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ABSTRACT

EXPERIMENTAL INVESTIGATION OF THE VIBRATIONAL AND THERMAL
RESPONSE OF A LASER SPARK PLUG

Gregory S. Yoder

A study was conducted in order to evaluate the external thermal and vibrational effects on
the operation of a laser ignition system for internal combustion (IC) engine applications. West
Virginia University (WVU) in conjunction with the National Energy Technology Laboratory
(NETL) have constructed a prototype laser spark plug which has been designed to mount directly
onto the head of a natural gas engine for the purpose of igniting an air/fuel (A/F) mixture in the
engine’s combustion chamber. To be considered as a viable replacement for the conventional
electrode-based ignition system, integrity, durability and reliability must be justified. Thermal
and oscillatory perturbations induced upon the ignition system are major influences that affect
laser spark plug (LSP) operation and, therefore, quantifying these effects is necessary to further

the advancement and development of this technology.

The passively g-switched Nd:YAG laser was mounted on Briiel & Kjer (B&K) Vibration
Exciter Type 4808 Shaker in conjunction with at B&K Power Amplifier Type 2719, which was
oscillated in 10 Hz intervals from 0 to 60 Hz using a sine wave to mimic natural gas engine
operation. The input signal simulated the rotational velocity of the engine operating from 0 to
3600 RPM with the laser mounted in three different axial orientations. The laser assembly was
wrapped with medium-temperature heat tape, outfitted with thermocouples and heated from
room temperature to 140 °F to simulate the temperatures that the LSP may experience when
installed on an engine. The acceleration of the payload was varied between 50% and 100% of
the oscillator’s maximum allowable acceleration in each mounting orientation resulting in a total

of 294 total setpoints.

For each setpoint, pulse width, pulse width variation, g-switch delay, jitter and output
energy were measured and recorded. Each of these dependent variables plays a critical role in

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



parameters. Under the influence of thermal and oscillatory perturbations, the g-switch delay of
the laser was found to vary significantly. For application on an IC engine, such variation in g-
switch delay would result in an ignition timing variation by as much as +4.6 crank angle (CA)
degrees in the most extreme setpoint on a cycle-to-cycle basis. Every setpoint tested was
calculated to be capable of generating a plasma spark in air (>100 GW/cm®), however the

resulting focal intensity was found to vary by as much as £13 GW/cm®.
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1. INTRODUCTION

To improve the combustion process in a natural gas fueled internal combustion (IC)
engine, an alternative ignition source was considered. The use of a laser to ignite an air/fuel
(A/F) mixture has been proven to be a viable technology over the conventional spark ignition
(SI) system and has the potential to improve several facets of engine performance including
brake thermal and fuel efficiency, exhaust constituent emissions and power output. By use of a
high peak power solid-state laser and a fiber-coupled pumping source, an ignition system is
realized for the spatially complex, high energy pulse transfer necessary for plasma spark
generation.

The progress of laser ignition (LI) has yet to develop to the point where it may be deemed
applicable for industrial use primarily because durability, integrity and reliability are of major
concern. The implementation of such a sensitive optical system into a harsh engine environment
presents a multitude of challenges that must be overcome prior to becoming a suitable
replacement for the conventional electrode-based ignition system. Limitations set forth by the
application, such as the influence of temperature and vibration, present obstacles regardless of
the engine to which the alternative ignition source is being applied. The purpose of this study
was to expose these limitations, and to characterize the effects that temperature and vibration

will have on the LI system’s performance.

1.1. Objectives

The global objective of this study was to promote the advancement of LI systems for
natural gas engine applications. The primary objective was to study the effect that temperature
and vibration have on the operation of the laser spark plug (LSP). The specific objectives are (1)
assess the effect that temperature and vibration each had on the output characteristics of the LSP,
(2) assess the combined effect that temperature and vibration have on the LSP, and (3) present
the collected results in such a manner as to be beneficial towards the continued research and

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



2. LITERATURE REVIEW

2.1. Laser Ignition Background

As emission regulations continue to become more stringent for IC engines, optimization
of the in-cylinder combustion process is becoming more critical. The movement to reduce the
amount of harmful engine emissions entering our atmosphere begins with perfecting the ignition
strategy of the engine. The conventional electrode-based spark ignition strategy has been widely
utilized to initiate combustion in a multitude of SI engines, however it is fundamentally limited
for igniting natural gas in an IC engine and an alternative means of igniting the A/F mixture may
prove to yield better combustion efficiency.

The use of a laser to ignite A/F mixtures in an IC engine is a comparatively young
technology, compared to conventional electrode-based spark ignited method, and possesses great
potential to advance the IC engine industry. Typically, a laser is g-switched to produce a high
peak power pulsed beam, which with the proper accompanying optics, has the capability of
producing a plasma spark. Chen, a plasma physicist, defines plasma as, “A quasineutral gas of
charged and neutral particles, which exhibits collective behavior” [1]. This phenomena has been
applied in several different LI experimental setups such as open air beam transfer [2, 3],
transmission via fiber optic cables [4, 5, 6, 7, 8, 9] or a single laser mounted directly onto the
head of each cylinder [10, 11]. Depending on the limitations set forth by the application, one of
these LI strategies may provide certain advantages for initiating combustion over the others.

An alternative ignition source, such as LI, offers several advantages over a conventional
spark plug. Unlike a spark plug where the point of ignition is limited to the top of the
combustion chamber near the head, a laser with the proper accompanying optics has the
capability to produce a plasma spark virtually anywhere in the combustion chamber, allowing for
optimization of the combustion process [4, 5, 10, 11, 12]. This allows for more complete
combustion to be achieved, as the spark location may be optimized to best conform to the
geometry of the engine, resulting in an extension of lean limit operation [2, 4, 5, 10, 13]. Even
with the application of current strategies to optimize the combustion process, carbon chamber
deposition (CCD) is an unfortunate byproduct which leads to fouling of the conventional spark
plug electrodes for several gaseous and liquid fuels. In the case of clean fuels such as natural gas

however, the effects from CCD are not significant. With the use of a non-invasive LI ignition
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source, particle deposition now has a minimal influence on ignition characteristics. It has been
shown that as a laser pulse passes through the optically accessible quartz window in the
combustion chamber, the particles that have accumulated on the window from the previous
combustion event undergo an ablation process where the deposits may partially absorb the laser
pulse, heated to the point of evaporation and are removed from the window [14, 15]. This is a
key advantage over the conventional system in that this ignition source is self-maintaining.

