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Abstract 
 

A Laser Spark Plug Ignition System for a Stationary Lean-Burn Natural 
Gas Reciprocating Engine 

 
Dustin L. McIntyre 

 
To meet the ignition system needs of large bore, high pressure, lean burn, natural gas 

engines a side pumped, passively Q-switched, Nd:YAG laser was developed and tested. The 
laser was designed to produce the optical intensities needed to initiate ignition in a lean burn, 
high compression engine.  The laser and associated optics were designed with a passive Q-
switch to eliminate the need for high voltage signaling and associated equipment. The laser 
was diode pumped to eliminate the need for high voltage flash lamps which have poor 
pumping efficiency.  The independent and dependent parameters of the laser were identified 
and explored in specific combinations that produced consistent robust sparks in laboratory 
air. Prior research has shown that increasing gas pressure lowers the breakdown threshold for 
laser initiated ignition.   

The laser has an overall geometry of 57x57x152 mm with an output beam diameter of 
approximately 3 mm. The experimentation used a wide range of optical and electrical input 
parameters that when combined produced ignition in laboratory air.  The results show a 
strong dependence of the output parameters on the output coupler reflectivity, Q-switch 
initial transmission, and gain media dopant concentration. As these three parameters were 
lowered the output performance of the laser increased leading to larger more brilliant sparks.  
The results show peak power levels of up to 3MW and peak focal intensities of up to 560 
GW/cm2.   

Engine testing was performed on a Ricardo Proteus single cylinder research engine. 
The goal of the engine testing was to show that the test laser performs identically to the 
commercially available flashlamp pumped actively Q-switched laser used in previous laser 
ignition testing. The engine testing consisted of a comparison of the in-cylinder, and 
emissions behavior of the engine using each of the lasers as an ignition system. All engine 
parameters were kept as constant as possilbe while the equivalence ratio (fueling), and hence 
the engine load, was varied between 0.8, 0.9, and 1.0. 

The test laser was constructed with a 30% output coupler, 32% Q-switch initial 
transmission, and a 0.5% Nd concentration rod all pumped by approximately 1000 Watts of 
optical power. The test laser single mode output pulse had an energy of approximately 23 mJ, 
with a pulsewidth of approximately 10 ns, and an M2 value of 6.55. This output produced 
focal intensity of approximately 270 GW/cm2 with the modified on-engine optical 
arrangement. The commercial laser had similar output parameters and both laser systems 
operated the engine with similar results.  Due to the shortening of the focal length of the on-
engine optical setup both laser systems produced a spark well within the optical transfer 
cavity of the laser optics to spark plug adaptor. This shrouded spark led to a very long 
ignition delay and retarded combustion timing for all three values of equivalence ratio. This 
was evidenced by the in-cylinder pressure traces and the HRR waveforms. The emissions 
data indicate that both lasers produced very similar combustion.  The ignition delay caused 
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by the shrouded spark cause most of the combustion to happen after TDC which lead to poor 
combustion that produced high levels of CO and THC.   

The novelty of this work lies in the combination of the laser parameters to create a 
single high peak power laser output pulse for use as a spark ignition source. Similar 
configurations have been investigated in the literature but for different applications such as 
multiple output pulse trains for various industrial and communications applications. Another 
point of novelty is the investigation of the laser medium concentration on the output 
characteristics of a passively Q-switched laser system. This work has shown that lowering 
the Neodymium concentration in the active media within a passively Q-switched laser 
produces higher output energy values. This is significant because an actively Q-switched 
laser shows the opposite affect when the active ion concentration is varied. 
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Nomenclature 
Ar  - Argon 
A   - Output beam cross sectional area (cm2) 
ASE   - Amplified spontaneous emission 
AR   - Antireflection (coating) 
BMEP  - Brake mean effective pressure (bar) 
CO2  - Carbon dioxide 
CO  - Carbon monoxide 
CH4  - Methane 
CFR  - Code of Federal Regulations 
Cr  - Chromium 
CW  - Continuous wave 
c  - Speed of light in a vacuum (3 x 108 m/s) 
Cv   - Specific heat at constant volume 
Cp   - Specific heat at constant pressure 
D2  - Deuterium 
DPSS  - Diode pumped solid state (laser) 
δ  - Ionization fraction 
e-  - Free electron 
εi  - Ionization potential (eV) 
Estored  - Stored energy (J) 
Eloss  - Energy loss (J) 
Es  - Saturation energy (Saturable absorber) (J/cm2) 
ESA   - Excited state absorption 
Eo   - Output pulse energy (J) 
F  - Photon flux 
FWHM - Full width half maximum 
Grt  - Round trip gain 
g  - small signal gain coefficient (cm-1) 
GaPO4  - Gallium orthophosphate 
γ   - Inversion reduction factor (γ =1 for a four level laser) 
γSH   - Ratio of specific heats 
Hg   - Mercury 
hυ  - Photon energy (J) 
h  - Planck’s constant (6.626076 x 10-34 J-sec)  
H2  - Hydrogen 
Ith  - Threshold breakdown flux intensity (Watts/cm2) 
Is  - Laser medium materials parameter  
IMEP  - Indicated mean effective pressure (bar) 
κ   - Polytrophic coefficient   
k  - Boltzmann’s constant (1.388066 x 10-23 J/K) 
KTP   - Potassium Titanyl Phosphate 
l  - Gain medium length (cm) 
ls   - Path length (Saturable absorber) (cm) 
L   - Bulk optical losses 
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mt   - Total mass of thermodynamic system (g) 
MPI  - Multiphoton ignition 
m  - Integer number of ionization photons 
M  - Neutral molecule or atom 
me   - Electron mass (g) 
MBT  - Maximum brake torque (ft-lbs) 
MFBθ  - Mass fraction burned with respect to crank angle  
M2   - Beam quality 
n   - Polytrophic index  
Ng    - Active media ground state population 
Nf   - Final excited state population density (excited states/cm3) 
Nth   - Threshold excited state population density (excited states/cm3) 
Ni   - Initial excited state population density (excited states/cm3) 
Ne   - Excited state population density (excited states/cm3) 
Nes   - Excited state population density (Saturable absorber) (excited states/cm3) 
Ngs   - Ground state population density (Saturable absorber) (ground states/cm3) 
Nso   - Total states population (total states/cm3) 
Nd  - Neodymium 
Noe  - Initial free electron concentration (e-/cm3) 
Nfe  - Free electron concentration (e-/cm3) 
Nce  - Critical electron population for breakdown (e-/cm3) 
NO  - Nitrogen monoxide 
NO2  - Nitrogen dioxide 
NOx  - Oxides of nitrogen 
N2O  - Nitrous oxide 
O2  - Oxygen 
OC   - Output coupler 
O3   - Ozone 
PQSW  - Passive Q-switch 
p  - Gas pressure 
Pout  - Output power (Watts) 
P   - Output power (Watts) 
PW   - Pulse width (s) 
Pmax   - Maximum pressure  
Pin   - Input power (Watts) 
P   - Pressure  
Φ  - Photon density (photons/cm3) 
ΦF/A  - Fuel to air ratio 
Q   - Quality factor 
Qchem  - Incremental chemical energy release  
Qi   - Incremental heat release  
Qwall   - Heat loss to cylinder walls 
R   - Output coupler reflectivity 
Rr   - Ratio of connecting rod length to crank radius 
Rave   - Average gas constant  
rc   - Compression ratio 
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SF6   - Sulfur hexafluoride 
SA  - Saturable absorber 
σ  - Absorption cross section (Laser gain medium) (cm2)  
σgas  - Absorption cross section (Laser gain medium) (cm2) 
σgs   - Ground state cross section (Saturable absorber) (cm2) 
σes   - Excited state cross section (Saturable absorber) (cm2) 
τ  - Free electron lifetime (s) 
TDC  - Top dead center 
T  - Temperature (K) 
To   - Initial transmission (Saturable absorber) 
Tmax    - Maximum transmission (Saturable absorber) 
tr   - Cavity round trip time (s) 
τs   - Excited state lifetime (Saturable absorber) (s) 
tp   - Output pulse width (s) 
THC   - Total hydrocarbons (ppm) 
θmax   - Crank angle where maximum pressure occurs (degrees) 
UV  - Ultraviolet radiation  
VIS  - Visible radiation 
υ  - Photon frequency (Hz) 
V  - Focal volume (cm3) 
Vd   - Displaced volume (cm3) 
Vc   - Clearance volume (cm3) 
Vcyl   - Cylinder volume (cm3) 
ω   - Optical angular frequency (rad/s) 
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Wc   - Work per cycle  
Xe  - Xenon 
YAG  - Yttrium aluminum garnet (Y3Al5O12) 
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1 Introduction 

With increasing restrictions being placed on stationary reciprocating engine emissions 

and increasing demands for energy efficiency [1-3], the traditional spark ignition system is 

quickly reaching its practical durability limit, as well as its effectiveness in igniting ultra-lean 

fuel/air mixtures [3,4] (see also Appendix A).  A durable high-energy electrode-less ignition 

system is a desirable option for overcoming this limitation in higher efficiency, ultra lean 

mixture, reciprocating engines [5-7].  Current technology, however cheap and relatively 

efficient, cannot meet the performance and emissions guidelines to be mandated by the 

federal government in the next five years [1-3].   

By shifting to leaner fueling conditions, cooler combustion can be maintained; 

dramatically reducing the amount of NOx produced by the engine [8-13].  Higher thermal 

efficiency can also be achieved due to lower heat loss and higher compression efficiency [10-

12].  Increasing the in-cylinder pressure at the time of ignition allows the engine designer to 

increase the engine efficiency by increasing the power per unit piston area, which increases 

the specific power/heat loss ratio. Increases in both the in-cylinder pressure and leaning of 

the fuel/air mixture are currently limited by the durability of the ignition system and its 

ability to ignite the leaner mix at higher pressures. 

The electric spark systems perform well at normal operating conditions. However, 

when the engine parameters are modified for increased BMEP or leaner operation current 

electric spark plugs cannot deliver the needed amount of energy to the combustible mixture 

to initiate or sustain smooth combustion without significant durability problems.  The 

solution so far has been to dramatically increase the amount of energy delivered to the spark 

plug.  This method of stabilizing lean combustion has a few serious consequences concerning 
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the life of the spark plugs.  The electrodes act as a thermal energy sink, robbing the discharge 

of a considerable portion of its energy thereby reducing the amount of energy that is 

transferred to the gas for ignition [8-12].  Further, electrode erosion and the inherent increase 

in maintenance cost incurred by users quickly negates any benefits gained. 

There are several attractive aspects to the proposed laser ignition system.  The laser 

ignition system will offer a spark source with no electrodes inside the combustion chamber.  

This will allow a higher energy transfer to the gas and eliminate flame kernel heat losses to 

electrodes.  The introduction of laser energy into the combustion chamber will allow for the 

tailoring of spark size, location and energy density within the initiating spark.  Also, for 

equivalent amounts of system input energy delivered to the spark, the laser ignition system 

provides a much larger initiating spark volume as compared to an electrical spark.   

Laser ignition has the potential to advance large bore lean burn natural gas fueled 

engine technology by improving ignition system durability and ignitability and also promises 

improved efficiency and lower emissions.  Laser ignition has been shown to extend the lean 

limit of operation of natural gas fueled engines [8-14].  The breakdown threshold for laser 

ignition has been shown to be an inverse function of gas pressure unlike electrical discharges 

[15-19]. Therefore, the higher the gas density, the easier it becomes to induce breakdown 

with a high peak power laser pulse.  Although laser ignition shows promise as a durable 

high-energy ignition system for future high efficiency internal combustion engines it 

currently suffers from issues such as large size, high cost, low efficiency, and system 

complexity as compared to the traditional electrical ignition system.  The development of a 

miniaturized, low cost, laser ignition system could enable great advancement in the 
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development and commercialization of highly efficient ultra low emission large bore natural 

gas fired engines.  

The present study focuses on the design and analysis of a miniature, diode pumped, 

solid state, passively Q-switched laser for use as a high energy spark plug in a natural gas 

fueled, single cylinder, reciprocating engine.  Design indicators were drawn from the 

theoretical and experimental literature regarding lasers of this type. A literature study in 

conjunction with preliminary experimentation was employed to establish a suitable test plan 

emcompassing a variety of independent variables. The test laser was characterized according 

to the combinations of independent variables and the most appropriate setup was used as an 

ignition source for a natural gas fueled, single cylinder research engine.  It is expected that 

the laser spark plug can eventually be packaged in a manner similar to the current electrical 

spark plug technology.   
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2 Objectives 

The overall objective of this research is to improve the efficiency and ignition system 

durability of large bore, stationary, natural gas, reciprocating engines. This will be 

accomplished by researching current diode pumped, passively Q-switched laser designs and 

extending the operational envelope through design improvement, testing and evaluation. The 

end product will be a compact, diode pumped, passively Q-switched laser capable of 

providing an ignition source for a large bore, stationary, natural gas engine. The specific 

objectives are given below and are accompanied by a brief discussion of how each relates to 

the overall research objective. 

• Examine literature: 

The published literature is reviewed to determine the feasability of designing and 

implementing a diode pumped, passively Q-switched, laser spark plug. Information about the 

laser geometry, optical component characteristics, and arrangement as well as electrical and 

optical power requirements for practical operation can be gained from the literature and 

incorporated into the design and implementation of the laser spark plug.   

• Validate assumptions and “rules of thumb” with preliminary experimentation: 

Optical components and optical input power levels are selected to validate, 

complement, and extend the literature to gauge component and input relationships required to 

accomplish the ultimate goal of designing and operating a laser spark plug. By performing 

the preliminary experimentation the designer is better able to assess the fine details of the 

construction and implementation of the laser system and identify and avoid potential pitfalls 

with full scale experimentation. Preliminary experimentation will allow for the design of a 
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full scale experiment that will produce the most information from the minimal amount of 

data points and analysis. 

• Design, execute, analyze, and report full scale test plan: 

The information gained in the previous step was used to properly design an 

experiment to explore the optical component combinations and optical input that will 

produce sufficient output for laser spark production.  

• Use information gained to establish prototype parameters for engine testing: 

Use the information gained in the previous section to establish the laser design for 

testing the laser ignition system on a stationary natural gas fueled engine. 

• Design, execute, analyze, and report engine testing: 

Integrate the laser system with the engine ignition system and attempt to operate the 

natural gas fueled engine with the diode pumped passively Q-switched laser as the ignition 

source at nominal engine conditions to verify operation. 
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3 Literature Review 

3.1 Impetus for the Development of a Durable Laser Ignition System 

This study was primarily driven by durability issues stemming from tightening 

government regulations concerning emissions reduction and efficiency improvement in 

stationary natural gas engines [2,20]. The foremost goals of the regulations are NOx 

reduction and improvement of engine efficiency. The reduction of NOx, as well as CO, can 

be achieved by diluting the combustable mixture with excess air for leaner engine operation. 

The leaner mixture provides cooler combustion which lowers NOx emissions [21,22]. The 

leaner mixture provides excess oxygen for the oxidation of CO into CO2, thus significantly 

lowering the CO concentrations. The CO2 concentrations in the exhaust are primarily a 

function of the hydrogen and carbon composition of the fuels and not a function of the 

equivalence ratio. The leaner/cooler combustion also produces a higher thermal efficiency 

due to lower heat losses [10,21].  Increases in engine efficiency can be realized because the 

excess air increases the ratio of specific heats of the burned gases which in turn increases the 

work output of the engine during the expansion stroke [21].  Subsequent efficiency gains are 

realized due to a reduction of the pumping losses that result from the higher intake pressures 

used to dilute the fuel mixture [21,23]. This increased operating pressure acts to offset the 

loss of power density due to lean operation [12].   

Regardless of the gains in efficiency or emissions reduction as the fuel/air mixture is 

diluted it becomes more difficult to ignite with modern ignition systems [21]. Therefore in 

order to ignite the leaner mix, designers have had to increase the ignition discharge energy. 

This has an adverse affect on the spark plug electrode erosion and hence the useful lifetime 

of the ignitor.  The shortening of the plug lifetime increases the maintenece costs of replacing 
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the worn plugs.  Another negative affect of accelerated electrode erosion is the cost of 

downtime needed to replace the worn plugs and the increasing frequency of this mantenence.  

If an ignition system could be developed that could ignite the lean, or leaner, mixtures and 

have increased durability, allowing for longer ignitor lifetime it would be to the benefit of 

consumers and manufacturers to employ this technology. 

3.2 Electrical Ignition Systems for Stationary Natural Gas Engines 

Large bore stationary natural gas fueled reciprocating engines generally employ 

capacitive discharge ignition (CDI) systems primarily because of their simplicity, low cost, 

ease of use and high energy output. The CDI system is attractive to engine manufacturers 

because it has no moving parts, is electronically controllable and renders a very precise and 

robust ignition spark over a wide range of engine speeds and operating conditions [22]. A 

general circuit diagram of a CDI system is shown if Figure 3.1 [24].  

 
Figure 3.1: Capacitive discharge ignition (CDI) system [24] 

In between ignition pulses the high voltage source charges the capacitor. When an 

ignition pulse is desired current is driven into the gate of the switch (Silicon Controlled 

Rectifier – SCR or Triac). The gate current causes the switch to conduct current thereby 

grounding the charged capacitor. The capacitor voltage induces a current through the switch 
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to ground. The current from the capacitor to ground induces a current within the primary 

winding of the step up transformer. This induces a large voltage (~400-1000V) on the 

transformer primary due to the change in the current flow through the primary [22,24]. This 

voltage causes the freewheeling diode to conduct and allows the current to continue flowing 

through the diode and primary coil. The voltage present on the primary coil is stepped up by 

the secondary coil to several thousand volts (~5-25kV) [22,24].  This high voltage induces an 

electrical breakdown across the spark plug electrodes.   

Typically a CDI system has a dwell time of approximately 2 milliseconds or less 

[22,24]. Although a CDI system can deliver higher ignition energies in a more precise 

manner than a common inductive ignition system, the short ignition pulse can lead to ignition 

failure when operating with lean mixtures [22]. Therefore in order to secure ignition with a 

leaner mixture at higher pressures, a considerable amount of ignition energy must be added.  

Such is the case with modern large bore stationary natural gas reciprocating engines. 

Designers are utilizing leaner mixtures for pollution control and higher pressures for 

increased thermal efficiency. This operational regime has led to the increased erosion of the 

spark plug electrodes which has become a major maintenance and downtime issue.   

3.3 Spark Plug Erosion Mechanisms 

The electrical discharge produced across the electrodes of a spark plug is composed 

of three distinct phases: breakdown, arc discharge, and glow discharge [25,26].  Each phase 

of the spark discharge involves a different physical process, therefore each phase has a 

different effect on electrode erosion [25,26]. This section will discuss each phase of the 

electrical spark discharge and how each mechanism contributes to electrode wear.  
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The discharge begins with the elevation of the voltage between the electrodes. As the 

breakdown voltage is reached, the free electrons in the electrode gap gain enough energy 

from the electric field to ionize, via collisions, the gas molecules in the gap [25-27]. The 

ionization produces new electrons and an electron avalanche ensues between the anode and 

cathode. During the breakdown phase the charge carriers are supplied by the cathode via 

photo emission and at later stages supplied by field emission [25-27]. The breakdown is 

characterized by a low voltage drop in concert with thin high current conductive channel 

between the electrodes [25-27]. The high current (>>100mA) produced by the breakdown 

phase only lasts a few nanoseconds and forms hot spots at the discharge/conductor interface 

creating molten pools of metal [25,26].  

Breakdown is then followed by the arc regime whose charge carriers are largely 

supplied by thermionic emission concentrated in and around the molten hot spot [25,26].  

The conductive channel expands radially, yet concentrated current density can reach values 

of approximately 108-1010 A/m2 [25,26]. During the arc phase the elevated current density 

can heat the small area of molten cathode material to its boiling point making the cathode 

susceptable to erosion due to evaporation and/or splashing of the molten cathode material 

[25,26]. This process is sustained as long as the arc current is above approximately 100mA 

[25,26]. 

The final phase of the electrical breakdown process is the glow discharge. This phase 

begins as the available current from the ignition system begins to drop (below ~ 100mA) and 

the hot spot can no longer be sustained [25].  The electrons are then supplied by a much more 

inefficient process, ion impact emission, that induces a large voltage drop and spreads the 

discharge across the entire electrode face significantly lowering the current density [25]. 
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Although the glow discharge is the mechanism by which the majority of the spark energy is 

delivered to the gap, it has no erosional effects on the electrodes due to the decreased current 

density [25].   

The gas pressure in which a spark is produced in can have a significant affect on the 

discharge production and development as well as the electrode erosion progression. Studies 

have shown that spark production at or near atmospheric pressure (1 bar) only involves the 

breakdown and glow discharge phases [25]. This regime produces a low current density 

while still delivering substantial energy to the gas thereby limiting and in some cases 

eliminating cathode erosion [25]. However in an engine the gas pressure is substantially 

higher and research has shown a distinct difference in the spark formation and development 

at in-cylinder pressures. At higher pressures all three phases of the spark breakdown process 

occur.  For electrical arcs produced in a gas, Paschen’s Law states that the threshold 

breakdown voltage for a given spark gap is proportional to the gas pressure within the spark 

gap [28,29].  Figure 3.2 shows breakdown voltage as a function of pressure according to 

Paschen’s Law for a 1 mm electrode gap. 
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Figure 3.2: Minimum breakdown voltages for a 1 mm electrode gap according to Paschen’s 

Law [28,29] 

As the pressure is increased, the voltage of the system must be increased to induce 

breakdown, the increased voltage in conjunction with the fixed capacitance causes the system 

to store more energy.  The increased energy storage produces a larger and hotter spark when 

breakdown ensues. This leads to larger cratering and accelerated erosion due to the larger hot 

spots created by the increased ion flow.  Figure 3.3 illustrates cathode cratering produced by 

one spark at elevated pressure (9 bars) in air [25]. 
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Figure 3.3: Cratering produced by a discharge across a 1 mm gap at 9 bars in air with a 

Platimum cathode [25] 

It was estimated that the volume of material lost from the cratering shown in Figure 

3.3 was approximately 1.4  µm3 [25].  Considering the volume of material eroded from one 

spark in Figure 3.3, if an engine were operated at 1800 rpm for two weeks continuously more 

than 25 million sparks would have been generated and eroded approximately 0.025 mm3.  

The erosion appears small, however it would be desirable to have an ignition system that 

would not degrade with each ensuing ignition event. Laser ignition offers this possibility by 

inducing ignition without electrodes and free from any surfaces that would reduce the 

durability or lifetime of the laser igniter.  
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3.4 Laser Induced Spark Ignition Theory 

Laser induced ignition has been of interest ever since the invention of the high peak 

power, Q-switched laser and the production of the first laser spark in air.  Laser induced 

ignition has been used for a wide variety of applications including, ignition of gaseous fuels 

for internal combustion engines [30-44]; ignition of high explosives [45-48]; 

ordnance/pyrotechnics [49-69] and rocket motors [70-72]; initiation of chemical reactions 

[73-75]; ignition of liquid fuel sprays [76-89] as used in turbines [90-94], boilers [95,96], and 

jet engines [97]; initiation of nuclear fission/fusion reactions [98-100]; initiation of plasma 

discharges for materials processing [101-103]; triggering of high voltage switches [104]; and 

lightning protection/diversion systems [105-110].  It is clear that laser-induced breakdown 

has many potential industrial applications; however, this work will focus on a laser ignition 

system for large bore, stationary, natural gas fueled, lean burn, reciprocating engines that are 

typically used for electrical power generation and gas pipeline pumping. The physical 

processes by which laser energy can induce ignition in a combustible gaseous mixture have 

been divided into four groups: thermal ignition, non-resonant ignition, resonant ignition, and 

photochemical ignition [38,41].  

3.4.1 Thermal Ignition 

Thermal ignition is initiated when low energy (long wavelength > 1µm [16]) laser 

radiation is incident on a target material that is a strong absorber, solid [85,111,112] or 

gaseous [113-115], in a gaseous combustible mixture. Thermal initiation utilizes infrared 

(IR) laser energy to vibrationally and/or rotationally excite a specific highly absorbing 

species within the combustible mixture to induce ignition. Ignition takes place when the 

target absorber transfers sufficient energy to the combustible mixture to cause autoignition 
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[116].  Numerous studies [85,111-115] have been published stating that thermal laser ignition 

has been accomplished by using a CO2 laser source operating at 10.6 μm.  Lavid et al. [113] 

published a set of experiments where natural gas mixtures were thermally ignited with a CO2 

laser. A study of the absorption properties of natural gas indicated that the CH4 component 

was practically transparent to the laser radiation; however, the butane and propane 

components were found to be highly absorbent [113].  An illustration of the thermal ignition 

concept is shown in Figure 3.4. 

 
Figure 3.4: Laser Ablation Based Fuel Ignition Concept 1 [117] 

The laser, focusing lens, and target are denoted by the numbers 10, 20, and 30 

respectively.  The hot plume of material is denoted by the number 40 and the fuel spray to be 

ignited is labeled number 70.   
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Figure 3.5: Laser Ablation Based Fuel Ignition Concept 2 [117] 

Continued work by Early and Lester [117] describes a variation of the thermal laser 

ignition method and is shown in Figure 3.5.  This variation makes use of a physical barrier 

between the laser source and the fuel spray.  The laser radiation (24) is focused on the 

barrier, which is constructed of a transparent medium (30) with a sacrificial coating (34) on 

the fuel spray side of the barrier. The coating (34) is rapidly heated producing a jet of hot 

particles (40) that are exposed to the fuel spray (44) inducing ignition [117]. 

Although the laser equipment is readily available for a thermal ignition system it is 

rather unpractical because it requires a portion of the system to be sacrificial (like spark plug 

electrodes), whether it be a fuel additive or a part of the engine.  

3.4.2 Photochemical Ignition 

Photochemical ignition occurs when a high energy photon dissociates a molecule 

allowing the ionized constituents to react with the surrounding gases [38,41,116]. This type 

of ignition mechanism is similar in concept to the thermal ignition regime,  however the 
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primary difference is the photon energy of the incident radiation and the fact that the 

absorber is the gas to be ionized and not a secondary solid or gas.  Thermal initiation utilizes 

IR laser energy to vibrationally and/or rotationally excite specific noncombustible yet highly 

absorbing species within the combustible material to induce combustion.  The photochemical 

process employs ionizing radiation in the ultraviolet (UV) wavelength range or higher 

[115,118].  Neither the IR nor visible (VIS) photons contain sufficient energy to photo ionize 

most molecules and require multiple photons to ionize the combustible gas molecules [119]. 

This high energy radiation is denoted ionizing because a single photon contains sufficient 

energy to overcome the ionization potential of certain molecular species and can directly 

initiate a sustainable chemical reaction.  This laser ignition method has been used for the 

ignition of hydrocarbon/air [115,120], H2/O2 [121-123], and H2/Air [122,123] mixtures. It 

has been reported that due to high reactive radical production rates the minimum laser 

ignition energy for certain mixtures is shown to be below a millijoule [115,120,122,123].  

This is an attractive method for initiating combustion however the equipment needed for 

such a system is extremely cost prohibitive.   

3.4.3 Resonant Breakdown Ignition 

Resonant laser ignition is initiated by the dissociation of target molecules or atoms by 

the non-resonant multiphoton ionization process [124-126].  The dissociated atoms or 

molecules are then resonantly ionized via multiphoton ionization by continued laser 

illumination  [124-126].  The electrons generated by the resonant ionization gain energy via 

the inverse Bremstrahlung photon absorption process and induce breakdown via the electron 

cascade process [124-126].  
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A limited number of experimental studies have been published concerning resonant 

laser ignition.  The studies published to date have indicated the feasibility of this technique 

and the distinct advantage of greatly reducing the required ignition energy when the proper 

laser wavelength is applied to a specific gas mixture. The literature has reported that resonant 

laser ignition has been applied to gaseous mixtures of H2/O2 [124-126], D2/O2 

(Deuterium/Oxygen) [124-126], and CH4/N2O [126] with relative success in reducing the 

minimum ignition energy of the mixtures.  Figure 3.6 shows the wavelength dependence of 

the breakdown energy that is possible when applying the resonant laser ignition technique to 

CH4/N2O mixtures [126].  

  
Figure 3.6: Minimum ignition energy as a function of laser wavelength [126] 

The resonant laser ignition technique is very attractive, however the construction and 

operation of laser systems that produce the needed output wavelength is difficult and 

expensive at this point in time. 
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3.4.4 Non-Resonant Breakdown Ignition 

Non-resonant breakdown occurs when a laser pulse of sufficient peak power is 

focused to a sufficiently small spot whereby the electrical field component of the focused 

light is strong enough to influence the gas molecules and initiate the electrical breakdown of 

the gas [38,41].  Depending on the characteristics of the laser energy and the gaseous 

medium there are two different mechanisms that dominate the initiation of the breakdown, 

which are multiphoton ionization (MPI), and electron cascade breakdown [127, 16].   

3.4.4.1 Multiphoton Ionization Breakdown 
Multiphoton ionization involves the simultaneous absorption of a sufficient number 

of photons by a gas molecule or atom to cause ionization [127].  The absorption of (m) 

photons induces the ejection of a valence electron into the conduction band where the 

electron is considered free of the atomic or molecular system and gains energy from the time 

varying electromagnetic field produced by the focused laser radiation [127].  The free 

electrons also absorb kinetic energy from the incident radiation via the inverse 

Bremstrahlung process and are then able to ionize the molecules or atoms within the focal 

volume producing an even greater number of free electrons [16, 128, 129].  The free 

electrons grow exponentially in number until the local electric field potential exceeds the 

breakdown potential of the gas.  Once the local breakdown potential is exceeded a plasma 

discharge ensues that can produce localized temperatures of approximately 106 K [16, 128, 

129] and localized pressures of approximately 103 kPa [16,128].  Multiphoton ionization can 

be described by the reaction in Equation 3.1 [127]. 

−+ +→+ eMmhM ν               if 1+≥
ν
ε
h

m i                           (3.1) 
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From Equation 1, M is a neutral molecule or atom, m is the integer number of 

photons plus one required to ionize a particular gas species. The parameter εi is the ionization 

potential of the specific gas atom or molecule and hν is the photon energy of the laser 

radiation. 

The multiphoton breakdown threshold is defined as the minimum intensity per unit 

area (Watts/cm2) that releases a critical number of electrons during a given laser pulse to 

induce breakdown [128, 129].  The MPI  breakdown threshold intensity is given in Equation 

3.2 [127].   
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From Equation 3.2, Nce is the critical electron population required for breakdown, Noe 

is the initial free electron population, P is the gas pressure, V is the focal volume of the laser 

flux, tp is the full width half maximum (FWHM) pulse width of the laser pulse, ν is the 

frequency of the laser radiation and σgas is the photon absorption cross section for a particular 

gas.  The expression for the breakdown threshold intensity can be simplified by assuming 

that a certain fraction, δ ~ 10-3, of the PNoeV atoms within the focal volume V are ionized at 

the initiation of breakdown [128, 129].  A simplified expression of the breakdown threshold 

intensity for MPI can be found in Equation 3.3. 
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The number of electrons freed by multiphoton ionization due to the application of a 

constant uniform photon flux, F, incident upon a focal volume, V, over the FWHM duration 

of the laser pulse is expressed by Equation 3.4 [128, 129]. 
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          (3.4) 

The MPI model has a limited range of validity depending on the operating gas 

pressure and laser wavelength.  At higher pressures, atomic and molecular collisions quench 

the photon flux driven ionization production and limit the ion production to a level well 

below that which could induce breakdown by this model alone.  Breakdown strictly due to 

multiphoton ionization has only been observed for gas pressures below 10 Torr and laser 

wavelengths shorter than 1 μm [128].  However, at elevated pressures MPI can provide the 

small amount of free electrons to initiate electron cascade ionization (ECI) [130]. 

3.4.4.2 Electron Cascade Ionization Breakdown 
Electron cascade ionization involves the absorption of laser energy by free electrons 

via the inverse Bremstrahlung process and subsequent energy transfer to the gas by elastic 

electron collisions with neutral molecules [15,17,126,128129].  The more energetic electrons 

can ionize the gas molecules if sufficient energy is gained as described by the reaction in 

Equation 3.5 [127]. 

−+− +→+ eMeM 2                 (3.5) 

The electron concentration will increase exponentially, described by Equation 3.6,  

resulting in a cascade breakdown [17,131]. 
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τ

pt

oefe eNN =                       (3.6) 

The electron cascade process is dependent on two necessary conditions.  The first 

condition requires that an initial electron must be within the focal volume irradiated by the 

laser energy to initiate the process [127,131]. The second condition requires that the electrons 

must acquire an energy level greater than the ionization energy of the gas for the cascade to 

take place [127,131].  

The breakdown threshold intensity for the electron cascade process is dependent on 

the gas pressure and the laser pulse width and can be found in simplified functional form in 

Equation 3.7 [128,129]. 
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From Equation 3.7, me is the electron mass, εi is the ionization potential of the gas, ω 

is the angular frequency of the incident laser light, e is the electron charge, α is a coefficient 

that depends on the geometry of the optics used to focus the light beam and tp is the FWHM 

laser pulse width.  The electron cascade process is the dominant breakdown mechanism for 

short pulse durations under high pressures [128,129].  In both circumstances the electron 

diffusion losses are minimized and the energy transfer between the free electrons and the 

neutral gas molecules is maximized [128,129].  ECI is considered the primary ignition 

mechanism for laser induced ignition in natural gas fueled engines due to the high in-cylinder 

pressure.   
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3.4.5 Non-Resonant Laser Spark Breakdown Threshold 

An important advantage of laser spark ignition over traditional electrical spark 

ignition is the direct pressure dependence of spark breakdown threshold.  As opposed to the 

electrical spark breakdown threshold the intensity required for laser breakdown decreases as 

a function of the gas pressure at the focal volume [15-19]. 

The laser breakdown threshold can be significantly lowered by the addition of 

impurities into the gas being irradiated.  Strongly absorbing impurities such as aerosols and 

low ionization potential organic vapors can produce a large number of initial electrons and 

invariably lower the photon flux needed to induce breakdown [15,16,131].  This is the case in 

laboratory air where dust is present.  This is also expected to hold true in the case where laser 

energy is applied as an engine ignition source.  Figure 3.7 shows the laser breakdown 

thresholds produced from multiple experimental studies with various gases to indicate the 

degree of variation of the threshold [15-19].  It can be seen that regardless of the gas being 

tested the laser breakdown threshold decreases as a function of pressure. 
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Figure 3.7:  Experimental laser breakdown thresholds for Argon, Xenon, Nitrogen, Air and 

Methane [15-19] 
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The difference in behavior of the electrical and laser spark breakdown thresholds, as a 

function of gas pressure, is relatively straightforward.  For the electrical spark, when the 

pressure is increased, more gas molecules or insulators are forced in between the electrodes 

greatly increasing the dielectric strength of the gap.  The greater the density of the insulators, 

gas molecules, the larger the required breakdown voltage.  For laser breakdown when the 

pressure is increased more gas molecules or absorbers are forced into the focal volume.  The 

increase in the density of the absorbers, or gas molecules, allows for the more efficient 

transfer of energy from the photons to the gas.  

