an ideal laser spark plug 

6.5.4. Future Development 

As the progression of LI technology advances, there exists a need for future development 

in several aspects for this application.  Limiting the future development to the anticipated work 

to be conducted by CAFEE, there are several more steps to be taken that will directly fall in line 

with CAFEEs areas of expertise.  There exists a gap in the literature for characterizing alternative 

fuels and fuel blends with the use of a laser ignition source.  The benefits of using a laser to 

initiate combustion have yet to be investigated for several fuels.  Investigating their combustion 

efficiency and characterizing the resulting emissions is necessary to aid in further justifying the 

implementation of a LI source.  A multiple cylinder operation strategy continues to be a highly 

debated topic in the LI industry.  The strategy differs between laboratories and a finite method 

for achieving this strategy has yet to be developed.  Fundamental LI research on the multiple 

cylinder scale is critical for justifying mass implementation to engine manufactures.  In short, 

there remains a significant amount of research that must be conducted prior to implementation. 
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Appendix-A:  Advance Ignition System Functional Requirements 
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Appendix-B: Equipment Data Sheets 

 

Vibration Exciter 
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Vibration Exciter Power Amplifier 
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Accelerometer 
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Heat Tape 
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J-type Thermocouples
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Omega Temperature Controller- CNi3243-C24 
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NI PCI-6024E DAQ Card 
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Laser Power Meter and Detector Head
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High Speed Photodiode Detector: DET110 
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Oscilloscope: TDS 2014 
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Xantrex DC Power Supply 
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Chiller: Neslab RTE-111 
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Single Fiber-Coupled Laser Diodes 

Fiber Coupled Diode Laser 

 

  

  

 

Apollo Instruments' fiber-coupled laser diodes offer 
 brightness and high power with unprecedented beam 
ty. These compact devices deliver up to 10kW 

ugh a fiber assembly with core diameter ranging from 
1mm. These devices can be offered in various 
gurations. Fiber-coupled modules that deliver up to 

 watts are conductively cooled and ready for mounting 
  heat sink. Devices with higher power are normally 

r cooled. Apollo's water-cooled devices are robust. 
e is no need to use de-ion water or ultra-filtration. The 
-coupled laser diodes provide ideal beam sources for 
m integration and offer the simplest and easiest way 

 liver high-power laser light 

 

  

to a variety of applications. The devices are cost-effective pump sources for laser pumping (such 
as fiber laser pumping). They can also be excellent beam sources for material processing and 
medical applications. Due to the high brightness, the devices have been shown to be effective in 
direct laser applications such as metal cutting, marking, soldering, welding and silicon wafer 
treatment. Together with a focusing lens, some laser modules can easily achieve a beam spot with 
a power density over 4MW/cm2. Models are now available in a variety of wavelengths ranging 
from 780nm-1530nm. Although the standard modules are built with a single wavelength, multiple 
wavelengths can be combined.   One of the unique characteristics of Apollo Instruments' fiber-
coupled devices is that all the output is emitted from the fiber core. There is no cladding mode. 

   New Products  

  

>10kW Fiber-coupled 
Simple to scale  
High flexibility  

Tap water cooling  

   

  

1kW Fiber-coupled  
1.5KW, 976nm, NA 0.46  
Fiber laser pump source  

20/400 (double cladding fiber)  
Ready for splicing  
Tap water-cooled  

30W Fiber-Coupled  
Solid-state laser pump  

Cost effective  
High reliability / Long lifetime  

Compact 

20W Fiber-Coupled 
Mini-series  

Cost effective  
Passive cooling  
High brightness 

Laser Controler: Northrop Grumman- eDrive 
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Nd:YAG Laser Rod 
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Output Coupler and High Reflection Mirror  
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New Wave Research Tempest-20 Nd:YAG laser 
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Appendix-C: Screen Shots 

 

Temperature: Front 

 

Temperature: Back 
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Vibration: Front 

 

 

Vibration: Back 
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CHR Interface 
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Appendix-D: Technical Drawings 

 

Laser Mount Adapter 
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Vibrator Adapter Mount 
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Mirror Mount Mechanical Drawing 
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Appendix-E: Additional Graphs 