The use of a plasma spark is rather attractive for pressurized applications as well, due to
the fact that a combustible medium’s optical breakdown threshold decreases with increasing
pressure [16, 17]. These ignition features allow for an engine to operate at a higher compression
ratio and leaner A/F mixture providing greater fuel efficiency, reduced emissions and a more
complete combustion process than is capable with the use of an electrode-based spark plug [2, 3,
4,5,10,11, 12, 13].

The reduction of NOx formation is the primary reason a natural gas engine would be
operated with a lean A/F ratio. If a mixture is too lean, a misfire event can occur resulting in
improper engine operation. To compensate for this, the compression ratio of the engine may be
increased. A higher compression ratio will result in higher cylinder pressures which becomes
problematic for electrode-based spark plugs. At elevated pressures, a higher voltage potential is
required to breakdown the plug’s gap to create the spark. This abides by Paschen’s law which
states that as the pressure of a gas is increased, it takes a higher potential difference to initiate the
electrical breakdown of the gas [18]. As pressure is increased in the engine’s combustion
chamber, there is a higher quantity of air and fuel molecules being squeezed into the volume in
between the spark plug electrodes. This necessitates a higher amount of ignition voltage to jump
the electrode gap.

Since more current is needed to pass through the electrodes to initiate and sustain
breakdown at elevated pressures, the spark plug electrodes wear out quicker requiring a higher
frequency of replacement. Spark plug degradation is a strong argument for utilizing a laser to
initiate ignition rather than a conventional spark plug. For engine owners, this degradation is
unattractive since a higher replacement frequency means a higher out of pocket cost for engine
maintenance as well as the loss from the downtime of the engine. Therefore an alternative

means of ignition, such as a laser spark, is desirable in these operating conditions.



2.2.  Optical Plasma Formation

There are a total of four physical processes whereby a laser can be used to induce
breakdown in gaseous mixtures: thermal heating, photochemical excitation, resonant breakdown,
and non-resonant breakdown [19]. The dominant mechanism used in this and several other LI
strategies is non-resonant breakdown [2]. Non-resonant breakdown is a process in which initial
electrons absorb the energy from the laser pulse via the inverse Bremsstrahlung process whose
exact mechanism is further defined in the literature [20, 21].

The optical breakdown location within the cylinder can be controlled via the focal length
of the focusing lens and the steering optics. This versatility allows for the combustion process to
be optimized based on the engine geometry and fuel delivery strategy to provide for a more
complete and uniform burn to occur, leading to higher fuel efficiency and a greater power output
[8]. The range of focal lengths which can be applied to the system is fundamentally bounded by
the power and beam quality considerations of the system. A longer focal length results in a
larger spot size at the focal point of the lens requiring a greater laser power to initiate the
formation of plasma [22].

Focusing a high power laser pulse produces a high optical intensity at the focal point of
the lens. If this local intensity is greater than the breakdown voltage of a given medium, multi-
photon ionization will occur and release electrons onto the medium [23]. These new free
electrons are accelerated by the electric field produced by the photons and collide with other
atoms of the given medium. This further ionizes the atoms leading to an avalanche cascade of
electron release, referred to in this work as a plasma spark. At standard atmospheric pressure
and temperature, the breakdown intensity of air for plasma formation is approximately 100-200
GW/cm® [8]. A laser spark is desirable in spark ignition applications due to the decrease of a
gaseous medium’s breakdown intensity with increasing pressure [8].

As pressure is increased in the combustion chamber, there are more insulators that are
being squeezed into the focal volume of the LSP. As previously discussed, plasma formation
generated from a laser source works on the principal of molecules absorbing the energy from the
laser, thereby increasing the energy of the molecules and thus leading to the subsequent release
of electrons as the breakdown threshold is reached [8]. In a high pressure atmosphere,
breakdown is more readily achieved due to the fact that there are more molecules in the focal

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

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

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



2.3. Laser Fundamentals

2.3.1. Laser Light

The acronym LASER stands for Light Amplification by Stimulated Emission of
Radiation. In order to stimulate an excited state in a laser gain medium, a means of transferring
pump energy to the media is required. For a particular gain media, the active elements of the
material require a pumping mechanism capable of exciting the elements electrons an appropriate
energy level. Injection of energy creates a large collection of atoms in their excited state. This
causes what is known as a population inversion as there are more excited atoms than atoms at the
ground state. Once the media’s electrons have reached this higher energy level, they naturally
want to return to their ground state to satisfy the equilibrium in their respective atom. By doing
so, energy in the form of photons is released as media’s electrons relax to lower energy states.
This natural photon release is monochromatic whose wavelength is dependent upon the
properties of the excitation media. When two atoms of identical composition contain electrons
dropping from the same higher energy level to the same lower energy level, photons of identical
wavelengths will be released. The classical energy level diagram for a four level atomic laser

system is shown below in Figure 2.
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Figure 2: Energy level diagrams for a four level laser atomic system [24]



As photons are emitted, they get trapped in the optical resonator and travel back and forth
through the lasing medium where they interact with other atoms in their excited state. This
process induces stimulated emission causing photons of the same phase, wavelength and
direction of travel to be emitted. An exponential increase of stimulated emission then occurs
allowing for the generation of a large amount of photons in the resonator. Some photons from
the resonating cavity are allowed to leak through the output coupler (OC) and the resulting

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

2.3.2. Beam Quality

The quality of the output beam is quantified by its M* value and dependent upon the
characteristics of the beam. It is the ratio of the actual beam parameters over the ideal Gaussian
beam (TEMyo) where the best possible beam quality has M?=1 [25]. Equation 2-1 shows the
calculation for the diffraction limited spot diameter that can be obtained for a given lens at a
given wavelength for a given output beam diameter. Here, do is known as the diffraction limited
spot diameter and it represents the beam diameter at the focal point of a lens assuming a M*=1

for a perfectly Gaussian beam.