3.5 Initial Flame Kernel Development of Electric Sparks and Laser 
Sparks 

Laser ignition has been shown to produce larger and more consistent initial spark and 

flame kernels, when studied at identical conditions as an electric spark [132]. This is 

primarily due to the insensitivity of the laser energy deposition to variations of local 

equivalence ratios, species concentrations, or turbulence.  The laser energy is also delivered 

to the mixture more efficiently due to inverse Bremstrahlung absorption and subsequent 

ionization.  The electrical spark production process requires much more overall energy input 

to achieve the same effects due to considerable energy losses to the electrodes and the 

relatively small size of the spark channel as compared to the initial laser spark kernel. Figure 

3.8 illustrates this point with a series of shadowgraphs of sparks produced by an electrical 

high energy ignition (HEI) system and laser sparks of two different output energy levels.   
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Figure 3.8: Shadowgraphs of the spark formation over time for electrical and laser ignition 
systems reported by Ho [132] 

It can be seen in Figure 3.8 that the laser sparks produce a larger initial spark kernel 

and a more rapidly expanding flame kernel with less than half of the input energy.  Figure 3.9 



  26

shows various electrical spark induced ignition kernel flows reported throughout the 

literature.  The flow field characteristics of the electrically produced sparks were found to 

vary depending on the mixture properties, electrical properties and preceding flow fields.  It 

is not clear why the electrical spark flow fields shown in Figure 3.8 most resemble the flow 

field shown in Figure 3.9 part (f). 

 
Figure 3.9: Various electrical spark induced flow fields reviewed by Ho [132] 

Figure 3.10 shows the initial laser spark kernel before shock wave separation (a), the 

developed spark kernel after shock wave separation for the 10mJ laser pulse (b), and the 

developed spark kernel after shock wave separation for the 40mJ laser pulse (c) reported by 

Ho [132]. The laser energy was delivered from left to right. The flow fields for the laser 

induced sparks are in part due to the extremely high absorption of the ionized species 

produced by the initial breakdown. The plasma formed at breakdown is so highly absorbent 
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of the incoming laser energy that the plasma propagates toward the incoming laser energy 

creating the flow patterns that are seen in Figures 3.8 and 3.10.  

 
Figure 3.10: Laser spark kernel formation reported by Ho [132] 

3.6 Laser Ignition Engine Studies 

  Internal combustion engine operation utilizing laser ignition has been the subject of 

a number of research efforts since the late 1970’s.  To date, the published research indicates 

the use of varying laser systems and delivery methods, multiple fuels, and overall 

improvement of engine operation and emissions production.   

Dale et al., [133] employed a pulsed repetitive CO2 laser operating at 10.6 μm with a 

pulse width of 300 ns and a pulse energy of approximately 1 J [133].  This provided a peak 

power of approximately 3.3 MW which readily ignited the test fuels, regular grade leaded 

and unleaded gasoline [133]. This approach utilized a zinc selenide window, with external 

focusing optics, adapted to the existing 18 mm spark plug hole of an ASTM-CFR single 

cylinder engine [133]. Additional engine and operational details were not reported.   
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Researchers at the National Energy Technology Laboratory used a flashlamp pumped 

actively Q-switched Nd:YAG laser operating at 1064 nm with a pulse width of 5 ns and a 

pulse energy of 50 mJ [9-12]. This laser output produced a peak power of approximately 10 

MW which ignited a lean, ΦF/A = 0.513, mixture of air and domestic natural gas at a BMEP 

of 12 bar [10,11].  The laser was focused into the combustion chamber by a sapphire window 

lens that was adapted to the existing 14 mm spark plug hole of a Ricardo Proteus single 

cylinder engine with a displacement of 1.99 liters [9-12].  The same laser and engine setup 

was used to explore the effects of blending hydrogen with natural gas on the engine 

performance and emissions [21].  

Researchers at the Technical University of Vienna (TUV) and the Technical 

University of Graz (TUG) in collaboration with GE Jenbacher [134,135] used a diode 

pumped actively Q-switched Nd:YAG laser operating at 1064 nm with a pulse width of 5 ns 

and pulse energies varying from 4-30 mJ [134,135]. This laser output produced peak power 

levels in the range of 0.8-6.0 MW which were found to adequately ignite a lean mixture of 

air and domestic natural gas [134]. One study focused the open beam laser energy through a 

5 mm thick sapphire window and into the combustion chamber [134]. This study used one 

cylinder of a 1 MW reciprocating engine using domestic natural gas with a BMEP of 18 bars 

[135]. A subsequent study used a miniaturized diode pumped laser that was directly 

connected to the engine [135]. This subsequent study found that with a very high beam 

quality and an output pulse energy of 1.5 mJ (the output pulse width was not reported) 

sufficient ignition the fuel/air mixture was possible for a short time.  However window 

fouling was a significant issue [135]. This study did not report detailed information 

concerning the test engine. 
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Alger et al., used a flashlamp pumped Nd:YAG laser operating at 1064 nm with a 

pulse width of 6 ns and a pulse energy of 50 mJ [136].  This laser output produced a peak 

power of 8.3 MW which ignitied a lean mixture of air and propane/iso-butane [136].  A one 

inch thick fused silica window was used as a pressure barrier and optical access in 

combination with external optics [136]. The engine used in this study was a modified 

Tecumseh L-Head single cylinder engine with a displacement of 0.455 liters [136].  

Additional engine and operational details were not reported.   

Researchers at Colorado State University have performed both open beam path and 

fiber optic delivery tests using flashlamp pumped Nd:YAG lasers operating at 1064 nm 

[8,137]. The open beam path laser system had a pulse width of 8 ns and a pulse energy range 

of 10-31 mJ [137] whereas the optical fiber delivery test laser had a pulse width of 8 ns and a 

pulse energy of 47 mJ [138-140].  The open beam testing peak power range was 1.25-3.8 

MW and ignited a lean, ΦF/A = 0.73 , mixture of air and domestic natural gas [137]. The open 

beam testing used a sapphire window with external optics that was adapted to both the spark 

plug hole and the air start port of one cylinder of a Cooper-Bessemer GMV-4TF 4-cylinder 

two-stroke engine to examine the effects of spark location on engine operation [137].  The 

fiber optic delivery tests produced a peak power of 5.8 MW and ignited a lean mixture of air 

and domestic natural gas [138]. The fiber optic testing used one cylinder of an inline 6-

cylinder Waukesha VGF turbocharged natural-gas engine with a displacement of 18 liters 

[138].  Additional engine and operational details were not reported.  

Smith [141] employed a frequency doubled flashlamp pumped Nd:YAG laser 

operating at 532 nm with a pulse width of 10 ns and pulse energies in the range of 30-100 

mJ.  This laser output produced peak powers in the range of 3-10 MW which ignited a lean, 
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ΦF/A = 0.8, mixture of air and propane [141].  This study did not report detailed information 

regarding the optical pressure barrier or the test engine. 

Bihari et al., used a frequency doubled flashlamp pumped Nd:YAG laser operating at 

532 nm with a pulse width of 8 ns and a pulse energy of 33.5 mJ [20].  This laser output 

produced a peak power of 4.1 MW which ignited a lean, ΦF/A = 0.52, mixture of air and 

domestic natural gas at a BMEP of 15 bar.  A similar laser ignition test was reported by the 

same authors where the laser energy was coupled to a hollow core optical fiber before being 

delivered to the engine for ignition.  The details of the optical fiber experimentation were not 

reported, however ignition was obtained at ΦF/A = 0.6 and a BMEP of 10 bar.  The engine 

used in these studies was a Bombardier BSCRE-04 single cylinder research engine with a 

displacement of 2.7 L [20].      

Regardless of the laser system, an extension of the lean limit of operation was 

reported [9-12,20,133-136] as well as significant reduction of NOx emissions [11,135] and 

reduction of ignition delay [10,12,137,141].  Longer burn duration [10,12,141], increased 

combustion stability [10,12,135], improved performance [10,12, 133,135], and laser spark 

ignition location insensitivity [13,141] were also reported in the literature.  

3.7 Laser System Fundamentals 

3.7.1 Introduction 

The word laser is an acronym for Light Amplification by Stimulated Emission of 

Radiation (LASER). This section will discuss the basic components and operation of laser 

systems and will lead into the design and operation of high energy lasers capable of 

producing the peak power required for laser induced breakdown.  
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3.7.2 Optical Storage 

Laser gain materials can take the form of solids, liquids, gases, and plasmas.  Laser 

gain material contains atoms and/or molecules which can be excited to a higher energy state 

for a short time and produce photonic energy when the higher energy states are stimulated to 

a lower state.  The ability to store optical energy and release via stimulated emission is the 

fundamental quality of a laser material.    

Atomic systems can only exist in discreet states or energy levels [142].  A change, or 

transition, from one energy level to another involves the absorption or emission of a photon 

[142].  Bohr’s frequency relation defines the transition frequency of the radiation that is 

absorbed or emitted and is shown in Equation 3.8 [142-144]. 

2112 νhEE =−      (3.8) 

E2 and E1 are discreet electronic energy levels, h is Planck’s constant, and ν21 is the 

photon frequency.  External electromagnetic radiation with an energy of hν21 can interact 

with the energy gap (E2-E1) of the atomic system [142].  When a photon interacts with an 

atomic system and is absorbed this induces a transition of the ground state atom to a higher 

energy or excited state.  The atomic system will remain in an excited state for a period of 

time and then decay to a lower state or to the ground state. The relaxation time of an excited 

material is defined as the length of time it takes for 63.2% {(1-1/e)} of the originally excited 

states to naturally decay.  Once a number of excited states are produced the excited states 

will spontaneously decay at a rate defined by Equation 3.9 [142, 145]. 
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where N2(0) is the initial excited state population density, t is time, and τ21 is the relaxation 

time or time constant between levels E2 and E1. When a photon induces a transition from a 

higher state to a lower state this is termed a stimulated transition and subsequent emission 

and produces an additional photon with a wavelength equal to the difference in the transition 

energy levels. The key aspect to stimulated emission is that the original photon is not 

absorbed and the emitted photon travels in the same direction as the original photon and has 

the same phase and polarization; this overall process is termed optical amplification [142].  

This process illustrates the concept of excited state production (optical storage) and 

stimulated emission (controlled release) and is shown graphically in Figure 3.11 [145]. 

 
Figure 3.11: Photonic absorption producing excited electonic energy state, photonic 

interaction producing stimulated emission of secondary photon [145] 
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The relative density of discrete electronic energy states in thermal equilibrium within 

a large volume of laser material can be described by the Boltzmann Principle in Equation 

3.10 [142-144]. 
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Equation 3.10 defines the ratio of excited state densities between two energy levels 

when the atomic system is in thermal equilibrium [142]. This is illustrated in Figure 3.12 by 

the dashed line.  

 
Figure 3.12: Energy level population density distribution for an atomic system in thermal 

equilibrium [142,145] 
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For atomic systems with large energy gaps such that E2-E1 = hν21 >> kT, the ratio of 

energy state densities will be close to zero and virtually all atoms will be in the ground state 

[142].  This is especially true of the near infrared and visible spectral frequencies where due 

to the scale of the photon energy virtually all of the atoms will be at the ground state energy 

level [142]. 

Thermal equilibrium requires that all lower energy states be more populated than 

higher energy states [142]. This means that the ratio from Equation 3.10, N2/N1, will always 

be less than one and indicates that optical amplification is not possible while the atomic 

system is in thermal equilibrium [142]. For a laser material to store optical energy it must be 

driven out of thermal equilibrium.  This is achieved by the application of an external energy 

source (or pump) that is readily absorbed by the gain media and induces a number of the 

ground states into one or more of the upper electronic states.  The depopulation of the ground 

states into an overpopulation of one or more of the upper energy states is defined as a 

population inversion and is shown graphically in Figure 3.13.  The creation and maintenance 

of a population inversion is the optical storage mechanism within the active media of a laser 

system. 
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Figure 3.13: Energy level diagram showing a population inversion [142,145] 

Depending on the material used and the pumping regime, a population inversion may 

only be short lived, while with other materials may be able to maintain an inversion 

indefinitely with continuous pumping [142]. Materials that only support a transient inversion 

are more suitable for pulsed laser applications [142].  Materials that support continual 

inversion are more suitable for continuous wave (CW) operation [142]. 

3.7.3 Four Level Laser Medium  

To this point only a simple two energy level atomic system has been discussed, to  

better understand the energy transfer mechanisms within an actual high energy laser system 

the discussion must move on to slightly more complicated energy level schemes.  The four-
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level laser material, such as Nd:YAG is the most practical for storing large amounts of 

optical energy.  A four-level system is composed of a ground level (E0), a pump band (E3), a 

laser level or metastable optical storage level (E2), and terminal laser level (E1) all of which 

are shown in Figure 3.14. 

 

Figure 3.14: Energy level diagrams for a four-level laser atomic system [142] 

When pumped the active ions are excited into a wide pump band, E3, where most of 

the excited states quickly decay (non-radiative) to the upper laser level, E2. Due to the 

relationships of the atomic energy levels the excited states can remain in this metastable 

energy level for hundreds of microseconds. When the excited states spontaneously decay or 

are stimulated by external radiation to the terminal laser level, E1, a photon is emitted whose 

energy is equal to the energy gap between the initial, E2, and terminal laser level, E1.  Once 

the excited state reaches the terminal laser level, E1, it quickly decays to the ground state, E0.  

A four level laser material has a relaxation rate between the ground level and terminal laser 

levels, τ10, that is fast compared to the upper laser level relaxation rate, τ21 [142,145].  The 

terminal laser level must also be far enough above the ground level so that its thermal 
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population is small as compared to the ground level [142,145]. This ensures that the 

relaxation rate τ10 will be as fast as physically possible [142, 145]. The population inversion 

for the working energy levels within a spatially uniform laser material can be described by a 

pair of coupled differential equations.  This can be accomplished with two equations if it is 

assumed that the relaxation rate from the pump band to the upper laser level (τ32) is very fast, 

which assumes that the pump band is relatively empty ( 03 ≈N ) for any given period of time 

[142, 145].  The coupled rate equations are shown in Equations 3.11, 3.12, and 3.13 [142-

146]: 
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where Wp is the pump rate, Ng is the ground state population, N1, N2, and N3 are the 

respective energy level populations, σ is the stimulated emission cross-section, Φ is the 

photon density, c is the speed of light in a vacuum, τij is the relaxation rate between two 

energy levels where i indicates the initial energy level and j indicates the terminal energy 

level, g1,g2 are the level degeneracy factors.  The right hand terms of Equation 3.11 represent 

the mechanisms that populate the upper laser level N2.  The first term is the pumping term 

and is the population mechanism for the upper laser level.    The population of pump level N3 

is neglected as zero because the relaxation from the pump band to the upper laser level, τ32, is 

orders of magnitude faster than the relaxation from the upper laser level to the lower laser 
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level, τ21.  This allows a large number of atoms to remain in the upper laser level for a 

relatively long period of time as compared to the pump band and lower laser level.  For most 

solid state laser materials the relaxation rate for the upper laser level is on the order of 

microseconds whereas the relaxation time for the pump band and lower laser level are on the 

order of picoseconds to nanoseconds [142].  

The other two terms of Equation 3.11 represent the stimulated and spontaneous 

emission processes respectively.  The stimulated emission term includes the photon density 

within the pumped material and the stimulated emission cross section.  The stimulated 

emission cross section represents the relative interaction cross section of an excited state 

atom.  The excited atom has a smaller interaction cross section as compared to a ground state 

atom.  This makes the excited atom less “visible” to the pump and stimulating radiation.  

This term can be thought of as a probability that the stimulating photons will interact with the 

excited state atom and induce stimulated emission.  The spontaneous term of Equation 3.11 

relys on the population of the upper laser level and the relaxation rates between that level and 

the lower laser level and the ground level.  It is clear by this term that all of the 

spontaneously emitted photons will not have the same energy because they are not all 

decaying across the same energy gap.  

3.7.4 Optical Pumping 

Laser pump systems include many different mechanisms for producing excited states 

for optical amplification. For instance certain types of CO2 laser uses a low pressure time 

varying electrical discharge (plasma) to excite the CO2 molecules into a higher vibrational 

energy state. Some laser designs use solar energy while some use chemical reactions or even 

explosions to excite and store optical energy.  Crystalline solid state lasers typically use 
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flashlamps as a  pump source to excite electronic states of a particular atomic constituent of 

the material. 

Although flashlamp pumped laser systems exist that are compact and produce the 

desired output, the flashlamp pumping of a laser system exhibits several distinct 

disadvantages for cost, efficiency, compactness and/or portability.  Flashlamp pumping 

requires a high voltage drive signal which has to be properly enclosed to avoid arcing to 

other sensitive equipment or operators.  It is also a highly inefficient radiation source, losing 

most of the energy used to produce the discharge to thermal radiation that does not contribute 

to the pumping of the laser gain medium [142].  A laser rod has relatively narrow pumping 

bands that need to be excited in order to produce excited states [142].  A flashlamp discharge 

typically produces a strong emission at the laser pump wavelength however this energy 

usually accounts for only a few percent of the overall optical output of the flashlamp [142]. 

High power laser diode arrays have recently become an efficient and economically 

viable alternative to flashlamp pumping. They are able to be packaged in relatively small 

footprints with relatively simple electronics. Laser diode arrays are typically packaged as 1 

cm long strips 100 microns thick.  The nature of the laser diode and the characteristics of the 

mounting geometry make the diode arrays very directional devices as compared to 

flashlamps.  The typical divergence of a laser diode is 40° along the fast axis and 10° along 

the slow axis.  Even with the divergence of the output radiation, the large degree of 

directionality allows the designer to more closely arrange the pump source and the laser 

medium. Some diode pumping arrangements can induce nearly all of the pump radiation to 

enter the laser crystal without the use of a reflecting cavity or correcting optics greatly 

improving the pump energy to gain medium coupling efficiency. 
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The laser diode pump arrays operate at approximately two volts per array connected 

in series.  The electrical-to-optical efficiency of a laser diode array is between 40-55%.  This 

is in stark comparison to the electrical-to-optical efficiency of the flashlamp which is 

typically on the order of 3-5% [142].  The final advantageous difference between the laser 

diode pump arrays and the flashlamp pumps is the pump energy emission band.  Figure 3.15 

shows the flashlamp discharge spectra for two different current densities along with the laser 

diode emission. 

 
Figure 3.15: Flashlamp and Laser Diode pump emission spectra [142] 
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The nature of the flashlamp discharge is the emission of radiation in a very wide band 

from the mid-infrared to ultraviolet.  The Nd:YAG laser material has only a few discreet 

absorption bands that efficiently populate the upper laser level. The balance of the pump 

energy is wasted by exciting alternate states or simply being delivered as waste heat. In 

contrast the laser diode arrays emit pump radiation at a discreet energy level or wavelength 

with a very narrow bandwidth, typically +/- 2 nm FWHM.  This allows for a marked increase 

in the absorption and quantum efficiencies in a laser system per unit pump radiation.  This is 

evident in Figure 3.16 where the Nd:YAG absorption spectra is overlaid with the laser diode 

emission spectra. 
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Figure 3.16: Nd:YAG absorption spectra with Laser Diode emission spectra overlay [142] 

3.7.5 Continuous Wave Laser Systems 

The continuous wave (CW) laser system is the simplest form of laser system 

consisting of feedback mirrors arranged around an inverted gain medium. This section will 

explain the basics of CW laser oscillation. 

3.7.5.1 Feedback and Amplification 

The basic elements of a CW laser system are the gain medium, pump mechanism, 

high reflection mirror and the partially reflecting mirror. The arrangement of these parts is  
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illustrated in Figure 3.17 part (a). The pump source acts to excite the active atoms into the 

upper laser level. Once in the upper laser level the excited states tend to spontaneously decay. 

When spontaneous decay takes place the released photon is emitted in a random direction.  A 

portion of the spontaneously emitted photons are released that are colinear with the laser 

optical axis. These photons are reflected between the two mirrors where some are allowed 

out of the cavity by the output coupler. The photons that are retained within the cavity 

interact with additional excited atoms and induce stimulated emission. In this process the 

incoming photon has the same energy as the laser transition and induces the premature decay 

of the excited state and the consequental release of a photon. The released photon is emitted 

in the same direction as the stimulating photon and has the same phase and energy level. As 

groups of photons travel back and forth through the gain medium their numbers grow 

exponentially as illustrated in Figure 3.17 part (b). The losses in the system are 

predominantly found at the air/media interfaces. The output coupler and the high reflection 

mirror provide the largest losses to the intracavity photon density. The interface between the 

air and the gain medium also provides a substantial loss that can be greatly reduced with the 

use of antireflection coatings.    
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Figure 3.17: CW laser construction and intracavity intensity relationships [146] 

The round trip gain of the laser system in Figure 3.17 can be modeled by Equation 

3.14 [142].  

( )gl
rt eRRG 2

21=         (3.14) 

R1 and R2 are the mirror reflectivities and represent the losses of the resonator, g is the gain 

coefficient, and l is the length of the inverted laser gain material. If the laser is pumped 

beyond the threshold condition, where Grt > 1, the gain will exceed the losses and radiation 

of the lasing wavelength will rapidly grow within the cavity.  The intensity within the cavity 

will increase exponentially with each round trip as shown in Figure 3.17. I- denotes the 

exponential gain due to stimulated emission by a packet of photons traveling from right to 

left, I+ denotes the exponetial gain in the opposite direction. The sharp drops in intensity are 
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due to losses at the optical interfaces. The laser will produce a spiking behavior as the output 

rapidly depletes the population inversion to where the output momentarily ceases. The 

continued pumping will again build the population inversion while the photon density is low. 

This process is repeated many times at the initial stages of CW laser operation until the 

damped oscillation reaches a steady state. The oscillations are damped depending on the 

combination of the pumping of the gain medium and the reflectivity of the output coupler. 

This behavior is illustrated in Figure 3.18.    

 
Figure 3.18: Laser spiking at the initial stages of CW operation [145] 

3.7.5.2 Continuous Wave Laser Operation and Output 

The output of a laser oscillator is governed by a number of different parameters 

involving both the gain medium and the resonant cavity. Many of the laser parameters are 

externally measurable such as output power and system efficiency.  However, many of the 

system parameters are not measurable such as internal resonator and optical material losses 
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which must be estimated.  Equation 3.15 combines the gains, losses, material properties and 

laser geometry to describe the power output of a CW laser system pumped beyond threshold 

and after spiking has ceased [142]: 

⎟
⎠
⎞

⎜
⎝
⎛ −

−
⎟
⎠
⎞

⎜
⎝
⎛
+
−

= 1
ln

2
1
1

R
glI

R
RAP so δ

,              (3.15) 

where A is the cross-sectional area of the laser rod, R is the output coupler reflectivity, l is 

the laser rod length, Is is a materials parameter for the laser rod, g is the small signal gain 

coefficient, and δ is the optical resonator losses.     

3.7.6 Q-switched Laser Systems 

Until this point all discussions of laser operation and output characteristics have 

concerned contiuous wave or long pulse laser operation.  High peak power laser pulses are 

produced by adding a Q-switch to the laser cavity that allows for the modulation or switching 

of the energy storage capacity, or Q, of the laser cavity.  The cavity Q is defined as the ratio 

of the energy stored to the energy lost while pumping, as shown in Equation 3.16 [145].    

loss

stored

E
E

Q =                                                          (3.16) 

If the natural onset of lasing is stopped by blocking one of the cavity mirrors with a Q-switch 

the energy storage capability can be greatly increased. The stored energy within the laser 

cavity changes substantially throughout the pumping process due to spontaneous emission, 

stimulated emission and gain material saturation. When the Q-switch is in the opaque mode it 

prevents the onset of lasing and acts to bolster the population inversion within the gain 

medium.  The inversion then grows to a much higher level than would be achievable in a CW 
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laser system.  The optical energy stored by the excited states greatly increases the gain of the 

active media.  When the Q-switch is switched to the high transmission mode the high gain of 

the laser media begins lasing and quickly depletes the excited states which induces a rapid 

increase in the intracavity photon flux.  The high transmission mode of the Q-switch acts to 

lower the Q of the cavity by several orders of magnitude. The large photon flux causes the 

laser system to dump a large portion of the stored energy thereby creating a high energy 

output pulse.  The peak power of the high energy pulse is typically several orders of 

magnitude larger than that of the CW output of the same laser system.  Comparisons of the 

development of both a Q-switched pulse and continuous wave output from a laser system can 

be seen in Figure 3.19.   

 
Figure 3.19: Continuous wave and Q-switched pulse development [147] 
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The upper part of Figure 3.19 illustrates the energy stored within the laser system as a 

function of time. It can be seen that the Q-switched laser continues to store energy beyond 

what would typically be possible with a CW laser system.  The lower portion of Figure 3.19 

shows the output power of the respective laser systems as a function of time. In this example 

both laser systems deliver 20 mJ of energy. The difference arises in the time period over 

which the energy is delivered.  

As illustrated in Figure 3.19 this mode of operation can produce the peak power that 

is required for spark breakdown. For the long laser pulse example if a 20 mJ pulse is 

delivered over 1.0 ms, the peak power of the pulse is 20 W. With a Q-switched pulse the 

same 20 mJ pulse with a 10 ns width produces peak power of 2 MW.  If this same output had 

an M2 (beam quality factor) of 5.5 and was focused through a 10 mm plano convex lens the 

approximate focal intensity would be 412 GW/cm2.  A focused laser pulse of this magnitude 

would easily induce spark breakdown in air at atmospheric pressure. 

The diffraction limited focal spot diameter of a Gaussian laser beam can be expressed 

as [148]: 

D
fd L

o π
λ4

=
,        (3.17) 

where fL is the focal length of the focusing lens, D is the diameter of the laser beam at the 

input to the lens, and λ is the operating wavelength. This value represents the absolute 

physically smallest spot diameter that can be produced with a given lens at a given 

wavelength for a given beam diameter.  The M2 factor relates the diffraction limited beam 

diameter to the actual beam diameter that is produced by focusing an imperfect laser beam 

through an imperfect lens.  The closer the M2 value is to one, the better the beam quality and 
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the smaller the spot size. The smaller the focal spot size the higher the intensity and the easier 

it is to produce a spark. M2 can be expressed as [148] 

om dMD 2=         (3.18) 

Where do is the diffraction limited spot diameter and Dm is the real spot diameter. The 

real spot diameter can be used for calculation of the focal intensity with units of power per 

area. The relationship between the focusing of a real laser beam and a diffraction limited 

laser beam is shown in Figure 3.20.  
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Figure 3.20: Comparison of the focused beam waist sizes of a real laser beam and a 

diffraction limited laser beam 

3.7.6.1 Passive Q-switching 

There are two types of Q-switches, active and passive. Active Q-switching involves 

the addition of an externally timed and controlled variable transmission device to the laser 

cavity. Passive Q-switching involves the addition of a material whose transmission is 

dictated by the intracavity photon density in the laser cavity. In other words, the switching is 
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an open loop feedback system that relies on the interdependencies of the input pump power 

and the cavity optical parameters, such as the output coupler reflectivity, Q-switch initial 

transmission, and cavity optical losses. The experimental work described in this dissertation 

will deal only with a passive Q-switch. 

A passive Q-switch, or saturable absorber, is a material whose transmission 

characteristics can be varied as a function of the photon flux density of a particular 

wavelength. The variation of the transmission properties of a saturable absorber is a process 

very similar to excited state production and retention within a laser gain medium. A specific 

wavelength of radiation induces an excited state, the excited state is retained for a long period 

of time as compared to the other physical processes within the laser sytem. The difference 

between the laser media and saturable absorber process arises with the particular use of the 

material. Both the saturable absorber and the laser medium behave the same way as far as the 

storage of excited states while having a reduced interaction cross section of the excited atom. 

In fact some of the more effective saturable absorber Q-switches were first used as laser 

materials. A key difference between the two is that the effective laser material typically has 

an excited state decay time that is at least an order of magnitude longer than that of an 

effective saturable absorber. A desirable property of the two cyrstals is the overlap of suitable 

emission and absorbtion bands between the laser material and the saturable absorber 

respectively. For example Nd:YAG can be used as a laser material in conjunction with 

Cr:YAG as a saturable absorber. The Nd:YAG excited state lifetime is approximately 230 

microseconds, whereas the Cr:YAG excited state lifetime is approximately 4.1 microseconds. 

Nd:YAG is commonly pumped at 808 nm and produces output at 1064 nm, Cr:YAG has a 

wide absorption (pump) band centered around 1050 nm and the emission occurs at 1300 nm. 
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This is a good example where laser diodes can be used to pump a laser material and the laser 

output can be used to bleach a saturable absorber for it to act as a Q-switch.   

Solid state saturable absorbers have become increasingly popular due to the fact that 

they do not degrade over time with use, have a very high damage threshold and have very 

good thermal and structural properties provided by crystalline substrates.  The saturation of a 

passive Q-switch is dependent on the amount of energy incident upon the crystal per unit 

area.  This relationship is demonstrated by Equation 3.19 [142]: 

gs
s

hE
σ
ν

= ,                                                               (3.19) 

where Es is the saturation energy, hν is the energy of the pumping radiation, σgs is the ground 

state cross section of the active ions within the solid state absorber.  Equation 3.19 is the 

energy incident upon the approximate cross sectional area of a ground state active atom 

needed to excite the atom into an elevated energy state. Figure 3.21 illustrates a typical 

transmission characteristics of a saturable absorber material as the incident energy 

approaches and surpasses the saturation energy.    
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Figure 3.21: Passive Q-switch transmission as a function of the normalized incident energy 

density 

The saturation energy appears as unity on the normalized scale and is the energy 

density at which the transmission of the Q-switch begins so saturate significantly as a 

consequence of the incident energy. In Figure 3.20 the initial transmission of the passive Q-

switch is 40% and the final transmission approaches 90%. The transmission characteristics of 

a passive Q-switch (PQSW), that is, the initial and final transmission values can be 

accurately modeled by Equations 3.20 and 3.21 [142]: 

sgsgs lN
o eT σ−=                                                             (3.20) 

sesgs lNeT σ−=max ,                                                          (3.21) 

where To and Tmax are the initial and final transmissions of the SA respectively, ls is the path 

length through the SA, Ngs is the ground state population density of the absorbing atoms in 
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the SA, and σgs and σes are the ground state and excited state cross sections of the absorbing 

atoms.  The initial transmission dictates the amount of light that is allowed to pass through 

the SA during the very early stages of laser action. The higher the initial transmission the 

quicker the absorber saturates and the lower the overall optical energy storage that is 

attainable in the laser crystal.  The maximum transmission of the PQSW is dictated by the 

excited state cross section, the ground state population density and the length of the crystal 

and is limited by the excited state absorption (ESA) in the Q-switch crystal.  Therefore the 

actual transmission of the SA will approach the maximum transmission asymptotically and 

will never reach 100% transmission due to the loss mechanism imposed by the excited state 

absorption.  The basic operation of a SA as well as the ESA losses can be more easily 

understood by an examination of an energy diagram.  Figure 3.22 depicts the energy level 

diagram of a Cr:YAG saturable absorber.  

 
Figure 3.22: Saturable absorber (Cr:YAG) energy level diagram [142] 
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The operation of the crystal as a saturable absorber primarily concerns itself with the 

transitions from energy levels 1 to 3 to 2 and back to level 1.  When a Cr atom in the SA 

interacts with a photon that has an energy level corresponding to emission at 1064 nm an 

electron in the outer shell of the Cr atom is induced into an excited state and this process is 

represented by the transition from 1 to 3.  Energy level 3 is not a stable energy level (short 

lifetime) for this atom and the electron quickly decays to a lower energy state (2), which is 

more stable (longer lifetime).  With an electron excited to energy level 2 the atom of Cr has a 

much smaller interaction cross section and is nearly invisible to further incoming radiation at 

1064 nm.  Energy level 2 with its long lifetime, ~4.1 μs [142], provides an optical storage 

mechanism for the system and allows the SA to maintain a large amount of bleached atoms 

for a long period of time as compared to the laser output pulse.   

The ESA takes place when an excited Cr atom with an electron at energy level 2 

interacts with a second pump photon, at 1064 nm, and is induced to energy level 4.  The 

difference in this process is that this secondary absorption does not contribute to any optical 

storage of the excited state. This process reduces the number of useful photons that would 

normally be used for exciting ground state Cr atoms into level 2. Prior research has found 

that the excited state absorption level 4 lifetime is approximately 0.55 ns [142], which is 

much shorter than the output pulse width and thus is not a suitable storage mechanism for the 

excited states. Therefore this process is considered a loss.  The ability of the chromium ion to 

store excited states and provide higher transmission for a time period longer than the output 

pulse width makes Cr:YAG a desirable choice for a solid state crystalline passive Q-switch. 
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3.7.6.2 Passively Q-switched Laser Operation and Output 

The intracavity optical and electronic processes within a passively Q-switched solid 

state laser can be modeled by a set of coupled nonlinear differential equations. Equations 

3.22-3.24 describe the cavity photon density (Φ) [149-152], the laser media excited state 

density (Ne) [150], and passive Q-switch ground state population density (Ngs) [150]. 

Equation 3.25 acts as a continuity equation for the totals states density (Nso) within the 

passive Q-switch. 
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Here, tr is the cavity round trip time, σ is the laser material excited state cross section, l is the 

length of the gain material, σgs is the saturable absorber ground state cross section, ls is the 

saturable absorber transmission path length, σes is the saturable absorber excited state cross 

section, R is the output coupler reflectivity, L represents the bulk optical losses, τ is the laser 

material excited state lifetime, Wp is the excited state production rate or pump rate, c is the 

speed of light in a vacuum, τs is the saturable absorber excited state lifetime. 

Equation 3.22 models the cavity photon density as a function of time and consists of a 

series of gains and losses that contriubute to the overall photon density. The first term of 
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Equation 3.22 models the contribution of photons from the stimulated emission process 

within the laser material. The next two terms model losses associated with the production of 

excited states within the saturable absorber and ESA within the absorber respectively. The 

final two loss terms in Equation 3.22 concern the output coupler loss and the bulk optical 

losses within the cavity. 

Equation 3.23 models the excited state popluation density within the laser material 

with respect to time and contains two loss and one gain term.  The loss terms describe 

reductions in the excited state density due to both stimulated and spontaneous emission 

respectively.  The gain term is the excited state production rate or pump rate.  Equation 3.24 

models the saturable absorber ground state population density and consists of a gain and a 

loss term. The loss term concerns the excited state population production within the absorber 

material. The gain term concerns the repopulation of the ground state due to spontaneous 

decay within the absorber excited states. The behavior of the photon density, excited state 

population density, and the saturable absorber ground state population density for a passive 

Q-switching event is shown in Figure 3.23. 
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Figure 3.23: Time dependent behavior of the photon density (Φ), laser material excited state 
density (Ne), and the saturable absorber ground state density (Ngs) for passive Q-switching 

Figure 3.23 begins with the initial conditions for Ne, Ngs, and Φ, which are 

Ne=Ni=100%, Ngs=100%, and Φ=0%. N has just reached a maximum where spontaneous 

emission and small scale lasing has limited any further growth for a given pump rate and 

with a given combination of optical parameters.  At this point excited state production within 

the saturable absorber causes Ngs to drop indicating a signficant increase in the saturable 

absorber transmission.  The laser excited state density and the SA ground state density both 

fall rapidly causing an avalanche type increase in the photon density. The growth of  Φ 

further depletes both Ne and Ngs. This depletion takes place on a time scale that is orders of 

magnitude shorter than the pumping process so new excited state production can be ignored 

during the switching process. The time scale used in Figure 3.23 is relative and is only used 
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for demonstration purposes. In general the entire switching process takes place in less than 

50 ns. 

Equations 3.26-3.28 approximate the output pulse energy, output peak power, and 

output pulse width with respect to the excited state population densities, laser optical 

parameters, laser geometry, and photon energy. Equation 3.26 approximates the output pulse 

energy of a Q-switched laser by using the initial to final excited state population density 

ratio, along with other optical and geometric parameters [149-152]. Equation 3.27 

approximates the output pulse peak power using the initial, threshold, and final excited state 

density values [150]. Equation 3.28 simply divides the output pulse energy by the output 

peak power to obtain a measure of the output pulse width [150,152]. 
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3.8 Diode Pumped Solid State Passively Q-Switched Laser Prior Research 

Diode pumping of solid state laser materials was first introduced in the early 1970’s 

[153-155]. This technology was abandoned due to high costs and low output efficiency 

obtainable at that time.  Great improvements in laser diode technology as well as a reduction 

in cost have allowed researchers to develop compact highly efficient diode pumped laser 

packages.  These research efforts coupled with the development of new solid state passive Q-
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switch materials have allowed for the development of highly efficient, rugged, all solid state 

laser systems.   