 

Q-switch Delay: 50% 

Figure 75: Q-switch delay as a function of temperature for the 0, 45 and 90 degree mounting 

orientation with 50% acceleration 

 

 

Figure 76: Q-switch delay as a function of frequency for the 0, 45 and 90 degree mounting 

orientation with 50% acceleration 

200 
220 
240 
260 
280 
300 
320 
340 
360 
380 
400 

70 90 110 130 150 

Q
-S

w
itc

h 
D

el
ay

 (μ
s)

 

Temperature (F) 

0 deg 

45 deg 

90 deg 

200 
220 
240 
260 
280 
300 
320 
340 
360 
380 
400 

0 10 20 30 40 50 60 

Q
-S

w
itc

h 
D

el
ay

 (μ
s)

 

Frequency (Hz) 

0 deg 

45 deg 

90 deg 



 

153 

 

 

Pulse Width Variation: 50% 

 

Figure 77: Pulse width variation as a function of temperature for the 0, 45 and 90 degree 

mounting orientation with 50% acceleration 

 

 

Figure 78: Pulse width variation as a function of frequency for the 0, 45 and 90 degree mounting 

orientation with 50% acceleration 
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Pulse Width: 50% 

 

Figure 79: Pulse width as a function of temperature for the 0, 45 and 90 degree mounting 

orientation with 50% acceleration 

 

 

Figure 80: Pulse width as a function of frequency for the 0, 45 and 90 degree mounting 

orientation with 50% acceleration 
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Jitter: 50% 

 

Figure 81: Jitter as a function of temperature for the 0, 45 and 90 degree mounting orientation 

with 50% acceleration 

 

 

Figure 82: Jitter as a function of frequency for the 0, 45 and 90 degree mounting orientation with 

50% acceleration 
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Energy: 50% 

 

Figure 83: Energy as a function of temperature for the 0, 45 and 90 degree mounting orientation 

with 50% acceleration 

 

 

Figure 84: Energy as a function of frequency for the 0, 45 and 90 degree mounting orientation 

with 50% acceleration 
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Focal Intensity: 50% 

 

Figure 85: Intensity as a function of temperature for the 0, 45 and 90 degree mounting 

orientation with 50 % acceleration 

 

 

Figure 86: Intensity as a function of temperature for the 0, 45 and 90 degree mounting 

orientation with 50 % acceleration 
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Q-switch Delay: 100% 

 

Figure 87: Q-switch delay as a function of temperature for the 0, 45 and 90 degree mounting 

orientation with 100% acceleration 

 

 

Figure 88: Q-switch delay as a function of frequency for the 0, 45 and 90 degree mounting 

orientation with 100% acceleration 
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Pulse Width Variation: 100% 

 

Figure 89: Pulse width variation as a function of temperature for the 0, 45 and 90 degree 

mounting orientation with 100% acceleration 

 

 

Figure 90: Pulse width variation as a function of frequency for the 0, 45 and 90 degree mounting 

orientation with 100% acceleration 
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Pulse Width: 100% 

 

Figure 91: Pulse width as a function of temperature for the 0, 45 and 90 degree mounting 

orientation with 100% acceleration 

 

 

Figure 92: Pulse width as a function of frequency for the 0, 45 and 90 degree mounting 

orientation with 100% acceleration 
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Jitter: 100% 

 

Figure 93: Jitter as a function of temperature for the 0, 45 and 90 degree mounting orientation 

with 100% acceleration 

 

 

Figure 94: Jitter as a function of frequency for the 0, 45 and 90 degree mounting orientation with 

100% acceleration 
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Energy: 100% 

 

Figure 95: Energy as a function of temperature for the 0, 45 and 90 degree mounting orientations 

with 100% acceleration 

 

 

Figure 96: Energy as a function of frequency for the 0, 45 and 90 degree mounting orientations 

with 100% acceleration 
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Focal Intensity: 100% 

 

Figure 97: Intensity as a function of temperature for the 0, 45 and 90 degree mounting 

orientations with 100% acceleration 

 

 

Figure 98: Intensity as a function of frequency for the 0, 45 and 90 degree mounting orientations 

with 100% acceleration 
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Appendix-F: Tabulated Data 