0o="L 2-1
The parameter D is the diameter of the laser beam at the input of the focusing lens, fi is
the focal length of the focusing lens and / is the operating wavelength of the laser. The M? factor
relates the diffraction limited spot diameter to the actual spot diameter that will be achieved by
an imperfect beam being focused through an imperfect lens. The factor is simply multiplied by
the diffraction limited beam diameter to obtain the real spot diameter Dy, as shown in Equation

2-2.

D,, = M*d, 2-2

The relationship between focusing an actual laser beam and focusing a perfect diffraction
limited laser beam is graphically shown below in Figure 3. Here it is visually shown that a much
tighter focal diameter can be achieved with higher beam quality. The diameter of the focal spot
size affects the focal intensity. As Dy, increases, the focal intensity decreases. This relationship

is shown in Equation 2-3 where |y is the focal intensity and P is the laser output power.
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Figure 3: Comparison of the focused beam waste sizes of a real laser beam and a diffraction

limited laser beam [21]

The quality of the output beam is an important factor in LI applications. The closer the
M? gets to 1, the lower the power requirements are to generate a laser spark. A beam with low
M? has a uniform energy distribution allowing for a uniform energy distribution at the focal
point. This is desired in LI applications since the better the M* the less amount of energy is
required to achieve multiphoton ionization. It is still possible to generate a plasma spark using a

beam of poor quality however it takes considerably more energy.
2.4. Operational Parameters of a Pulsed Laser

2.4.1. Q-switching and Q-switch delay

Q-switching is an optical technique used for obtaining short energetic pulses from a laser
by means of modulating the intracavity losses. Energy from a diode laser is directed into the
LSP’s gain media where it is used to produce an excited state population inversion. When the
gain medium has reached a certain level of excited state population inversion, the energy is
dumped from the cavity resulting in a high energy pulse of light in a short amount of time. This

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

energy has reached this desired level.

Q-switch delay is an important parameter that affects the timing of the laser output pulse.
Figure 4 shows how the output pulse energy will vary as a function of the g-switch delay. Too
long of time delay between the pump pulse and the bleaching of the g-switch will result a
decrease in the population inversion within the cavity. Too short of a time delay will result in a
reduction in output energy as well since the population inversion did not have a sufficient

amount of time to reach its maximum value [26].
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Figure 4: Pulsed energy output as a function of g-switch time delay from an actively q-switched

Nd:YAG laser [26]

The g-switch delay is defined as the time from when the pump energy enters the cavity to
the point where the g-switch becomes saturated and laser output is produced [26]. The g-switch
delay can be quantified with the use of an oscilloscope as shown in Figure 5. The g-switch delay

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

The technique of g-switching is achieved by inserting a variable attenuator into the
resonating cavity of the laser. With the addition of an attenuator in its high state, the losses in
the cavity are high (low Q factor) and most of the light which leaves the excitation media does
not effectively couple with the cavity and does not contribute to useful output. When the
attenuator is switched to its low level, a high Q factor is yielded and the losses in the cavity
become low allowing the excited photons to resonate within the optical cavity. At this point,

lasing begins.

In a g-switched laser, the gain media is pumped with the g-switch set to high preventing
the resulting photons from circulating within the cavity and producing further stimulated
emissions within the gain media. Preventing the energy from leaving the cavity causes a large
population inversion to occur resulting in a high amount of energy potential within the cavity.
After a certain amount of time has passed to accumulate a desired amount of energy, the g-
switch changes the quality of the cavity from a high Q to a low Q. At this point, the buildup of

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

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

The Q of the light within a laser cavity is defined as the proportion of the energy that is
stored in the cavity to the energy that is lost due to pumping, as shown in Equation 2-4 [27].
This technique of modulating the Q of the cavity results in a large portion of the stored energy in
the laser’s cavity to be released in periodic pulsed intervals. This produces a high energy pulse

at the lasers output.

Q — Estored 2_4
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The g-switching technique is advantageous for ignition purposes over a continuous wave
(CW) lasing system for several fundamental reasons. The peak power output from a pulsed laser
system is typically several orders of magnitude larger than the CW output from the same laser
system [21]. A comparison of the output from a pulsed laser system and a g-switched laser

system is graphically shown below in Figure 6.
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Figure 6: CW and g-switched pulsed laser development [28]
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The upper portion of Figure 6 shows how energy is stored within the laser system as a
function of time, while the bottom portion shows the output power of the laser system as a
function of time. It can be seen that a q-switched laser system can accumulate and store energy
beyond the point which would typically be possible with a CW laser system. Both a g-switched
laser and a CW laser will deliver energy to the surroundings, however the difference arises in the
time in which the energy is delivered. Typically, there are two types of q-switching techniques,

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

The time in which energy is delivered from a pulsed laser system is known as the pulse
width. The pulse width from a g-switched laser is typically on the order of picosecond or
nanosecond scale depending upon the laser’s design. For the purposes of this investigation,
pulse width is defined as the full width half maximum (FWHM) of the 1064nm optical energy

exiting the LSP as a function of time.