Recent studies have shown dramatic improvements in the overall output and 

operation characteristics of DPSS PQSW lasers.  Table 3.1 lists the optical parameters and 

optical output characteristics of recent published research efforts utilizing diode pumping of  

Nd:YAG as an active media and Cr:YAG as a passive Q-switch. 

Table 3.1: DPSS PQSW laser parameters reported in the literature 
OC (%) To (%) Pump Power (W) Eo (mJ) tp (ns) Rep. Rate (Hz) Peak Power (W) References

1 30 57 300 5.0000 10.00 - 500000 [156]
2 88 82 10 0.2200 30.00 15000 7333 [157]
3 90 89 25 0.1750 48.00 24000 3646 [158]
4 64 71 7 0.0296 3.70 - 8000 [159]
5 85 82 10 0.2000 17.00 - 11765 [157]
6 60 55 100 1.5000 3.90 - 384615 [160]
7 80 90 15 0.1140 19.00 - 6000 [161]
8 65 60 60 0.6500 2.60 120 250000 [162]
9 70 80 15 0.2100 10.00 - 21000 [161]
10 85 83 15 0.1000 36.00 - 2778 [161]
11 85 86 15 0.1670 21.00 - 7952 [161]
12 80 74 1 0.0032 0.40 2000 8000 [162]
13 90 80 26 0.3260 25.50 9200 12784 [158]
14 26 26 15 0.2500 0.38 5500 565000 [164]  

The output parameters of the above systems presented in the literature are plotted as a 

function of the optical component parameters and can be found in Figure 3.24. This plot was 

developed in an attempt to understand what parametric trends might aid in the development 

of a DPSS PQSW laser that could produce the output needed to be used as a laser spark plug.  
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Figure 3.24: Output peak power of reported literature as a function of the output coupler 

reflectivity and Q-switch initial transmission 

It can be seen from Figure 3.24 that as the output coupler reflectivity and the Q-

switch initial tranmission are lowered that the output peak power tends to increase. Figure 

3.25 shows the output pulse energy of the literature data as a function of the reported input 

power.  The pattern of the data suggests that the output of such a laser system may be 

strongly dependent on the input power. Therefore input power levels exceeding 300 Watts 

should be examined if the desired output pulse energy is to exceed 5 mJ.  
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Figure 3.25: Output pulse energy from the literature as a function of input power 

Figure 3.26 shows the output peak power of the literature data as a function of the 

reported input power. The pattern of the data suggests that the input power has very little 

effect on the output peak power.  The optical parameters and laser geometry are likely to 

have a more significant effect on the output peak power. To some Figure 3.26 may seem to 

show a system that produces more power than what is added but, this is not the case. Power 

is defined as energy per unit time, and in this case the difference in time scales plays a role in 

the apparent output. The input power consists of energy delivered over hundreds of 

microseconds whereas the output power consists of energy released over a period of  

nanoseconds. In this and all other cases where output power data is displayed as a function of 

input power, the amount of energy input far exceeds the amount of output energy. 
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Figure 3.26: Output peak power from the literature as a function of input power 
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4  Experimental Setup and Procedure 

The primary objective of this work was to develop design parameters and guidelines 

for a compact laser system that could be coupled to a natural gas fueled engine to act as the 

ignition source. Preliminary experimentation was performed to answer questions about the 

finer points of the laser design as well as the broader aspects of the operational 

characteristics. A discussion is presented regarding the selection of a number of the laser 

components and their characteristics, such as the selection of the active media material and 

geometry, Q-switch material, basic resonant cavity geometry and pumping arrangement. A 

portion of this chapter is devoted to describing the outcomes of the preliminary experiments 

which were designed to answer specific questions about the design and operation of the laser 

system.  The preliminary experimentation was used in conjunction with a mathematical 

model to produce data that would allow for the design of an efficient experimental procedure 

that could reveal the most information about the system with minimal data sets.  The optical 

experimental design and data collection techniques are outlined and discussed.  Engine 

testing procedures and techniques are outlined and discussed in the final section of this 

chapter. 

4.1 Laser Arrangement and Component Selection 

The Nd:YAG active media was chosen primarily due to its cost and availability.  The 

maturity of this active material in the literature and in industry was the key to its selection.  It 

is well known that the YAG host material has superior mechanical and thermal properties as 

compared to other popular host materials, e.g. glass, yttrium orthovanadate, and yttrium 

fluoride. High quality Nd:YAG is also widely produced at low cost due to its academic and 

industrial maturity.  Nd was chosen as the active ion because of its excellent suitability as an 
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optical amplifying medium as compared to other trivalent rare earth ions typically used in 

laser applications.  Nd has strong absorption bands in the near infrared. High power laser 

diodes are readily manufactured in quantity specifically for pumping these strong absorption 

bands.  It has been incorporated into over 100 different host materials and has obtained 

higher power levels than any other four level material [142]. 

Nd:YAG produces a strong fluorescence emission at 1064 nm when pumped at 808 

nm.  This emission at 1064 nm is captured and amplified by the resonant cavity in 

conjunction with the passive Q-switch. As discussed in Chapter 3 the shorter the wavelength 

the higher the photon energy. Laser systems are currently in production that produce output 

with significantly shorter wavelengths which accordingly require far less laser output to 

induce a gaseous medium spark.  Unfortunately these laser systems are not suitable for diode 

pumping or passive Q-switching and are typically designed and built with newer less-well-

known and expensive technologies.  The 1064 nm output from Nd:YAG can be frequency 

doubled or tripled.  This is attractive due to the higher photon energies for ignition purposes.  

However frequency multiplying requires precision alignment of optically pure non-linear 

crystals.  For example when frequency doubling 1064 nm using a Potassium Titanyl 

Phosphate (KTP) crystal, two photons at 1064 nm are required to produce one photon at 532 

nm.  This process is generally 20-50% efficient thereby requiring many additional 1064 nm 

photons to produce the same output at 532 nm.  The doubling process also requires high 

quality high intensity laser output in order to efficienly (~50%) produce the higher energy 

photons.  This generally entails the reduction of the 1064 nm beam waist within a KTP 

crystal, and this can damage or destroy a crystal if it has any defects or if the 1064 nm output 

beam is not uniform. 
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A cylindrical geometry was examined for the active media for several reasons. The 

primary reason was the excellent suitability of the rod for diode array side pumping within a 

linear cavity. Many of the other active media geometries, such as slab or disk lasers, do not 

easily lend themselves to efficient side pumping or integrate easily into a linear cavity. The 

rod geometry is readily available from many manufacturers with a wide variety of lengths 

and radii at a low cost as compared to other geometric configurations. The length of the laser 

rod was designed to accommodate two 1 cm diode arrays lengthwise as well as to provide 

mechanical support for the rod within the pump chamber chassis.  

The linear laser cavity was examined for two reasons: ease of assembly (fabrication), 

and ease of alignment and use. This resonator configuration type was weighed against bent 

cavities, multiple reflection cavities, and ring oscillator cavities and was found to be the most 

appropriate for this application. This resonator type has the simplest construction, fewest 

parts and the simplest alignment procedure.  

The cavity length used for this study was examined for several reasons. The length of 

the cavity was chosen primarily for convenience of manufacture, component installation and 

relative size as compared to a common natural gas engine spark plug.  Another reason for the 

overall size of the resonator cavity has to do with the output pulse width as a function of 

cavity length.  The output pulsewidth is primarily dictated by the overall depletion of the 

excited state population density over the lifetime of the output pulse.  The output pulse width 

is also dependent on the resonator decay time.  The decay time is proportional to the length 

of the cavity divided by the speed of light corrected for optical and resonator losses.  

Therefore the shorter the cavity the shorter the decay time and the shorter the pulse width.  A 

shorter cavity would have been beneficial, producing shorter pulses thereby creating higher 
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peak power levels. The current cavity was designed to produce approximately 10-15 ns 

pulses. In practice the cavity produced 7-12 ns output pulses depending on the pump rate, 

alignment, and the optical component combinations. 

The side pumped geometry was used because laser diode arrays were used as the 

pumping mechanism.  The array geometry is conducive to efficient side pumping of a laser 

rod because they can be arranged in close proximity to the laser rod thereby coupling a 

majority of the diode output into the active media.  The side pumped geometry was the most 

immediate solution to diode pumping a laser rod with 300-1000 Watts. Diode end pumped 

laser systems produce superior output beam quality and laser performance in general.  

However, the end pumped systems have major disadvantages that stem from the difficulty in 

coupling the light from multiple high power diode arrays into a fiber optic for efficient 

delivery. Previously, manufacturers were only capable of delivering approximately 30 Watts 

of pump power through an optical fiber.  Recent technical advancements have allowed for 

the delivery of up to one kilowatt of diode array energy through an optical fiber. The hurdle 

involves the transformation of the periodic linear emission, from multiple diode arrays, into a 

geometrically coherent light beam that can be efficiently coupled to an optical fiber and 

subsequently coupled into the laser system.  The fiber coupled pump system required to end 

pump a laser system of this scale would need to deliver between 300 and 1000 Watts and 

would cost in excess of $140 per Watt.  In comparison the diode modules required to side 

pump the same system would have the same output and cost approximately $8 per Watt.   

End pumping creates a symmetric and uniform pump distribution that perfectly 

overlaps the active resonator volume within the active media.  Side pumping produces a non-

uniform pump distribution concentrated at the edges of the absorbing gain media.  This non-
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uniform pump distribution can produce highly variable non-symmetric spatial and temporal 

output mode features.  This type of operation is undesirable because it makes focusing the 

energy to a sufficiently small area for spark production difficult.  The temporal mode features 

limit the effectiveness of a given pulse because it is delivered in multiple packets instead of 

one large pulse.  The desired laser output would consist of pulses that are spatially and 

temporally uniform such that sufficient energy can be delivered to a small volume at one 

time to “pack the biggest punch” for spark production. 

These problems can be overcome in side pumped systems through several strategies 

described below.  One strategy involves increasing the number of diode arrays and equally 

spacing them around the circumference of the laser rod to more uniformly illuminate the 

active media.  Another strategy involves increasing the power input which will act to saturate 

more of the crystal in a given amount of time.  More light is available to saturate the active 

ions and in consequence the pump light penetrates deeper into the rod producing a more 

uniform pump distribution.  Another strategy involves reducing the path length within the 

laser rod by reducing the rod diameter.  This gives the pump energy shorter distance to travel 

thereby producing a more uniform pump distribution.  Another strategy involves modifying 

the active media absorption (Nd concentration) so the pump light penetrates further into the 

crystal thereby producing a more uniform pump distribution. 

Cr:YAG was used as the passive Q-switch medium for several key reasons.  A 

primary reason for its selection was the solid state YAG substrate and its similarity to the 

active media host material.  Cr:YAG is a well developed technology for passive Q-switching,  

is readily available and is relatively inexpensive.  Unlike other saturable absorber materials 

Cr:YAG does not degrade with use, it is not poisonous like gaseous SF6 and it is not a 
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suspected carcinogen such as dye cell saturable absorber liquids.  Its optical and physical 

properties are very similar to and complimentary of Nd:YAG. Cr:YAG has a high damage 

threshold, a wide absorption band to accommodate the Nd emission, and acts as a fast Q-

switch when properly pumped by the Nd emission. 

4.2 Preliminary Experimentation 

4.2.1 Pump Radiation Distribution 

4.2.1.1 Laser Rod Radius 

Early experimentation showed that a 5 mm diameter 1.0% Nd laser rod pumped 

symmetrically from three sides produced three distinct output beams.  This output mode 

production was caused by the excellent absorption of the Nd atoms.  The pump light was so 

readily absorbed that sufficient pump light never penetrated more than 1-1.5 mm.  This 

problem was found to have two solutions. The first solution involved the reduction of the rod 

diameter from 5 mm to 3 mm while keeping the Nd concentration constant.  This strategy 

shortened the transmission path so that the pump light was able to penetrate at least halfway 

through the rod diameter to create a more uniform pump distribution.  This correction 

allowed for lower order mode production and an improvement in output beam quality.  The 

second solution involved the modification of the Nd ion concentration and is discussed in a 

following section. The 3 mm diameter laser rod geometry was adopted for the full scale 

testing. 

4.2.1.2 Barrel Finish 

The laser rod barrel finish was found to influence the pump light distribution within 

the active media.  A preliminary experiment was designed to determine whether a polished 

barrel or a ground barrel produced better pump light distribution and subsequently better 
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laser output.  Two identical laser rods were procured, the barrel of one was sanded and 

polished by hand until it was smooth and transparent and the other was left with the opaque 

factory finish.  Identical tests were performed on each rod.  The ground barrel was found to 

produce a more uniform output both temporally and spatially. Although the ground barrel 

laser rod produced three distinct output beams, they were nearly coherent temporally and 

they were approximately of equal size and intensity.  The polished barrel laser rod produced 

lower output levels which consisted of multiple nonsymmetric spatial and temporal output 

modes.  The polished rod acted like a cylindrical lens when the pump light entered and it 

acted like a cylindrical mirror when the light reached the opposing side.  The focusing and 

reflection of the pump light seemed to foster a larger degree of amplified spontaneous 

emission (ASE) than the diffuse ground barrel finish.  Whether the ASE was collected and 

amplified by the cavity or not, it did act to significantly deplete the available excited states 

leading to a lower and more erratic laser output.  The ground barrel finish acted to diffuse the 

pump light producing larger and more uniformly pumped “hot spots” for laser action to take 

place.  The ground or frosted barrel finish was adopted for the full scale testing. 

4.2.1.3 Rod End Treatment  

Temporal mode control was a problem during the early stages of laser development.  

It was hypothesized and tested as to whether the laser rod end faces, and anti-reflection (AR) 

coatings, were contributing to this problem.  It was thought that the flat parallel faces of the 

laser rod were acting like a weak resonator, within the main cavity, inducing ASE laser 

action prior to the whole system reaching the proper threshold.  This was thought to be the 

cause of the randomly spaced multitude of output pulses under most operating conditions 

during preliminary assembly and testing.  To investigate this issue identical 3 mm diameter 
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laser rods were procured with 0.5˚ antiparallel wedged end faces. The ends were AR coated 

for 1064 nm just as the flat parallel rod end faces.  The addition of the antiparallel wedge was 

found to significantly reduce and/or eliminate the multi-temprotal mode output when the 

cavity was properly aligned. Therefore the 0.5˚, antiparallel, wedge end treatment was 

adopted for the full scale testing. 

4.2.1.4 Ion Concentration 

Through preliminary experimentation the Nd ion concentration of the active media 

was found to have a significant influence on the Q-switch delay and the laser output 

characteristics. Not only does the ion concentration influence the pump energy distribution, 

as previously noted, it also affects the output pulse energy and output pulse delay time.  For a 

given pump power the Nd concentration defines the degree of energy storage that a particular 

laser rod can obtain. This was evident during the preliminary experimentation where both the 

1.3% Nd and the 1.0% Nd laser setup produced a lower pulse energy than the 0.5% Nd laser 

setup.  This happened because the gain is much higher in the 1.0% rod and as a consequence 

had a greater degree of spontaneous emission losses that trigger lasing much quicker than the 

other laser setup.  These losses act to cap the storage capability of the laser system.  Aside 

from the increase spontaneous emission that triggers passive Q-switching sooner, the ions are 

“closer” together, relatively, to where the spontaneous decay is more likely to stimulate 

subsequent emissions not contained by the cavity creating a greater loss.  The lower 

concentration setup produces more energy because more energy is available in the crystal 

when the lasing threshold is reached. Since the spontaneous emission that triggers lasing is 

smaller, the crystal ends up being pumped for a slightly longer time.  The increased distance 

between the ions makes it less likely that a spontaneous emission will deplete as many or any 
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other excited states.  Also as the average distance between the ions is increased by lowering 

the concentration the coherence length between the ions is modified.  The coherence length 

refers to the crystal lattice theory involving the high loss sharing of energy between two 

identical ions.  When the ions are within the coherence length they can share the excited state 

energy through phonon interactions with losses.  By lowering the concentration the 

likelihood of ions being close enough to share energy falls dramatically.  Because of the 

reduced concentration more excited states are available for laser output at the time of Q-

switching. 

The active ion concentration also affects the Q-switch delay.  With higher 

concentrations more spontaneous emissions are present to induce the early stages of 

bleaching within the Q-switch.  Therefore the higher the concentration the faster a given Q-

switch will trigger.  This phenomenon will be studied more in depth in the full scale 

experimentation. 

The ion concentration also affects the overall beam quality.  As the concentration is 

lowered the pump light is able to penetrate further into the active media.  This results in a 

more uniform pump distribution and a large degree of overlap between the pumped regions.  

The more uniformly the rod is  illuminated the better the beam quality.  Another aspect of the 

ion concentration affecting the beam quality concerns the thermal distortions caused by high 

absorption of the pump radiation.  The higher the absorption of the material, (the higher the 

concentration) the more thermal energy is deposited in the crystal which causes slight 

variations in density and refractive index.  The higher concentration crystals are more prone 

to have poor beam quality because of beam distortions induced by thermal lensing. Since the 

ion concentration affects so many aspects of the laser operation, four different ion 
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concentrations were selected for the full scale experimentation, 0.35%, 0.5%, 0.75%, and 

1.00%. 

4.2.1.5 Diode Spacing 

The spacing between the diode pumps and the laser rod was varied during the initial 

development to determine what effect the output divergence of the diode pumps had on the 

operational characteristics of the laser.  The testing showed that as the diode pumps were 

positioned closer to the laser rod the laser output increased. However when the Nd 

concentration was increased the proximity of the diode pumps induced multiple output pulses 

as well as a degraded beam quality. The diodes were finally positioned approximately 1 mm 

from the rod surface for the full scale experimental testing. 

4.2.2 Output Coupler Reflectivity 

The preliminary experimentation concerning the output coupler reflectivity 

qualitatively agreed with the theoretical and experimental work in the literature. In brief, as 

the output coupler reflectivity was lowered the passive Q-switched pulses increased in energy 

and the Q-switch delay grew in length. The primary goal of this experimentation was to 

define a range of combinations of output coupler reflectivity and Q-switch initial 

transmission that would assist in the design of a full scale experiment that would provide the 

most useful data.  Overall as the output coupler reflectivity was lowered the output pulse 

energy increased as well as the Q-switch delay. The increase in the output pulse energy was 

caused by the excess build up of stored excited states that was allowed due to the decreased 

‘feedback’ the lower reflectivity output coupler provides. The lower reflectivity does not 

retain as many lasing photons within the cavity as the higher reflectivity output coupler. 

Therefore the active media is pumped longer and more effectively with fewer losses induced 
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by prelasing before the lasing threshold is reached. This is the reason why the Q-switch delay 

is longer with a lower reflectivity output coupler, it simply takes more time for a sufficient 

photon density to build up before the lasing threshold is reached. The preliminary 

experimentation tested the laser output of five different output coupler reflectivities 90%, 

80%, 70%, 60%, and 50%. Figure 4.1 shows the output pulse energy data for five output 

coupler values and with fixed Q-switch initial transmission of 50%. It can be seen in Figure 

4.1 that the lower output coupler reflectivity values produce the highest output pulse energy.  

Figure 4.2 shows the output peak power data for five output coupler values and  fixed Q-

switch initial transmission of 50%. Figure 4.2 also indicates that lower output coupler 

reflectivity values produce the highest output peak power levels. Accordingly the output 

coupler reflectivities chosen for the full scale experimentation were 30%, 40%, and 50%. 
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Figure 4.1: Preliminary output pulse energy data for five output coupler reflectivity values 

with a fixed Q-switch initial transmission of To = 50% 
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Figure 4.2: Preliminary output peak power data for five output coupler reflectivity values 

with a fixed Q-switch initial transmission of To = 50% 

4.2.3 Q-switch Initial Transmission 

The preliminary experimentation regarding the Q-switch initial transmission agreed 

well with the theoretical and experimental data in the literature.  In short as the initial 

transmission was reduced, for a given output coupler reflectivity, the output pulse energy 

increased and the Q-switch delay increased as well.  This experimentation was very similar 

to that of the output coupler reflectivity and had the goal of defining a suitable range of initial 

transmission values for full scale testing.  The output pulse energy increase was due to the 

increased energy storage capability of the system. Therefore more excited states are available 

for lasing as when the threshold is reached.  The passive Q-switch acts to partially block the 

laser cavity and slow down the intracavity build up to the lasing threshold condition. The 

hold-off introduced by the passive Q-switch also acts to increase the delay time between the 

start of pumping to the attainment of the lasing threshold.  The preliminary experimentation 
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tested the laser output of three different Q-switch initial transmission values 50%, 60%, and 

70%.  The analysis of the preliminary data indicated that the goals of the overall research 

could be more closely met by exploring even lower values of the Q-switch initial 

transmission.  The initial transmission values chosen for the full scale experimentation were 

32%, 36%, and 40%. Figure 4.3 shows the output pulse energy data for four Q-switch initial 

transmission values and with fixed output coupler reflectivity of 60%. It can be seen in 

Figure 4.3 that the lower Q-switch initial transmission values produce the highest output 

pulse energy.  Figure 4.4 shows the output peak power data for four Q-switch initial 

transmission values and  fixed output coupler reflectivity of 50%. Figures 4.4 also indicates 

that lower Q-switch initial transmission values produce the highest output peak power levels. 

The Q-switch initial transmission values chosen for the full scale experimentation were 32%, 

36%, and 40%. These values were chosen due to trends found in the literature and experience 

gained during the preliminary experimentation.  The values chosen for the full scale 

experimentation were also found to be the lowest initial transmission values that produced 

laser output at the lowest optical input power level.   
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Figure 4.3: Preliminary output pulse energy data for four Q-switch initial transmission values 

with a fixed output coupler reflectivity of OC = 60% 
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Figure 4.4: Preliminary output peak power data for four Q-switch initial transmission values 

with a fixed output coupler reflectivity of OC = 60% 
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4.2.4 Resonator Geometry 

Two different resonator configurations were considered for use in the laser spark plug 

experimental testing. Preliminary testing was able to distinguish which resonator design was 

most appropriate and more conducive to producing the desired output. The plane-parallel and 

hemispherical resonators were evaluated by the preliminary experimental testing. The plane-

parallel resonator consists of two flat and parallel mirrors forming an optical cavity. The 

hemispherical resonator consists of a flat mirror and a concave mirror with a radius of 

curvature that is less than or equal to the cavity length.  Two hemispherical resonators were 

considered: 0.5 m and 1.0 m radius of curvature mirrors were used.  The cavity length was 

approximately 125 mm which was significantly less than the radius of curvature of either 

concave mirror being tested.  The 0.5 m mirror produced highly multimode spatial and 

temporal output patterns. The output pulse energy was lower than both the plane-parallel and 

the 1.0 m mirror resonators. The 1.0 m mirror resonator produced the highest output pulse 

energy however the poor beam quality and unpredictable multimode output made this cavity 

unsuitable for use in the laser spark plug. It was initially thought that the concave mirrors 

would allow for the focusing of the intracavity flux into the pumped areas of the laser rod to 

increase the extraction efficiency. The higher output energy may be an indication of this 

effect but the seemingly uncontrollable spatial and temporal output modes made this 

resonator less attractive. The plane-parallel resonator produced low order spatial output 

modes as well as single temporal mode output. With the improvements in the output modes 

the higher output pulse energy is not needed. The plane-parallel optical resonator was chosen 

for the full scale experimental testing. 
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4.2.5 Input Power  

Two sets of preliminary tests were performed to find a sufficient input power level 

that would produce laser sparks.  The first set of tests were performed with six laser diode 

arrays arranged around a 3 mm laser rod.  The nominal laser output was approximately 300 

Watts.  The output from this line of tests did not produce sparks although the output peak 

power was near one megawatt.  This phase of testing did allow for the characterization of 

many of the other parameters addressed in the preliminary experimental testing.  The second 

set of tests used twelve laser diode bars arranged around the same 3 mm laser rod. The 

nominal laser output was approximately 600 Watts. Under strictly controlled conditions this 

input arrangement and power level produced laser sparks sporadically.  The increase in the 

pump power allowed for the continuing study of the other laser parameters examined in the 

preliminary testing as well as in the full scale testing.  The final test used 18 laser diode bars 

and had a nominal output of approximately 900 Watts.  All phases of input power testing 

indicated shorter Q-switch delays, overall stepwise increase in output energy, and an overall 

decrease in output pulse width, all with increasing input power.  

4.3 Design of the Experiment 

The experimental design was based on the information gathered from both the 

literature survey and the preliminary experimentation.  Between the two sources of 

information a list of meaningful independent and dependent variables was developed along 

with suitable ranges for each of the independent variables.  The four independent variables 

are the output coupler reflectivity, the Q-switch initial transmission, the input pump power, 

and the Nd concentration.  A 34 factorial statistical design was chosen whereby each of the 

four variables has three test values. A single block of this design structure, for a given value 
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of Nd concentration, is shown in Figure 4.5. The experimental values for the output coupler 

reflectivity, Q-switch initial transmission, and input power are listed in Figure 4.5 as well. 

The complete design structure, showing the experimental values of the Nd concentration, is 

shown in Figure 4.6. 
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Figure 4.5: Statistical design method 
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Figure 4.6: 34 Factorial Statistical Design 

For each test point the output pulse energy, pulsewidth, output pulse delay and beam 

quality values were recorded.  This procedure was repeated three times a an average of each 
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data point was calculated. A 95% confidence interval was applied to the data. The confidence 

interval was used to more accurately gauge the deviation of the data about the mean. The 

confidence interval, unlike the standard deviation, takes into account the number of data 

points taken for the mean. The standard deviation provides a reliable error estimate for the 

mean however, it will only accurately represent 86% of the data for large smaples. The 95% 

confidence interval provides a much more complete error estimate providing a reliable error 

estimate for 95% of the data over large samples. The data collection was not randomized due 

to timeliness issues regarding optical setup and alignment. The test plan included 81 optical 

combinations with three repeats each for a total of 243 individual data points. 

4.4 Optical Experimental Setup and Procedure 

The laboratory setup for testing the prototype lasers was designed and assembled to 

have the capability to measure all of the dependent variables while maintaining the optical 

alignment. A block diagram of the equipment setup is shown in Figure 4.7. 
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Figure 4.7: Block diagram of the laboratory experimental setup 

The dashed line represents the optical axis of the setup created by the alignment laser 

(AL) which was a Helium-Neon laser.  The AL beam was used to ensure proper alignment of 
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the test laser (TL) as well as to align the output of the TL with the beam analyzer (BA).  

Turning mirrors (M) were used to fine tune the alignment between the TL and the BA.  The 

power meter (PM) was used to monitor the output pulse energy. The photodiode (PD) was 

connected to both oscilloscope number 1 (OSC1) and oscilloscope number 2 (OSC2) which 

were used to monitor the output pulsewidth and Q-switch delay respectively.  OSC1 and 

OSC2 were identical, but OSC1 was set to a very short time base to monitor the output 

pulsewidth on a nanosecond scale, whereas OSC2 was set to a long time base to monitor the 

Q-switch delay on a microsecond scale. A CCD camera (C) was connected to the beam 

analyzer and then to a frame grabber board (FG) and finally to a laptop computer (PC). The 

current pulser (CP) was used to drive the pump diodes within  the TL and had onboard 

controls for the pulse frequency, delay, and power level.  The two oscilloscopes were both 

connected to the SYNC output of the CP which acted as a trigger source. The data sheets for 

all materials and equipment are listed in Appendix B. 

The data for each combination was recorded by hand and transferred to a spreadsheet 

computer program for arrangement, plotting, and analysis. The raw optical testing data can 

be found in Appendix E. The test laser consisted of ten components which include the 

Nd:YAG laser rod, the Cr:YAG passive Q-switch, the high reflector mirror and mount, the 

output coupler mirror and mount, the laser chassis, and the three laser diode pump mounts. 

The laser chassis was designed and fabricated as one piece so that the continual assembly and 

disassembly during testing would have little effect on the overall laser geometry and 

alignment.   A picture of the laser chassis is shown in Figure 4.8. A mechanical drawing of 

the chassis and additional components can be found in the Appendix D. 
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Figure 4.8: Laser chassis showing mounting surfaces for the diode pump mounts, Q-switch 

pocket, laser rod mounting hole and cavity mirror mounting holes 

The diode pump mounts each consisted of a copper block with flanges for mounting 

onto the laser chassis.  The laser diodes were made by Northrop Grumman Cutting Edge 

Optronics, model number ASM05P150. Each array submodule (ASM) consisted of three 

laser diode bars each rated for 50 Watts of optical output power. The laser diodes were 

connected in series with each diode mount module and the entire three module assembly was 

connected to the high voltage current pulser. The diode modules were mounted on 
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thermoelectric coolers (TEC). The TEC’s were used to tune the temperature of the laser 

diode modules for operation at repetitions rates higher than one hertz. The laser diode output 

wavelength is highly sensitive to temperature and can shift significantly. If the output of the 

laser diode arrays shifts just a few nanometers the output no longer overlaps the absorption 

band of the Nd:YAG and the production of excited states within the laser material decreases 

significantly. The TEC’s were primarily used during engine testing where the repetition rate 

was approximately 5 Hz. When a voltage is applied to a TEC the semiconductor device 

exhibits the Peltier effect whereby one side becomes cold and the other side becomes hot. In 

this way the TEC acts as a heat pump, removing heat from the laser diode arrays and 

dumping into the copper mounts.  A picture of the diode pump mounts are shown in Figure 

4.9.  
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Figure 4.9: Diode pump mounts showing mounting flanges, TEC’s, laser diode pumps 

The Nd:YAG laser rods consisted of cylinders 3 mm in diameter and 40 mm in 

length. Each laser rod had a rough finish along the barrel in an attempt to scatter the pump 

light when it entered the crystal so that the pump light distribution would be as uniform as 

possible throughout.  The ends of the laser rods were wedged 0.5˚ and non-parallel. The 

optical faces of the rods were polished to a λ/10 surface smoothness. The ends were coated 
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with an anti-reflection material to index match the air/crystal interface thereby enhancing the 

transmission of the laser energy from the air into the crystal and vice versa. Three different 

Nd dopant levels were used for testing, 0.35%, 0.50%, and 0.75% by atomic weight. A 

picture of a laser rod  mounted in the laser chassis for testing is shown in Figure 4.10. 

 
Figure 4.10: Laser rod installed into the laser chassis 

The Cr:YAG passive Q-switch crystals were 5 mm x 5 mm across the optical face 

and between 1.5-4 mm thick depending on the Cr dopant level and the desired initial 

transmission value.  The optical faces were polished to a surface smoothness of λ/10 and 

coated with an anti-reflection material to index match the air/crystal interface thereby 

enhancing the transmission of the laser energy from the air into the crystal and vice versa. 
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The Q-switch crystals were each mounted inside an aluminum disk for ease of handling and 

alignment.  The aluminum disks were one inch in diameter and between 0.25 and 0.5 inches 

thick.  Three different initial transmission values were used for testing: 32%, 36%, and 40%.  

Combinations of Q-switch crystals were used to attain the initial transmission values used for 

testing. The 40% initial transmission value was realized with a  single crystal whereas the 

36% and 32% initial transmission values were attained by combining the 40% crystal with a 

90% and 80% crystal, respectively. A picture of a passive Q-switch mounted in the laser 

chassis for testing is shown in Figure 4.11. Figure 4.12 shows the diode pump modules 

mounted to the laser chassis and electrically connected to each other. 

 
Figure 4.11: Passive Q-switch crystal installed into the laser chassis, frontal view of passive 

Q-switch crystal inside its mount (inset) 
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Figure 4.12: Test laser showing the installation of the laser diode mounts 

The mirror mounts for the laser spark plug were industrial grade flexure mounts from 

Newport, model number MFM-050. The mounts were designed to accommodate 0.5 inch 

optics and provide rigidity and alignment stability. The output coupler and high reflector 

were 0.5 inches in diameter and 0.5 inches thick. The mirrors were flat first surface mirrors 

with vapor deposited dielectric reflective coatings. The output coupler had an antireflective 

coating on the output face to ensure low losses as the laser light exited the optic into free 

space. The mirrors were produced by CVI laser; Figure 4.13 shows the installed mirrors and 

mounts. The complete laser assembly and data collection procedure list can be found in the 

Appendix C. 
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Figure 4.13: Complete test laser assembly 
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4.5 Engine Testing Experimental Setup and Procedure 

This section describes the engine ignition testing where the test laser has been 

compared to a commercially available laser. The engine test cell and equipment used to 

control, monitor, and report the ignition testing are described. The recorded parameters are 

listed and explained as well as the testing procedure and required modifications to the 

ignition system. 

4.5.1 Engine Test Cell 

The test cell used for experimentation in this work is located at the U.S. Department 

of Energy’s National Energy Technology Laboratory facility in Morgantown, West Virginia 

[167]. The test cell consists of a Ricardo Proteus single cylinder research engine, 

dynamometer, and control and instrumentation hardware for measuring and/or modifying 

many of the operational aspects of the engine.   

The cell is outfitted with a 75 kW dynamometer manufactured by McClure [165], 

which is used for a host of applications for this and other engine research.  The dynamometer 

can motor the engine for starting before fuel or spark energy is added to the system for full 

operation.  The dynamometer is used to regulate the operational speed of the engine under 

fueled conditions. 

The cell includes fuel flow monitors for both liquid and gaseous fuels.  The cell is 

equipped with temperature controls for the engine coolant, oil, intake air, and the test cell.  

These controls are vital to the consistency of any tests that are spread over the course of days, 

weeks or months because they allow for the most similar test situations independent of daily 

or operational differences. Figure 4.14 shows a basic schematic of the engine test cell. 
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Figure 4.14: Engine test facility schematic 
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4.5.2 Combustion Quality Measurement 

For decades researchers have been using in-cylinder pressure information to 

investigate the combustion processes in internal combustion engines [166].  The in-cylinder 

pressure data provides an effective and easy way to monitor and analyze the combustion 

process on a cycle-to-cycle basis.  Current piezo-electric transducer technology offers fast 

response sensors that easily withstand the harsh environment within the combustion chamber 

of an internal combustion engine.  Voltage signals from the piezo-electric transducer and 

associated charge amplifier can be sampled and recorded by high speed digital data 

acquisition systems that are triggered by a crankshaft mounted encoder.  

The development of the cylinder pressure in an internal combustion engine is a 

complex process that involves the heat release from the combustion, heat transfer due to 

convection, conduction, and radiation, as well as the changing combustion chamber volume 

[166].  Parameters such as the peak or maximum combustion pressure, (Pmax ), the crank 

angle where the maximum pressure occurs, (θPmax) and the indicated mean effective pressure 

(IMEP) can be directly inferred from the in-cylinder pressure data.  These combustion 

parameters are based on the combination of the cylinder pressure data with thermodynamic 

models. Quantitative measures of the combustion quality can be developed from the use of 

the in-cylinder pressure data with the cylinder volume and the derivatives of these 

thermodynamic models [166]. The combustion data that can be extracted from the measured 

parameters include the heat release rate, ignition delay, and the combustion duration. 