Table 7: Pulse width (ns) in the 0 degree mounting orientation with 50% acceleration 

Pulse Width 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 3.7167 3.7617 3.7217 3.8233 3.8600 3.9100 3.7733 

10 3.7167 3.7517 3.7000 3.8250 3.8717 3.9050 3.7650 

20 3.7300 3.7417 3.6933 3.8483 3.9450 3.9583 3.7667 

30 3.7683 3.7683 3.7283 3.8667 3.9233 3.9567 3.7800 

40 3.7367 3.7450 3.7267 3.8733 3.9500 3.9467 3.8183 

50 3.7767 3.7350 3.7150 3.8683 3.9267 4.0083 3.8333 

60 3.7733 3.7717 3.7400 3.9133 3.9300 3.8867 3.8167 
 

 

 

Table 8: Pulse width (ns) in the 0 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 3.7550 3.7383 3.7133 3.8283 3.8533 3.9400 3.7600 

10 3.7217 3.7550 3.7100 3.8517 3.8400 3.9150 3.7583 

20 3.6917 3.7533 3.6667 3.7700 3.9567 3.8583 3.7417 

30 3.7333 3.7583 3.7233 3.8483 3.9300 3.9467 3.7800 

40 3.7283 3.7467 3.7483 3.8150 3.9250 3.9900 3.8250 

50 3.7250 3.7700 3.7300 3.8833 3.9400 4.0383 3.7917 

60 3.7667 3.7667 3.7567 3.8867 3.9617 3.8667 3.8400 
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Table 9: Pulse width (ns) in the 45 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 3.6533 3.7717 3.7933 3.6850 3.6400 3.6367 3.6233 

10 3.6817 3.7483 3.7783 3.6750 3.6367 3.6017 3.5967 

20 3.6733 3.7833 3.8017 3.6683 3.6500 3.6200 3.6033 

30 3.7067 3.7683 3.8067 3.6533 3.6167 3.6017 3.6167 

40 3.6550 3.7817 3.8167 3.6500 3.6317 3.6267 3.6050 

50 3.7200 3.7783 3.8000 3.6400 3.6367 3.6067 3.6017 

60 3.6983 3.7733 3.8217 3.6417 3.6000 3.6183 3.5967 

 

 

 

Table 10: Pulse width (ns) in the 45 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 3.6700 3.7700 3.8017 3.6583 3.6383 3.6233 3.6100 

10 3.7000 3.7333 3.7883 3.6800 3.6250 3.6050 3.6250 

20 3.7067 3.7417 3.8050 3.6817 3.6183 3.6100 3.5800 

30 3.7033 3.7400 3.8100 3.6467 3.6400 3.6267 3.5900 

40 3.6767 3.7700 3.7950 3.6467 3.6117 3.6183 3.6267 

50 3.7067 3.7767 3.8017 3.6300 3.6067 3.6100 3.6033 

60 3.7233 3.7617 3.7883 3.6483 3.6300 3.6317 3.6233 
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Table 11: Pulse width (ns) in the 90 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 3.8550 3.7900 3.7717 3.8117 3.8917 3.6700 3.6683 

10 3.8583 3.8217 3.7900 3.8433 3.8800 3.6483 3.6533 

20 3.8583 3.8183 3.7783 3.8567 3.8850 3.6800 3.6783 

30 3.8433 3.8050 3.7917 3.8667 3.8700 3.7083 3.7133 

40 3.8483 3.8417 3.8100 3.8333 3.8700 3.7400 3.7100 

50 3.8550 3.8583 3.8150 3.8183 3.9000 3.7517 3.7183 

60 3.8450 3.8367 3.7883 3.8400 3.8733 3.7767 3.7133 

 

 

 

Table 12: Pulse width (ns) in the 90 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 3.8467 3.8067 3.8067 3.8617 3.8533 3.6850 3.6567 