2.4.1.1. Active Q-Switching

In an actively g-switched laser, the g-switch itself is a variable attenuator that is
controlled through some external means. The trigger mechanism for the g-switch may be
actuated through several different means including but not limited to mechanically, electrically
or using acousto-optics. With an active q-switch, the recurrence intervals of the output pulse can
be precisely controlled to suit the need of the application. An active g-switch not only allows for

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

There are a few reasons why applying an actively g-switched laser towards laser ignition
applications is not practical. An active q-switch laser is generally bulky as per its requirements
to house an actuation mechanism and accompanying circuitry. Given the complexity of this
design, an actively g-switched laser is typically expensive as well. Given these properties, an

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

plugs.
2.4.1.2. Passive Q-Switching

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

opacity has the potential to vary as a function of energy input. It is a material that is introduced
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into the laser’s optical cavity whose transmission is dictated by the intracavity photon density.
Initially, the losses from the passive g-switch are high and few photons are able to circulate
within the cavity. As pump energy continues to be applied to the excitation media, the
population inversion continues to build and produce low level stimulated emission with a
steadily increasing degree of photon circulation until the saturation threshold of the absorber is
reached. When the light intensity exceeds the threshold of the g-switch within the laser cavity,
the cavity losses are reduced and the transmission of the material rapidly increases allowing the
stored energy to be released into the cavity. This transition to an increased transmission is known
as bleaching. Unlike an active q-switch where an external means of modulation is required for
operation, a passive g-switch’s operation is a strict function of the material’s absorption
proprieties and intracavity photon density. The most typical means of controlling this type of g-
switch is by control of the pumping frequency. Output from a passively g-switched laser can be
controlled via the pump pulse duration and pump power applied to the gain media. The
combination of the passively g-switched laser’s initial transmission, OC and neodymium
concentration influence the output characteristics as well. In this technique, maximum excited

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

threshold.

Passively g-switched lasers are considered to be practical for mass production of laser
spark plugs. Although indirect control over the Q of the cavity presents a certain amount of error
that may lead to cycle-to-cycle variation of the resulting output pulse, they are far less expensive
than active g-switches, more easily mass produced and can be manufactured much smaller as
well. A passive g-switch is an ion doped material which belongs to the transition material
family. The g-switch material chosen for a particular laser setup should operate in conjunction
with a given gain medium based on the stimulated emission from the gain media [21, 29]. In the
case of this experimentation, a Cr:YAG g-switch was used in conjunction with a Nd:YAG gain

medium.

Under operation, a lasing medium undergoes a significant thermal variation from the
addition of the pump energy. Since the excitation media of a passively g-switched laser is best
controlled through modulating the pump source, the media undergoes a thermal cycling process

which has been found to affect the average power output of the laser [30]. Transient thermal
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effects have been found to strongly effect the 1064 nm output from a passively g-switched
Nd:YAG laser rod [30]. Attempts have been made to control the naturally occurring temperature
fluctuations of an active medium by use of techniques such as heat capacity mode (HC) of
operation and continuous cooling (CC) with success. The heat capacity mode of operation is
defined as where no cooling takes place during lasing and the waste heat from the excitation
process is stored within the gain medium. Continuous cooling is a process in which the
excitation media is cooled in periodic intervals between the lasing cycles. The rate of cooling is
limited by the fracture stress of the gain medium and has been shown to result in an increase in
power output and provides for a reduction in optical distortions [31].

As shown in Figure 7, the average power output increases with the increased addition of
pumping input power from a solid-state Nd:YAG laser [30, 32]. Under these modes of
operation, the thermal gradients were minimized through their control techniques resulting in
significantly reduced thermo—optic distortions and improved M”. Also shown in Figure 7, a
higher average power output was achieved under CC as opposed to all other HC modes of laser
operation. Adequately cooling gain media in a passively g-switched laser gives a level of control

over the output energy [30].
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Figure 7: Output power of an Nd:YAG laser as a function of input power in HC mode and its

comparison with CC mode [30]
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The Cr:YAG crystal has unique properties allowing it to be efficiently used in
conjunction with Nd:YAG as an active laser medium. The absorption properties of a Cr:YAG qg-
switch compliment the stimulated emission from an Nd:YAG gain media. The initial
transmission of the g-switch is engineered to fit the application where the initial transmission is
dependent upon the doped chromium concentration and the optical path length [21]. The
temperature dependence upon the operation of the Cr:YAG g-switch is of importance when
being applied towards LI applications. With an increase in temperature, the initial transmission
of'the Cr:YAG crystal has been found to increase as shown in Figure 8 [33].
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Figure 8: Initial transmission of a Cr:YAG crystal as a function of crystal temperature [33]

As shown by MclIntyre and Woodruff in Figure 9, g-switch delay decreases with
increasing initial transmission for a given OC and pumping frequency. This work shows that
there is a relationship between initial transmission and g-switch delay. Upon analysis of Figure 8
concerning the operational thermal setpoints applied in this investigation, it is shown that the
initial transmission of the g-switch may have changed by as much as 1% across the range of
temperatures tested. The change in the initial transmission of the g-switch may alter the g-switch
delay, however, given the small amount of change, research performed by Bass et al. suggests a

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

of initial transmission [29]

Initial studies to determine the thermal influence on the operation of a laser with a
Cr:YAG saturable absorber have found that the output energy can be maintained over a wide
temperature range. Tsunekane and Taira have tested and reported on this for a wide range of
temperatures [33]. It was found that output energy increases with increasing temperature as
shown in Figure 10. This is due to an increased saturation absorption coefficient with respect to
increasing temperature. As temperature increases, the molecular absorption cross section of the
gain media increases in size. The absorption cross section is a measure of an atoms interaction
cross section to absorb a photon at a certain wavelength. As cross section increases, there is a
higher probability that a photon come in contact with the atom. This increases the absorbed
photon percentage allowing for a greater number of electrons to enter an excited state, resulting

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

Research has shown that the thin film coatings and intra cavity optics do not show any
temperature dependence in this range, and that the absorption cross sections of the Cr:YAG g-
switch remain virtually independent of temperature as well [34]. The energy output from a
passively g-switch laser is found to be a strong function of the temperature of the gain medium.
Equation 2-7 and Equation 2-8 describe the linear relationship between output energy and
temperature in an Nd:YAG solid-state laser assuming all other parameters are held constant

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

temperature.
dE
E(T) —TE+b0 2-5
dE
ar >0 2-6

17



As indicated by Equation 2-8, the slope of the line in Equation 2-7 is always greater than
zero. This is confirmed by the work of Shah et al in Figure 7 [30], and Tsunekane and Taira in
Figure 10 [33]. The increasing slope of the line is determined by not only the operating
temperature of the laser, but is a function of the temperature variance due to thermal cycling

from absorbtion of the pump energy as well.