The mean effective pressure (MEP) is an important measure of engine performance, 

because it is relatively invariant with respect to engine size, and it is an excellent measure of 

the overall performance of the engine. By definition the mean effective pressure is the work 
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produced per unit displaced engine combustion cylinder and is shown in Equation 4.1 [166, 

22]: 

d

c

V
W

MEP = ,                                                          (4.1) 

where Wc is the work per cycle and Vd is the displaced volume of the engine. The IMEP is 

derived from the in-cylinder pressure data and is defined as the work delivered to the piston 

by the combustion gases during a given engine cycle per unit displaced volume.  This 

quantity neglects all losses (frictional, heat losses, etc.) and measures only the PdV work 

delivered to the piston. Pumping losses during the intake and exhaust strokes are neglected. 

The net IMEP is defined in Equation 4.2 [166, 22]: 

d

cyl

V

PdV
IMEP

∫
−=

π

π ,                                                  (4.2) 

where P is the in-cylinder pressure (gage) and dVcyl is the differential change in volume. 

Because the cylinder pressure data is discretely sampled, the integral given in Equation 4.2 

can be simplified into a summation of the pressure data collected throughout the compression 

and expansion strokes.  This is possible because the in-cylinder pressure data is discreetly 

sampled as a function of the crank angle. This transformation is shown in Equation 4.3 [166]. 

d

cyl

V

d
d

dV
P

IMEP
∑
=

−==

πθ

πθ

θ
θ                                                  (4.3) 

The resolution of the encoder used to trigger the data acquisition system has been 

used as the differential change in crank angle, dθ.  
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The volumetric rate of change of the combustion chamber can be derived as a 

function of engine geometry. The cylinder volume as a function of the crank angle is given 

by Equation 4.4 [22]: 

( ) ( ) ( ) ( )( )[ ]2/122 sincos11
2

θθθ −−−+−+= rrc
c

ccyl RRrVVV  ,                (4.4) 

where Vcyl(θ) is the cylinder volume at any crank angle θ, Vc is the clearance volume of the 

combustion chamber, rc is the compression ratio, and Rr is the ratio of connecting rod length 

to crank radius.  The cylinder volume rate of change as a function of crank angle is found by 

differentiating Equation 4.4 with respect to crank angle. The result is shown in Equation 4.53 

[166]. 
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Substituting this expression this into Equation 3.31 gives an expression for the net 

IMEP as a function of the sampled in-cylinder pressure shown in Equation 4.6 [166]. 
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The net indicated mean effective pressure can be used as a measure of the efficiency 

of the combustion process and can be easily calculated for any single engine cycle (assuming 

adequate CA resolution).  
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The IMEP calculation takes the magnitude of the in-cylinder pressure into account as 

well as the accuracy of the phasing of the cycle with respect to the maximum brake torque 

timing.  

MEP values are frequently estimated from dynamometer measurements of the brake 

mean effective pressure (BMEP).  The BMEP is derived from dynamometer measurements 

during engine operation and takes into account all mechanical losses.  The BMEP of a 4-

stroke engine is measured in bar and is shown in Equation 4.7 [166]. 

⎟
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⎛
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V
TorqueBMEP

d

π22                                    (4.7) 

The combustion quality can be represented by the maximum cylinder pressure, which 

is a very simple means of quantifying the combustion process because it requires only 

measurements and no calculations. The maximum cylinder pressure for any given cycle is a 

function of both the total amount of energy released during combustion, and the timing of the 

energy release with respect to TDC.  With all other parameters held constant, the maximum 

pressure increases as the heat release increases and as the ignition timing is advanced.  As the 

ignition timing is advanced, the combustion heat is released earlier in the cycle, when the 

cylinder volume is smaller. This leads to higher maximum in-cylinder pressures.   

The direct pressure measurements discussed in this section offer a simple method of 

quantifying the quality of combustion in an engine, however the measurements are affected 

by several competing phenomenon that are not always easily decoupled.  For example, the 

IMEP describes the total heat release, the timing of the heat release, and the variation in the 

cycle-to-cycle heat transfer.  More specific information is required concerning the parameters 

that compose the cylinder pressure data. These methods are based on simple combustion 
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models and require simplifying assumptions in order to allow calculation from only the 

cylinder pressure data. The two most common combustion parameters that are calculated are 

the heat release rate and the combustion or burn duration. 

The rate of heat release is an excellent means by which to characterize the 

combustion process [166].  Cylinder pressure data can be used to approximate the heat 

release rate by treating the combustion chamber as a closed system of varying volume during 

combustion. By neglecting heat transfer and the effects of the crevice volumes, an energy 

balance on the combustion chamber volume yields the expression in Equation 4.8 [166]: 

cylVtchem PdVdTCmdQ += ,                                            (4.8) 

where dQchem is the incremental amount of chemical energy released, mt is the total mass of 

the system, Cv is the specific heat at constant volume of the gas, dT is the differential change 

in the gas temperature, P is the cylinder pressure, and dVcyl is the differential change in the 

cylinder volume. Equation 4.8 neglects heat transfer, which accounts for approximately 15% 

of the total heat release. Applying the ideal gas law to Equation 4.8 gives the expression 

shown in Equation 4.9 [166]: 
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⎝

⎛
++= 1 ,                                  (4.9) 

where Rave is the average gas constant for the cylinder constituents and Cp is the specific heat 

at constant pressure. Substituting the ratio of specific heats and taking the rate of change with 

respect to crank angle yields an expression for the heat release rate as a function of the 

measured pressure, volume, and the rate of change of these properties. This expression is 

shown in Equation 4.10 [166]: 
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where γSH is the ratio of specific heats. The ratio of specific heats can be used as a constant 

or it can be estimated as a function of temperature throughout the combustion process.  

The heat release rate can also be integrated and normalized to yield a measure of the 

burned gas fraction.  The importance of the heat release rate is the direct link between the 

measured cylinder pressure data and the actual cycle resolved combustion events.  With 

correction for heat transfer to the cylinder walls Equation 4.10 can be expressed as Equation 

4.11 [166]. 
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The number of crank angle degrees required for the combustion of the cylinder 

charge is an important parameter for the operational analysis of internal combustion engines.  

The burn duration can be estimated using the heat release rate.  The Rassweiler and Withrow 

mass fraction burned (MFB) model was found to produce the best results in comparative tests 

(spark ignited engines) with simulated and experimental pressure data.  The Rassweiler and 

Withrow MFB model is shown in Equation 4.12 [166]: 
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where, MFBθ is the mass fraction burned at crank angle θ, ΔPc is the corrected pressure rise 

due to combustion, i is the integer crank angle location, ign is the ignition crank angle 
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location and EEOC is the crank angle for estimated end of combustion. The corrected 

pressure rise due to combustion is calculated from the difference between the incremental 

measured pressure rise and the pressure rise corresponding to a polytropic 

compression/expansion process and then referenced to the cylinder volume at TDC and is 

shown in Equation 4.13 [166]: 
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where n is the assumed polytropic index, Vcyl is the cylinder volume and Vr is the reference 

volume at TDC.  Here the polytropic index is based on values calculated from least squares 

fits to the log pressure versus log volume data usually over a 40 degree period.  The two most 

commonly used burn durations are the number of crank angle degrees between ignition and 

2% mass fraction burned, θ 0-2 and the duration of the bulk of combustion, between 10% and 

90%, θ10-90  [166]. 

4.5.3 Engine Data Acquisition Equipment 

This study employs the use of a multiple channel indicating system for recording  

engine operational and emissions characteristics as well as cylinder pressure as a function of  

crank angle.  The indicating system, sensors and software are manufactured by AVL North 

America, Inc. An AVL GU21D uncooled gallium orthophosphate (GaPO4) piezoelectric 

pressure transducer was used for in-cylinder pressure measurement.  An AVL 3066 piezo 

amplifier was used to condition the output of the GU21D. The piezoelectric transducer was 

ranged at 200 bar with a linearity of < ±0.3% full scale output. Its thermal sensitivity shift in 
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the 200°C to 300°C range is < ±0.5%.  Its cyclic temperature drift and IMEP stability over a 

10 hour test period is less than ±0.4 bar and 2% respectively. 

 Engine speed and crank angle (CA) positions were measured using an AVL 364C 

high precision optical crankshaft encoder.  The angle information is transmitted by light 

pulses from the encoder through an optical cable to a light-to-current converter.  The signal 

was then conditioned and sent to the data acquisition system.  Crank angle measurement 

resolution was selectable down to 0.05°CA.   

For this study, cycle averaging of 150 cycles and 0.5°CA resolution has been 

employed. Filtering of cylinder pressure data is required for accurate combustion analysis as 

rapid changes in pressure (dP) resulting from signal noise and in-cylinder acoustical 

resonance are highly amplified in the resulting heat release calculations. The pressure signal 

conditioning was accomplished using a low-pass digital filter. The simple digital low-pass 

filter provided by AVL’s Concerto software was used for signal conditioning in the present 

study. Where convenient, a spreadsheet was used to calculate the combustion parameters.    

4.5.4 Exhaust Gas Analysis 

A gas analysis system was used to measure the concentration of gaseous components 

in the exhaust gas stream. Total hydrocarbons (THC), NOx, CO2 and CO concentrations were 

measured in the raw exhaust. Three heated stainless steel probes were inserted into the raw 

engine exhaust to a depth of 1.5" (38 mm) in a 4" (101 mm) exhaust line. These probes were 

connected to heated lines which transfer the sampled exhaust to the gas analyzers.  The 

hydrocarbon line and probe were kept at a wall temperature of 375°F±10°F (191°C ± 5.5°C) 

while the other probes and lines were heated to 175°F±10°F (79°C ± 5.5°C).  The 

temperatures were kept high to prevent condensation of water or volitile organic compounds 
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in the sample lines for the NOx and CO samples and hydrocarbon compounds for the THC 

sample. 

4.5.4.1 NOx Analysis 

Prior to entering the NOx analyzer, significant sample conditioning is required to 

obtain an accurate and repeatable NOx measurement. The sample line prior to the sample 

conditioner heated to above the dew point of the sample gas. After traveling the length of the 

sample line the sample gases first pass through a Horiba Model COM11, NO2 to NO 

convertor. It is important to convert the NO2 to NO before the water condenser due to 

substantial NO2 absorption by water [167].  After exiting the NO2 to NO convertor, the 

sample travels a very short distance to the water condenser. The water condenser used in this 

study was a Baldwin Model 8210 sample conditioner designed to remove water from the 

sample stream.  This unit is rated to remove less than 10% of any remaining NO2 from the 

sample stream while removing greater than 98% of the moisture during the condensation 

process.  After moisture removal, the sample enters the NOx analyzer.  The indicated 

concentration was determined to be inversely proportional to the reaction chamber pressure. 

It is therefore important to monitor and control the reaction chamber pressure. This is 

accomplished by using a needle valve at the outlet of the analyzer upstream of the vacuum 

pump in this study. The ThermoEnvironmental Model 42C operation is based upon the 

concept that nitric oxide (NO) and ozone (O3) react to produce a characteristic luminescence 

with intensity linearly proportional to the NO concentration. Infrared light emission results 

when electronically excited NO2 molecules decay to lower energy states [166].  

223 * ONOONO +→+                                                    (4.14) 
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hvNONO +→ 22*                                                        (4.15) 

MNOMNO +→+ 22*                                                  (4.16) 

In Equation 4.14, ozone reacts with nitric oxide to produce electronically excited 

nitrogen dioxide.  This NO2* can reach equilibrium either through photoemission (Equation 

4.15) or by collisional energy transfer (Equation 4.16), where M represents a neutral 

molecular constituent within the sample gas mixture. The intensity of the photoemission is 

given by Equation 4.17 [166]: 

[ ][ ]
[ ]∑+

=
Mkk

ONOkk
I

M32

321 ,                                                      (4.17) 

where k3M  is a function of a specific third body or carrier gas. Because chemiluminescence 

analyzers measure this intensity, it is advantageous to decrease the probability of collisional 

de-excitation. This is conventionally accomplished by operation at sub-atmospheric 

pressures, typically less than 10 mm of Hg. Since k3 is a function of the third body 

interaction, M, the chemical composition of the carrier gas also affects the measured intensity 

[168].   

 NO2 is converted to NO by a stainless steel NO2 to NO converter heated to about 

635°C. The sample is then drawn into the analyzer through a particulate filter, a capillary, 

and then to the mode selection valve. The valve routes the sample either directly to the 

reaction chamber when the unit is operating in the NO mode or to the NO2 to NO converter 

and then to the reaction chamber when the analyzer is in the NOx mode. The NOx mode was 

used in this study. Dry filtered air enters the analyzer through a flow sensor and then through 

a silent discharge ozonator which generates ozone for the chemiluminescent reaction. A 
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cooled photomultiplier tube (PMT) detects the NO2 chemiluminescence.  The detector 

operates in pre-set ranges from 10 ppm up to 5,000 ppm. Response time (T90) is 5 seconds. 

Repeatability and linearity are both less than 1% full scale.  Zero drift is less than 0.05 ppm 

in 24 hours. Span drift is less than 1% full scale per 24 hours. The NOx concentration is 

transferred to the data acquisition system via 4 - 20 mA analog output. 

4.5.4.2 CO and CO2 analysis 

After traveling through a heated filter and heated sample line, sample gases enter a 

Baldwin Environmental Model 20410 thermoelectric sample gas conditioner which lowers 

the sample dew point to +5°C (41°F).  Particulate matter that may have made it through the 

upstream heated filter was removed by a Baldwin sample prefilter located downstream from 

the cooler.  The sample once conditioned, is directed to the gas analyzers.  The reported 

soluble gas removal rates as percent of inlet gas concentration are NO: 0% loss, NO2: <2% 

loss, CO: 0% loss, and CO2: <1% loss. There were two analyzers used in this study, one for 

CO and one for CO2 in the analyzer bay. The CO and CO2 analyzers are Horiba Model VIA-

510 infrared units. They are based on infrared absorption of the measured component. By 

determining the amount of attenuation of an infrared beam, the component concentration can 

be determined. The infrared radiation from a light source is passed through a rotating 

chopper and into the detection cell. Infrared radiation is absorbed as it passes through the 

sample. The light then reaches a detection cell which generates an electric current 

proportional to the incident light. The current is amplified and provided as a 4 - 20 mA 

analog output. The Horiba VIA-510 has a reproducibility of ±0.5% of fullscale and a zero 

and span drift of ±1.0% of full-scale per 24 hours.  
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4.5.4.3 Total Hydrocarbon Analysis 

The sample gases were transferred directly into the heated Horiba FIA-236 flame 

ionization analyzer. No other conditioning was required because cooling the gas would result 

in condensation and loss in sample. The analyzer employed a burner/sensor where a 

regulated flow of sample gas entered a flame produced by reactions of a 40% hydrogen in 

helium fuel and hydrocarbon free air. The hydrocarbon components of the sample stream 

underwent a complex ionization that produced electrons and positive ions as shown in 

Equations 4.18-4.20 [166]. 

−+ +→+ eCHOOCH                                                   (4.18) 

COOHOHCHO +→+ ++
32                                             (4.19) 

HOHeOH +→+ −+
23                                                  (4.20) 

Polarized electrodes then collect the ions that are produced, causing current to flow 

through the associated electronic measuring circuitry. The current flow is proportional to the 

carbon atom concentration.  The model FIA-236 measured in set ranges from 10 ppm up to 

30,000 ppm, with a T90 of 1.5 seconds.  Sensitivity was 0.5% of full scale on each range while 

repeatability and linearity were both less than 1% full scale. Zero span drift was less than 1% 

full scale per eight hours. The analog output was 0 -5 VDC non-isolated. 

4.5.5 Engine Test Experimental Setup and Procedure 

The goal of the engine testing was to study how the engine operated when ignited by 

the test laser and by the commercial laser and to show any similarities or differences.  The 

commercial laser system was used in a number of previous research efforts, listed in Chapter 
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3, that showed improvements in engine operation and emissions production. The current 

engine testing is limited by the repetition rate of the test laser.  If the engine testing results for 

the two laser systems are similar then one can assume that the test laser will produce results 

similar to the commercial laser at the higher repetition rate. The optical arrangements as well 

as the operational procedures for the ignition testing were similar.  The optical arrangement 

for the commercial laser testing is shown in Figure 4.15. 
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Figure 4.15: Commercial laser engine test optical setup  

The commercial laser used was a New Wave Research Tempest-20 flashlamp 

pumped actively Q-switched laser system. The output of the commercial laser was reflected 

off of two mirrors (M) such that is was made coaxial with a Helium-Neon alignment laser. 

The laser output was then directed through a two element beam expander that consisted of a 

fixed plano-convex (PCX) lens with a focal length of 100 mm and a movable plano-concave 

(PCC) lens with a focal length of 50 mm.  The output of the beam expander was then 
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directed through a set of two steering mirrors that pointed the laser output from the optics 

table to the engine optics. A movable power meter (PM) and photodiode (PD) setup was 

employed between the beam expander and the steering mirrors to monitor the laser output 

characteristics. Once the laser output reached the on-engine optics a single turning mirror 

directs the energy through a sapphire lens, that also acted as a pressure barrier, for focusing 

into the combustion chamber.  A photo of the commercial laser optical setup is shown in 

Figure 4.16.  This photo shows the optical bench setup including the commercial and 

alignment lasers, turning mirrors adjustable beam expander and steering mirrors. 

 
Figure 4.16: Commercial laser engine laboratory optical bench setup 
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The test laser (TL)  was able to make use of a less complicated optical setup due to 

the optical access through the cavity. The alignment laser (AL) was directed through the high 

reflector of the test laser and continued on through the output coupler. This arrangement was 

used to align the laser as well as align the optical path to the engine. This setup is shown in 

Figure 4.17.  
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Figure 4.17: Test laser engine test optical setup 

 The output pulsewidth was monitored by a photodiode placed behind the high 

reflector. The output pulse energy was measured between the laser and the steering optics 

before the output is directed to the engine optics. The test laser electrical and optical setup 

differed slightly from the optical experimental testing. Figure 4.18 shows the functional 

block diagram of the test laser engine setup. 
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Figure 4.18: Test laser functional block diagram for engine testing 

As discussed in the previous figure the alignment laser was directed through the laser 

and to the steering mirrors and onto the engine.  The laser diode current pulser (CP) used 

either the interal (INT) triggering or the external triggering (TRIG) depending on whether the 

laser was being used with or without the engine motoring. The current pulser was 

synchronized with a miniature spectrometer (SPEC) used to monitor the output wavelength 

of the laser diode pumps. A fiber optic (FO) was used to collect the stray light from the diode 

pumps and direct it into the spectrometer where a PC was used to display the spectral data for 

feedback purposes. A thermoelectric cooler (TEC) controller was used in conjunction with 

the spectrometer output to adjust the temperature and subsequent output wavelength of the 

laser diodes operating at approximately 5 Hz.  Figure 4.19 shows a photo of the test laser 

optical setup. The optical setup photo shows the alignment laser in line with the photodiode 

test laser and power meter. After the power meter the optical setup is identical to the 

commercial laser setup. 
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Figure 4.19: Test laser engine laboratory optical bench setup 

Figure 4.20 shows the engine side of the sapphire window/lens adaptor with the spark 

plug hole to laser optics adaptor. Figure 4.21 shows a photo of the turning mirror arrangment 

connected to the sapphire window/lens adaptor. Figure 4.22 shows the assembly from Figure 

4.21 installed on the engine. 
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Figure 4.20: View of engine side of the sapphire window/lens (left) and the spark plug 

adaptor showing the optical access cavity (right) 

 
Figure 4.21: On-engine optical arrangement without spark plug adapter 
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Figure 4.22: On-engine optical arrangement installed with spark plug adapter 

The focusing optics were a combination of a bi-convex (BCX) lens and a plano-

convex lens whose combined focal length was approximately 12mm. Previous 

experimentation used a single plano-convex sapphire lens with a focal length of 

approximately 31 mm. This lens also acted as the pressure barrier between the combustion 

chamber and ambient, which is illustrated in Figure 4.23 (A). 
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Figure 4.23: Schematic illustrating the original ignition location (A) and the new location due 

to the addition of the extra lens (B) [Not to scale] 

Previous work [9-12,21] used only the sapphire window/lens with a focal length of 

approximately 31 mm such that the focal spot would produce a spark approximately 6 mm 

below the bottom of the head and above the piston crown.  This arrangement kept the spark 

away from the walls of the combustion chamber to reduce quenching effects and enhance the 

propagation of the flame front evenly across the combustion chamber.   

The current setup used an additional lens placed upstream from the sapphire lens to 

modify the focal length of the assembly as shown in Figure 4.23 (B). The additional lens was 
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a fused silica bi-convex lens with a focal length of approximately 18 mm. The addition of 

this lens shortened the overall focal length of the setup to approximately 11 mm.  This was 

done to improve the spark performance of the test laser due to multimode output production. 

Shortening of the focal length provides a smaller focal spot which greatly increases the focal 

intensity of a given output pulse. Unfortunately this placed the laser spark well inside the 

optical access cavity shrouding the spark.  This was not the preferred setup due to the adverse 

combustion issues that it caused, which will be discussed in the next chapter.  This 

arrangement did however allow the sporadic multimode output of the test laser to 

consistently produce sparks for engine testing.  This modification was the primary reason for 

not making an additional engine operational comparison with an electrical ignition system.  It 

was felt that the spark location produced by the modified optics could not be sufficiently 

reproduced with an electrical ignition system. 

Although the test laser performed well in the optics laboratory and consistently 

produced sparks under tightly controlled conditions this “good behavior” did not transfer into 

the engine laboratory.  Due to design deficiencies of the test laser it was not able to properly 

and symmetrically reject the heat built up over prolonged operation at the higher repetition 

rates encountered during engine testing.  The inability to sufficiently shed the proper amount 

of heat led to minor problems with the alignment of the laser due to thermal expansion in the 

chassis. Therefore the laser had to be “warmed up” slowly to ensure even heat distribution to 

maintain proper alignment. In addition to the problem of misalignment was the the issue of 

sporadic multimode output.  This problem is illustrated in Figure 4.24. 
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Figure 4.24: Output pulse shapes for the test laser and the commerical laser 

The sporadic multimode output is thought to be caused by an uneven excited state 

distribution within the laser rod and subsequently the Q-switch. This is thought to cause two 

or more distinct areas of excitation within the cross-section of the laser rod. This is illustrated 

schematically in Figure 4.25 where the top laser diode array is minutely closer to the laser 

rod and therefore produces a broader area of excitation. Figure 4.25 is not to scale, however 

it serves to show how a minute degree of asymmetry can significantly affect the inner 

workings of the laser system. Figure 4.26 shows an optimal or preferred side pumping optical 

arrangement with the available equipment. 



  113

Thermally
Conductive
Epoxy

Copper
Mount

TEC

Laser
Diode
Module

Nylon
Set Screw

Areas of 
Excitation

Thermally
Conductive
Epoxy

Copper
Mount

TEC

Laser
Diode
Module

Nylon
Set Screw

Thermally
Conductive
Epoxy

Copper
Mount

TEC

Laser
Diode
Module

Nylon
Set Screw

Areas of 
Excitation

 
Figure 4.25: Cross section of laser pump arrangement showing uneven pump distribution 

[not to scale] 

Thermally
Conductive
Epoxy

Copper
Mount

TEC

Laser
Diode
Module

Areas of 
Excitation

Thermally
Conductive
Epoxy

Copper
Mount

TEC

Laser
Diode
Module

Thermally
Conductive
Epoxy

Copper
Mount

TEC

Laser
Diode
Module

Areas of 
Excitation

 
Figure 4.26: Cross section of pump arrangement showing preferred pump distribution [not to 

scale] 
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The slight asymmetry produced by the set screw produces two distinct excited regions 

within the laser rod cross section. The use of the set screw further compounds the problem by 

only allowing one avenue for heat removal from the laser rod. This asymmetry in the heat 

removal induces a nonuniform refractive index gradient across the cross section of the laser 

rod. This index gradient acts as a weak lens further distorting the laser light as it passes 

throught the cavity. The combination of the asymmetries with the excitation and heat flow 

could produce the multimode output behavior. The amount of energy contained in the cross 

hatched area of the multimode output pulse in Figure 4.24 is approximately a third of the 

total output pulse energy.  Looking back at the optical preliminary experimentation section 

for the laser design and testing it can be seen that as the laser is pumped harder the output 

pulse delay becomes shorter and shorter.  It is hypothesized that the geometric asymmetry 

provided by the set screw produces a slightly less excited region within the laser rod whose 

output is minutely delayed and therefore is out of synchronization with the larger more 

excited region of the laser rod.  Under the strict operational and environmental conditions of 

the optics laboratory this issue could be mitigated through lower repetition rate operation and 

careful alignment.  However under the more harsh conditions seen in the engine test 

laboratory with higher repetition rates, thermoelectric cooling, engine heat, etc. the laser 

could not be aligned to consistently produce single mode output pulses therefore the shorter 

focal length arrangement had to be employed.  The excess heat produced by the operating the 

laser at higher repetition rates limited the operation of the laser system to 5 Hz, or an engine 

speed of approximately 600 rpm.  This engine speed is typically an idling condition for large 

power generation reciprocating engines but, this engine speed was sufficient to demonstrate 

the operation of the test laser and the commercial laser for comparison. 



  115

The test laser optical components and input parameters are listed in Table 4.1.  This 

particular combination of optics was chosen because produce the highest and most consistent 

output with the least amount of alignment difficulty.  

Table 4.1: Test laser optical component and input parameter list 
Output Coupler Reflectivity – R 30% 

Q-switch Initial Transmission – To 40% + 80% = 32% 

Neodymium Concentration – Nd 0.5% 

Laser Diode Electrical Power ~2006 Watts 

Average Electrical Power at 1 Hz 500 μs pulsewidth ~1 Watt 

Average Electrical Power at 5 Hz 500 μs pulsewidth ~5 Watts 

Laser Diode Optical Output ~1007 Watts 

Average Optical Power at 1 Hz 500 μs pulsewidth ~0.5 Watt 

Average Optical Power at 5 Hz 500 μs pulsewidth ~2.5 Watts 

 

The laser output parameters used in the engine study are listed in Table 4.2. Two 

output columns are listed for the test laser one for single mode output and the other for 

multimode output. The commercial laser output energy was selected to match the output 

pulse energy. When this commercial laser system is operated so near the output threshold the 

output pulse width becomes much broader than at the higher output conditions and deviates 

significantly from the data sheet specifications. Unfortunately, this operational quality of the 

commercial laser system was not discovered until after the engine testing had been 

performed and the apparatus disassembled. This is the primary difference in the values listed 

in Table 4.2 between the test and commercial laser outputs. 
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Table 4.2: Laser output engine test parameters list 
Parameter Test Laser (Single 

Mode Output) 
Test Laser (Multi 
mode Output) 

Commercial Laser 

Output Energy (mJ) 23 ~16 23 

Output Pulsewidth (ns) 10 9 18 

Peak Power (MW) 2.3 1.7 1.27 

Beam Quality or M2 6.55 6.25 

Beam Diameter (mm) ~3 ~3 

Estimated Focal 
Intensity (Watts/cm2) 
[31mm focal length] 

 

3.9x1010 

 

2.8x1010 

 

2.2x1010 

Estimated Focal 
Intensity (Watts/cm2) 
[11mm focal length] 

 

2.7x1011 

 

1.9x1011 

 

1.5x1011 

 

The engine test plan consisted of three replications of three equivalence ratios 

randomized for each laser ignition system. All other independent variables were to remain 

constant. Preliminary engine operation with the test laser allowed for the determination of an 

acceptable range of values for Phi that would not cause misfire or knock. Table 4.3 lists the 

target equivalence ratio values for each test in the sequence that they were performed. 
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Table 4.3: Randomized test matrix for engine study 
Test Number Test Laser Phi Commercial Laser Phi 

1 0.8 1.0 

2 0.9 0.8 

3 0.9 0.9 

4 0.8 0.9 

5 1.0 1.0 

6 0.9 0.8 

7 1.0 1.0 

8 0.8 0.9 

9 1.0 0.8 

 

The engine test procedure begins with energizing all of the emissions and data collection 

equipment. The gas analyzers are then calibrated with seven to nine-point calibration curves 

generated using least squares regression in accordance with the requirements of CFR 40, part 

86, subpart N. All calibration gases are NIST traceable with analytical uncertainty of less 

than ±1.0%. Leak checks on all analytical lines were performed in accordance with NETL 

engine research laboratory leak check procedures [169].  The engine is then rotated by hand 

to ensure smooth rotation before the dynomometer is energized to motor the engine. The 

supply air valve is opened and the engine is motored up to 10 rev/s. The output trigger to the 

laser is enabled and verified by switching the laser system over to external control and 

ensuring that the laser produces sparks in time with the engine. Optical path adjustments are 

made at this time if necessary. In the case of the commercial laser system the beam width 

entering the engine optics is checked and adjusted if needed. The fuel supply is then opened 
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while an operator adjusts a fine control needle valve while monitoring the output of the mass 

flow meter to ensure the correct equivalence ratio. Once the proper equivalence ratio is 

reached the system was allowed to run for at least two minutes. At the end of the two minutes 

the low speed data logging was recorded into a spreadsheet. The high speed data acquisition 

software was then activated to record one hundred consecutive engine cycles. The 

equivalence ratio setpoint was then changed and allowed to settle out for the next data 

recording cycle. This was repeated until all target equivalence ratios were examined at which 

time the fuel supply to the engine was closed. The ignition signal to the laser system was then 

disabled and the engine was stopped. Post processing of the data was then performed for 

analysis. The exact engine operating conditions are listed in the results section. 
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5 Results and Discussion 

The following chapter provides a discussion of the optical experimental data and 

engine test data. The raw data from the optical experimental investigation is tabulated in the 

Appendix E. 

5.1  Optical Laboratory Results 

The optical laboratory results section examines the data produced from the optical 

laboratory testing and development of the laser spark plug. The data points represent the 

mean of three recorded values for each curve. The error bars for each data point represent a 

95% confidence interval of the mean. The data used to produce each plot was also analyzed 

through multi-linear regression.  This analysis was intended to show whether or not 

relationships existed between measured independent and dependent variables. The regression 

equation produced by the regression analysis was also plotted with the experimental data. 

The trend lines were produced from the overall regression of the plotted data in each figure, 

and not of the individual plotted curves.  This was done to provide a visual aid whereby 

estimates of the variable relationships could be made depending on the orientation of the 

trend lines and the data. The significance of these relationships and the likely physical 

reasons for this behavior is discussed. 

5.1.1 Output Pulse Energy 

Section 5.1.1 examines the dependence of the output pulse energy on the values of the 

Q-switch initial transmission, the output coupler reflectivity, Neodymium (Nd) 

concentration, and the input power level. Figures 5.1-5.3 show the dependence of the output 

pulse energy on the output coupler reflectivity and the Q-switch initial transmission with 
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varying values of Nd concentrations of 0.35%, 0.50%, and 0.75% respectively.  Figure 5.1 

indicates an overall range of operation of 18.42-27.91 mJ, where all test points produced 

sparks.  

The three levels of Q-switch initial transmission produced significantly different output pulse 

energy levels with respect to the 95% confidence intervals, for all levels of output coupler 

reflectivity except the highest level. Table 5.1 shows the results of the regression analysis of 

the data plotted in Figure 5.1.  The adjusted R-squared value indicates that the linear model 

was a useful fit.  Both independent variables contribute significantly to the model because of 

the respectively small p-values. The plotted trend lines are from the regression of the entire 

data set plotted in Figure 5.1 and do not represent individual regression lines of the plotted 

curves. This was done to produce a visual aid when examining the overall fit of the 

regression analysis to the data set.  The coefficients of the linear regression model were 

combined with the test variables to produce the trend lines shown in Figure 5.1. This has 

been done throughout Section 5.1. The slope of the trend lines indicates the significance of 

the output coupler reflectivity. The greater the slope the greater the contribution of the 

independent variable. A large spacing of the trend lines is an indication of a significant 

dependence of the output on the Q-switch initial transmission value. The larger the distance 

between the trend lines the greater the contribution of the secondary input variable, Q-switch 

initial transmission (To).  
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Figure 5.1: Output pulse energy response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.35% at an input power of 1007 Watts 

Table 5.1: Regression analysis of data plotted in Figure 5.1 
Regression Statistics

Multiple R 0.913
R Square 0.834
Adj. R Square 0.820
Standard Error 1.149
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 158.700 79.350 60.140 4.487E-10
Residual 24 31.670 1.319
Total 26 190.400

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 49.560 2.676 18.520 1.015E-15 44.040 55.080
OC % Reflect. -0.200 0.027 -7.280 1.620E-07 -0.250 -0.140
QSW % To -0.560 0.068 -8.210 2.007E-08 -0.700 -0.420  

The F-test indicates that the null hypothesis should be rejected and that at least one 

input variable significantly contributes to the variability within the response. The small P-
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values indicate that both the output coupler reflectivity and the Q-switch initial transmission 

produce a statistically significant contribution to the output pulse energy variability. The data 

shows a significant increase in the output pulse energy when both the output coupler 

reflectivity and the Q-switch initial transmission values are decreased. The ouput pulse 

energy increases with decreasing output coupler reflectivity because less feedback is given to 

the gain medium during the pumping process. The lower feedback results in fewer stimulated 

emission events, therefore it takes more time for the system to reach the lasing threshold.  

This additional time allows for greater optical storage and subsequent higher output pulse 

energies when lasing occurs. The optical energy storage is primarily a function of pump 

power and pump time until the media is saturated. When the output coupler reflectivity is 

increased the additional feedback causes the laser media to produce more stimulated 

emissions and thereby saturate the Q-switch faster. The quicker saturation induces lasing 

with a shorter pump time therefore the stored optical energy is much lower than if the lasing 

were held off for a longer period of time. This explains the negative slope of the curves in 

Figures 5.1-5.3. 

The reduction of the Q-switch initial transmission also holds off lasing due to the 

increased optical density. The increased opacity requires more time for a given optical 

combination to reach the lasing threshold at a given pump level. Therefore the lower the Q-

switch initial transmission the more energy that is stored in the gain medium at the onset of 

lasing. This explains the spacing between the curves in Figures 5.1-5.3 where the lower Q-

switch initial transmission results in higher output pulse energy.   

Figure 5.2 indicates an operation range of 17.49-27.93 mJ. Twenty five of the twenty 

seven test points produced sparks.  The lowest level of output coupler reflectivity produces 
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significantly different output pulse energy for all three levels of Q-switch initial transmission. 

At the higher two levels of output couple reflectivity, two values of Q-switch initial 

transmission produce statistically identical values of output pulse energy. Table 5.2 shows 

the results of the regression analysis of the data plotted in Figure 5.2.  The results indicate 

that the linear model was a good fit and that both independent variables contribute 

significantly to the model. The plotted trend lines from the regression also indicate the 

significance of the contributions from each variable. The slope of the trend lines indicates the 

significance of the output coupler reflectivity. The spacing of the trend lines is an indication 

of a significant dependence of the output on the Q-switch initial transmission value. 
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Figure 5.2: Output pulse energy response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.50% at an input power of 1007 Watts 
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Table 5.2: Regression analysis of data plotted in Figure 5.2 

Multiple R 0.901
R Square 0.813
Adj. R Square 0.797
Standard Error 1.274
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 169.000 84.510 52.060 1.868E-09
Residual 24 38.960 1.623
Total 26 208.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 48.970 2.968 16.500 1.339E-14 42.850 55.100
OC % Reflect. -0.230 0.030 -7.720 5.923E-08 -0.290 -0.170
QSW % To -0.500 0.075 -6.670 6.650E-07 -0.660 -0.350

Regression Statistics

 

Figure 5.3 shows a range of operation between 14.18-26.70 mJ and all but two of the 

twenty seven data points produced sparks.  The settings of the Q-switch initial transmission 

produce significantly different results for all values of the output coupler reflectivity except 

40%.  Table 5.3 shows the results of the regression analysis of the data plotted in Figure 5.3.  