10 3.8267 3.8183 3.7933 3.8467 3.8267 3.6517 3.6367 

20 3.8617 3.8217 3.7900 3.8467 3.8583 3.7050 3.6633 

30 3.8633 3.8200 3.7883 3.8500 3.8333 3.7000 3.6700 

40 3.8567 3.8267 3.8083 3.8417 3.8883 3.7100 3.7200 

50 3.8700 3.8200 3.7767 3.8683 3.8683 3.7117 3.7533 

60 3.8417 3.8067 3.8033 3.8550 3.8700 3.7800 3.7433 
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Table 13: Pulse width variation (ns) in the 0 degree mounting orientation with 50% acceleration 

Pulse Width Variation 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.0533 0.0450 0.0517 0.0367 0.0367 0.0600 0.0467 

10 0.0433 0.0417 0.0500 0.0517 0.0417 0.0550 0.0483 

20 0.0567 0.0550 0.0433 0.0517 0.0317 0.0383 0.0467 

30 0.0517 0.0517 0.0450 0.0533 0.0433 0.0400 0.0867 

40 0.0567 0.0517 0.0467 0.0400 0.0533 0.0467 0.0550 

50 0.0567 0.0517 0.0317 0.0417 0.0600 0.0450 0.0500 

60 0.0667 0.0750 0.0367 0.0467 0.0367 0.0600 0.0567 
 

 

 

Table 14: Pulse width variation (ns) in the 0 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.0450 0.0417 0.0600 0.0483 0.0433 0.0400 0.0467 

10 0.0483 0.0450 0.0367 0.0417 0.0600 0.0417 0.0450 

20 0.0683 0.0533 0.0433 0.0433 0.0433 0.0550 0.0517 

30 0.0667 0.0450 0.0500 0.0583 0.0467 0.0667 0.0600 

40 0.0517 0.0500 0.0517 0.0450 0.0550 0.0367 0.0650 

50 0.0483 0.0633 0.0633 0.0500 0.0600 0.0783 0.0583 

60 0.0767 0.0667 0.0733 0.0600 0.0450 0.0400 0.0600 
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Table 15: Pulse width variation (ns) in the 45 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.0600 0.0383 0.0400 0.0550 0.0700 0.0733 0.0700 

10 0.0450 0.0383 0.0383 0.0650 0.0533 0.0483 0.0633 

20 0.0467 0.0567 0.0317 0.0517 0.0567 0.0533 0.0500 

30 0.0667 0.0483 0.0400 0.0533 0.0433 0.0583 0.0633 

40 0.0583 0.0583 0.0533 0.0800 0.0517 0.0533 0.0650 

50 0.0600 0.0483 0.0533 0.0600 0.0567 0.0633 0.0583 

60 0.0483 0.0467 0.0517 0.0650 0.0500 0.0683 0.0467 
 

 

 

Table 16: Pulse width variation (ns) in the 45 degree mounting orientation with 100% 

acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.0567 0.0333 0.0450 0.0583 0.0517 0.0633 0.0500 

10 0.0533 0.0400 0.0450 0.0533 0.0550 0.0483 0.0450 

20 0.0467 0.0417 0.0483 0.0617 0.0417 0.0433 0.0533 

30 0.0633 0.0567 0.0500 0.0533 0.0667 0.0600 0.0633 

40 0.0500 0.0433 0.0450 0.0733 0.0483 0.0683 0.0567 

50 0.0467 0.0500 0.0383 0.0700 0.0533 0.0567 0.0633 

60 0.0633 0.0617 0.0450 0.0550 0.0433 0.0550 0.0567 
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Table 17: Pulse width variation (ns) in the 90 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.0450 0.0667 0.0483 0.0783 0.0583 0.0567 0.0450 

10 0.0517 0.0683 0.0533 0.0633 0.0600 0.0517 0.0533 

20 0.0417 0.0583 0.0450 0.0600 0.0617 0.0533 0.0450 

30 0.0433 0.0750 0.0817 0.0833 0.0767 0.0750 0.0533 

40 0.0450 0.0683 0.0700 0.0767 0.0633 0.0600 0.0567 

50 0.0583 0.0550 0.0583 0.0717 0.0600 0.0550 0.0517 

60 0.0583 0.0633 0.0883 0.0600 0.0600 0.0500 0.0533 

 

 

 