2.5. High Peak Power Delivery through Fiber Optic Cables

Fiber optic cables are useful for spatially complex energy transfer. Fiber cables are
attractive due to their flexibility, which is needed for routing energy from a remotely located
laser and multiplexer to a designated engine cylinder. A durable exterior jacket on the fiber is
also desired to absorb vibrations from the engine and to protect the core-cladding interface.
The amount of induced stress residing in the core and cladding of the fiber optic cable has been
found to have a significant impact on the beam’s intensity profile at the fiber’s output. A fiber in
a relaxed state where the influence of external stresses is minimized provides a more desirable
M? value than a fiber influenced by a force such as bending or surface loading. An exception to
this is a uniformly distributed bend or coil, which will cause a reduction in transmission
efficiency, but will also cause the fiber to lose its higher order modes resulting in better M* [22].

The intensity profile of the fiber’s output is a critical aspect when attempting to generate
a laser spark using high peak power fiber delivery. The preparation of the input and output ends
of the fiber cable is critical to obtain the best possible laser pulse transmission and output beam
quality. A uniformly spatial beam distribution across the fiber face is strongly desired and is
obtained by having a perfectly flat surface polish. The polishing process is a laborious procedure
which must be conducted with the utmost cleanliness and care to ensure the final quality of the
fiber’s face. A poor surface finish will lead to unwanted light scattering, Fresnel back reflection,
a high M? value and may cause damage to the fiber via mode coupling and local intensity peaks
[35].

There are several styles of fiber optic cable which vary geometrically and in material
composition to compliment a specific application. Only a select few have the necessary features
to accommodate the requirements for laser ignition. These fibers must be able to transfer
megawatt level power laser pulses of adequate beam quality to allow for the breakdown

threshold of a gas to be reached at the fiber’s focused output. For gases such as methane, the
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breakdown intensity when stoichiometrically mixed with air is approximately100 GW/cm® which
presents an optically challenging situation for pulsed laser delivery [8, 36, 37]. Optical
breakdown through fiber optic cables has been achieved with energies as low as 4 mJ at 10 ns
pulse durations, however ignition of most A/F mixtures is achieved with pulse energies of ~15

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

2.5.1. Multimode Solid-Core Step-Index Fibers

Multimode solid-core step-index fibers are considered to be the most ideal fibers for high
intensity pulse transmission. Their construction is of a constant refractive index throughout the
core of the fiber followed by an abrupt index increase at the cladding interface. This allows for
the majority of the transmitted pulse to reside in the fiber’s core. A coating and jacket layer
surround the cladding provide the fiber with more resistance to external influences such as stress,
bending, abrasion and heat. The core/cladding ratio is available in several different
configurations dependent upon wavelength and application, typically with a core size between
50-1000 pm. Under ideal fiber operation, total internal reflection will occur at the core cladding
interface for all of the operating modes that the fiber supports. The consistency of a solid core’s
refractive index results in a more uniform intensity profile at the fiber’s output. It is this quality
that makes step index fibers attractive for plasma spark generation and laser ignition applications
[22].

Recent advances in the research of step index fibers (core/clad=400/720) have shown that
the transmission of 3mJ at 10 ns pulse durations using 1064nm light is capable of producing
100% plasma spark generation in air at atmospheric pressure [39]. Although this energy is below
the minimum energy required for ignition of applicable gases, much higher transmission energies
can be achieved at longer laser pulse durations. This presently makes the solid-core step-index
fiber optic cable the most applicable style of fiber for pulsed transmission and laser ignition
applications [22]. This style and size of fiber is small enough to still maintain an appropriate M*
and large enough to be structurally resistant to induced perturbations.

Vibration can lead to unwanted mode coupling when using fiber optic cables. A laser
beam passing through an optical fiber may have several propagation modes even when the fiber
is kept straight and in a relaxed state. Vibration inherently yields oscillatory bending which

induces stress within the fiber. This causes a non-linear interaction between the propagation
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modes leading to high local intensities within the fiber. Under low energy applications this is not
of major concern, however when transmitting energies close to the breakdown threshold of the
fiber’s fused silica core, damage to the fiber may occur. A fiber that has reached its breakdown

threshold in a localized volume is shown in Figure 11.

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

In vibration induced stress situations where the breakdown of the fiber’s core is not
reached, adverse effects from mode coupling can occur at the fiber’s output as shown in Figure
12. Mode coupling can occur via several different mechanisms in the fibers core. These
mechanisms are primarily due to changes in geometry that affect the internal reflection angle of
the fiber. This can make it extremely difficult to produce a plasma spark given the distorted
intensity profile at the output. In an ideal case, a plasma spark is most easily achieved with a
Gaussian profile beam. Vibration leads to significant nonuniformity of a laser’s output intensity
profile and is therefore a major concern when applying this technology to the oscillation

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

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

2.6. Current Laser Ignition Technology

To date, the majority of LI research has focused on stationary large bore natural gas
engines. Traditionally, a laser based ignition system is very sensitive to the heat and vibration
produced by the operation of an IC engine, requiring a large portion of the experimental
apparatus to be remotely located [4, 5, 10]. Also, the cost of a laser system capable of producing
the output characteristics necessary to achieve optical breakdown is relatively expensive and
consequently, a multiplexed strategy is often adopted for multiple cylinder engines [4, 5, 6, 8§,
10]. For these reasons, stationary engines have been highly targeted for the application of this
technology because of the ability to remotely locate a desired component of the ignition system.
Figure 13 shows a strategy for multiplexing the low peak pumping energy through fiber optic

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

The problem with utilizing a laser as an ignition source fundamentally resides in its
ability to be mass produced cost effectively, and to be rugged enough to operate in a harsh
engine environment. A laser of this magnitude can be a sensitive and costly instrument making
it a challenge to implement this technology for ignition applications even in a controlled
laboratory environment. Design of this ignition system must be focused towards durability,
reliability and cost effectiveness for it to be accepted for industrial applications and long term

usage.