The results indicate that the linear model was a good fit and that both independent variables 

contribute significantly to the model. The plotted trend lines from the regression also indicate 

the significance of the contributions from each variable. The slope of the trend lines indicates 

the significance of the output coupler reflectivity. The spacing of the trend lines is an 

indication of a significant dependence of the output on the Q-switch initial transmission 

value. 
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Figure 5.3: Output pulse energy response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.75% at an input power of 1007 Watts 

Table 5.3: Regression analysis of data plotted in Figure 5.3 

Multiple R 0.898
R Square 0.806
Adj. R Square 0.789
Standard Error 1.654
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 271.900 135.900 49.700 2.930E-09
Residual 24 65.640 2.735
Total 26 337.500

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 55.930 3.852 14.520 2.205E-13 47.980 63.880
OC % Reflect. -0.260 0.039 -6.620 7.522E-07 -0.340 -0.180
QSW % To -0.730 0.097 -7.450 1.082E-07 -0.930 -0.530

Regression Statistics

 

Figure 5.4 shows the output pulse energy as a function of the output coupler 

reflectivity for three different values of Nd concentration.  The output pulse energy values 



  126

are not easily distintuished at a 0.05 level of significance for the varying values of Nd 

concentration. Table 5.4 shows the results of the regression analysis of the data plotted in 

Figure 5.4.  The results indicate that the linear model was a good fit and that both 

independent variables contribute significantly to the model. The plotted trend lines from the 

regression also indicate the significance of the contributions from each variable. The slope of 

the trend lines indicates the significance of the output coupler reflectivity. The spacing of the 

trend lines is an indication of a significant dependence of the output on the Nd concentration 

values. 
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Figure 5.4: Output pulse energy response as a function of output coupler reflectivity and Nd 

concentration with a constant Q-switch initial transmission of 36% and an input power of 
1007 Watts 
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Table 5.4: Regression analysis of data plotted in Figure 5.4 

Multiple R 0.918
R Square 0.843
Adj. R Square 0.830
Standard Error 0.887
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 101.300 50.640 64.290 2.295E-10
Residual 24 18.900 0.788
Total 26 120.200

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 32.060 1.017 31.530 4.798E-21 29.960 34.160
Nd % Conc. -6.120 1.035 -5.910 4.220E-06 -8.260 -3.980
OC % Reflect. -0.200 0.021 -9.700 9.332E-10 -0.250 -0.160

Regression Statistics

 

The dependence of the output pulse energy in Figure 5.4 on the output coupler 

reflectivity is primarily due to the degree of feedback each reflectivity value provides to the 

laser system when building up to the lasing threshold. For a given Q-switch initial 

transmission and input pump power the lower reflectivity requires more time to build up the 

suitable photon flux to begin the process. The consequence of this additional build up time is 

larger optical storage and subsequent increase in output pulse energy when lasing occurs. 

This explains the slope of the curves in Figure 5.4, the lower the output coupler reflectivity 

the higher the output pulse energy. 

The dependence of the output pulse energy in Figure 5.4 on the Nd concentration is 

primarily due to the absorption and stimulated re-emission that a particular concentration is 

capable of generating.  The higher concentration laser rods more readily absorb the pump 

radiation thereby producing excited states that can be emitted either by stimulation or 

spontaneously to contribute to the photon flux when building up the lasing threshold. The 

more excited states that are created and subsequently stimulated for a given set of optical and 

pump parameters will lead to a shorter pump time before lasing onset. A consequence of the 
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reduction in time is a lower output pulse energy. This explains the spacing between the 

curves in Figure 5.4, the lower the concentration the higher the output pulse energy.   

Figure 5.5 shows the dependence of the output pulse energy on the input pump power 

for three levels of Nd concentration. All data points are statistically equivalent with the 

application of a 95% confidence interval.  Table 5.5 shows the results of the regression 

analysis of the data plotted in Figure 5.5.  The results indicate that the linear model was a 

poor fit however at least one of the independent variables contributes significantly to the 

model. The plotted trend lines from the regression also indicate the significance of the 

contributions from each variable. The slope of the trend lines in conjunction with the 

regression data indicates no significant dependence of the output pulse energy on the input 

power in this scenario. The spacing of the trend lines indicates little or no significance of the 

Nd concentration on the output pulse energy, although the regression analysis does indicate  

significance. 
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Figure 5.5: Output pulse energy as a function of optical pump power and Nd concentration 

with constant output coupler reflectivity and Q-switch initial transmission 

Table 5.5: Regression analysis of raw data plotted in Figure 5.5 

Multiple R 0.652
R Square 0.425
Adj. R Square 0.370
Standard Error 0.563
Observations 24

ANOVA
df SS MS F Significance F

Regression 2 4.925 2.462 7.756 3.005E-03
Residual 24 6.667 0.317
Total 26 11.590

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 19.220 2.401 8.002 8.194E-08 14.220 24.210
Nd % Conc. -2.130 0.728 -2.930 8.014E-03 -3.650 -0.620
Pin Optical 0.005 0.002 2.018 5.659E-02 0.000 0.010

Regression Statistics

 

It is evident that the input pump power has no influence on the output pulse energy 

from Figure 5.5. This is due to the self-regulation performed by the combination of the 
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output coupler reflectivity and the Q-switch initial transmission. This optical combination 

predetermines the output pulse energy of a given passively Q-switched laser system.  The 

input pump power can have an effect on the output pulse energy but it seems to only be 

noticable when the input power is modified on order of magnitude scales which was not 

examined in this work.  

It is also evident that for a given combination of output coupler reflectivity and Q-

switch initial transmission the Nd concentration has little effect on the output pulse energy. 

Although it was evident in previous plots that the Nd concentration can have a significant 

effect on the output pulse energy Figure 5.5 provides a good example that shows the output 

coupler reflectivity and the Q-switch initial transmission as the limiting factors in 

determining output pulse energy for a range of input power levels and ion concentrations.  

Figure 5.6 shows the output pulse energy as a function of pump power for three 

different output coupler reflectivities and fixed Q-switch initial transmission and Nd 

concentration.  Table 5.6 shows the results of the regression analysis of the data plotted in 

Figure 5.6.  The results indicate that the linear model was a good fit and that at least one of 

the  independent variables contributes significantly to the model. The plotted trend lines from 

the regression also indicate the significance of the contributions from each variable. The 

slope of the trend lines, as well as the regression analysis, indicates no significance of the 

input pump power on the output pulse energy. The spacing of the trend lines is an indication 

of a significant dependence of the output on the output coupler reflectivity. 
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Figure 5.6: Output pulse energy versus pump power for three output coupler reflectivities and 

fixed Q-switch initial transmission and Nd concentration 

Table 5.6: Regression analysis of raw data plotted in Figure 5.6 

Multiple R 0.913
R Square 0.833
Adj. R Square 0.819
Standard Error 1.218
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 177.400 88.710 59.780 4.763E-10
Residual 24 35.610 1.484
Total 26 213.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 34.320 4.541 7.559 8.491E-08 24.950 43.690
OC % Reflect. -0.310 0.029 -10.900 8.534E-11 -0.370 -0.250
Pin Optical 0.000 0.005 -0.510 6.148E-01 -0.010 0.007

Regression Statistics

 

Figure 5.6 again indicates that the input pump power has no influence on the output 

pulse energy for a given combination of output coupler reflectivity, Q-switch initial 
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transmission, and Nd concentration. The output pulse energy is shown to be strongly 

dependent on the output coupler reflectivity for a given combination of Nd concentration and 

Q-switch initial transmission regardless of the input power level for this combination of 

variable values. Once again this relates directly to the degree of feedback the output coupler 

provides the system. As will be seen in a following section the input power level does 

significantly effect the amount of time it takes to produce a particular output. However, in 

this experiment the combination of the output coupler reflectivity, Q-switch initial 

transmission, and the Nd concentration appear to predetermine a certain output energy level. 

Figure 5.7 shows the output pulse energy as a function of pump power for three 

different Q-switch initial transmission values with fixed output coupler reflectivity and Nd 

concentration. Table 5.7 shows the results of the regression analysis of the data plotted in 

Figure 5.7.  The results indicate that the linear model was a good fit and that both 

independent variables contribute significantly to the model. The plotted trend lines from the 

regression also indicate the significance of the contributions from each variable. The slope of 

the trend lines indicates the relative insignificance of the input pump power. The spacing of 

the trend lines is an indication of a significant dependence of the output on the Q-switch 

initial transmission. 
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Figure 5.7: Output pulse energy versus pump power for three Q-switch initial transmission 

values and fixed output coupler reflectivities and Nd concentration 

Table 5.7: Regression analysis of data plotted in Figure 5.7 

Multiple R 0.965
R Square 0.932
Adj. R Square 0.926
Standard Error 1.090
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 390.000 195.000 164.000 1.010E-14
Residual 24 28.540 1.189
Total 26 418.500

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 53.060 4.562 11.630 2.388E-11 43.640 62.470
QSW % To -1.150 0.064 -17.900 2.076E-15 -1.290 -1.020
Pin Optical 0.010 0.004 2.472 2.093E-02 0.002 0.019

Regression Statistics

 

Figure 5.7, along with the regression data, suggests that there may be a marginal 

dependence of the output pulse energy on the input pump power for this scenario. 



  134

Considering the previous plots and explanations in this section this seems unlikely.  At first 

sight the curves look as if they follow the same patterns produced by varying the output 

coupler reflectivity in previous plots where the input power has little or no effect on the 

output. This is the case for the most part in Figure 5.7. This plot does show a strong 

dependence of the output pulse energy on the Q-switch initial transmission. This is another 

example of how the combination of output coupler reflectivity, Nd concentration, and Q-

switch initial transmission act to predetermine the operational output of the laser system. 

Table 5.8 shows the results of the regression analysis encompassing all of the data 

with respect to the output pulse energy.  The regression analysis indicates a good linear fit 

and the rejection of the null hypothesis. The analysis also indicates that all of the independent 

variables contribute significantly. 

Table 5.8: Regression analysis of the output pulse energy data 

Multiple R 0.872
R Square 0.760
Adj. R Square 0.756
Standard Error 1.389
Observations 228

ANOVA
df SS MS F Significance F

Regression 2 1364.000 341.000 176.700 6.185E-68
Residual 24 430.300 1.930
Total 26 1794.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 47.120 2.208 21.340 8.409E-56 42.770 51.470
Nd % Conc. -5.780 0.556 -10.400 7.308E-21 -6.870 -4.680
OC % Reflect. -0.200 0.012 -17.700 3.187E-44 -0.230 -0.180
QSW % To -0.540 0.029 -18.900 2.418E-48 -0.600 -0.490
Pin Optical 0.005 0.002 2.485 1.370E-02 0.001 0.008

Regression Statistics

 

5.1.2 Output Pulse Width 

Section 5.1.2 examines the dependence of the output pulse width on the values of the 

Q-switch initial transmission, the output coupler reflectivity, Neodymium concentration, and 
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the input power level. Figures 5.8-5.10 show the relationship between the output pulse width 

on the output coupler reflectivity and the Q-switch initial transmission each with fixed values 

of Nd concentrations of 0.35%, 0.50%, and 0.75%, respectively. Figure 5.8 shows an 

operational range between 8.2-11.4 ns. Table 5.9 shows the results of the regression analysis 

of the data plotted in Figure 5.8. The results indicate that the linear model was able to explain 

approximately 3% of the variability in the output pulse width, a very poor fit overall. 

Considering the large P-value, the null hypothesis would not be rejected in this scenario 

verifying that neither variable provides a significant contribution to the model.  The slope of 

the trend lines, as well as the regression data, indicates no significance of the output coupler 

reflectivity on the output pulse width. The spacing of the trend lines, as well as the regression 

data, indicates that the output pulse width is not dependent on the Q-switch initial 

transmission. 
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Figure 5.8: Output pulse width response as a function of output coupler reflectivity and Q-

switch initial transmission with Nd concentration of 0.35% at an input power of 1007 Watts 

Table 5.9: Regression analysis of data plotted in Figure 5.8 

Multiple R 0.328
R Square 0.108
Adj. R Square 0.033
Standard Error 1.008
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 2.944 1.472 1.449 2.546E-01
Residual 24 24.380 1.016
Total 26 27.330

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 7.530 2.348 3.207 3.776E-03 2.684 12.380
OC % Reflect. -0.020 0.024 -1.030 3.138E-01 -0.070 0.025
QSW % To 0.081 0.059 1.356 1.876E-01 -0.040 0.203

Regression Statistics

 

The output pulse width is largely dictated by the cavity geometry and Q-switch 

operational parameters but can exhibit minor variations due to cavity alignment. The data in 
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Figures 5.5-5.7 suggests no dependences in output pulse width due to either the Q-switch 

initial transmission or the output coupler reflectivity.  It is not clear if any effect is present 

due to the optical parameters or if the data simply shows alignment variation which could not 

be measured or recorded with the equipment available.   

Figure 5.9 shows an operational range between 7.33-9.73 ns. Table 5.10 shows the 

results of the regression analysis of the data plotted in Figure 5.9. The results indicate that the 

linear model was able to explain approximately 65% of the variability in the output 

pulsewidth, a poor fit overall. Unlike Table 5.9 this analysis indicates that both variables 

contribute significantly to the model.  The slope of the trend lines indicates significance of 

the output coupler reflectivity on the output pulse width. The spacing of the trend lines 

indicates that the output pulse width is significantly dependent on the Q-switch initial 

transmission for this scenario. 
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Figure 5.9: Output pulse width response as a function of output coupler reflectivity and Q-

switch initial transmission with Nd concentration of 0.50% at an input power of 1007 Watts 

Table 5.10: Regression analysis of data plotted in Figure 5.9 

Multiple R 0.808
R Square 0.653
Adj. R Square 0.624
Standard Error 0.480
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 10.380 5.190 22.560 3.075E-06
Residual 24 5.522 0.230
Total 26 15.900

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 6.354 1.117 5.686 7.404E-06 4.048 8.660
OC % Reflect. -0.060 0.011 -5.010 4.033E-05 -0.080 -0.030
QSW % To 0.126 0.028 4.471 1.593E-04 0.068 0.185

Regression Statistics

 

Figure 5.9, along with the regression data, show a significant dependence of the 

output pulse energy on the Q-switch initial transmission and output coupler reflectivity. 
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However this is most likely due to minor variations in the output and/or measurement 

technique. The output pulsewidth was not expected to vary significantly with any of the 

independent variables, however it is known to vary somewhat with the excited state density 

within the laser material. In other words the higher the excited state density the shorter the 

pulse width can potentially be if the cavity, the laser rod and the Q-switch are all properly 

aligned.     

Figure 5.10 shows an operational range between 7.93-11.13 ns. Table 5.11 shows the 

results of the regression analysis of the data plotted in Figure 5.10. The results indicate that 

the linear model was able to explain approximately 42% of the variability in the output 

pulsewidth, a poor fit overall. The P-values for the tests of the independent variables indicate 

that only one of the variables contributes significantly to the model.  The slope of the trend 

lines indicates no significance of the output coupler reflectivity on the output pulse width. 

The spacing of the trend lines, as well as the regression data, indicates that the output pulse 

width is significantly different for varying values of Q-switch initial transmission. 
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Figure 5.10: Output pulse width response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.75% at an input power of 1007 Watts 

Table 5.11: Regression analysis of data plotted in Figure 5.10 

Multiple R 0.652
R Square 0.425
Adj. R Square 0.377
Standard Error 0.791
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 11.070 5.534 8.852 1.319E-03
Residual 24 15.010 0.625
Total 26 26.070

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 1.704 1.842 0.925 3.642E-01 -2.100 5.505
OC % Reflect. 0.028 0.019 1.490 1.491E-01 -0.010 0.066
QSW % To 0.183 0.047 3.935 6.212E-04 0.087 0.279

Regression Statistics

 

Figure 5.10 along with the regression data show a significant dependence of the 

output pulse energy on the Q-switch initial transmission; refer to the previous discussion for 
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possible causes of this dependence  Figure 5.11 shows the output pulse width as a function of 

the output coupler reflectivity for three different values of Nd concentration.    Table 5.12 

shows the results of the regression analysis of the data plotted in Figure 5.11.  The adjusted 

R-squared value  indicates that the linear model was a poor fit and does not explain any of 

the variability in the dependent variable. Considering the outcome of the F test, the null 

hypothesis would not be rejected indicating that neither variable provides a significant 

contribution to the model. The plotted trend lines as well as the listed p-values for each of the 

variables verifies no significant contribution. 
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Figure 5.11: Output pulse width response as a function of output coupler reflectivity and Nd 
concentration with a fixed Q-switch initial transmission value of 36% at an input power of 

1007 Watts 
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Table 5.12: Regression analysis of data plotted in Figure 5.11 

Multiple R 0.214
R Square 0.046
Adj. R Square -0.030
Standard Error 1.055
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 1.287 0.643 0.578 5.687E-01
Residual 24 26.720 1.113
Total 26 28.010

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 10.360 1.209 8.569 9.153E-09 7.865 12.860
Nd % Conc. 0.095 1.231 0.077 9.390E-01 -2.440 2.635
OC % Reflect. -0.030 0.025 -1.070 2.943E-01 -0.080 0.025

Regression Statistics

 

Figure 5.11 indicates no dependences of the output pulse width on either the Nd 

concentration or the output coupler reflectivity. As stated previously the output pulse width is 

primarily dependent on cavity geometry, Q-switch properties, and alignment, therefore no 

significant dependencies are expected with fixed Q-switch initial transmission values. 

Figure 5.12 shows the output pulse width as a function of the input pump power for 

three values of Nd concentration with constant output coupler reflectivity and Q-switch 

initial transmission.  The data point at the lowest input power level for the 0.35% Nd 

concentration test did not produce output and therefore was not plotted. The data for the 

0.35% Nd concentration is completely indistinguishible from the rest of the data which is 

statistically equivalent at a 95% confidence level.  Table 5.13 shows the results of the 

regression analysis of the data plotted in Figure 5.12. The adjested R-squared value indicates 

that the linear model was a poor fit to the present data. Considering the outcome of the F test, 

the null hypothesis would fail to be rejected in this scenario verifying that neither variable 

provides a significant contribution to the model. 
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Figure 5.12: Output pulse width as a function of optical pump power and Nd concentration 

with constant output coupler reflectivity and Q-switch initial transmission 

Table 5.13: Regression analysis of data plotted in Figure 5.12 

Multiple R 0.378
R Square 0.143
Adj. R Square 0.062
Standard Error 1.159
Observations 24

ANOVA
df SS MS F Significance F

Regression 2 4.711 2.356 1.754 1.975E-01
Residual 24 28.210 1.343
Total 26 32.920

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 6.133 4.939 1.242 2.280E-01 -4.140 16.400
Nd % Conc. -2.060 1.498 -1.380 1.829E-01 -5.180 1.052
Pin Optical 0.005 0.005 0.979 3.386E-01 -0.010 0.015

Regression Statistics

 

Figure 5.12 indicates no dependences of the output pulse width on either the Nd 

concentration or the input pump power. Figure 5.13 shows the output pulse width as a 
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function of the input pump power for three different values of output coupler reflectivity with 

fixed values for Nd concentration and Q-switch initial transmission.  Table 5.14 shows the 

results of the regression analysis of the data plotted in Figure 5.13.  The results indicate that 

the linear model was a poor fit and does not explain any of the variability in the data. 

Considering the outcome of the F test, the null hypothesis would not be rejected in this 

scenario indicating that neither variable provides a significant contribution to the model. The 

plotted trend lines as well as the listed P-values for each of the variables varifies no 

significant contribution. 
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Figure 5.13: Output pulse width versus pump power for three output coupler reflectivities 

and fixed Q-switch initial transmission and Nd concentration 
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Table 5.14: Regression analysis of data plotted in Figure 5.13 

Multiple R 0.284
R Square 0.081
Adj. R Square 0.004
Standard Error 0.653
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 0.901 0.450 1.056 3.633E-01
Residual 24 10.230 0.426
Total 26 11.130

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 10.460 2.434 4.296 2.486E-04 5.434 15.480
OC % Reflect. 0.020 0.015 1.300 2.061E-01 -0.010 0.052
Pin Optical 0.000 0.002 -0.650 5.212E-01 -0.010 0.004

Regression Statistics

 

Figure 5.13 indicates no dependences of the output pulse width on either the input 

pump power or the output coupler reflectivity.  Figure 5.14 shows the output pulse width as a 

function of the input pump power for three different values of Q-switch initial transmission 

with constant Nd concentration and output coupler reflectivity values.  No data groups are 

distinguishible with the application of a 95% confidence interal.  Table 5.15 shows the results 

of the regression analysis of the data plotted in Figure 5.14.  The results indicate that the 

linear model was a poor fit and does not explain any of the variability in the data. 

Considering the outcome of the F test, the null hypothesis would be accepted in this scenario 

verifying that neither variable provides a significant contribution to the model. The plotted 

trend lines as well as the listed P-values for each of the variables indicates no significant 

contribution. 
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Figure 5.14: Output pulse width versus pump power for three Q-switch values and fixed 

output coupler reflectivity and Nd concentration 

Table 5.15: Regression analysis of data plotted in Figure 5.14 

Multiple R 0.163
R Square 0.027
Adj. R Square -0.050
Standard Error 0.564
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 0.209 0.104 0.328 7.234E-01
Residual 24 7.625 0.318
Total 26 7.834

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 9.124 2.358 3.869 7.341E-04 4.256 13.990
QSW % To 0.025 0.033 0.753 4.590E-01 -0.040 0.094
Pin Optical 0.000 0.002 -0.300 7.667E-01 -0.010 0.004

Regression Statistics

 

Figure 5.14 indicates no dependences of the output pulse width on either the input 

pump power or the Q-switch initial transmission in this scenario. Table 5.16 shows the 



  147

results of the regression analysis encompassing all of the data with respect to the output pulse 

width.  The regression data shows a poor linear fit however the F test indicates an excellent 

probability for the rejection of the null hypothesis. This indicates that at least one of the 

independent variables provides a significant contribution to the model.  The data also 

indicates that only the Q-switch initial transmission contributes significantly when 

considering all of the variables. Referring to the discussion of Figure 5.9, Siegman [145] 

reports that for a passively Q-switched laser system the output pulse width can vary 

substantially depending on the inversion ratio that is achieved in the active laser medium 

prior to Q-switching. The inversion ratio is the ratio between the excited state population 

density just before and just after Q-switching. The larger the difference the shorter the output 

pulse can be with the primary limitation being the cavity length and geometry. 

Table 5.16: Regression analysis of the output pulse width data 

Multiple R 0.435
R Square 0.189
Adj. R Square 0.175
Standard Error 0.958
Observations 228

ANOVA
df SS MS F Significance F

Regression 2 47.870 11.970 13.030 1.504E-09
Residual 24 204.900 0.919
Total 26 252.700

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 4.254 1.523 2.793 5.682E-03 1.252 7.256
Nd % Conc. 0.378 0.384 0.985 3.257E-01 -0.380 1.135
OC % Reflect. 0.001 0.008 0.159 8.735E-01 -0.010 0.017
QSW % To 0.141 0.020 7.138 1.315E-11 0.102 0.180
Pin Optical 0.000 0.001 -0.320 7.487E-01 0.000 0.002

Regression Statistics

 

5.1.3 Q-Switch Delay 

Figures 5.15-5.17 show the response of the Q-switch delay as a function of the output 

coupler reflectivity and the Q-switch initial transmission each with respect to Nd 
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concentration. Figure 5.15 shows a Q-switch delay range between 214-484 µs. All except 

one of the data groupings can be distinguished when a 95% confidence level is applied to the 

data. Table 5.17 shows the results of the regression analysis of the data plotted in Figure 

5.15. The results indicate that the linear model was able to explain approximately 83% of the 

variability in the data set, a good fit overall. Considering the outcome of the F test, the null 

hypothesis would be rejected in this scenario verifying that at least one of the variables 

provides a significant contribution to the model. This analysis indicates that both of the 

variables contribute significantly to the model.  The slope of the trend lines, as well as the 

regression data, indicates a strong significance of the output coupler reflectivity on the Q-

switch delay. The spacing of the trend lines, as well as the regression data, indicates that the 

Q-switch delay is significantly dependent on the Q-switch initial transmission. 
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Figure 5.15: Q-switch delay response as a function of output coupler reflectivity and Q-

switch initial transmission with Nd concentration of 0.35% at an input power of 1007 Watts 

Table 5.17: Regression analysis of data plotted in Figure 5.15 

Multiple R 0.915
R Square 0.838
Adj. R Square 0.825
Standard Error 33.980
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 143400.000 71690.000 62.090 3.256E-10
Residual 24 27710.000 1155.000
Total 26 171100.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 1124.000 79.150 14.200 3.554E-13 960.600 1287.000
OC % Reflect. -6.310 0.801 -7.880 4.119E-08 -7.960 -4.660
QSW % To -15.800 2.002 -7.880 4.119E-08 -19.900 -11.600

Regression Statistics

 

The data from Figure 5.15 shows a significant increase in the Q-switch delay with 

decreasing output coupler reflectivity and Q-switch initial transmission. The increase in the  



  150

output pulse energy, as shown in Section 5.1.1, is directly proportional to the Q-switch delay 

data. As the Q-switch delay becomes larger the output pulse energy increases proportionally. 

This is due to the losses that are added to the system by the decreasing output coupler 

reflectivity and the decreasing Q-switch initial transmission. The increased losses within the 

system slows the build up of a sufficient photon flux within the cavity to induce lasing, 

therefore more energy is stored and released as a consequence. The same holds true for 

Figures 5.16 and 5.17. 

Figure 5.16 shows a Q-switch delay range between 232-585 µs. All of the data 

groupings can be distinguished when a 95% confidence level is applied to the data. Table 

5.18 shows the results of the regression analysis of the data plotted in Figure 5.16. The 

results indicate that the linear model was able to explain approximately 71% of the variability 

in the data set, a satisfactory fit overall. Considering the outcome of the F test, the null 

hypothesis would be rejected in this scenario verifying that at least one of the variables 

provides a significant contribution to the model.  The slope of the trend lines, as well as the 

regression data, indicates a strong significance of the output coupler reflectivity on the Q-

switch delay. The spacing of the trend lines, as well as the regression analysis, indicates that 

the Q-switch delay is significantly dependent on the Q-switch initial transmission. 
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Figure 5.16: Q-switch delay response as a function of output coupler reflectivity and Q-

switch initial transmission with Nd concentration of 0.50% at an input power of 1007 Watts 

Table 5.18: Regression analysis of data plotted in Figure 5.16 

Multiple R 0.842
R Square 0.710
Adj. R Square 0.686
Standard Error 50.560
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 150100.000 75030.000 29.350 3.573E-07
Residual 24 61360.000 2557.000
Total 26 211400.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 1260.000 117.800 10.700 1.302E-10 1017.000 1503.000
OC % Reflect. -5.760 1.192 -4.830 6.334E-05 -8.220 -3.300
QSW % To -17.700 2.979 -5.940 3.916E-06 -23.900 -11.600

Regression Statistics

 

Figure 5.17 shows a Q-switch delay range between 207-374 µs.  All of the data 

groupings can be distinguished when a 95% confidence level is applied to the data. Table 
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5.19 shows the results of the regression analysis of the data plotted in Figure 5.17. The 

results indicate that the linear model was able to explain approximately 83% of the variability 

in the data set, a good fit overall. Considering the outcome of the F test, the null hypothesis 

would be rejected in this scenario verifying that at least one of the variables provides a 

significant contribution to the model. This analysis indicates that both of the variables 

contribute significantly to the model.  The slope of the trend lines, as well as the regression 

analysis, indicates a strong significance of the output coupler reflectivity on the Q-switch 

delay. The spacing of the trend lines, as well as the regression analysis, indicates that the Q-

switch delay is significantly dependent on the Q-switch initial transmission. 
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Figure 5.17: Q-switch delay response as a function of output coupler reflectivity and Q-

switch initial transmission with Nd concentration of 0.75% at an input power of 1007 Watts 
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Table 5.19: Regression analysis of data plotted in Figure 5.17 

Multiple R 0.911
R Square 0.831
Adj. R Square 0.817
Standard Error 25.540
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 76770.000 38390.000 58.850 5.578E-10
Residual 24 15660.000 652.300
Total 26 92430.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 933.000 59.490 15.680 4.102E-14 810.200 1056.000
OC % Reflect. -3.430 0.602 -5.700 7.100E-06 -4.680 -2.190
QSW % To -13.900 1.505 -9.200 2.303E-09 -17.000 -10.800

Regression Statistics

 

Figure 5.18 shows the output pulse width as a function of the output coupler 

reflectivity for three different values of Nd concentration.  Only two of the data groups are 

indistinguishible with the application of a 95% confidence interal.  Table 5.20 shows the 

results of the regression analysis of the data plotted in Figure 5.18.  The results indicate that 

the linear model was a poor fit and does not explain the variability in the data. Considering 

the outcome of the F test, the null hypothesis would be rejected in this scenario verifying that 

at least one of the variables provides a significant contribution to the model. The plotted 

trend lines as well as the listed P-values for each of the variables indicates that the Nd 

concentration does not provide significant contribution to the model whereas the output 

coupler reflectivity does. 
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Figure 5.18: Q-switch delay response as a function of output coupler reflectivity and Nd 
concentration with a Q-switch initial transmission with of 36% at an input power of 1007 

Watts 

Table 5.20: Regression analysis of data plotted in Figure 5.18 

Multiple R 0.703
R Square 0.495
Adj. R Square 0.453
Standard Error 41.820
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 41090.000 20540.000 11.750 2.771E-04
Residual 24 41970.000 1749.000
Total 26 83050.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 511.100 47.910 10.670 1.372E-10 412.200 610.000
Nd % Conc. -16.000 48.780 -0.330 7.463E-01 -117.000 84.700
OC % Reflect. -4.770 0.986 -4.840 6.299E-05 -6.800 -2.730

Regression Statistics

 

Figure 5.18 and the associated regression data indicates a strong dependence of the Q-

switch delay on the output coupler reflectivity. The increasing output coupler reflectivity 
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provides additional feedback causing the Q-switch to saturate faster, and the consequence is 

lower output energy levels. The data indicates no significant dependence of the Q-switch 

delay on the Nd concentration. It was hypothesized that the Nd concentration may play a 

small role in the determination of the Q-switch delay. As the dopant concentration increased 

it was thought that the additional absorption and subsequent excited states would act to 

shorted the Q-switch delay. The Q-switch delay may depend more on the input power than 

the Nd concentration. 

Figure 5.19 shows the Q-switch delay as a function of the input pump power for three 

values of Nd concentration with constant output coupler reflectivity and Q-switch initial 

transmission.  All data groups but one are completely distinguishible from the rest of the data 

when a 95% confidence interval is applied.  Table 5.21 shows the results of the regression 

analysis of the data plotted in Figure 5.19. The results indicate that the linear model was a 

mediocre fit of the present data. Considering the outcome of the F test, the null hypothesis 

would be rejected in this scenario verifying that at least one of the variables provides a 

significant contribution to the model. Looking at the regression analysis it is evident that both 

variables contribute significantly to the model. The slope of the trend lines, as well as the 

regression analysis, indicates a strong significance of the input pump power on the Q-switch 

delay. The spacing of the trend lines, as well as the regression data, indicates that the Q-

switch delay is significantly dependent on the Nd concentration for this scenario. 
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Figure 5.19: Q-switch delay versus optical pump power as a function of Nd concentration 

with fixed output coupler and Q-switch initial transmission 

Table 5.21: Regression analysis of data plotted in Figure 5.19 

Multiple R 0.830
R Square 0.689
Adj. R Square 0.659
Standard Error 78.370
Observations 24

ANOVA
df SS MS F Significance F

Regression 2 285200.000 142600.000 23.220 4.778E-06
Residual 24 129000.000 6141.000
Total 26 414200.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 2741.000 334.000 8.207 5.451E-08 2046.000 3436.000
Nd % Conc. -252.000 101.300 -2.490 2.132E-02 -463.000 -41.400
Pin Optical -2.250 0.335 -6.710 1.233E-06 -2.940 -1.550

Regression Statistics

 

Figure 5.19 and the associated regression results in Table 5.21 indicates a significant 

dependence of the Q-switch delay on the Nd concentration and the input power.  The Nd 
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concentration affects the volumetric absorption properties of the laser rod and modifies the 

beam overlap efficiency between the pumped volume and the resonator modes. A more 

pronounced effect was estimated for the Q-switch delay as a function of the Nd concetration. 

The differences between the Nd concentration test conditions may not have been sufficient to 

produce a suitable convincing effect.  The Q-switch delay, as expected, decreases rapidly 

with increasing pump power.  

Figure 5.20 shows the Q-switch delay as a function of the input pump power for three 

values of output coupler reflectivity with constant Q-switch initial transmission and Nd 

concentration.  All data groups but two are completely distinguishible from the rest of the 

data when a 95% confidence interval is applied.  Table 5.22 shows the results of the 

regression analysis of the data plotted in Figure 5.20. The results indicate that the linear 

model was a good fit of the experimental data. Considering the outcome of the F test, the null 

hypothesis would be rejected in this scenario verifying that at least one of the variables 

provides a significant contribution to the model. Looking at the regression analysis it is 

evident that both variables contribute significantly to the model. The slope of the trend lines, 

as well as the regression data, indicates a strong significance of the input pump power on the 

Q-switch delay. The spacing of the trend lines, as well as the regression results, indicates that 

the Q-switch delay is significantly dependent on the output coupler reflectivity for this 

scenario. 
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Figure 5.20: Q-switch delay versus optical pump power as a function of output coupler 

reflectivity with fixed Q-switch initial transmission and Nd concentration 

Table 5.22: Regression analysis of data plotted in Figure 5.20 

Multiple R 0.911
R Square 0.830
Adj. R Square 0.815
Standard Error 38.100
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 169600.000 84790.000 58.420 6.000E-10
Residual 24 34840.000 1452.000
Total 26 204400.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 1613.000 142.000 11.350 3.890E-11 1320.000 1906.000
OC % Reflect. -7.380 0.898 -8.220 1.964E-08 -9.200 -5.520
Pin Optical -1.020 0.146 -7.020 2.914E-07 -1.320 -0.720

Regression Statistics

 

Figure 5.20 along with Table 5.22 indicates significant contributions from both the 

output coupler reflectivity and the input power on the Q-switch delay. The Q-switch delay, as 
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expected, decreases rapidly with increasing pump power. The higher reflectivity allows the 

laser cavity to retain more photons which induce subsequent stimulated events that contribute 

to useful output. The more photons that are retained within the cavity equates to a quicker 

output pulse usually at a lower energy level as shown in the previous section. 

Figure 5.21 shows the Q-switch delay as a function of the input pump power for three 

values of Q-switch initial transmission with constant output coupler reflectivity and Nd 

concentration.  All data groups are completely distinguishible from the rest of the data when 

a 95% confidence interval is applied.  Table 5.23 shows the results of the regression analysis 

of the data plotted in Figure 5.21. The results indicate that the linear model was a good fit of 

the present data. Considering the outcome of the F test, the null hypothesis would be rejected 

in this scenario verifying that at least one of the variables provides a significant contribution 

to the model. Looking at the regression data it is evident that both variables contribute 

significantly to the model. The slope of the trend lines, as well as the regression data, 

indicates a strong significance of the input pump power on the Q-switch delay. The spacing 

of the trend lines, as well as the regression data, indicates that the Q-switch delay is 

significantly dependent on the Q-switch initial transmission for this scenario. 
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Figure 5.21: Q-switch delay versus optical pump power as a function of Q-switch initial 

transmission with fixed output coupler and Nd concentration 

Table 5.23: Regression analysis of data plotted in Figure 5.21 

Multiple R 0.932
R Square 0.869
Adj. R Square 0.858
Standard Error 47.240
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 354000.000 177000.000 79.310 2.653E-11
Residual 24 53550.000 2231.000
Total 26 407500.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 2724.000 197.700 13.780 6.783E-13 2316.000 3132.000
QSW % To -27.500 2.784 -9.900 6.225E-10 -33.200 -21.800
Pin Optical -1.410 0.180 -7.810 4.799E-08 -1.780 -1.040

Regression Statistics

 

A significant dependence of the Q-switch delay on the input pump power and the Q-

switch initial transmission can be seen in Figure 5.21. The decrease of the delay is directly 
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due to the higher photon density that is provided by the increased pump power which fosters 

quicker development of the output pulses.  The overall difference between each of the Q-

switch initial transmission values is due to the variation in optical density of each crystal.  