Table 18: Pulse width variation (ns) in the 90 degree mounting orientation with 100% 

acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.0433 0.0533 0.0767 0.0817 0.0600 0.0483 0.0433 

10 0.0667 0.0550 0.0700 0.0667 0.0867 0.0517 0.0500 

20 0.0583 0.0550 0.0633 0.0633 0.0817 0.0483 0.0500 

30 0.0567 0.0667 0.0650 0.0633 0.0400 0.0600 0.0500 

40 0.0533 0.0667 0.0583 0.0850 0.0683 0.0633 0.0533 

50 0.0500 0.0833 0.0633 0.0750 0.0617 0.0483 0.0400 

60 0.0750 0.0933 0.0900 0.0950 0.0700 0.0533 0.0367 
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Table 19: Q-switch delay (µs) in the 0 degree mounting orientation with 50% acceleration 

Q-Switch Delay 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 257.33 268.67 265.33 284.67 307.33 326.67 305.00 

10 249.67 263.67 263.33 282.33 309.33 329.67 301.33 

20 255.33 273.67 260.67 292.33 338.33 346.00 307.33 

30 265.00 280.67 262.33 300.67 354.67 378.33 321.33 

40 272.33 290.00 265.67 325.00 376.33 397.33 349.00 

50 279.67 299.67 272.67 351.67 412.00 475.33 392.67 

60 288.00 316.33 279.33 386.67 437.33 458.00 460.33 

 

 

 

Table 20: Q-switch delay (µs) in the 0 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 255.67 271.67 262.67 294.67 310.67 336.67 301.00 

10 253.00 270.67 262.33 291.33 313.00 340.33 299.67 

20 243.33 279.00 258.33 299.00 334.67 338.67 305.67 

30 249.33 275.67 265.67 312.67 338.33 402.00 318.00 

40 264.33 283.33 269.67 323.33 392.00 431.67 338.00 

50 268.67 298.00 279.00 369.67 390.00 450.67 398.00 

60 276.33 321.33 290.00 405.67 407.33 406.00 434.00 
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Table 21: Q-switch delay (µs) in the 45 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 248.33 243.33 249.00 249.00 244.00 252.67 241.33 

10 249.00 239.33 245.67 247.67 241.00 248.00 239.33 

20 246.00 242.67 247.33 246.67 238.00 243.67 235.00 

30 250.33 245.67 250.67 240.00 233.67 242.33 233.00 

40 254.00 248.67 253.67 240.67 233.33 240.67 235.00 

50 259.00 249.67 261.00 237.00 233.67 242.33 238.00 

60 264.67 254.00 260.67 238.33 236.00 241.67 241.00 
 

 

 

Table 22: Q-switch delay (µs) in the 45 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 245.00 246.00 250.00 246.67 245.67 250.33 245.00 

10 244.67 243.33 246.67 246.33 242.33 245.33 242.33 

20 246.00 243.33 247.00 244.67 238.33 242.00 235.33 

30 248.33 242.67 251.33 240.67 235.00 238.67 234.33 

40 251.33 245.00 255.00 240.00 233.33 238.00 235.67 

50 255.00 245.67 253.33 239.67 239.00 241.33 240.00 

60 262.33 251.33 260.33 239.33 238.33 243.00 240.67 

 

 

 

 



 

172 

 

Table 23: Q-switch delay (µs) in the 90 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 251.33 255.00 258.33 273.00 283.33 309.33 328.67 

10 249.67 254.33 253.00 273.00 282.67 303.67 323.00 

20 249.33 255.67 255.00 272.00 277.33 306.33 325.67 

30 249.33 256.00 258.00 272.33 279.67 315.67 342.00 

40 250.67 261.67 258.67 273.67 283.00 331.67 359.33 

50 254.00 264.00 263.33 279.33 286.67 339.00 379.67 

60 256.67 268.67 267.33 282.00 289.33 349.67 401.67 

 

 

 

Table 24: Q-switch delay (µs) in the 90 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 254.83 267.33 257.00 274.00 279.00 301.33 321.00 