2.6.1. Laser Spark Plug Approach

Current research conducted by NETL has allowed for the creation of a Nd:YAG, solid-
state laser operated at 1064 nm that can be directly positioned at the spark plug port of a cylinder
head [40]. This design is far more impervious to temperature and vibration than previous LI
strategies such as open beam transfer or high power transmission through fiber optic cables,
since open beam transfer requires the entire apparatus to be remotely located due engine
perturbations and fiber optic cables are extremely susceptible to vibration. The number of
components involved in the construction of the LSP was minimized as to allow for a significant
reduction in cost for mass production. In this design, the passively q-switched ignition laser is

directly mounted on the cylinder head of the engine and is optically pumped via a pulsed 200
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watt fiber-coupled diode laser bank operating at 808 nm [40]. A photograph of the prototype
laser spark plug mounted on a research engine is shown in Figure 14. The pumping energy from
the diode laser is transmitted to the ignition laser via a multi-mode step-index solid core fiber
optic cable with a 400um/720pum core/cladding ratio. This pump energy is significantly less
than that of the breakdown threshold of the fiber’s fused silica core and does not damage the
fiber. Although vibrational effects can still lead to mode coupling in the fiber and an
inconsistent output intensity profile, this is not of major concern as the only purpose of the
energy transferring through the fiber is to pump the ignition laser. The pumping of a laser’s

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

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

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

The LSP was originally installed and operated on an engine located in a test cell at the
U.S. DOE’s NETL facility in Morgantown WV. The test cell facility consisted of a Ricardo
Proteus single cylinder engine and dynamometer in addition to the accompanying control and
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instrumentation necessary for modifying the operational parameters of the engine. The LSP
successfully ignited the A/F mixture in the engine at several different setpoints which have been

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

The LSP was mounted on a vibration exciter system and wrapped with heat tape. The
LSP was mounted in three different orientations. In each of the three orientations, matrices of
thermal, oscillatory and acceleration setpoints were employed. The following sections describe

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

3.1. Vibration

In order for a LI system to be considered for igniting an A/F mixture in an IC engine, the
effects that induced external perturbations from the engine have on laser operation must be
quantified. The precise frequency and amplitude at which an engine vibrates is somewhat
complex to characterize as several conditions such as location, plug angle, engine speed/load and
the engine’s design must be taken into consideration. To obtain some preliminary information
about engine vibration, two engines have been outfitted with an accelerometer and a
thermocouple to record the engine’s vibrational frequencies, accelerations and temperatures at a
given setpoint. Both of these engines were mounted inside the engine compartment of vehicles,
and measurements were taken with the vehicles stationary and on flat ground. The acceleration

data collected is graphically shown in Figure 15.
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Figure 15: G-force as a function of frequency in the x axis for a 3.4L V6 5VZ-FE gasoline
engine (left) and for a 7.3L V8 Powerstroke turbo diesel (right)
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The accelerometer data reveals that oscillations occur simultaneously in all three
Cartesian directions, however, only the primary “x axis” is taken into consideration here due to
the significantly smaller magnitudes of the other two axes. Attempts were made to mimic the
acceleration magnitudes for a given frequency setpoint, however, due to limitations set forth by

the vibrational testing equipment this was not possible.
3.1.1. Vibrational Testing Equipment

3.1.1.1. Shaker

The vibration system used for this work was a single axis B&K Vibration Exciter Type
4808 Shaker shown in Figure 16, which was used in conjunction with at B&K Power Amplifier
Type 2719 [41]. Specification sheets for each of these pieces of equipment may be found in
Appendix-B. This series of permanent magnet shakers has a wide frequency response band and
are comprised of electro-dynamic transducers that are capable of producing linear sine wave
motion with a maximum orthogonal vector force of 25 Ibf without assisted air cooling. In order
to allow for maximum performance to be achieved, OEM provisions have been made to the
vibrator body to accommodate a forced air cooling system from an auxiliary cooling fan,

resulting in forces of approximately 42 1bf to be achieved.
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Figure 16: Single Axis B&K Vibration Exciter Type 4808 Shaker [41]
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The shaker is capable of oscillating in a large useable frequency band of 5-10,000 Hz,
however the operational frequency of an IC engine are significantly less than this. The rated
speed of a NG engine varies not only between manufacture, but varies amongst applications as
well. For example, the rated speed of a natural gas engine in most transit busses range from
1,600-3,500 RPM, while the rated speed of stationary large bore natural gas engines used for the
transfer of NG in a pipeline range from 600-1,800 RPM. Since the purpose of this investigation
was to provide a stepping stone for the advancement of laser ignition for multiple applications, a
range of frequencies up to 60 Hz was analyzed that simulates a wide range of NG engine

operational frequencies up to 3,600 RPM.

Adapters were constructed in order to connect the laser to the vibration exciter. The LSP
was then mounted on the vibration exciter in three different orientations of 0°, 45° and 90°
relative to the horizon. A picture of the LSP in the 90° orientation mounted on the exciter is

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

3.1.1.2. Accelerometer

To verify proper magnitude of oscillation and to provide a means of positive feedback for
the acceleration setpoint, an accelerometer was mounted on the laser adapter. The accelerometer
used for the oscillation verification was a UM6 Ultra Miniature Orientation Sensor. It is a tri-

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

[42].
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3.2. Temperature

To measure the expected temperatures that the LSP was exposed to, a thermocouple was
mounted on each of the engines used to collect the preliminary acceleration data. Since
temperature varies with the speed and load of the engine, multiple engine speed setpoints were
used to collect this data in accordance with the vibrational test matrix discussed in Section 4.1.4.
This provided a means of quantifying the expected temperatures that the LSP will be exposed to,
and directly translated to the thermal setpoints in the test matrix. The thermocouples were
located as close as possible to the top of the combustion chamber for each engine without
physically coming in contact with any portion of the engine as to measure the local air
temperature. In this LI strategy, the LSP is mounted in such a manner that conduction heat
transfer to the LSP is minimal and the primary means of heat transfer can be assumed to be
convective and radiative. For the 3.4 L and 7.3 L engines, the recorded operating temperatures

were approximately 130 °F and 140 °F respectively.
3.2.1. Temperature Testing Equipment