The higher the initial transmission the more photons that are allowed through the crystal to 

induce secondary stimulated transitions in the gain medium and the quicker the Q-switch 

saturates and initiates the production of an output pulse.  Therefore the lower the initial 

transmission the longer the Q-switch delay. 

Table 5.24 shows the results of the regression analysis encompassing all of the data 

with respect to the Q-switch delay as a dependent variable.  The regression data shows a poor 

linear fit, however the F test indicates a rejection of the null hypothesis. This indicates that at 

least one of the independent variables provides a significant contribution to the model.  The 

data also indicates that the Nd concentration is the only independent variable that does not 

contribute significantly to the model when considering all of the variables. The Q-switch 

delay is strongly dependent on the intracavity flux density, therefore only the variables that 

strongly effect the flux density were found to have a significant influence on the Q-switch 

delay. 
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Table 5.24: Regression analysis of the output pulse delay data 

Multiple R 0.746
R Square 0.556
Adj. R Square 0.548
Standard Error 86.280
Observations 228

ANOVA
df SS MS F Significance F

Regression 2 2082000.000 520400.000 69.910 2.792E-38
Residual 24 1660000.000 7444.000
Total 26 3742000.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 2574.000 137.100 18.770 8.629E-48 2304.000 2844.000
Nd % Conc. -34.500 34.560 -1.000 3.189E-01 -103.000 33.580
OC % Reflect. -6.090 0.720 -8.460 3.572E-15 -7.510 -4.670
QSW % To -19.200 1.776 -10.800 3.429E-22 -22.700 -15.700
Pin Optical -1.290 0.113 -11.400 7.024E-24 -1.510 -1.060

Regression Statistics

 

5.1.4 Beam Quality 

Figures 5.22-5.24 show the dependence of the output pulse beam quality as a function 

of the Q-switch initial transmission and the output coupler reflectivity each with respect to 

Nd concentration.  Figure 5.22 shows that three of the data groupings can be distinguished 

when a 95% confidence level is applied to the data. Table 5.25 shows the results of the 

regression analysis of the data plotted in Figure 5.22. The results indicate that the linear 

model was a poor fit to the data overall. Considering the outcome of the F test, the null 

hypothesis would be rejected in this scenario verifying that at least one of the variables 

provides a significant contribution to the model. This analysis indicates that the Q-switch 

initial transmission contributes significantly to the model.  The slope of the trend lines, as 

well as the regression data, indicates little to no significance of the output coupler reflectivity 

on the M2 value. The spacing of the trend lines, as well as the regression data, indicates that 

the M2 is significantly dependent on the Q-switch initial transmission. 

The wide degree of variation seen in the M2 data is primarily due to heat removal 

issues within the laser rod. The thermal gradients produced by the slight asymmetry in the 
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pumping arrangement induce a minor thermal lens effect which is highly dependent on the 

optical pump power and repetition rate. The thermal lensing is thought to affect every output 

pulse producing minor variations in each output pulse leading to the high degree of variance 

found in the data. This is compounded by the aparatus used to measure the beam quality. The 

beam quality measurement software that calculates the beam width of the output pulse at 

multiple locations along an artificial beam waist. Minor vairations in the beam waist can 

have a significant effect on the artificial beam waist parameters producing a large degree of 

variation in the measured beam quality parameters.  
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Figure 5.22: M2 response as a function of output coupler reflectivity and Q-switch initial 

transmission with Nd concentration of 0.35% at an input power of 1007 Watts 
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Table 5.25: Regression analysis of data plotted in Figure 5.22 

Multiple R 0.508
R Square 0.258
Adj. R Square 0.196
Standard Error 1.271
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 13.470 6.733 4.171 2.788E-02
Residual 24 38.740 1.614
Total 26 52.210

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 15.050 2.959 5.086 3.344E-05 8.943 21.160
OC % Reflect. -0.030 0.030 -1.090 2.870E-01 -0.090 0.029
QSW % To -0.200 0.075 -2.680 1.324E-02 -0.350 -0.050

Regression Statistics

 

The results from Figures 5.22 through 5.24 were not consistent in showing any 

significant dependence of any variable for all three tests. Although Figures 5.22 and 5.23 

show Q-switch initial transmission as a significant influence on the beam quality, however 

Figure 5.24 does not show this dependence. Only Figure 5.23 indicates that the output 

coupler reflectivity contributes significantly to the beam quality. Considering the prior 

analysis of the dependent variables there is greater variability in the beam quality data.  

Figure 5.23 shows that three of the data groupings can be distinguished when a 95% 

confidence level is applied to the data. Table 5.26 shows the results of the regression analysis 

of the data plotted in Figure 5.23. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would be rejected 

in this scenario verifying that at least one of the variables provides a significant contribution 

to the model. This analysis indicates that the Q-switch initial transmission contributes 

significantly to the model.  The slope of the trend lines, as well as the regression data, 

indicates little to no significance of the output coupler reflectivity on the M2 value. The 
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spacing of the trend lines, as well as the regression data, indicates that the M2 is significantly 

dependent on the Q-switch initial transmission. 
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Figure 5.23: Output beam quality response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.50% at an input power of 1007 Watts 
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Table 5.26: Regression analysis of data plotted in Figure 5.23 

Multiple R 0.715
R Square 0.512
Adj. R Square 0.471
Standard Error 1.140
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 32.700 16.350 12.580 1.834E-04
Residual 24 31.200 1.300
Total 26 63.890

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 10.140 2.656 3.819 8.310E-04 4.662 15.620
OC % Reflect. 0.113 0.027 4.222 3.005E-04 0.058 0.169
QSW % To -0.180 0.067 -2.710 1.227E-02 -0.320 -0.040

Regression Statistics

 

Figure 5.24 shows that all data groupings are indistinguishable when a 95% 

confidence level is applied to the data. Table 5.27 shows the results of the regression analysis 

of the data plotted in Figure 5.24. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would fail to be 

rejected in this scenario verifying that neither of the variables provides a significant 

contribution to the model. The slope of the trend lines, as well as the regression data, 

indicates no significance of the output coupler reflectivity on the M2 value. The spacing of 

the trend lines, as well as the regression data, indicates that the M2 has no significant 

dependence on the Q-switch initial transmission. 
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Figure 5.24: Output beam quality response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.75% at an input power of 1007 Watts 

Table 5.27: Regression analysis of data plotted in Figure 5.24 

Multiple R 0.086
R Square 0.007
Adj. R Square -0.080
Standard Error 2.681
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 1.280 0.640 0.089 9.151E-01
Residual 24 172.500 7.189
Total 26 173.800

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 9.661 6.246 1.547 1.350E-01 -3.230 22.550
OC % Reflect. -0.020 0.063 -0.320 7.518E-01 -0.150 0.110
QSW % To -0.040 0.158 -0.280 7.856E-01 -0.370 0.283

Regression Statistics

 

Figure 5.25 shows that few of the data groupings are distinguishable when a 95% 

confidence level is applied to the data. Table 5.28 shows the results of the regression analysis 
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of the data plotted in Figure 5.25. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would fail to be 

rejected in this scenario verifying that neither of the variables provides a significant 

contribution to the model. The slope of the trend lines, as well as the regression data, 

indicates no significance of the output coupler reflectivity on the M2 value. The spacing of 

the trend lines, as well as the regression data, indicates that the M2 has no significant 

dependence on the Nd concentration. 
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Figure 5.25: M2 response as a function of output coupler reflectivity and Nd concentration 

with Q-switch initial transmission of 36% and input pump power of 1007W 
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Table 5.28: Regression analysis of data plotted in Figure 5.25 

Multiple R 0.218
R Square 0.047
Adj. R Square -0.030
Standard Error 2.164
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 5.600 2.800 0.598 5.580E-01
Residual 24 112.400 4.684
Total 26 118.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 7.217 2.480 2.910 7.675E-03 2.099 12.340
Nd % Conc. 2.415 2.525 0.957 3.482E-01 -2.790 7.626
OC % Reflect. -0.030 0.051 -0.530 6.015E-01 -0.130 0.078

Regression Statistics

 

It was hypothesized that both the Nd concentration and the output coupler reflectivity 

would have a significant effect on the beam quality. The Nd concentration effects the 

volumetric absorption properties of the laser rod and modifies the beam overlap efficiency 

between the pumped volume and the resonator modes. It was thought that the beam quality 

would be modified with respect to the Nd concentration because of the differences in the 

amount of absorption and subsequent heat deposition in the laser rod. The deposition of heat 

due to uneven pumping, absorption, or lasing can have a significant effect on the beam 

quality due to thermal lensing. The output coupler reflectvity was also anticipated to have a 

strong affect on the beam quality due to increases in the intracavity flux from increasing 

reflectivity.  It was also thought that if the output coupler reflectivity was lower that the 

increased pump time for lasing to occur this could possibly induce stronger thermal lensing 

due to the absorption and time scales involved. Unfortunately for this scenario neither 

variable was found to have a significant effect on the M2. 

Figure 5.26 shows M2 as a function of pump power for three Nd concentrations with 

fixed output coupler reflectivity and Q-switch initial transmission. The data point at the 



  170

lowest input power level for the 0.35% Nd concentration test did not produce output and 

therefore was not plotted.  The data shows no dependence of the beam quality on the pump 

power. Figure 5.26 shows that few of the data groupings are distinguishable when a 95% 

confidence level is applied to the data. Table 5.29 shows the results of the regression analysis 

of the data plotted in Figure 5.26. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would be rejected 

in this scenario verifying that at least one of the variables provides a significant contribution 

to the model. The slope of the trend lines, as well as the regression data, indicates no 

significance of the input pump power on the M2 value. The spacing of the trend lines, as well 

as the regression data, indicates that the M2 has a significant dependence on the Nd 

concentration in this scenario. 
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Figure 5.26: M2 versus pump power for all three Nd concentrations with fixed output coupler 

and Q-switch values 

Table 5.29: Regression analysis of data plotted in Figure 5.26 

Multiple R 0.664
R Square 0.440
Adj. R Square 0.387
Standard Error 1.730
Observations 24

ANOVA
df SS MS F Significance F

Regression 2 49.440 24.720 8.263 2.254E-03
Residual 24 62.830 2.992
Total 26 112.300

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 2.408 7.371 0.327 7.472E-01 -12.900 17.740
Nd % Conc. 8.946 2.236 4.001 6.487E-04 4.295 13.600
Pin Optical 0.000 0.007 0.065 9.491E-01 -0.010 0.016

Regression Statistics

 

The data in Figure 5.26 along with the regression analysis from Table 5.29 shows that 

the beam quality degrades as the dopant level is increased. This is primarily due to thermal 
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lensing caused by the higher absorption rate of the higher dopant levels. More energy is 

transferred to the gain medium in a given amount of time in the form of waste heat which 

effects the index of refraction of the laser rod causing it to act like a weak lens. It was 

thought that the beam quality would also degrade as a function of the input power due to 

excess waste heat being transferred to the laser gain medium. This was not the case for this 

scenario; however, the range of input power levels tested may not have been extreme enough 

to discern such an effect. 

Figure 5.27 shows that none of the data groupings are distinguishable when a 95% 

confidence level is applied to the data. Table 5.30 shows the results of the regression analysis 

of the data plotted in Figure 5.27. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would fail to be 

rejected in this scenario verifying that neither of the variables provides a significant 

contribution to the model. The slope of the trend lines, as well as the regression data, 

indicates no significance of the input pump power on the M2 value. The spacing of the trend 

lines, as well as the regression data, indicates that the M2 has no significant dependence on 

the Q-switch initial transmission. 
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Figure 5.27: M2 versus pump power for three Q-switch values with fixed output coupler and 

Nd concentration values 

Table 5.30: Regression analysis of data plotted in Figure 5.27 

Multiple R 0.090
R Square 0.008
Adj. R Square -0.070
Standard Error 2.419
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 1.145 0.572 0.098 9.072E-01
Residual 24 140.400 5.852
Total 26 141.600

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 6.479 10.120 0.640 5.282E-01 -14.400 27.370
QSW % To 0.062 0.143 0.437 6.657E-01 -0.230 0.357
Pin Optical 0.000 0.009 -0.060 9.489E-01 -0.020 0.018

Regression Statistics

 

The data from Figure 5.27 shows no dependence on the Q-switch initial transmission. 

This was expected because the beam quality should be primarily dependent on the 
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parameters that effect the excited state distribution within the gain medium, i.e. waste heat 

distribution. The effect of the input power was discussed previously. 

Figure 5.28 shows that a few of the data groupings are distinguishable when a 95% 

confidence level is applied to the data. Table 5.31 shows the results of the regression analysis 

of the data plotted in Figure 5.28. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would be rejected 

in this scenario verifying that at least one of the variables provides a significant contribution 

to the model. The slope of the trend lines, as well as the regression data, indicates no 

significance of the input pump power on the M2 value. The spacing of the trend lines, as well 

as the regression data, indicates that the M2 has a significant dependence on the output 

coupler reflectivity. 
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Figure 5.28: M2 versus pump power for three output coupler reflectivities with fixed Q-

switch initial transmission and Nd concentration 

Table 5.31: Regression analysis of data plotted in Figure 5.28 

Multiple R 0.666
R Square 0.444
Adj. R Square 0.397
Standard Error 1.937
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 71.880 35.940 9.577 8.757E-04
Residual 24 90.070 3.753
Total 26 162.000

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 15.370 7.222 2.128 4.378E-02 0.465 30.270
OC % Reflect. -0.200 0.046 -4.380 2.028E-04 -0.290 -0.110
Pin Optical 0.000 0.007 -0.020 9.812E-01 -0.020 0.015

Regression Statistics

 

Figure 5.28 along with the regression data from Table 5.31 indicate a significant 

contribution of the output coupler reflectivity to the beam quality. The variance of the data 
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does not make this conclusion clear without the regression analysis. The output coupler 

reflectivity directly affects the intracavity photon flux density by determining how many 

photons are retained within the cavity and how many are released as leakage, prior to lasing, 

or as output during lasing. As shown in previous data sets the input pump power has no 

significant affect on the beam quality in this scenario. 

Table 5.32 shows the results of the regression analysis encompassing all of the data 

with respect to the M2 beam quality product.  The regression data shows a poor linear fit, 

however the F test indicates a probability for the rejection of the null hypothesis. This 

indicates that at least one of the independent variables provides a significant contribution to 

the model.  The data also indicates that the Q-switch initial transmission is the only 

independent variable that contributes significantly to the model when considering all of the 

variables. 

Table 5.32: Regression analysis of the output beam M2 data 

Multiple R 0.286
R Square 0.082
Adj. R Square 0.065
Standard Error 1.881
Observations 228

ANOVA
df SS MS F Significance F

Regression 2 70.380 17.590 4.971 7.407E-04
Residual 24 789.300 3.540
Total 26 859.700

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 12.380 2.990 4.139 4.941E-05 6.484 18.270
Nd % Conc. 1.067 0.754 1.416 1.581E-01 -0.420 2.552
OC % Reflect. 0.019 0.016 1.214 2.262E-01 -0.010 0.050
QSW % To -0.150 0.039 -3.860 1.468E-04 -0.230 -0.070
Pin Optical 0.000 0.002 -0.410 6.831E-01 -0.010 0.004

Regression Statistics
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5.1.5 Output Peak Power 

Figures 5.29-5.31 show the dependence of the output peak power on the Q-switch 

initial transmission and output coupler reflectivity each with varying fixed values of Nd 

concentration.  Figure 5.29 shows that all but two of the data groupings can be distinguished 

when a 95% confidence level is applied to the data. Table 5.33 shows the results of the 

regression analysis of the data plotted in Figure 5.29. The results indicate that the linear 

model was a mediocre fit to the data overall. Considering the outcome of the F test, the null 

hypothesis would be rejected in this scenario verifying that at least one of the variables 

provides a significant contribution to the model. This analysis indicates that both variables 

contribute significantly to the model.  The slope of the trend lines, as well as the regression 

data, indicates a significant contribution of the output coupler reflectivity on the output peak 

power. The spacing of the trend lines, as well as the regression data, indicates that the output 

peak power is significantly dependent on the Q-switch initial transmission. 
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Figure 5.29: Output peak power response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.35% at an input power of 1007 Watts 

Table 5.33: Regression analysis of data plotted in Figure 5.29 

Multiple R 0.810
R Square 0.656
Adj. R Square 0.627
Standard Error 218200.000
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 2.177E+12 1.089E+12 22.870 2.759E-06
Residual 24 1.142E+12 4.760E+10
Total 26 3.320E+12

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 5742000.000 508200.000 11.300 4.306E-11 4693000.000 6791000.000
OC % Reflect. -14700.000 5142.000 -2.860 8.577E-03 -25300.000 -4110.000
QSW % To -78800.000 12860.000 -6.130 2.494E-06 -105000.000 -52200.000

Regression Statistics

 

The output peak power data for all Nd concentration levels, Figures 5.29 through 

5.31, tends to increase as both the output coupler reflectivity and the Q-switch initial 



  179

transmission are decreased.  The output peak power is derived by dividing the output pulse 

energy in joules by the output pulse width in seconds.  The peak power follows the same 

trend as the output pulse energy due to the relatively constant output pulse width data.  

Figure 5.30 shows that all but one of the data groupings can be distinguished when a 

95% confidence level is applied to the data. Table 5.34 shows the results of the regression 

analysis of the data plotted in Figure 5.30. The results indicate that the linear model was a 

good fit to the data overall. Considering the outcome of the F test, the null hypothesis would 

be rejected in this scenario verifying that at least one of the variables provides a significant 

contribution to the model. This analysis indicates that both variables contribute significantly 

to the model.  The slope of the trend lines, as well as the regression data, indicates a 

significant contribution of the output coupler reflectivity on the output peak power. The 

spacing of the trend lines, as well as the regression data, indicates that the output peak power 

is also significantly dependent on the Q-switch initial transmission. 
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Figure 5.30: Output peak power response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.50% at an input power of 1007 Watts 

Table 5.34: Regression analysis of data plotted in Figure 5.30 

Multiple R 0.924
R Square 0.854
Adj. R Square 0.842
Standard Error 140300.000
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 2.764E+12 1.382E+12 70.210 9.359E-11
Residual 24 4.724E+11 1.968E+10
Total 26 3.236E+12

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 6331000.000 326800.000 19.370 3.679E-16 5657000.000 7006000.000
OC % Reflect. -10000.000 3307.000 -3.020 5.856E-03 -16800.000 -3180.000
QSW % To -94700.000 8267.000 -11.500 3.238E-11 -112000.000 -77700.000

Regression Statistics

 

Figure 5.31 shows that all but two of the data groupings can be distinguished when a 

95% confidence level is applied to the data. Table 3.35 shows the results of the regression 



  181

analysis of the data plotted in Figure 5.31. The results indicate that the linear model was a 

good fit to the data overall. Considering the outcome of the F test, the null hypothesis would 

be rejected in this scenario verifying that at least one of the variables provides a significant 

contribution to the model. This analysis indicates that both variables contribute significantly 

to the model.  The slope of the trend lines, as well as the regression data, indicates a 

significant contribution of the output coupler reflectivity on the output peak power. The 

spacing of the trend lines, as well as the regression data, indicates that the output peak power 

is also significantly dependent on the Q-switch initial transmission. 
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Figure 5.31: Output peak power response as a function of output coupler reflectivity and Q-
switch initial transmission with Nd concentration of 0.75% at an input power of 1007 Watts 
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Table 3.35: Regression analysis of data plotted in Figure 5.31 

Multiple R 0.924
R Square 0.854
Adj. R Square 0.842
Standard Error 200500.000
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 5.665E+12 2.832E+12 70.420 9.073E-11
Residual 24 9.653E+11 4.022E+10
Total 26 6.630E+12

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 7556000.000 467200.000 16.170 2.079E-14 6592000.000 8520000.000
OC % Reflect. -30800.000 4727.000 -6.530 9.503E-07 -40600.000 -21100.000
QSW % To -117000.000 11820.000 -9.900 5.832E-10 -142000.000 -92800.000

Regression Statistics

 

Figure 5.32 shows that few of the data groupings can be distinguished when a 95% 

confidence level is applied to the data. Table 5.36 shows the results of the regression analysis 

of the data plotted in Figure 5.32. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would be rejected 

in this scenario verifying that at least one of the variables provides a significant contribution 

to the model. This analysis indicates that both variables contribute significantly to the model.  

The slope of the trend lines, as well as the regression data, indicates a significant contribution 

of the output coupler reflectivity on the output peak power. The spacing of the trend lines, as 

well as the regression data, indicates that the output peak power is also significantly 

dependent on the Nd concentration. 
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Figure 5.32: Output peak power as a function of output coupler reflectivity for three Nd 

concentration levles for a fixed Q-switch initial transmission and input pump power 

Table 5.36: Regression analysis of data plotted in Figure 5.32 

Multiple R 0.568
R Square 0.322
Adj. R Square 0.266
Standard Error 264700.000
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 7.997E+11 3.999E+11 5.707 9.385E-03
Residual 24 1.682E+12 7.007E+10
Total 26 2.481E+12

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 3236000.000 303300.000 10.670 1.370E-10 2610000.000 3862000.000
Nd % Conc. -703000.000 308800.000 -2.280 3.204E-02 -1340000.000 -65600.000
OC % Reflect. -15600.000 6239.000 -2.500 1.981E-02 -28500.000 -2700.000

Regression Statistics

 

Figure 5.32 and the associated regression data in Table 5.36 indicate signficant 

dependencies of the output peak power on both the output coupler reflectivity and the Nd 
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concentration.  The dependence of the output peak power on the output coupler reflectivity is 

primarily due to the combination of the indirect relationship between the output pulse energy 

and the output coupler reflectivity and the relatively constant output pulse width.  The 

decrease in the output coupler reflectivity acts to prolong the lasing process allowing for a 

greater energy storage and release. This is also the case with the reduction of the Nd 

concentration. As the concentration is reduced the lasing process is prolonged allowing for 

greater energy storage and release. 

Figure 5.33 shows that none of the data groupings can be distinguished when a 95% 

confidence level is applied to the data. Table 5.37 shows the results of the regression analysis 

of the data plotted in Figure 5.33. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would fail to be 

rejected in this scenario verifying that neither of the variables provides a significant 

contribution to the model.  The slope of the trend lines, as well as the regression data, 

indicates no significant contribution of the input pump power on the output peak power. The 

spacing of the trend lines, as well as the regression data, indicates that the output peak power 

is not dependent on the Nd concentration. The data point at the lowest input power level for 

the 0.35% Nd concentration test did not produce output and therefore was not plotted. 
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Figure 5.33: Output peak power versus pump power for all Nd concentration values with 

fixed output coupler and Q-switch values 

Table 5.37: Regression analysis of data plotted in Figure 5.33 

Multiple R 0.177
R Square 0.031
Adj. R Square -0.060
Standard Error 302400.000
Observations 24

ANOVA
df SS MS F Significance F

Regression 2 6.195E+10 3.098E+10 0.339 7.165E-01
Residual 24 1.921E+12 9.147E+10
Total 26 1.983E+12

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 3035000.000 1289000.000 2.355 2.834E-02 354600.000 5715000.000
Nd % Conc. 171100.000 391000.000 0.438 6.662E-01 -642000.000 984100.000
Pin Optical -775.000 1292.000 -0.600 5.553E-01 -3460.000 1913.000

Regression Statistics

 

The data in Figure 5.33 shows no dependence of the output peak power on the input 

pump power or the Nd concentration.  The input power was not expected to have any affect 
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on the output peak power due to the fact that the input power had no affect on the output 

pulse energy or the output pulse width. It is not clear why the Nd concentration shows no 

effect in Figure 5.33 when a significant affect was found in Figure 5.32. This difference is 

probably due to the wide variation seen in the Figure 5.33 data. 

Figure 5.34 shows that all but one of the data groupings can be distinguished when a 

95% confidence level is applied to the data. Table 5.38 shows the results of the regression 

analysis of the data plotted in Figure 5.34. The results indicate that the linear model was a 

good fit to the data overall. Considering the outcome of the F test, the null hypothesis would 

be rejected in this scenario verifying that at least one of the variables provides a significant 

contribution to the model.  The slope of the trend lines, as well as the regression data, 

indicates no significant contribution of the input pump power on the output peak power. The 

spacing of the trend lines, as well as the regression data, indicates that the output peak power 

is significantly dependent on the Q-switch initial transmission. 
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Figure 5.34: Output peak power versus pump power for three different Q-switch initial 

transmissions for a fixed output coupler reflectivity and Nd concentration 

Table 5.38: Regression analysis of data plotted in Figure 5.34 

Multiple R 0.942
R Square 0.888
Adj. R Square 0.879
Standard Error 162400.000
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 5.030E+12 2.515E+12 95.330 3.814E-12
Residual 24 6.332E+11 2.638E+10
Total 26 5.663E+12

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 5805000.000 679600.000 8.542 9.697E-09 4403000.000 7208000.000
Nd % Conc. -131000.000 9571.000 -13.700 8.147E-13 -151000.000 -111000.000
Pin Optical 1242.000 620.500 2.001 5.680E-02 -38.900 2523.000

Regression Statistics

 

The data plotted in Figure 5.34 along with the regression data from Table 5.38 

indicates a very strong relationship between the Q-switch initial transmission and the output 
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peak power. This is most likely due to the additional energy that is able to be stored and 

released with lower Q-switch initial transmission values. The data indicated that the output 

peak power has no dependence on the input pump power which was expected and has been 

seen throughout this analysis.  

Figure 5.35 shows that few of the data groupings can be distinguished when a 95% 

confidence level is applied to the data. Table 5.39 shows the results of the regression analysis 

of the data plotted in Figure 5.35. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would be rejected 

in this scenario verifying that at least one of the variables provides a significant contribution 

to the model.  The slope of the trend lines, as well as the regression data, indicates no 

significant contribution of the input pump power on the output peak power. The spacing of 

the trend lines, as well as the regression data, indicates that the output peak power is 

significantly dependent on the output coupler reflectivity. 
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Figure 5.35: Output peak power versus  pump power for three different output coupler 

reflectivities for fixed Q-switch initial transmission and Nd concentration 

Table 5.39: Regression analysis of data plotted in Figure 5.35 

Multiple R 0.726
R Square 0.526
Adj. R Square 0.487
Standard Error 194300.000
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 1.007E+12 5.034E+11 13.340 1.274E-04
Residual 24 9.058E+11 3.774E+10
Total 26 1.913E+12

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 3025000.000 724200.000 4.177 3.366E-04 1530000.000 4520000.000
OC % Reflect. -23500.000 4579.000 -5.140 2.909E-05 -33000.000 -14100.000
Pin Optical 366.800 742.200 0.494 6.257E-01 -1170.000 1899.000

Regression Statistics

 

The data plotted in Figure 5.35 along with the regression data from Table 5.39 

indicates a very strong relationship between the output coupler reflectivity and the output 
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peak power. This is most likely due to the additional energy that is able to be stored and 

released with lower output coupler reflectivity values. The data indicated that the output peak 

power has no dependence on the input pump power which was expected. 

Table 5.40 shows the results of the regression analysis encompassing all of the data 

with respect to the output peak power.  The regression data shows a poor linear fit however 

the F test indicates a probability for the rejection of the null hypothesis. This indicates that at 

least one of the independent variables provides a significant contribution to the model.  The 

data also indicates that the input pump power is the only independent variable that does not 

contribute significantly to the model when considering all of the variables. 

Table 5.40: Regression analysis of the output peak power data 

Multiple R 0.797
R Square 0.635
Adj. R Square 0.629
Standard Error 259700.000
Observations 228

ANOVA
df SS MS F Significance F

Regression 2 2.621E+13 6.553E+12 97.120 1.026E-47
Residual 24 1.505E+13 6.747E+10
Total 26 4.126E+13

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 6211000.000 412800.000 15.050 8.802E-36 5398000.000 7025000.000
Nd % Conc. -656000.000 104000.000 -6.300 1.530E-09 -861000.000 -451000.000
OC % Reflect. -20100.000 2169.000 -9.300 1.662E-17 -24400.000 -15800.000
QSW % To -91800.000 5348.000 -17.200 1.153E-42 -102000.000 -81300.000
Pin Optical 555.600 341.400 1.627 1.051E-01 -117.000 1228.000

Regression Statistics

 

5.1.6 Focal Intensity 

Figures 5.36-5.38 show the dependence of the output focal intensity produced by a 10 

mm focal length lens as a function of Q-switch initial transmission and output coupler 

reflectivity each with respect to Nd concentration.  Figure 5.36 shows that all of the data 

groupings can be distinguished when a 95% confidence level is applied to the data. Table 
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5.41 shows the results of the regression analysis of the data plotted in Figure 5.36. The 

results indicate that the linear model was a poor fit to the data overall. Considering the 

outcome of the F test, the null hypothesis would be accepted in this scenario verifying that 

neither of the variables provides a significant contribution to the model.  The slope of the 

trend lines, as well as the regression data, indicates no significant contribution of the output 

coupler reflectivity on the focal intensity. The spacing of the trend lines, as well as the 

regression data, indicates that the focal intensity is not dependent on the Q-switch initial 

transmission. 
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Figure 5.36: Output focal intensity response as a function of output coupler reflectivity and 

Q-switch initial transmission with Nd concentration of 0.35% at an input power of 1007 
Watts 
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Table 5.41: Regression analysis of data plotted in Figure 5.36 

Multiple R 0.388
R Square 0.150
Adj. R Square 0.079
Standard Error 1.072E+11
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 4.872E+22 2.436E+22 2.121 1.419E-01
Residual 24 2.757E+23 1.149E+22
Total 26 3.245E+23

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept -1.480E+11 2.497E+11 -0.590 5.584E-01 -6.630E+11 3.671E+11
OC % Reflect. 2.419E+09 2.526E+09 0.958 3.478E-01 -2.790E+09 7.633E+09
QSW % To 1.152E+10 6.316E+09 1.823 8.075E-02 -1.520E+09 2.455E+10

Regression Statistics

 

The focal intensity is a very important figure of merit of a high peak power laser 

system when designing for gaseous spark breakdown. The focal intensity is a product of the 

peak power and the beam quality and is defined as the peak power divided by the cross 

sectional area produced by a lens of a given focal length and a laser beam of a given beam 

quality or M2. Figures 5.36-5.38 do not seem to follow any logical trends. Figure 5.37 does 

indicate a significant contribution of the output coupler reflectivity to the focal intensity. 

However when considering the two other data sets plotted in Figures 5.36 and 5.38 the 

significance of the output coupler reflectivity seems questionable. The variation in the focal 

intensity data is directly proportional to the variation in the beam quality data.  

Figure 5.37 shows that all except two of the data groupings can be distinguished 

when a 95% confidence level is applied to the data. Table 5.42 shows the results of the 

regression analysis of the data plotted in Figure 5.37. The results indicate that the linear 

model was a mediocre fit to the data overall. Considering the outcome of the F test, the null 

hypothesis would be rejected in this scenario verifying that at least one of the variables 

provides a significant contribution to the model.  The slope of the trend lines, as well as the 
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regression data, indicates a significant contribution of the output coupler reflectivity on the 

focal intensity. The spacing of the trend lines, as well as the regression data, indicates that the 

focal intensity is not dependent on the Q-switch initial transmission. 
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Figure 5.37: Output focal intensity response as a function of output coupler reflectivity and 

Q-switch initial transmission with Nd concentration of 0.50% at an input power of 1007 
Watts 
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Table 5.42: Regression analysis of data plotted in Figure 5.37 

Multiple R 0.804
R Square 0.646
Adj. R Square 0.617
Standard Error 5.333E+10
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 1.248E+23 6.239E+22 21.940 3.818E-06
Residual 24 6.825E+22 2.844E+21
Total 26 1.930E+23

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 4.300E+11 1.242E+11 3.462 2.024E-03 1.737E+11 6.864E+11
OC % Reflect. -8.150E+09 1.257E+09 -6.480 1.050E-06 -1.070E+10 -5.560E+09
QSW % To 4.260E+09 3.142E+09 1.356 1.878E-01 -2.230E+09 1.075E+10

Regression Statistics

 

Figure 5.38 shows that three of the data groupings can be distinguished when a 95% 

confidence level is applied to the data. Table 5.43 shows the results of the regression analysis 

of the data plotted in Figure 5.38. The results indicate that the linear model was a poor fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would fail to be 

rejected in this scenario verifying that neither of the variables provides a significant 

contribution to the model.  The slope of the trend lines, as well as the regression data, 

indicates no significant contribution of the output coupler reflectivity on the focal intensity. 

The spacing of the trend lines, as well as the regression data, indicates that the focal intensity 

is not dependent on the Q-switch initial transmission. 
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Figure 5.38: Output focal intensity response as a function of output coupler reflectivity and 

Q-switch initial transmission with Nd concentration of 0.75% at an input power of 1007 
Watts 

Table 5.43: Regression analysis of data plotted in Figure 5.38 

Multiple R 0.264
R Square 0.070
Adj. R Square -0.010
Standard Error 1.693E+11
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 5.166E+22 2.583E+22 0.901 4.194E-01
Residual 24 6.879E+23 2.866E+22
Total 26 7.396E+23

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 8.166E+11 3.944E+11 2.071 4.933E-02 2.610E+09 1.630E+12
OC % Reflect. -3.200E+09 3.991E+09 -0.800 4.299E-01 -1.140E+10 5.032E+09
QSW % To -1.070E+10 9.976E+09 -1.080 2.927E-01 -3.130E+10 9.856E+09

Regression Statistics

 

Figure 5.39 shows that all except one of the data groupings can be distinguished when 

a 95% confidence level is applied to the data. Table 5.44 shows the results of the regression 
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analysis of the data plotted in Figure 5.39. The results indicate that the linear model was a 

poor fit to the data overall. Considering the outcome of the F test, the null hypothesis would 

fail to be rejected in this scenario verifying that neither of the variables provides a significant 

contribution to the model.  The slope of the trend lines, as well as the regression data, 

indicates no significant contribution of the output coupler reflectivity on the focal intensity. 