10 247.67 260.33 254.33 268.00 278.00 304.00 318.67 

20 248.67 260.33 256.33 267.67 276.00 302.33 330.67 

30 251.67 259.67 258.33 267.33 281.67 312.67 341.33 

40 254.33 260.33 262.00 272.00 281.33 341.67 358.00 

50 256.00 263.67 264.00 275.33 283.33 338.00 390.33 

60 257.33 266.67 266.00 278.33 286.33 348.67 442.33 

 

 

 

 



 

173 

 

Table 25: Jitter (µs) in the 0 degree mounting orientation with 50% acceleration 

Jitter 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.667 1.333 1.333 2.000 2.667 4.000 3.000 

10 1.667 1.667 1.333 2.333 3.333 4.333 4.000 

20 2.667 3.000 2.000 3.000 4.333 6.000 5.333 

30 5.000 3.333 3.667 6.000 6.000 9.000 8.000 

40 3.667 4.667 3.667 6.333 9.667 12.667 13.667 

50 6.333 5.667 6.667 10.333 11.333 24.667 28.000 

60 11.333 11.667 8.000 20.000 12.667 42.000 83.000 

 

 

 

Table 26: Jitter (µs) in the 0 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 1.00 1.00 1.33 2.00 2.67 3.33 3.00 

10 3.67 4.00 1.67 2.67 6.33 7.67 4.33 

20 2.00 2.33 3.00 3.67 7.33 6.67 5.67 

30 6.67 9.67 5.67 9.33 12.33 18.00 11.33 

40 10.33 13.33 10.33 15.33 14.00 19.00 12.00 

50 16.00 26.00 15.00 24.33 31.33 42.67 34.00 

60 25.00 30.67 31.33 44.33 42.67 94.00 106.00 

 

 

 



 

174 

 

Table 27: Jitter (µs) in the 45 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 1.67 1.33 1.67 1.67 2.00 2.00 2.00 

10 2.33 2.67 2.33 2.33 3.00 2.00 2.00 

20 2.67 2.67 2.67 3.33 2.67 3.00 3.00 

30 3.67 3.67 4.00 4.67 3.00 4.33 3.67 

40 4.00 4.67 4.33 4.67 4.00 4.00 3.67 

50 5.67 9.67 8.33 6.33 5.67 5.00 4.00 

60 7.33 11.33 15.33 9.67 8.67 6.33 5.67 

 

 

 

Table 28: Jitter (µs) in the 45 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 2.33 2.00 2.00 1.33 2.33 2.33 2.33 

10 2.00 3.33 3.33 2.33 12.33 4.00 4.33 

20 3.33 3.33 3.67 2.67 5.00 4.00 3.33 

30 5.00 6.67 6.00 6.00 9.00 5.33 4.33 

40 9.33 11.67 7.67 9.33 8.00 4.67 5.67 

50 14.33 21.67 17.33 11.00 9.00 7.33 4.67 

60 16.33 25.33 27.00 14.67 12.33 7.67 6.00 
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Table 29: Jitter (µs) in the 90 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 2.00 2.33 2.33 3.67 2.67 4.00 5.33 

10 3.00 2.33 3.67 5.67 3.33 5.67 7.00 

20 4.67 3.67 4.33 6.67 4.67 10.33 10.33 

30 6.00 6.00 8.00 9.00 7.00 15.00 19.33 

40 7.33 6.33 7.33 9.67 9.67 17.67 26.00 

50 7.33 6.67 8.00 10.67 9.33 24.33 33.67 

60 9.33 10.00 10.67 12.67 12.67 29.00 40.33 

 

 

 

Table 30: Jitter (µs) in the 90 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 2.83 2.00 3.00 3.33 2.33 3.33 4.33 

10 3.67 3.67 3.00 6.67 4.00 6.00 9.33 

20 6.00 5.00 5.67 7.00 7.33 10.33 14.00 

30 9.00 7.67 9.00 11.33 9.67 17.33 22.67 

40 8.33 7.67 10.67 11.33 12.67 19.00 28.67 

50 10.67 10.33 12.00 12.00 14.00 27.33 37.67 

60 14.67 14.00 14.67 15.00 19.00 36.67 77.00 
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Table 31: Energy (J) in the 0 degree mounting orientation with 50% acceleration 