3.2.1.1. Heat Tape and Insulation

The LSP was wrapped with Omega: Medium Temperature Heat Tape SRT051-080 and
heated to temperatures as high as 140 °F to simulate the environment in which it will be
operating on an engine. The heat tape was six feet in length and one inch wide with a maximum
heat range of 212 °F. This particular coil type heat tape was chosen due to its inherent versatility
to adapt to complex geometries. A picture of the LSP wrapped in the heat tape is shown in

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

Once the entire LSP was wrapped with the heat tape, its temperature was controlled with
a proportional integral derivative (PID) controller to minimize transient effects from repeated
heating and cooling of the LSP as to minimize overshoot and steady-state error. The LSP was
heated to the specified setpoint in the test matrix via a temperature controller using a

thermocouple for feedback.
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3.2.1.2. Temperature Controller

An Omega PID based Temperature Controller- CNi3243-C24 was able to control the
temperature of the LSP at each thermal setpoint in the test matrix with an accuracy of + 0.9 °F.
The control thermocouple was mounted directly to the housing of the LSP so it was in contact
with the LSP and the heat wrap. The feedback signal from the control thermocouple was used
for the thermal setpoint of the heat tape. Due to the location of the thermocouple mounting on
the LSP, the heat wrap and the exterior of the LSP became much hotter than the interior when
the setpoint temperature was initially set. For this reason, a substantial amount of time was
allowed for the temperature to stabilize throughout the LSP. Temperature was monitored in
several locations within the LSP assembly as well to monitor the difference in temperature across
the LSP as the testing was conducted, but also to act as a failsafe mechanism if the control circuit

were to malfunction.

3.2.1.3. Thermocouples

The LSP was outfitted with Omega Cement-On Style J-Type thermocouples in order to
supply a feedback signal to the Omega PID based Temperature Controller- CNi3243-C24 and
data acquisition (DAQ) system. The small size of these thermocouples allowed for local
pinpoint temperature measurements to be made across the LSP. Thermocouples were mounted
in various locations on the LSP including the OC housing, high reflector housing, and the

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

In order to ensure an accurate temperature determination for each of the subject
components of the LSP, thermocouples and accompanying DAQ system components were
calibrated in accordance to 40 CFR 1065.315 with a National Institute of Standards and
Technology (NIST) traceable thermocouple simulator [43]. The thermocouple calibrator was a
certified NIST traceable Fluke 714 thermocouple calibrator. The thermoelectric electromotive
force (EMF) values of the J-type thermocouples were calibrated in 10 equally spaced intervals
across a temperature range of 60-160 °F to encompass the temperature range being measured on
all the LSP components. Simulated temperature as a function of thermocouple temperature was

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

found in Appendix-B.

3.3. DAQ System

Data acquisition and control was conducted using National Instruments (NI) devices in
conjunction with a desktop computer. A NI DAQ Card (PCI-6024E) was installed in the
computer and connected to a 68-Pin Shielded Desktop Connector Block (SCB-68, MIO-16E
Series) with a NI Cable (Type: SH6868). This combination allowed for several I/O ports to be
configured to accommodate both thermocouple and function generator signals. Operation of the
DAQ Card used is generally defined in Appendix-B with the pin specification list is further
defined in the NI 6023E/6024E/6025E Family Specifications manual [45] .

Communication and data logging from the DAQ Card was conducted via a LabVIEW
interface constructed specifically for this investigation. A virtual image (VI) (Appendix-C) was
constructed to read and log the temperature signal from each of the thermocouples which
sampled at a constant rate of 2 Hz throughout the duration of the thermal testing. Since the
thermal portion of this investigation was to monitor LSP performance under the influence of
temperature, steady-state setpoints were chosen and therefore in the interest of data reduction the
sampling rate was kept low. Steady state operation was chosen due to limitations in the
equipment, interest of time, lack of previous documentation and because transient thermal
operation is beyond the scope of this investigation. External thermal effects on the operation of a
laser have been relatively undocumented. External transient thermal effects imposed on a laser
may have adverse effects on its operation as well, and additional testing is required and

recommended to reveal its full influence.

The VI (Appendix-C) allowed for the LSP to be shaken at a wide range of frequencies
within the test matrix between 0 Hz and 60 Hz. Due to the weight of the assembly mounted on
the oscillator and the limitations of the oscillator itself, amplitude variation was limited primarily
at higher frequencies. The acceleration that can be applied to an object is a strong function of the
mass of the object and the capabilities of the oscillator. Fundamentally, the acceleration of an

object is defined by Newton’s Second Law of Motion shown in Equation 3-1 below.
F =ma 3-1
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When applying this equation to the operation of an oscillator, the force is considered to
be the total amount of force that the oscillator can exert, and the mass is the sum of the test
object mass and the mass of the oscillator’s mounting piston. Applying this to Newton’s Second
Law yields Equation 3-2 which defines the acceleration of the payload as a function of the mass

and the applied force from the oscillator.

F

m+me

a= 3-2

The force that the oscillator can produce was a function of the cooling mechanism. The
force ratings that this oscillator can exert can be found in Table 1. For this experimentation, a
common computer cooling fan was adapted to mount to the oscillator’s cooling passage. It
should be noted that the addition of this cooling mechanism produced a slight increase in the

applied force capability of the oscillator was observed.

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

Cooled Uncooled

Force (Ibf) 42 25

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

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

Table 2: Oscillated masses

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

Mass (Ibm) 418 3.97 1.57 0.41 0.35

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

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

parameters
90° & 0 ° Adapter 45° Adapter
Cooled Uncooled Cooled Uncooled
Acceleration (ft/s°) 207.5 123.5 214.4 127.6
g-force 6.4 3.8 6.7 4.0

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

The maximum

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

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

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

discussed later in Section 4.1.3.