However, the spacing of the trend lines, as well as the regression data, indicates that the focal 

intensity may be dependent on the Nd concentration. 
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Figure 5.39: Focal Intensity as a function of output coupler reflectivity and Nd concentration 

for a fixed Q-switch initial transmission of 36% and input pump power of 1007W 
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Table 5.44: Regression analysis of data plotted in Figure 5.39 

Multiple R 0.417
R Square 0.174
Adj. R Square 0.105
Standard Error 1.077E+11
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 5.854E+22 2.927E+22 2.525 1.011E-01
Residual 24 2.782E+23 1.159E+22
Total 26 3.368E+23

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 3.970E+11 1.234E+11 3.218 3.678E-03 1.424E+11 6.516E+11
Nd % Conc. -2.780E+11 1.256E+11 -2.210 3.656E-02 -5.370E+11 -1.890E+10
OC % Reflect. 9.742E+08 2.538E+09 0.384 7.044E-01 -4.260E+09 6.212E+09

Regression Statistics

 

Figure 5.40 shows the focal intensity as a function of the pump power for three 

different Nd concentrations for a fixed output coupler reflectivity and Q-switch initial 

transmission. Figure 5.40 shows that all except one of the data groupings can be 

distinguished when a 95% confidence level is applied to the data. Table 5.45 shows the 

results of the regression analysis of the data plotted in Figure 5.40. The results indicate that 

the linear model was a mediocre fit to the data overall. Considering the outcome of the F test, 

the null hypothesis would be rejected in this scenario verifying that at least one of the 

variables provides a significant contribution to the model.  The slope of the trend lines, as 

well as the regression data, indicates no significant contribution of the input pump power on 

the focal intensity. The spacing of the trend lines, as well as the regression data, indicates that 

the focal intensity is significantly dependent on the Nd concentration. The data point at the 

lowest input power level for the 0.35% Nd concentration test did not produce output and 

therefore was not plotted. 
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Figure  5.40: Focal intensity versus  pump power for four different Nd concentrations with 

fixed output coupler reflectivity and Q-switch initial transmission 

Table 5.45: Regression analysis of data plotted in Figure 5.40 

Multiple R 0.849
R Square 0.721
Adj. R Square 0.695
Standard Error 5.088E+10
Observations 24

ANOVA
df SS MS F Significance F

Regression 2 1.406E+23 7.030E+22 27.150 1.501E-06
Residual 24 5.437E+22 2.589E+21
Total 26 1.950E+23

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 6.930E+11 2.168E+11 3.196 4.343E-03 2.421E+11 1.144E+12
Nd % Conc. -4.830E+11 6.578E+10 -7.340 3.165E-07 -6.200E+11 -3.460E+11
Pin Optical -1.740E+08 2.174E+08 -0.800 4.321E-01 -6.260E+08 2.780E+08

Regression Statistics

 

The data from Figure 5.40 and the analysis shown in Table 5.45 indicates a 

significant contribution by the Nd concentration to the output focal intensity. It is not clear 
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why the focal intentisy is showing a dependence on the Nd concentration. The focal intensity 

is a function of the output energy, pulse width, and beam quality all of which have varying 

degrees of dependence on the Nd concentration. There is a great deal of variance with the 

output pulse width and beam quality measurements that could explain the fact that the 0.5% 

concentration data produces the highest focal intensity. The focal intensity does not respond 

as a function of the input power.  

Figure 5.41 shows the focal intensity as a function of the pump power for three 

different Q-switch values with fixed output coupler reflectivity and Nd concentration.  Figure 

5.41 shows that all but two of the data groupings can be distinguished when a 95% 

confidence level is applied to the data. Table 5.46 shows the results of the regression analysis 

of the data plotted in Figure 5.41. The results indicate that the linear model was a good fit to 

the data overall. Considering the outcome of the F test, the null hypothesis would be rejected 

in this scenario verifying that at least one of the variables provides a significant contribution 

to the model.  The slope of the trend lines, as well as the regression data, indicates no 

significant contribution of the input pump power on the focal intensity. The spacing of the 

trend lines, as well as the regression data, indicates that the focal intensity is significantly 

dependent on the Q-switch initial transmission. 
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Figure 5.41: Focal intensity versus  pump power for three different Q-switch values with 

fixed output coupler reflectivity and Nd concentration 

Table 5.46: Regression analysis of data plotted in Figure 5.41 

Multiple R 0.865
R Square 0.749
Adj. R Square 0.728
Standard Error 8.566E+10
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 5.258E+23 2.629E+23 35.820 6.228E-08
Residual 24 1.761E+23 7.338E+21
Total 26 7.019E+23

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 1.635E+12 3.584E+11 4.560 1.270E-04 8.948E+11 2.374E+12
QSW % To -4.260E+10 5.048E+09 -8.450 1.184E-08 -5.310E+10 -3.220E+10
Pin Optical 1.674E+08 3.273E+08 0.512 6.136E-01 -5.080E+08 8.429E+08

Regression Statistics

 

The regression data in Table 5.46 indicates a significant contribution to the focal 

intensity by the Q-switch initial transmission. This contribution is not clearly shown by the 
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data plotted in Figure 5.41. A dependence like the one shown by the regression data was 

expected because the lower Q-switch initial transmission values produced higher output 

pulse energies. The higher output pulse energy values in conjunction with relatively constant 

output pulse width values produced output peak power values that were dependent on the Q-

switch initial transmission.  

Figure 5.42 shows the focal intensity as a function of the pump power for three 

different output coupler reflectivities with fixed Q-switch initial transmission and Nd 

concentration.  Figure 5.42 shows that none of the data groupings can be distinguished when 

a 95% confidence level is applied to the data. Table 5.47 shows the results of the regression 

analysis of the data plotted in Figure 5.42. The results indicate that the linear model was a 

good fit to the data overall. Considering the outcome of the F test, the null hypothesis would 

be rejected in this scenario verifying that at least one of the variables provides a significant 

contribution to the model.  The slope of the trend lines, as well as the regression data, 

indicates no significant contribution of the input pump power on the focal intensity. The 

spacing of the trend lines, as well as the regression data, indicates that the focal intensity is 

significantly dependent on the output coupler reflectivity. 
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Figure 5.42: Focal intensity versus pump power for three different output coupler 

reflectivities with fixed Q-switch initial transmission and Nd concentration 

Table 5.47: Regression analysis of data plotted in Figure 5.42 

Multiple R 0.950
R Square 0.903
Adj. R Square 0.895
Standard Error 3.031E+10
Observations 27

ANOVA
df SS MS F Significance F

Regression 2 2.058E+23 1.029E+23 112.000 6.773E-13
Residual 24 2.205E+22 9.189E+20
Total 26 2.278E+23

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 6.336E+11 1.130E+11 5.607 9.031E-06 4.003E+11 8.668E+11
OC % Reflect. -1.070E+10 7.145E+08 -15.000 1.145E-13 -1.220E+10 -9.220E+09
Pin Optical 1.370E+07 1.158E+08 0.118 9.068E-01 -2.250E+08 2.527E+08

Regression Statistics

 

Considering the laser theory and past experimentation one would expect to find a 

linear increase in the focal intensity as the output coupler reflectivity is lowered.  However 
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the beam quality was a significant factor contributing to a large degree of variation of the 

data plotted in Figure 5.42. Table 5.47 indicates a significant contribution by the output 

coupler reflectivity to the focal intensity values. However when examining the data plotted in 

Figure 5.42 there is a great deal of variation that makes any visual analysis difficult. 

Table 5.48 shows the results of the regression analysis encompassing all of the data 

with respect to the focal intensity.  The regression data shows a poor linear fit however the F 

test indicates a probability for the rejection of the null hypothesis. This indicates that at least 

one of the independent variables provides a significant contribution to the model.  The data 

also indicates that the output coupler reflectivity is the only independent variable that 

contributes significantly to the model when considering all of the variables. 

Table 5.48: Regression analysis of the focal intensity data 

Multiple R 0.228
R Square 0.052
Adj. R Square 0.035
Standard Error 1.302E+11
Observations 228

ANOVA
df SS MS F Significance F

Regression 2 2.071E+23 5.178E+22 3.055 1.773E-02
Residual 24 3.780E+24 1.695E+22
Total 26 3.987E+24

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 2.345E+11 2.069E+11 1.134 2.582E-01 -1.730E+11 6.423E+11
Nd % Conc. -9.780E+10 5.215E+10 -1.880 6.196E-02 -2.010E+11 4.934E+09
OC % Reflect. -2.710E+09 1.087E+09 -2.500 1.330E-02 -4.850E+09 -5.700E+08
QSW % To 3.259E+09 2.680E+09 1.216 2.254E-01 -2.020E+09 8.541E+09
Pin Optical 1.149E+08 1.711E+08 0.671 5.026E-01 -2.220E+08 4.521E+08

Regression Statistics

 

Table 5.49 provides a graphical summary of the significance, or not, of the 

independent variable on the dependent variables.  As the output coupler reflectivity is 

decreased the output pulse energy increases, the Q-switch delay increases, and the output 

peak power increases. The output pulse width, beam quality, and focal intensity were not 
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significantly affected by the variation of output coupler reflectivity.  As the Q-switch initial 

transmission is decreased the output pulse energy increases, the Q-switch delay increases, the 

output peak power increases as well as the output focal intensity.  The output pulse width and 

beam quality were not significantly affected by the variation of the Q-switch initial 

transmission.  As the Neodymium concentration is lowered the output pulse energy increases, 

the Q-switch delay increases, the beam quality improves and the output focal intensity 

increases. The output pulse width as well as the output peak power were not significantly 

affected by the variation of the Neodymium concentration.  The optical input power only had 

a significant affect on the Q-switch delay all other variables were not significantly affected.  

Table 5.49: Qualitative comparison of experimental laser data 
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5.2 Engine Testing Results 

5.2.1 Characteristic Engine Data 

The engine testing for each laser system was performed on nonconsecutive days. The 

test laser data was taken Febuary 28, 2007 and the commercial laser data was taken March 8, 

2007.  Table 5.50 lists the engine operational parameters collected during the engine testing.  
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Due to technical problems encountered on numerous occasions throughout testing not 

enough care was taken to ensure that certain engine operational parameters were kept 

constant and consistent from test to test. This was particularly the case during the commercial 

laser testing where the operators neglected to save crucial data files, hence NO DATA was 

listed where this occurred. This problem  affected measured quantities, such as the complete 

natural gas composition, as well as calculated quantities, such as BMEP and thermal 

efficiency. 

Table 5.50: Engine operational parameters 
Parameter Test Laser Commercial Laser 

Humidity (g/m3) 3.85 – 3.97 2.53 – 2.67 

Thermal Efficiency 24.15 – 27.56 NO DATA 

Volumetric Efficiency 76.95 – 80.76 NO DATA 

Engine Speed (rev/s) 9.96 – 10.06 9.55 – 10.20 

Intake Temperature (˚C) 35.56-37.56 38.56-39.81 

Intake Pressure Naturally Aspirated Naturally Aspirated 

Oil Temperature (˚C) 59.49 +/- 2.56 45.76 +/- 5.24 

Coolant Temperature (˚C) 80.58 +/- 2.29 63.20 +/- 5.86 

BMEP (bar) 4.81 – 6.73 NO DATA 

IMEP (bar) 6.16 – 8.24 6.21 – 8.47 

COV IMEP (%) 1.14 – 2.84 1.18 – 2.87 

 

The coefficient of variation (COV) of the IMEP is used as an indication of how 

smooth or rough the combustion is over a period of time. The lower the COV the less 

variation in the in-cylinder pressure data therefore, the smoother the combustion. Once the 
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COV of IMEP value exceeds 10% [10] the engine is considered to be misfiring. The COV of 

IMEP for both the test laser and the commercial laser are relatively low indicating smooth 

combustion. The IMEP COV values are approximately equal indicating a high degree of 

similarity in the combustion conditions that are produced by the two ignition systems.  Table 

5.51 lists the average domestic natural gas composition for each engine test; unfortunately 

the higher hydrocarbon concentrations for the commercial laser tests were lost due to the 

aforementioned problems. Table 5.52 lists the target and average measured equivalence ratio 

values for each engine test. 

Table 5.51: Domestic natural gas composition  
Constituent Test Laser Conditions Comm. Laser Conditions 

Methane 92.12 % 90.24 % 

Ethane 5.42 % NO DATA 

Propane 0.76 % NO DATA 

Butane 0.30 % NO DATA 

Pentane 0.11 % NO DATA 

N2 0.91 % 0.93 % 

CO2 0.31 % NO DATA 
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Table 5.52: Average measured equivalence ratio for each test condition 
Test # TL Φ Target TL Φ Measured CL Φ Target CL Φ Estimated 

1 0.8 0.806 1.0 1.008 

2 0.9 0.910 0.8 0.790 

3 0.9 0.912 0.9 0.915 

4 0.8 0.798 0.9 0.904 

5 1.0 1.028 1.0 1.023 

6 0.9 0.913 0.8 0.804 

7 1.0 1.008 1.0 1.022 

8 0.8 0.802 0.9 0.884 

9 1.0 1.036 0.8 0.807 

5.2.2 In-Cylinder Data 

In-cylinder pressure and heat release rate data were recorded so that the combustion 

characteristics produced by each ignition system could be analyzed and compared. Figures 

5.43 through 5.47 show representative pressure traces and calculated heat release rates 

(HRR) as a function of crank angle degrees. Figure 5.43 shows the pressure curves and HRR 

waveforms produced by the test laser at three different equivalence ratios. An increase in Φ 

advances the HRR as well as the peak pressure.  The extremely long ignition delay is 

primarily due to the shortening of the focal length of the focusing optics.  Shrouding the 

ignition spark, as explained in Chapter 4, restricts the expansion of the flame front. Top dead 

center (TDC) is reached before the initial flame kernel has expanded sufficiently to induce 

ignition at or near TDC 
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Figure 5.43: Test laser pressure and heat release rate waveforms for varying phi. Solid line 

Φ=0.8, Dotted line Φ=0.9, Dashed line Φ=1.0 

Figure 5.44 shows the pressure curves and HRR waveforms produced by the 

commercial laser system at three different equivalence ratios. A comparison between Figures 

5.43 and 5.44 show that the in-cylinder data produced by both the test laser and the 

commercial laser are virtially identical. This comparison is also shown in Figures 5.45 

through 5.47 where the pressure curves and HRR traces for both lasers are compared for each 

equivalence ratio. 
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Figure 5.44: Commercial laser pressure and heat release rate waveforms for varying phi. 

Solid line Φ=0.8, Dotted line Φ=0.9, Dashed line Φ=1.0 

Figures 5.45 through 5.47 compare the cylinder pressure and heat release rate data for 

each laser system at a fixed equivalence ratio. Figure 5.45 shows the data for for each laser 

system for an equivalence ratio of Φ=0.8. Figure 5.46 shows the data for for each laser 

system for an equivalence ratio of Φ=0.9. Figure 5.47 shows the data for for each laser 

system for an equivalence ratio of Φ=1.0.  For each equivalence ratio it can be seen that the 

ignition delay, peak pressure and heat release waveforms are all virtually identical. 
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Figure 5.45: Comparison of pressure and heat release rate waveforms for Φ=0.8, solid Test 

Laser, dotted Commercial Laser 

  
Figure 5.46: Comparison of pressure and heat release rate waveforms for Φ=0.9, solid Test 

Laser, dotted Commercial Laser 
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Figure 5.47: Comparison of pressure and heat release rate waveforms for Φ=1.0, solid Test 

Laser, dotted Commercial Laser 

Figure 5.48 shows the ignition delay produced by each laser system for each 

equivalence ratio.  The ignition delay data simply confirms the trends in the pressure and 

HRR data shown in Figures 5.43 and 5.44.  The ignition delay decreases as the equivalence 

ratio is increased toward stoichiometry. The data for each laser system is statistically 

identical for the cases where Φ=0.8 and Φ=0.9. Overall there is little difference in the 

ignition delay produced by each laser system. 
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Figure 5.48: Ignition delay comparison between the test laser and the commercial laser for 

varying Phi 

5.2.3 Engine Emissions Data 

Engine emissions data was taken to determine what level of a difference, if any, in the 

exhaust emissions concentrations from the operation of each laser system. Figures 5.49 

through 5.52 show the measured NOx, CO, CO2, and total hydrocarbon emissions, 

respectively, with respect to equivalence ratio. Figure 5.49 illustrates the NOx emissions for 

both ignition systems at each equivalence ratio.  The data shows a significant decrease in the 

NOx emissions as the equivalence ratio is decreased. NOx production is highly temperature 

depdendent and as the equivalence ratio is lowered the combustion temperature decreases. 

This reduction in combustion temperature significantly lowers the NOx production.  The 

change in load as well as the dilution of the charge are contributors to the differences in the 
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NOx emissions. The NOx emissions data was normalized to the equivalence ratio to account 

for the differences in the raw exhaust due to the variations in fueling to vary the equivalence 

ratio. All emission data, except the CO2 data, is normalized to the equivalence ratio. The data 

error bars depict a single standard deviation. NOx emissions from the test laser and the 

commercial laser results are statistically identical. 
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Figure 5.49: Comparison of NOx emissions normalized to Phi 

Figure 5.50 illustrates the CO emissions for both ignition systems at each equivalence 

ratio.  The data show a steady increase in the CO emission as the equivalence ratio is 

decreased. This increase in CO is primarily due to incomplete combustion most likely due to 

the large ignition delay produced by the shorter focal length. Also the flame front does not 

see the higher pressures that occur near TDC due to the ignition delay. This is indicated by 

the decrease in CO emissions as the equivalence ratio is increased to stoichiometric 
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conditions thereby advancing the timing and shortening the ignition delay as seen in the 

previous section. The change in load could also be a contributor to the difference in the CO 

emissions. Overall the test laser and commercial laser performed relatively the same except 

when Φ=0.8. At this operating point the commercial laser ignition system produced a 

consistently larger amount of CO. 
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Figure 5.50: Comparison of CO emissions normalized to Phi 

Figure 5.51 shows the CO2 emissions for both ignition systems at each equivalence 

ratio.  The data for a Φ=1.0 will be ignored because it was clipped by the analyzer due to the 

fact that the data exceeded the operating range of the instrument. It can, however, be assumed 

that the CO2 emission exceed 10% when Φ=1.0.  Assuming that the stoichiometric data is 

greater than or equal to 10% indicates a trend where the CO2 concentration steadily increases 

as the equivalence ratio increases. This is an expected outcome because the CO2 emissions 
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are being less diluted at the higher equivalence ratio values. The change in load could also be 

a contributor to the difference in the CO2 emissions. These data in conjunction with the CO 

data indicates that the combustion is more complete with increasing equivalence ratio. The 

CO2 emissions data is statistically identical at Φ=0.8 and Φ=0.9 between the two laser 

systems as evidenced by the overlap between their error bars. 
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Figure 5.51: Comparison of CO2 emissions with varying Phi 

Figure 5.52 shows the total hydrocarbon (THC) emissions for both ignition systems at 

each equivalence ratio. There are no noticable trends in the THC data because overall the 

combustion was poor at all equivalence ratios. The poor combustion was primarily due to the 

shrouded spark and the ignition delay that it produced. The ignition delay meant that the bulk 

of the combustion happened on the down stroke of the piston and not at the top of the stroke 

where more rapid chemical heat release is expected and where the greatest amount of power 
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is developed by the power stroke. The ignition delay allowed for a significant amount of 

unburned fuel to be passed into the exhaust because of the poor and incomplete combustion 

that it fostered. The data indicates that the THC emissions are statistically identical between 

the two laser systems and relatively constant and similar with changing equivalence ratio. 

The consistency of the THC emission data could possibly be due to the fact that the 

combustion was poor and incomplete in each case. However the more incomplete 

combustion at the lower equivalence ratio values contributed more HC emissions which 

happed to be similar to the emissions produced by the higher equivalence ratio values with 

more complete combustion. This is evidenced in the heat release rate data discussed earlier in 

this chapter.  The data acquired during engine testing cannot be compared to the previous 

laser ignition work performed at NETL due to the vastly different operating conditions. The 

previous research was conducted at a higher engine speed with lower equivalence ratio 

values with a boosted intake pressure. 
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Figure 5.52: Comparison of total hydrocarbon emissions normalized to Phi 
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6 Conclusions and Recommendations 

The primary goal of this work was to research, design, fabricate, test, and prove 

engine operation of a miniaturized, diode pumped, passively Q-switched, solid state laser as 

an ignition source for a stationary, single cylinder, natural gas fired, lean burn, reciprocating 

engine.  The development of a miniaturized laser ignition source was an attempt to provide a 

more durable and cost effective ignition source for large bore stationary natural gas engines 

that are used for gas pipeline pumping and electrical power generation.  The state of the art 

electrical ignition systems have reached a boundary with both ignitability and durability at 

the engine conditions that produce the lowest NOx exhaust emissions and a higher engine 

thermal efficiency.  Previous laser ignition studies, using costly commercial lasers, have 

shown that the low emission, high efficiency engine operating conditions can be met using 

laser ignition.   

The laser optical component and parameter testing was performed to find a set of 

independent design variables that when combined and applied to an engine could reliably 

induce laser sparks and subsequently consistent and reliable ignition.  These independent 

variables dealt with the laser optical components such as the output coupler reflectivity, the 

Q-switch initial transmission, and the active ion concentration within the laser active 

medium, and the optical input power to the laser system.  The dependent variables were the 

output pulse energy, the output pulsewidth, the output delay, the output beam quality, the 

output peak power of the laser pulse, and the estimated intensity of the focused laser pulse.  

The novelty of this work lies in the combination of the laser parameters to create a single 

high peak power laser output pulse for use as a spark ignition source. Similar configurations 

have been investigated in the literature but for different applications such as multiple output 
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pulse trains for various industrial and communications applications. Another point of novelty 

is the investigation of the laser medium concentration on the output characteristics of a 

passively Q-switched laser system. This work has shown that lowering the Neodymium 

concentration in the active media within a passively Q-switched laser produces higher output 

energy values. This is significant because an actively Q-switched laser shows the opposite 

affect when the active ion concentration is varied.  

The output coupler reflectivity was varied between three values, 30%, 40%, and 50%.  

The Q-switch initial transmission was varied between 32%, 36%, and 40%. The Neodymium 

concentration within the laser medium was varied between 0.35%, 0.5%, and 0.75%. Finally 

the optical input power was varied between 884.00 W, 937.04 W, and 1007.76 W.  Of the 

243 individual data points collected over the range of all of the input parameter and 

replications, 228 combinations produced output and 189 combinations produced laser sparks 

in air with a 10 mm focal length lens. 

The output pulse energy (Eo) varied between 13.84 – 28.20 mJ over all optical 

parameter and input combinations. The output pulse energy increased the most as the output 

coupler reflectivity and the Q-switch initial transmission were lowered. The pulse energy 

varied somewhat as a function of the Nd concentration peaking with Nd = 0.5%.  The output 

pulse energy did not significantly vary as a function of the optical input power over the range 

studied. 

The output pulsewidth (tp) varied between 7.00 – 14.00 ns over all optical parameter 

and input combinations.  Overall the pulsewidth varied little with respect to each input 

parameter.  However the pulsewidth did decrease slightly toward the optical parameter and 

input combinations that fostered the fastest buildup of excited state population density. These 
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combinations consisted of the higher values of each of the input parameters. Although these 

parameter combinations produced the quicker buildup in the population inversion they were 

not optimal for creating the larger output pulse energy levels. This leads to a trade-off in the 

design because the higher parameter values produce a shorter delay times in addition to the 

shorter pulsewidths. The designer is faced with the decision of higher output pulse energy 

with a longer delay time with a lower M2 or a slightly lower output pulse energy in a shorter 

amount of time with a slightly higher M2. 

The output pulse delay (Qd) varied between 192 – 804 μs over all optical parameter 

and input combinations.  The output delay varied significantly as a function of all of the input 

parameters.  The output delay tended to decrease as the input parameter combination values 

were increased. The input parameter combinations that fostered the quickest build up in the 

excited state population density tended to produce the shortest output delay times.  

The beam quality or M2 varied between 4.02 – 13.27 over all optical parameter and 

input combinations. The beam quality did not follow any noticable trend as a function of the 

output coupler reflectivity or the optical pump power. However the beam quality did vary 

significantly as a function of the Nd concentration and the Q-switch initial transmission.  The 

M2 tended to increase as the Nd concentration was increased. This is due to the additional 

absorption and subsequent heat deposition within the laser rod. The additional heat 

deposition contributes to additional thermal lensing and distortion of the lasing photons 

within the laser cavity.  The M2 tended to increase as the Q-switch initial transmission was 

decreased. This was primarily due to the variation in the output beam profile that is dictated 

by the excited state population density cross section with in the laser rod and the degree of 

transmission that is caused as a function of time and space within the Q-switch by the excited 
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state population distribution. As the thermal lens changes within the laser rod, due to Nd 

concentration or pump power level or pump rate or asymmetry, the output beam profile and 

divergence changes. The excited state density distribution as well as the thermal lens it 

creates dictate the shape of the highly transmissive area within the Q-switch and therefore the 

output beam profile and divergence.  

The output peak power (Pp) varied between 1.19 – 3.08 MW over all optical 

parameter and input combinations. The peak power is a calculated parameter and depends on 

the ratio of the output pulse energy to the output pulsewidth.  The peak power tended to 

increase with decreasing output coupler reflectivity and Q-switch initial transmission. The 

input pump power did not seem to have an effect due to the fact that both the output pulse 

energy and the output pulse width do not strictly depend on the input pump power. The peak 

power does tend higher as a function of decreasing Nd concentration. 

The focal intensity (Io) varied between 135 – 560 GW/cm2 over all optical parameter 

and input combinations. The focal intensity is a calculated value that depends on the peak 

power, the beam quality, the focusing lens and the laser wavelength. The focal intensity did 

not vary with respect to any one given input parameter. It did vary according to the peak 

power and the beam quality. The parameters that maximize the output peak power and 

minimize the M2 value tended to produce the highest focal intensities. 

The goal of the engine testing was to show that the test laser performs identically to 

the commercially available flashlamp pumped actively Q-switched laser used in previous 

laser ignition testing. The engine testing consisted of a comparison of the in-cylinder, and 

emissions behavior of the engine using each of the lasers as an ignition system. All engine 

parameters were kept as constant as possilbe while the equivalence ratio, and hence the 
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engine load, was varied between 0.8, 0.9, and 1.0. The test laser was constructed with a 30% 

output coupler, 32% Q-switch initial transmission, and a 0.5% Nd concentration rod all 

pumped by approximately 1000 Watts of optical power. The test laser single mode output 

pulse had an energy of approximately 23 mJ, with a pulsewidth of approximately 10 ns, and 

an M2 value of 6.55. This output produced focal intensity of approximately 270 GW/cm2 

with the 11 mm modified on-engine optical arrangement. The commercial laser had similar 

output parameters and both laser systems operated the engine with similar results.  Due to the 

shortening of the focal length of the on-engine optical setup both laser systems produced a 

spark well within the optical transfer cavity of the laser optics to spark plug adaptor. This 

shrouded spark led to a very long ignition delay and retarded combustion timing for all three 

values of equivalence ratio. This was evidenced by the in-cylinder pressure traces and the 

HRR waveforms. The emissions data indicate that both lasers produced very similar 

combustion.  The ignition delay caused by the shrouded spark cause most of the combustion 

to happen after TDC which lead to poor combustion that produced high levels of CO and 

THC. 

 The recommendations are divided into two sections. The first section will deal with 

the current laser design and configuration and what steps need to be taken to improve the 

overall design and performance. The second section will deal with a subtle change in the 

laser design that could have a significant affect on its output performance as a laser system 

and as a multi-cylinder ignition system. There are four primary recommendations for future 

work with the current laser design and arrangement. The first suggested modification is to 

work to improve the output of the laser so that the long focal length optical arrangement 

could be used. This would allow the test laser to be directly compared to the commercial 
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laser and the standard electrical ignition system, at least at the low speed conditions tested in 

this research effort. These improvements could be approached by ensuring that the laser rod 

is being symmetrically pumped.  Slight variations in the current design have proven 

troublesome. Another approach would be to provide a symmetrical waste heat removal 

system for both the laser rod and the laser chassis. The uneven heat distribution within the 

laser rod was partially suspected for some of the multimode output issues during engine 

testing.  Significant thermal distributions are tolerable within the YAG substrate due to its 

substantial physical properties however, to minimize the impact of the thermal distributions 

on the optical performance they must be symmetric and as steady as possible. 

 The second suggested modification for the current laser design is to choose a more 

appropriate material for the laser chassis.  The current configuration employed an aluminum 

chassis that was low cost and easily machined.  The use of aluminum posed a significant 

problem during the engine testing when the laser was operated at five hertz. The optical 

testing was done at one hertz and produced an average waste heat power of approximately 1 

Watt. The average waste power produced at five hertz is approximately 5 Watts.  The 

thermoelectric coolers were specified to handle this level of heat load and performed well 

keeping the emission wavelength of the laser diodes centered on the absorption band of the 

Nd:YAG.  When designing the laser system and the cooling setup it was assumed that the 

heat would flow from the diode mounts to the chassis and to the optics table. This was the 

case however, the flow of heat through the aluminum chassis caused unwanted expansion in 

the chassis. This expansion was substantial enough to misalign the laser to where it did not 

produce output. If the repetition rate of the system was brought up slowly this was not a 

significant issue however, slight adjustments to the alignment had to be made constantly 
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during this warming up process. The use of a material with a much smaller thermal 

expansion coefficient would greatly reduce this problem. The addition of an independent 

cooling system would also alleveate this problem but add unwanted complexity to the laser 

system. 

 The third general recommendation is to ruggedize the current laser assembly for on-

engine use.  On-engine use was not possible with the current setup due to thermal and 

vibrational sensitivities.  When the test laser output was directed through the long focal 

length optical arrangement, in the laboratory, consistent robust sparks were produced.  Under 

these well controlled conditions the laser output was sufficient for use with the 31 mm 

sapphire lens.  The decision was made not to connect the laser directly to the engine due to 

concerns about the excess heat removal and the vibrations that the engine produced.  When 

the laser was placed on the optics bench for engine testing the thermal and vibrational 

problems were solved.  By separating the laser from the engine additional problems were 

encountered.  The first problem was the additional optical losses imposed by the three high 

power laser mirrors.  The second was the additional divergence allowed by the long path 

length between the laser and the engine.  Ruggedization of the current laser design to 

withstand the heat and vibration would allow for on-engine operation which is another step 

toward a complete laser ignition system. Ruggedization in concert with a thermal 

management system would allow for full speed on-engine testing. 

 The fourth and final general recommendation would be to keep the current laser 

system as it is and modify the optical coupling arrangment on the engine.  The current design 

could be modified to place the short focal length optics closer to the combustion chamber 
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thereby placing the spark out into the combustion chamber.  This approach would require the 

least amount of effort but the operating speed would still be limited to 5 Hz. 

 The future design of the laser ignition system will involve the rearrangement of the 

side pumped laser into an end pumped laser.  An end pumped laser calls for the injection of 

the pump energy longitudinally along the optical axis. In this arrangment the portion of the 

laser rod being excited is the portion of the laser rod that will be participating on the lasing 

action. In the side pumped arrangement serious problems arose due to uneven pump energy 

distributions within the laser rod cross section. The side pumped arrangement also involves 

pumping a significant volume of laser medium that does not participate in subsequent laser 

action and output beam production. This problem is eliminated with an end pumped 

arrangement where only the portion of the gain medium that is involved in the lasing action 

is pumped.  This arrangement will allow for the centralization of the pump diodes to a 

location where they can be isolated from excessive heat and vibration. The output of the laser 

diodes can then be coupled into an optical fiber for easy delivery and distribution to one or 

more monolithic laser oscillators.  The output from the optical fiber is focused through the 

laser oscillator high reflector and into the end of the laser gain medium. From this point on 

the laser operation is identical to the test laser presented in this work.  The deposition of the 

pump energy down the central axis of the does provide for the symmetric removal of excess 

heat radially along the length of the laser rod.  Figure 6.1 shows a block diagram of the 

recommended optically distributed end pumped multicylinder laser system. 
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Figure 6.1: Optically distributed end pumped laser spark ignition system 
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Appendix A – Advanced Ignition System Functional 
Requirements 
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Appendix B – Equipment Data Sheets 

Laser Diode Current Driver Specification Sheet 
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Laser Power Meter and Detector Head 
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Fast Photodiode 
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Oscilloscope 
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TEC DC Power Supply 
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Laser Diode Module Data Sheet 

 
 



  247

 
 

 

 

 



  248

Thermoelectric Coolers 

 
877.825.3006 
1894 Highway 50E, Ste. 4304 
Carson City, Nevada 89701 
sales@kryotherm.com 

  
 

P/N Imax 
(A) 

Qmax 
(W) 

Umax 
(V) 

ΔTmax 
(K) 

A 
mm 

B 
mm 

C 
mm 

D 
mm 

H 
mm 

TB-35-0,6-1,0 1.7 4.4 4.3 69 6.0 12.0 6.0 12.0 2.75 
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Thermally Conductive Epoxy 
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Nd:YAG Data Sheet (VLOC) 
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Nd:YAG Data Sheet (Scientific Materials) 
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Cr:YAG Data Sheet  
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Output Coupler and High Reflection Mirror Data Sheet 
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Mirror Mount Mechanical Drawing 
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Piezoelectric Pressure Transducer 
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Chemiluminescent NOx Analyzer 
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CO, CO2 Analyzers 
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Flame Ionization Analyzer for Total Hydrocarbon Analysis 
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New Wave Research Tempest-20 Nd:YAG laser 
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Appendix C - Laser Assembly and Data Collection Procedure List 

1. Turn on and initialize equipment (Alignment Laser, Oscilloscopes, Current Pulser, 

Power Meter, Beam Analyzer, Camera, Frame Grabber, and Laptop). 

2. Clean laser rod optical surfaces with a swab or lens tissue saturated with 

spectroscopic grade acetone or methanol. 

3. Install laser rod into laser chassis and tighten nylon set screws on each end of the 

laser rod ensuring one screw is tighter than the other to allow for linear thermal 

expansion. 

4. Clean diode pump modules with a swab or lens tissue saturated with spectroscopic 

grade acetone or methanol. 

5. Mount diode pump modules onto laser chassis using two screws each. 

6. Secure diode module electrical interconnections. 

7. Connect output cable from current pulser to diode module electrical terminals 

ensuring proper positive and negative orientation. 

8. Mount laser chassis to optical bench. 

9. Align laser spark plug with the output of the alignment laser, ensure that alignment 

laser beam enters and exits the center of the laser rod faces so the laser output will be 

collinear with the alignment laser beam. 

10. Install mirror mounts. 

11. Clean output coupler and high reflection mirrors with lens tissue saturated with 

spectroscopic grade acetone or methanol. 

12. Install and align one mirror at a time ensuring the back reflections from the mirrors 

line up with the exit aperture of the alignment laser. 
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13. Set current pulse repetition rate to 1 Hz. 

14. Set current pulse output pulse width to 600 microseconds. 

15. Enable laser door interlock. 

16. Start current pulser with highest current test set point (60A set point 57A actual). 

17. Monitor output while modifying alignment for maximum CW output. 

18. When maximum CW output found rotate photodiode into the beam path of the 

alignment laser to measure the leakage photons through the rear mirror of the test 

laser. 

19. Insert Cr:YAG crystal(s) into Q-switch pocket. 

20. Ensure optical faces of the crystal are perpendicular to the optical axis. 

21. Monitor output (energy and pulse width if any produced) and rotate crystal until 

maximum output pulse energy is produced. 

22. Make minor mirror adjustments to ensure maximum output. 

23. Ensure single temporal mode output (An example of the difference between single 

and multiple temporal output modes is shown in Figure 8.1). 
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Figure B-1: Comparison of single and mutiple temporal mode output 

24. Adjust alignment or crystal rotation to ensure single temporal mode output. 

25. If no output is produced at this point increase the input pulse width until output is 

produced, do not exceed one millisecond input pulse width to avoid thermal damage 

to the diode pumps. 

26. Check OSC2, if more than one output pulse is produced over the course of the pump 

cycle reduce the input pulse width to limit the output to one pulse per pump cycle. 

27. Fill out optical and electrical parameters on data collection sheet. 

28. Record output pulse energy. 

29. Measure the maximum output pulse amplitude on OSC1, move on screen cursors to 

the half maximum on either side of the output pulse. 

30. Record output pulse width. 

31. Move the on screen cursors to the beginning of the pump cycle and to the output 

pulse. 
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32. Record output pulse delay. 