Energy 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.00572 0.00552 0.00537 0.00610 0.00660 0.00670 0.00621 

10 0.00556 0.00542 0.00531 0.00600 0.00646 0.00661 0.00614 

20 0.00565 0.00547 0.00522 0.00617 0.00665 0.00661 0.00597 

30 0.00597 0.00556 0.00543 0.00616 0.00700 0.00728 0.00627 

40 0.00571 0.00554 0.00545 0.00654 0.00739 0.00741 0.00630 

50 0.00594 0.00543 0.00527 0.00683 0.00741 0.00731 0.00672 

60 0.00610 0.00542 0.00554 0.00693 0.00735 0.00752 0.00681 

 

 

 

Table 32: Energy (J) in the 0 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.00574 0.00541 0.00534 0.00610 0.00667 0.00698 0.00636 

10 0.00556 0.00532 0.00546 0.00603 0.00637 0.00698 0.00603 

20 0.00571 0.00535 0.00524 0.00619 0.00563 0.00697 0.00625 

30 0.00558 0.00561 0.00533 0.00619 0.00698 0.00699 0.00616 

40 0.00559 0.00545 0.00534 0.00654 0.00686 0.00748 0.00630 

50 0.00566 0.00544 0.00539 0.00683 0.00720 0.00748 0.00658 

60 0.00572 0.00544 0.00559 0.00698 0.00719 0.00711 0.00681 
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Table 33: Energy (J) in the 45 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.00556 0.00552 0.00587 0.00604 0.00614 0.00574 0.00532 

10 0.00557 0.00540 0.00582 0.00601 0.00610 0.00566 0.00530 

20 0.00565 0.00599 0.00583 0.00592 0.00587 0.00562 0.00534 

30 0.00550 0.00597 0.00606 0.00580 0.00572 0.00552 0.00541 

40 0.00585 0.00577 0.00619 0.00588 0.00573 0.00567 0.00547 

50 0.00591 0.00587 0.00605 0.00605 0.00581 0.00571 0.00540 

60 0.00585 0.00578 0.00606 0.00604 0.00588 0.00582 0.00542 

 

 

 

Table 34: Energy (J) in the 45 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.00552 0.00549 0.00588 0.00604 0.00604 0.00563 0.00526 

10 0.00545 0.00539 0.00576 0.00605 0.00617 0.00549 0.00524 

20 0.00564 0.00591 0.00582 0.00593 0.00581 0.00557 0.00530 

30 0.00554 0.00597 0.00617 0.00601 0.00595 0.00555 0.00550 

40 0.00577 0.00573 0.00608 0.00590 0.00564 0.00565 0.00543 

50 0.00598 0.00565 0.00612 0.00623 0.00584 0.00566 0.00546 

60 0.00581 0.00568 0.00602 0.00605 0.00587 0.00579 0.00543 
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Table 35: Energy (J) in the 90 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.00563 0.00571 0.00571 0.00588 0.00605 0.00575 0.00580 

10 0.00558 0.00572 0.00571 0.00586 0.00605 0.00569 0.00568 

20 0.00576 0.00629 0.00570 0.00571 0.00588 0.00563 0.00576 

30 0.00571 0.00622 0.00586 0.00583 0.00584 0.00559 0.00580 

40 0.00585 0.00601 0.00589 0.00583 0.00594 0.00596 0.00582 

50 0.00598 0.00592 0.00591 0.00598 0.00592 0.00583 0.00589 

60 0.00577 0.00612 0.00572 0.00586 0.00594 0.00601 0.00582 

 

 

 

Table 36: Energy (J) in the 90 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 0.00564 0.00586 0.00567 0.00589 0.00616 0.00566 0.00555 

10 0.00550 0.00581 0.00571 0.00557 0.00607 0.00570 0.00550 

20 0.00568 0.00602 0.00546 0.00540 0.00587 0.00568 0.00585 

30 0.00571 0.00632 0.00579 0.00572 0.00586 0.00547 0.00546 

40 0.00580 0.00588 0.00593 0.00577 0.00584 0.00596 0.00573 

50 0.00585 0.00584 0.00588 0.00596 0.00578 0.00589 0.00591 

60 0.00576 0.00585 0.00554 0.00580 0.00593 0.00605 0.00584 
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Table 37: Focal intensity (GW/cm2) in the 0 degree mounting orientation with 50% acceleration 

Focal Intensity 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 106.88 101.86 100.18 110.67 118.62 118.99 114.18 

10 103.78 100.26 99.71 108.92 115.78 117.55 113.24 

20 105.22 101.42 98.01 111.33 117.05 115.90 110.05 

30 109.91 102.45 101.08 110.60 123.80 127.80 115.19 

40 106.07 102.68 101.47 117.16 129.84 130.36 114.60 

50 109.16 100.94 98.41 122.60 131.04 126.57 121.67 

60 112.23 99.74 102.84 122.98 129.77 134.24 123.84 

 

 

 

Table 38: Focal intensity (GW/cm2) in the 0 degree mounting orientation with 100% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 106.08 100.43 99.75 110.68 120.12 123.00 117.48 

10 103.68 98.40 102.18 108.59 115.14 123.80 111.31 

20 107.45 98.96 99.25 114.02 98.69 125.31 115.91 

30 103.70 103.66 99.41 111.64 123.20 123.02 113.10 

40 104.11 100.95 98.83 119.06 121.27 130.09 114.35 

50 105.46 100.09 100.36 122.12 126.79 128.66 120.44 

60 105.46 100.20 103.20 124.64 125.89 127.68 123.14 
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Table 39: Focal intensity (GW/cm2) in the 45 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 105.62 101.57 107.43 113.84 117.13 109.56 101.86 

10 104.93 99.97 106.98 113.48 116.47 109.03 102.22 

20 106.71 109.86 106.53 112.11 111.68 107.78 102.78 

30 103.09 109.93 110.42 110.29 109.70 106.40 103.89 

40 111.17 105.98 112.58 111.80 109.57 108.56 105.23 

50 110.35 107.76 110.58 115.29 110.86 109.91 104.14 

60 109.88 106.34 110.04 115.07 113.28 111.66 104.60 

 

 

 

Table 40: Focal intensity (GW/cm2) in the 45 degree mounting orientation with 100% 

acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 104.45 101.15 107.44 114.60 115.29 107.89 101.10 

10 102.26 100.19 105.55 114.20 118.11 105.64 100.40 

20 105.58 109.61 106.15 111.82 111.49 107.02 102.76 

30 103.79 110.86 112.40 114.43 113.41 106.30 106.43 

40 108.96 105.43 111.27 112.31 108.48 108.46 104.02 

50 112.03 103.84 111.67 119.16 112.32 108.83 105.11 

60 108.24 104.77 110.21 115.15 112.30 110.57 104.12 
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Table 41: Focal intensity (GW/cm2) in the 90 degree mounting orientation with 50% acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 101.38 104.51 105.09 107.11 107.92 108.79 109.69 

10 100.41 103.83 104.54 105.81 108.22 108.23 107.87 

20 103.66 114.41 104.68 102.75 105.00 106.24 108.71 

30 103.19 113.51 107.35 104.71 104.83 104.63 108.40 

40 105.46 108.67 107.34 105.62 106.57 110.53 108.98 

50 107.62 106.46 107.58 108.79 105.36 107.79 109.95 

60 104.14 110.66 104.90 105.94 106.41 110.43 108.73 

 

 

 

Table 42: Focal intensity (GW/cm2) in the 90 degree mounting orientation with 100% 

acceleration 

  Temperature (°F) 

80 90 100 110 120 130 140 

Fr
eq

ue
nc

y 
(H

z)
 

0 101.71 105.77 102.25 106.25 111.16 102.17 100.09 

10 99.34 104.82 103.02 100.54 109.48 102.89 99.19 

20 102.56 108.68 98.50 97.49 105.99 102.47 105.54 

30 103.05 114.05 104.57 103.28 105.81 98.71 98.45 

40 104.75 106.08 106.93 104.21 105.45 107.62 103.37 

50 105.63 105.46 106.07 107.52 104.34 106.37 106.58 

60 103.94 105.53 99.96 104.64 107.00 109.19 105.38 
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