33. Align and initialize beam analyzer. 

34. Ensure output beam profile is aligned properly. 

35. Run the automatic beam analysis software. 

36. Record M2 value. 

37. Reduce input current to the next set point. 

38. Adjust input pulse width if needed. 

39. Repeat steps 27 through 38 until all three current set points are recorded. 

40. Increase the input current to the highest setting. 

41. Repeat steps 26 through 40 until all three input current replications are completed for 

this particular optical parameter combination. 

42. Remove Q-switch. 

43. Repeat steps 19 through 42 until all three Q-switch initial transmission values have 

been examined for this particular combination of output coupler reflectivity and laser 

rod Nd concentration. 

44. Remove output coupler. 

45. Repeat steps 12 through 44 until all Q-switch values in combination with all output 

coupler reflectivity values have been examined with this particular laser rod Nd 

concentration value. 

46. Disassemble laser in reverse order and replace laser rod with next test rod. 

47. Repeat steps 2 through 46 until all laser rods have been tested. 
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Appendix D - Laser Chassis and Spark Plug Adaptor Drawings 

 
Figure C-1: Side view schematic of laser spark plug chassis (scale in inches) 



  270

 
Figure C-2: Top view of the laser chassis (scale in inches) 

 
Figure C-3: Schematic showing sections of the laser chassis 
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Figure C-4: Section A-A of the laser chassis (scale in inches) 

 
Figure C-5: Section B-B of the laser chassis (scale in inches) 
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Figure C-6: Seciton C-C of the laser chassis (scale in inches) 

 
Figure C-7: Sapphire Window/Lens Assembly 3E Labs P/N SPI-150-100 (scale in inches) 
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Figure C-8: Laser optical access spark plug adaptor assembly drawing (scale in inches) 

 
Figure C-9: Plug adaptor body, material ANSI 4340 (scale in inches) 
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Figure C-10: Torque tube, material ANSI 4340 (scale in inches) 

 
Figure C-11: Window/lens assembly holder, material ANSI 4340 (scale in inches) 
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Appendix E – Laser Design Experimental Data 

This section lists the raw data collected during the optical experimentation.  Each 

recorded value is listed as well as the averaged and calculated values. The dashes indicate 

that no output was produced. 

OC QSW ND Freq
flat 30 40+80=32 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 631.00 57.00 34.00 27.60 9.40 480.00 6.61 10.48 y
2 - - - - - - - - n
3 - - - - - - - - n

4 650.00 57.00 34.00 27.95 9.60 490.00 6.39 10.55 y
5 - - - - - - - - n
6 - - - - - - - - n

7 650.00 57.00 34.00 28.18 10.00 484.00 6.48 10.74 y
8 - - - - - - - - n
9 - - - - - - - - n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 643.67 57.00 34.00 27.91 9.67 484.67 6.49 10.59 1938.00 1007.76 2887241 4.2756E+11 1.8027E+13
2 - - - - - - - - - - - - -
3 - - - - - - - - - - - - -  

___________________________________________________________________ 
OC QSW ND Freq

flat 30 40+90=36 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 450.00 57.00 34.00 23.47 11.00 378.00 6.74 8.15 y
2 600.00 53.00 34.00 23.01 10.80 466.00 6.29 6.69 y
3 - - - - - - - - n

4 450.00 57.00 34.00 23.32 11.60 352.00 6.60 8.56 y
5 600.00 53.00 34.00 23.24 11.00 460.00 6.11 7.43 y
6 - - - - - - - - n

7 450.00 57.00 34.00 23.32 11.60 352.00 6.25 8.21 y
8 600.00 53.00 34.00 23.03 11.40 460.00 6.37 8.92 y
9 - - - - - - - - n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 450.00 57.00 34.00 23.37 11.40 360.67 6.53 8.31 1938.00 1007.76 2050000 3.0018E+11 1.2800E+13
2 600.00 53.00 34.00 23.09 11.07 462.00 6.26 7.68 1802.00 937.04 2086747 3.0556E+11 1.3029E+13
3 - - - - - - - - - - - - -  

 
OC QSW ND Freq

flat 30 40 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 450.00 57.00 34.00 20.73 8.60 302.00 8.12 8.42 y
2 450.00 53.00 34.00 20.10 9.20 366.00 7.63 6.39 y
3 450.00 50.00 34.00 20.16 9.00 438.00 8.16 9.03 y

4 450.00 57.00 34.00 20.59 9.60 298.00 7.60 6.67 y
5 450.00 53.00 34.00 20.22 10.00 360.00 7.90 6.81 y
6 450.00 50.00 34.00 20.19 9.20 438.00 8.05 6.51 y

7 450.00 57.00 34.00 20.50 10.00 300.00 7.73 7.28 y
8 450.00 53.00 34.00 20.56 9.60 362.00 7.98 8.87 y
9 450.00 50.00 34.00 20.22 9.60 434.00 7.93 8.14 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 450.00 57.00 34.00 20.61 9.40 300.00 7.82 7.46 1938.00 1007.76 2192199 2.2402E+11 1.3688E+13
2 450.00 53.00 34.00 20.29 9.60 362.67 7.84 7.36 1802.00 937.04 2113889 2.1602E+11 1.3199E+13
3 450.00 50.00 34.00 20.19 9.27 436.67 8.05 7.89 1700.00 884.00 2178777 2.2265E+11 1.3604E+13  
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OC QSW ND Freq

flat 40 32 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 400.00 57.00 34.00 22.75 8.20 360.00 11.00 14.17 y
2 550.00 53.00 34.00 23.90 8.20 386.00 6.96 10.83 y
3 550.00 50.00 34.00 23.09 9.20 472.00 8.86 9.09 y

4 400.00 57.00 34.00 21.88 7.80 344.00 6.23 10.90 y
5 550.00 53.00 34.00 22.72 8.00 426.00 10.91 11.21 y
6 600.00 50.00 34.00 23.90 8.40 430.00 5.15 5.95 y

7 400.00 57.00 34.00 23.52 8.60 312.00 6.83 9.06 y
8 500.00 53.00 34.00 23.47 9.00 378.00 7.34 10.41 y
9 500.00 50.00 34.00 23.21 9.60 466.00 6.85 7.83 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 400.00 57.00 34.00 22.72 8.20 338.67 8.02 11.38 1938.00 1007.76 2770325 2.6892E+11 1.7297E+13
2 533.33 53.00 34.00 23.36 8.40 396.67 8.40 10.82 1802.00 937.04 2781349 2.6999E+11 1.7366E+13
3 550.00 50.00 34.00 23.40 9.07 456.00 6.95 7.62 1700.00 884.00 2580882 2.5053E+11 1.6115E+13  

 
 

OC QSW ND Freq
flat 40 36 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 400.00 57.00 34.00 21.54 8.60 252.00 5.99 7.85 y
2 400.00 53.00 34.00 20.33 8.20 296.00 5.44 8.22 y
3 500.00 50.00 34.00 21.45 8.40 334.00 6.39 9.41 y

4 400.00 57.00 34.00 20.91 8.00 246.00 5.86 8.22 y
5 400.00 53.00 34.00 20.62 8.00 290.00 5.21 7.34 y
6 400.00 50.00 34.00 20.13 9.60 336.00 5.97 9.42 y

7 400.00 57.00 34.00 20.94 8.00 248.00 5.19 7.88 y
8 400.00 53.00 34.00 20.96 9.60 290.00 5.40 8.10 y
9 400.00 50.00 34.00 19.38 10.40 354.00 5.66 8.91 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 400.00 57.00 34.00 21.13 8.20 248.67 5.68 7.98 1938.00 1007.76 2576829 4.9870E+11 1.6089E+13
2 400.00 53.00 34.00 20.64 8.60 292.00 5.35 7.89 1802.00 937.04 2399612 4.6440E+11 1.4983E+13
3 433.33 50.00 34.00 20.32 9.47 341.33 6.01 9.25 1700.00 884.00 2146479 4.1541E+11 1.3402E+13  

 
 

OC QSW ND Freq
flat 40 40 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 300.00 57.00 34.00 18.92 9.00 218.00 5.56 8.37 y
2 300.00 53.00 34.00 20.30 9.00 258.00 5.88 7.63 y
3 350.00 50.00 34.00 19.33 10.80 294.00 6.24 8.86 y

4 300.00 57.00 34.00 20.13 9.20 244.00 5.53 8.39 y
5 300.00 53.00 34.00 19.61 11.40 286.00 4.79 7.41 y
6 350.00 50.00 34.00 19.96 9.60 332.00 5.01 6.40 y

7 300.00 57.00 34.00 19.01 9.40 236.00 5.14 9.21 y
8 300.00 53.00 34.00 19.18 9.40 274.00 4.02 8.09 y
9 350.00 50.00 34.00 18.84 10.00 316.00 4.98 9.17 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 300.00 57.00 34.00 19.35 9.20 232.67 5.41 8.66 1938.00 1007.76 2103623 4.4877E+11 1.3135E+13
2 300.00 53.00 34.00 19.70 9.93 272.67 4.90 7.71 1802.00 937.04 1982886 4.2301E+11 1.2381E+13
3 350.00 50.00 34.00 19.38 10.13 314.00 5.41 8.14 1700.00 884.00 1912171 4.0793E+11 1.1939E+13  
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OC QSW ND Freq
flat 50 40+80=32 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 450.00 57.00 34.00 20.22 9.00 292.00 8.36 10.12 y
2 450.00 53.00 34.00 20.94 8.40 352.00 8.03 9.35 y
3 500.00 50.00 34.00 21.02 8.20 458.00 8.39 10.80 y

4 450.00 57.00 34.00 21.19 8.40 308.00 8.22 10.31 y
5 450.00 53.00 34.00 20.02 10.20 376.00 8.50 10.80 y
6 500.00 50.00 34.00 19.01 9.80 460.00 8.34 9.94 y

7 450.00 57.00 34.00 21.83 9.80 306.00 7.95 9.27 y
8 450.00 53.00 34.00 22.09 9.40 380.00 8.20 10.72 y
9 500.00 50.00 34.00 22.23 9.60 464.00 7.97 9.39 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 450.00 57.00 34.00 21.08 9.07 302.00 8.18 9.90 1938.00 1007.76 2325000 2.1713E+11 1.4517E+13
2 450.00 53.00 34.00 21.02 9.33 369.33 8.24 10.29 1802.00 937.04 2251786 2.1029E+11 1.4060E+13
3 500.00 50.00 34.00 20.75 9.20 460.67 8.23 10.04 1700.00 884.00 2255797 2.1067E+11 1.4085E+13  

 
 

OC QSW ND Freq
flat 50 40+90=36 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 450.00 57.00 34.00 20.36 9.60 264.00 6.10 8.33 y
2 450.00 53.00 34.00 19.30 9.20 310.00 6.27 9.41 y
3 450.00 50.00 34.00 20.73 9.80 334.00 6.59 7.03 y

4 400.00 57.00 34.00 21.19 9.40 248.00 6.21 8.76 y
5 400.00 53.00 34.00 20.30 9.80 290.00 6.50 9.62 y
6 400.00 50.00 34.00 20.85 10.00 336.00 6.45 7.83 y

7 400.00 57.00 34.00 20.16 10.00 240.00 5.84 8.66 y
8 400.00 53.00 34.00 19.38 9.60 282.00 5.54 7.48 y
9 400.00 50.00 34.00 19.64 10.20 318.00 5.70 7.69 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 416.67 57.00 34.00 20.57 9.67 250.67 6.05 8.58 1938.00 1007.76 2127931 3.6299E+11 1.3286E+13
2 416.67 53.00 34.00 19.66 9.53 294.00 6.10 8.84 1802.00 937.04 2062238 3.5178E+11 1.2876E+13
3 416.67 50.00 34.00 20.41 10.00 329.33 6.25 7.52 1700.00 884.00 2040667 3.4810E+11 1.2742E+13  

 
 

OC QSW ND Freq
flat 50 40 0.35 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 350.00 57.00 34.00 18.18 10.60 208.00 5.35 7.00 y
2 350.00 53.00 34.00 18.35 10.20 240.00 4.77 6.71 y
3 350.00 50.00 34.00 18.03 11.60 270.00 5.43 7.02 y

4 350.00 57.00 34.00 18.32 9.80 214.00 4.05 6.27 y
5 350.00 53.00 34.00 18.98 9.60 256.00 5.28 8.91 y
6 350.00 50.00 34.00 19.10 10.80 292.00 4.35 7.14 y

7 350.00 57.00 34.00 18.75 10.40 220.00 4.57 7.27 y
8 350.00 53.00 34.00 17.57 10.60 254.00 4.74 8.54 y
9 350.00 50.00 34.00 18.81 9.40 298.00 4.72 6.68 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 350.00 57.00 34.00 18.42 10.27 214.00 4.66 6.85 1938.00 1007.76 1793831 5.1651E+11 1.1200E+13
2 350.00 53.00 34.00 18.30 10.13 250.00 4.93 8.05 1802.00 937.04 1805921 5.1999E+11 1.1276E+13
3 350.00 50.00 34.00 18.65 10.60 286.67 4.83 6.95 1700.00 884.00 1759119 5.0652E+11 1.0984E+13  

 
 
 



  278

OC QSW ND Freq
flat 30 40+80=32 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 650.00 57.00 34.00 28.10 8.60 572.00 7.59 9.68 y
2 - - - - - - - - n
3 - - - - - - - - n

4 650.00 57.00 34.00 28.20 9.60 600.00 7.40 9.40 y
5 - - - - - - - - n
6 - - - - - - - - n

7 650.00 57.00 34.00 27.50 9.00 585.00 8.00 10.40 y
8 - - - - - - - - n
9 - - - - - - - - n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 650.00 57.00 34.00 27.93 9.07 585.67 7.66 9.83 1938.00 1007.76 3080882 3.2756E+11 1.9236E+13
2 - - - - - - - - - - - - -
3 - - - - - - - - - - - - -  

 
 

OC QSW ND Freq
flat 30 40+90=36 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 707.00 57.00 34.00 23.81 8.80 412.00 7.07 9.38 y
2 707.00 53.00 34.00 23.30 7.80 560.00 7.18 10.81 y
3 900.00 50.00 34.00 21.94 7.80 804.00 6.96 8.49 y

4 707.00 57.00 34.00 23.21 8.60 388.00 6.93 8.17 y
5 707.00 53.00 34.00 22.60 8.60 500.00 6.69 8.28 y
6 900.00 50.00 34.00 22.30 8.00 768.00 6.96 8.27 y

7 707.00 57.00 34.00 22.40 8.80 380.00 6.97 8.34 y
8 707.00 53.00 34.00 22.60 8.80 504.00 6.64 7.98 y
9 900.00 50.00 34.00 22.00 9.20 736.00 6.83 8.28 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 707.00 57.00 34.00 23.14 8.73 393.33 6.99 8.63 1938.00 1007.76 2649618 3.3859E+11 1.6544E+13
2 707.00 53.00 34.00 22.83 8.40 521.33 6.84 9.02 1802.00 937.04 2718254 3.4736E+11 1.6972E+13
3 900.00 50.00 34.00 22.08 8.33 769.33 6.92 8.35 1700.00 884.00 2649600 3.3859E+11 1.6544E+13  

 
 

OC QSW ND Freq
flat 30 40 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 550.00 57.00 34.00 21.00 9.80 352.00 5.92 7.48 y
2 550.00 53.00 34.00 20.80 9.60 400.00 5.93 7.22 y
3 550.00 50.00 34.00 20.50 9.40 492.00 5.89 7.24 y

4 550.00 57.00 34.00 20.96 10.00 324.00 5.76 6.56 y
5 550.00 53.00 34.00 20.50 9.60 400.00 6.05 7.51 y
6 550.00 50.00 34.00 20.50 9.80 496.00 5.96 8.01 y

7 550.00 57.00 34.00 20.99 9.40 324.00 5.94 7.52 y
8 550.00 53.00 34.00 20.70 9.40 404.00 5.97 8.02 y
9 550.00 50.00 34.00 20.50 9.60 500.00 6.09 7.83 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 550.00 57.00 34.00 20.98 9.73 333.33 5.87 7.19 1938.00 1007.76 2155822 3.9020E+11 1.3461E+13
2 550.00 53.00 34.00 20.67 9.53 401.33 5.98 7.58 1802.00 937.04 2167832 3.9238E+11 1.3536E+13
3 550.00 50.00 34.00 20.50 9.60 496.00 5.98 7.69 1700.00 884.00 2135417 3.8651E+11 1.3333E+13  
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OC QSW ND Freq
flat 40 32 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 650.00 57.00 34.00 22.50 7.80 480.00 9.45 y
2 650.00 53.00 34.00 23.00 8.10 560.00 10.10 y
3 750.00 50.00 34.00 22.85 7.50 704.00 8.42 y

4 650.00 57.00 34.00 23.25 8.20 496.00 8.98 y
5 650.00 53.00 34.00 22.20 8.00 575.00 9.05 y
6 750.00 50.00 34.00 22.30 8.40 698.00 9.54 y

7 650.00 57.00 34.00 23.00 7.90 482.00 10.35 n
8 650.00 53.00 34.00 23.10 7.50 558.00 9.21 y
9 750.00 50.00 34.00 22.75 7.80 715.00 10.09 n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 650.00 57.00 34.00 22.92 7.97 486.00 9.59 0.00 1938.00 1007.76 2876569 1.9516E+11 1.7961E+13
2 650.00 53.00 34.00 22.77 7.87 564.33 9.45 0.00 1802.00 937.04 2894068 1.9634E+11 1.8070E+13
3 750.00 50.00 34.00 22.63 7.90 705.67 9.35 0.00 1700.00 884.00 2864979 1.9437E+11 1.7888E+13  

 
 

OC QSW ND Freq
flat 40 36 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 500.00 57.00 34.00 20.10 8.00 360.00 9.07 y
2 500.00 53.00 34.00 21.25 8.20 455.00 9.55 y
3 650.00 50.00 34.00 20.50 8.00 600.00 10.01 n

4 500.00 57.00 34.00 20.45 9.10 352.00 8.75 y
5 500.00 53.00 34.00 19.99 7.90 470.00 8.68 y
6 650.00 50.00 34.00 20.90 8.40 596.00 9.54 y

7 500.00 57.00 34.00 21.00 9.20 366.00 9.15 y
8 500.00 53.00 34.00 20.65 9.60 468.00 8.99 y
9 650.00 50.00 34.00 19.85 9.00 608.00 8.69 n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 500.00 57.00 34.00 20.52 8.77 359.33 8.99 0.00 1938.00 1007.76 2340304 1.8080E+11 1.4612E+13
2 500.00 53.00 34.00 20.63 8.57 464.33 9.07 0.00 1802.00 937.04 2408171 1.8604E+11 1.5036E+13
3 650.00 50.00 34.00 20.42 8.47 601.33 9.41 0.00 1700.00 884.00 2411417 1.8630E+11 1.5056E+13  

 
 

OC QSW ND Freq
flat 40 40 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 600.00 57.00 34.00 22.50 9.80 416.00 8.29 y
2 600.00 53.00 34.00 20.94 9.60 558.00 8.34 y
3 850.00 50.00 34.00 20.30 9.60 686.00 12.98 n

4 600.00 57.00 34.00 20.28 9.20 398.00 5.92 y
5 600.00 53.00 34.00 21.65 9.20 512.00 5.88 y
6 800.00 50.00 34.00 21.05 9.80 748.00 6.06 y

7 600.00 57.00 34.00 21.11 9.00 390.00 5.98 y
8 600.00 53.00 34.00 20.22 9.60 500.00 6.69 n
9 800.00 50.00 34.00 19.01 10.20 680.00 5.13 n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 600.00 57.00 34.00 21.30 9.33 401.33 6.73 0.00 1938.00 1007.76 2281786 3.1455E+11 1.4247E+13
2 600.00 53.00 34.00 20.94 9.47 523.33 6.97 0.00 1802.00 937.04 2211620 3.0488E+11 1.3809E+13
3 816.67 50.00 34.00 20.12 9.87 704.67 8.06 0.00 1700.00 884.00 2039189 2.8111E+11 1.2732E+13  
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OC QSW ND Freq
flat 50 40+80=32 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 500.00 57.00 34.00 20.39 7.00 368.00 8.30 11.57 y
2 500.00 53.00 34.00 19.00 7.00 472.00 8.28 11.84 y
3 700.00 50.00 34.00 20.96 8.00 636.00 7.95 11.52 y

4 500.00 57.00 34.00 20.22 7.40 364.00 8.94 13.68 y
5 500.00 53.00 34.00 19.20 7.40 482.00 8.20 11.98 y
6 700.00 50.00 34.00 19.44 8.00 648.00 8.27 13.40 y

7 500.00 57.00 34.00 22.23 7.60 370.00 7.80 11.28 y
8 500.00 53.00 34.00 21.54 8.00 478.00 7.68 10.68 y
9 700.00 50.00 34.00 21.22 8.00 660.00 8.52 11.80 n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 500.00 57.00 34.00 20.95 7.33 367.33 8.35 12.18 1938.00 1007.76 2856364 2.5600E+11 1.7835E+13
2 500.00 53.00 34.00 19.91 7.47 477.33 8.05 11.50 1802.00 937.04 2666964 2.3902E+11 1.6652E+13
3 700.00 50.00 34.00 20.54 8.00 648.00 8.25 12.24 1700.00 884.00 2567500 2.3011E+11 1.6031E+13  

 
 

OC QSW ND Freq
flat 50 40+90=36 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 400.00 57.00 34.00 20.42 8.40 304.00 9.37 11.99 y
2 400.00 53.00 34.00 19.61 9.80 362.00 9.68 12.57 n
3 500.00 50.00 34.00 19.62 7.80 436.00 9.31 11.58 y

4 400.00 57.00 34.00 19.31 8.40 310.00 9.28 14.39 y
5 400.00 53.00 34.00 18.98 8.40 376.00 9.69 14.20 n
6 500.00 50.00 34.00 19.10 10.00 470.00 12.26 14.53 n

7 400.00 57.00 34.00 19.41 8.60 346.00 12.41 14.47 y
8 400.00 53.00 34.00 19.70 8.40 424.00 11.48 11.57 n
9 500.00 50.00 34.00 17.20 9.20 492.00 11.39 12.05 n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 400.00 57.00 34.00 19.71 8.47 320.00 10.35 13.62 1938.00 1007.76 2328346 1.3562E+11 1.4538E+13
2 400.00 53.00 34.00 19.43 8.87 387.33 10.28 12.78 1802.00 937.04 2191353 1.2764E+11 1.3682E+13
3 500.00 50.00 34.00 18.64 9.00 466.00 10.99 12.72 1700.00 884.00 2071111 1.2064E+11 1.2932E+13  

 
 

OC QSW ND Freq
flat 50 40 0.5 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 400.00 57.00 34.00 17.72 9.20 282.00 7.53 10.13 n
2 400.00 53.00 34.00 17.23 9.80 340.00 8.15 10.27 n
3 450.00 50.00 34.00 17.46 9.60 414.00 8.27 11.13 n

4 400.00 57.00 34.00 17.26 7.80 278.00 9.02 12.03 n
5 400.00 53.00 34.00 17.60 7.80 334.00 8.98 12.22 n
6 450.00 50.00 34.00 17.49 7.80 394.00 8.64 11.66 n

7 400.00 57.00 34.00 17.49 8.00 278.00 9.35 12.65 n
8 400.00 53.00 34.00 17.49 8.00 332.00 9.14 12.76 n
9 450.00 50.00 34.00 17.49 7.80 390.00 8.98 11.46 n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 400.00 57.00 34.00 17.49 8.33 279.33 8.63 11.60 1938.00 1007.76 2098800 1.7582E+11 1.3104E+13
2 400.00 53.00 34.00 17.44 8.53 335.33 8.76 11.75 1802.00 937.04 2043750 1.7121E+11 1.2761E+13
3 450.00 50.00 34.00 17.48 8.40 399.33 8.63 11.42 1700.00 884.00 2080952 1.7432E+11 1.2993E+13  
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OC QSW ND Freq
flat 30 40+80=32 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 500.00 57.00 34.00 27.50 10.00 390.00 4.94 6.84 y
2 682.00 53.00 34.00 26.40 9.80 542.00 8.95 11.73 y
3 881.00 50.00 34.00 24.00 8.80 700.00 5.92 8.46 y

4 500.00 57.00 34.00 26.80 9.00 378.00 6.20 9.61 y
5 682.00 53.00 34.00 25.50 8.80 480.00 6.57 8.28 y
6 881.00 50.00 34.00 24.20 9.80 644.00 5.86 8.97 y

7 500.00 57.00 34.00 25.80 8.40 356.00 6.79 7.77 y
8 682.00 53.00 34.00 24.90 10.00 468.00 8.35 14.46 y
9 881.00 50.00 34.00 23.50 8.40 642.00 10.57 15.74 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 500.00 57.00 34.00 26.70 9.13 374.67 5.98 8.07 1938.00 1007.76 2923358 5.1099E+11 1.8253E+13
2 682.00 53.00 34.00 25.60 9.53 496.67 7.96 11.49 1802.00 937.04 2685315 4.6938E+11 1.6767E+13
3 881.00 50.00 34.00 23.90 9.00 662.00 7.45 11.06 1700.00 884.00 2655556 4.6418E+11 1.6581E+13  

 
 

OC QSW ND Freq
flat 30 40+90=36 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 450.00 57.00 34.00 21.00 9.20 334.00 10.63 17.76 y
2 500.00 53.00 34.00 21.80 9.60 422.00 6.63 11.74 y
3 650.00 50.00 34.00 22.00 9.00 564.00 7.47 10.68 y

4 450.00 57.00 34.00 22.50 10.20 332.00 6.74 6.85 y
5 500.00 53.00 34.00 22.10 10.40 418.00 6.84 7.93 y
6 650.00 50.00 34.00 21.90 10.40 434.00 11.82 11.83 y

7 450.00 57.00 34.00 23.00 9.00 326.00 12.54 16.72 y
8 500.00 53.00 34.00 23.60 8.80 400.00 12.33 17.85 y
9 650.00 50.00 34.00 22.00 9.80 476.00 12.51 15.00 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 450.00 57.00 34.00 22.17 9.47 330.67 9.97 13.78 1938.00 1007.76 2341549 1.4708E+11 1.4620E+13
2 500.00 53.00 34.00 22.50 9.60 413.33 8.60 12.51 1802.00 937.04 2343750 1.4722E+11 1.4634E+13
3 650.00 50.00 34.00 21.97 9.73 491.33 10.60 12.50 1700.00 884.00 2256849 1.4176E+11 1.4091E+13  

 
 

OC QSW ND Freq
flat 30 40 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 400.00 57.00 34.00 17.20 9.60 252.00 10.67 13.15 y
2 400.00 53.00 34.00 16.50 9.60 300.00 7.81 8.07 y
3 450.00 50.00 34.00 16.60 9.40 352.00 6.80 7.85 y

4 400.00 57.00 34.00 15.80 9.20 268.00 9.72 9.78 y
5 400.00 53.00 34.00 15.20 9.60 274.00 7.60 10.29 y
6 450.00 50.00 34.00 15.60 9.60 318.00 7.86 10.26 y

7 400.00 57.00 34.00 17.10 9.40 244.00 5.69 5.53 y
8 400.00 53.00 34.00 16.30 9.00 284.00 6.45 7.56 y
9 450.00 50.00 34.00 15.30 9.40 328.00 6.04 4.57 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 400.00 57.00 34.00 16.70 9.40 254.67 8.69 9.49 1938.00 1007.76 1776596 1.4678E+11 1.1093E+13
2 400.00 53.00 34.00 16.00 9.40 286.00 7.29 8.64 1802.00 937.04 1702128 1.4063E+11 1.0628E+13
3 450.00 50.00 34.00 15.83 9.47 332.67 6.90 7.56 1700.00 884.00 1672535 1.3818E+11 1.0443E+13  
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OC QSW ND Freq
flat 40 32 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 500.00 57.00 34.00 20.96 8.00 368.00 6.14 5.46 y
2 500.00 53.00 34.00 19.41 9.00 466.00 6.46 7.06 y
3 650.00 50.00 34.00 19.56 8.00 572.00 5.24 7.09 y

4 500.00 57.00 34.00 21.05 8.00 372.00 5.92 7.53 y
5 500.00 53.00 34.00 20.99 8.40 476.00 6.16 8.12 y
6 750.00 50.00 34.00 21.17 8.00 700.00 6.17 8.47 y

7 500.00 57.00 34.00 20.96 7.80 360.00 6.06 8.68 y
8 500.00 53.00 34.00 20.85 8.20 460.00 6.17 8.55 y
9 750.00 50.00 34.00 20.76 8.20 680.00 5.75 7.49 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 500.00 57.00 34.00 20.99 7.93 366.67 6.04 7.22 1938.00 1007.76 2645798 4.5283E+11 1.6520E+13
2 500.00 53.00 34.00 20.42 8.53 467.33 6.26 7.91 1802.00 937.04 2392578 4.0949E+11 1.4939E+13
3 716.67 50.00 34.00 20.50 8.07 650.67 5.72 7.68 1700.00 884.00 2540909 4.3487E+11 1.5865E+13  

 
 

OC QSW ND Freq
flat 40 36 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 400.00 57.00 34.00 18.64 8.80 336.00 8.52 9.15 y
2 500.00 53.00 34.00 22.83 9.20 372.00 6.53 7.68 y
3 600.00 50.00 34.00 22.40 9.40 494.00 6.36 7.01 y

4 400.00 57.00 34.00 19.70 10.40 314.00 6.84 7.93 y
5 500.00 53.00 34.00 19.58 10.80 390.00 6.26 7.18 y
6 600.00 50.00 34.00 20.88 9.80 464.00 6.17 7.77 y

7 400.00 57.00 34.00 20.07 9.40 298.00 5.03 6.32 y
8 500.00 53.00 34.00 21.14 8.80 364.00 4.66 5.67 y
9 600.00 50.00 34.00 19.01 9.60 436.00 5.24 8.19 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 400.00 57.00 34.00 19.47 9.53 316.00 6.80 7.80 1938.00 1007.76 2042308 2.7604E+11 1.2752E+13
2 500.00 53.00 34.00 21.18 9.60 375.33 5.82 6.84 1802.00 937.04 2206597 2.9825E+11 1.3778E+13
3 600.00 50.00 34.00 20.76 9.60 464.67 5.92 7.66 1700.00 884.00 2162847 2.9234E+11 1.3504E+13  

 
 

OC QSW ND Freq
flat 40 40 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 300.00 57.00 34.00 19.70 9.60 270.00 4.71 7.49 y
2 400.00 53.00 34.00 18.72 9.40 326.00 5.63 8.52 y
3 400.00 50.00 34.00 18.61 8.80 382.00 5.52 8.01 y

4 300.00 57.00 34.00 18.61 10.20 264.00 4.77 8.02 y
5 400.00 53.00 34.00 17.86 8.80 302.00 5.18 7.43 y
6 400.00 50.00 34.00 17.46 9.00 350.00 4.52 5.78 y

7 300.00 57.00 34.00 18.75 9.00 260.00 4.56 5.92 y
8 400.00 53.00 34.00 18.95 9.20 302.00 5.20 6.57 y
9 400.00 50.00 34.00 18.66 8.60 382.00 5.84 7.23 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 300.00 57.00 34.00 19.02 9.60 264.67 4.68 7.14 1938.00 1007.76 1981250 5.6480E+11 1.2371E+13
2 400.00 53.00 34.00 18.51 9.13 310.00 5.34 7.51 1802.00 937.04 2026642 5.7774E+11 1.2654E+13
3 400.00 50.00 34.00 18.24 8.80 371.33 5.29 7.01 1700.00 884.00 2073106 5.9099E+11 1.2944E+13  
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OC QSW ND Freq
flat 50 40+80=32 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 400.00 57.00 34.00 18.32 8.40 264.00 6.28 9.70 y
2 400.00 53.00 34.00 18.38 9.20 314.00 8.34 11.34 y
3 400.00 50.00 34.00 18.46 8.80 366.00 8.39 12.43 y

4 400.00 57.00 34.00 21.60 8.40 346.00 10.99 15.92 y
5 500.00 53.00 34.00 21.22 8.00 436.00 11.61 17.30 y
6 600.00 50.00 34.00 21.60 7.60 580.00 10.00 13.67 y

7 400.00 57.00 34.00 19.01 9.20 346.00 13.27 17.73 y
8 500.00 53.00 34.00 18.64 9.40 434.00 10.19 14.50 y
9 600.00 50.00 34.00 18.41 9.20 560.00 8.49 11.54 y

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 400.00 57.00 34.00 19.64 8.67 318.67 10.18 14.45 1938.00 1007.76 2266538 1.3656E+11 1.4152E+13
2 466.67 53.00 34.00 19.41 8.87 394.67 10.05 14.38 1802.00 937.04 2189474 1.3191E+11 1.3671E+13
3 533.33 50.00 34.00 19.49 8.53 502.00 8.96 12.55 1700.00 884.00 2283984 1.3761E+11 1.4261E+13  

 
 

OC QSW ND Freq
flat 50 40+90=36 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 350.00 57.00 34.00 15.62 9.20 218.00 4.69 6.27 n
2 350.00 53.00 34.00 15.24 9.60 256.00 5.29 7.22 n
3 350.00 50.00 34.00 15.30 10.80 292.00 5.67 8.62 n

4 350.00 57.00 34.00 16.51 11.00 244.00 7.19 12.52 n
5 350.00 53.00 34.00 15.24 10.60 284.00 6.32 11.72 n
6 350.00 50.00 34.00 15.96 9.80 312.00 6.14 9.87 n

7 350.00 57.00 34.00 16.62 9.40 222.00 4.52 6.09 y
8 350.00 53.00 34.00 16.39 9.80 256.00 5.59 7.70 n
9 350.00 50.00 34.00 16.57 9.80 294.00 6.13 8.07 n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 350.00 57.00 34.00 16.25 9.87 228.00 5.47 8.29 1938.00 1007.76 1646959 3.4410E+11 1.0283E+13
2 350.00 53.00 34.00 15.62 10.00 265.33 5.73 8.88 1802.00 937.04 1562333 3.2642E+11 9.7549E+12
3 350.00 50.00 34.00 15.94 10.13 299.33 5.98 8.85 1700.00 884.00 1573355 3.2872E+11 9.8237E+12  

 
 

OC QSW ND Freq
flat 50 40 0.75 1

Meas. No. Pump time current voltage Eout tp Qd M2-x M2-y spark
1 250.00 57.00 34.00 14.01 10.20 192.00 5.21 7.47 n
2 250.00 53.00 34.00 14.24 9.80 228.00 8.94 11.97 n
3 300.00 50.00 34.00 14.21 9.80 256.00 8.92 10.78 n

4 250.00 57.00 34.00 14.24 11.60 214.00 9.52 14.90 n
5 300.00 53.00 34.00 13.84 11.80 246.00 6.31 10.43 n
6 350.00 50.00 34.00 14.27 11.80 280.00 7.41 11.45 n

7 250.00 57.00 34.00 14.30 11.60 216.00 8.61 11.64 n
8 300.00 53.00 34.00 14.47 12.80 252.00 9.96 14.55 n
9 300.00 50.00 34.00 13.95 14.00 276.00 9.03 12.83 n

Averages
PowerE PowerO PeakPower Intensity @ 10mm fL DL Intensity @ 10mm fL

1 250.00 57.00 34.00 14.18 11.13 207.33 7.78 11.34 1938.00 1007.76 1273952 1.3141E+11 7.9543E+12
2 283.33 53.00 34.00 14.18 11.47 242.00 8.40 12.32 1802.00 937.04 1236919 1.2759E+11 7.7231E+12
3 316.67 50.00 34.00 14.14 11.87 270.67 8.45 11.69 1700.00 884.00 1191854 1.2295E+11 7.4417E+12  
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