It is possible to estimate the acceleration parameters for

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

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

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

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

cooling [41]

Communication with the UM6 Ultra Miniature Orientation Sensor for data logging was
performed using a transistor-transistor logic (TTL) serial to universal serial bus (USB)
connection interface. The interface converter was a USB 2.0 to TTL UART 6PIN Module Serial
Converter CP2102, which converted the Serial TTL output from the accelerometer to a USB 2.0
input. Initial calibration and graphical display was performed on the accelerometer using the
accompanying freeware CH Robotics (CHR) Serial Interface Software v2.2.0. Data logging was
conducted with the CHR interface (Appendix-C), which was designed to split the serial output

signal from the accelerometer and extract the acceleration components.

3.4. Laser

High power transmission through fiber optic cables is a research area of great importance
that has the potential to revolutionize an industry. The fiber transmission energies required to
achieve optical breakdown intensities of ~100-200 GW/cm® are however extremely difficult to

achieve at the fiber output in a harsh engine environment [8, 9]. For this current ignition
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strategy, each cylinder of the engine will be equipped with its own ignition laser instead of a
different fiber optic cable transmitting high peak pulse energy for each cylinder. This strategy is
different from alternative methods such as using a single ignition laser for the entire engine
whose high pulsed energy is multiplexed through fiber optic cables to the respective cylinder. In
this experimental setup, only a single LSP was subjected to the oscillatory and thermal

perturbations for output analysis.

Regardless of the strategy used for introducing the ignition pulse into the combustion
chamber, a sufficient means of pumping the laser is necessary. In this work, the pump energy
exits a fiber-coupled diode laser and is directed to the LSP that is directly mounted on the engine.
The pump laser is significantly larger and heavier than the ignition laser and is far more
susceptible to heat and vibration as well. For this reason, the pump laser was remotely located
from the engine. Ideally, the pump and the ignition laser would both be small, compact, coupled
together and directly mounted on an engine. LI technology has reached the point where a single

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

3.4.1. Laser Testing Equipment

3.4.1.1. Laser Spark Plug

The LSP used for this line of testing was a miniature diode end pumped passively g-
switched Nd:YAG laser operating in the infrared (IR) at a wavelength of 1064 nm [40]. Figure
20 shows a basic optical alignment diagram of the high reflector (HR), Nd:YAG Rod, g-switch
and OC which comprise the construction of the LSP. This design was chosen in part from the
work of Mclntyre et al. who performed an investigation of a lasing medium’s concentration on
the output characteristics of a passively g-switched LI system. The work showed that by
lowering the Neodymium concentration in the active media, lowering the OC reflectivity and

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

The addition of a g-switch to the laser cavity provides a means of modulating the energy
storage capacity of the cavity. This is done to produce a pulsed output from the ignition laser for
the sole purpose of providing the high peak power output necessary for generating sparks as
previously discussed in Section 2.4.1. By inserting a g-switch into the laser cavity, the energy
storage capability can be greatly increased. When the g-switch has absorbed enough photon
energy to reach its threshold, as previously discussed in Section 2.4.1.2, it becomes bleached and
the high potential buildup of energy is released from the laser cavity thereby creating a high peak
power output pulse [21]. As previously shown in Figure 6, the output power of a g-switched

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

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

a solution to the problems encountered with transmitting high peak power into and through
fiber optic cables. The LSP is capable of producing pulsed output energies in the megawatt
range which are steered directly into the combustion chamber from the ignition laser which is
mounted directly onto the engine. This strategy alleviates the problems that arise from high
power transmission through fiber optic cables of open beam transmission. The LSP is designed
to be much more impervious to the engine’s harsh environment than previous laser based designs
for ignition applications. The preliminary design that was previously shown in Figure 14 is
much larger and heavier than the LSP that would be designed for mass production. The
preliminary design weighs 2 1b. 6.9 oz. and is approximately 12 in. long with a 4 in. diameter.

This design was initially chosen because it utilizes common off the shelf components that are
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readily available and at a relatively low cost. The configuration of this design is presently
considered to be the geometrically simplest design using the fewest components necessary to
achieve optical breakdown. The size, shape and construction of the present LSP prototype was
manufactured with adjustability in mind. Each of the optical components are physically separate
from each other to allow for interchangeability and maintenance to provide the necessary
isolation to determine the optimal characteristics of the LSP for this application. It is possible
for the optical components used here to be reduced into a monolithic design. The final product
has the potential to be significantly reduced in size and mass to approximately the same size and

mass of a conventional spark plug.

3.4.1.2. Power Meter, Oscilloscope, Detector Head and Photodiode

Measurement of the LSP’s output parameters was critical for evaluating the LSP’s
performance under the influence of temperature and vibration. With the PESOBB-DIF detector
head placed in the output beam, it was connected to the Laserstar Power Meter to obtain the laser
energy output. The measurement location of the detector head varied in this testing for reasons
further discussed in Section 5.5. The power meter was in turn connected to the computer for real
time data logging capabilities via the power meters accompanying software. Laser pulse energy

was collected and recorded at each test matrix setpoint.

A High Speed Photodiode Detector (DET110) was used to monitor the pulse width, pulse
width variation, g-switch delay and jitter of the LSP. It was mounted at an angle pointing
directly at the power meter’s detector head and connected to an appropriate oscilloscope. The
reflection of the pulsed laser light off of the detector head’s diffuser was captured by the
photodiode and recorded by the oscilloscope. With the power meter detector head and

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

A mounting bracket with a vibration isolation pad was constructed to hold the detector
head and the fast photodiode. This setup is shown in Figure 21. The signal from the detector
head was analyzed by the power meter through RS232 serial communication and logged into the
computer via the accompanying software from OPHIR. The signal from the photodiode was

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

oscilloscope and photodiode may be found in Appendix-B.

Figure 21: Positioning of the equipment in the experimental setup

3.4.1.3. Pump Laser

The laser used to pump the ignition laser was quasi CW diode laser bank operating at 808
nm. This fiber-coupled diode laser was used to end pump the primary ignition laser with 500 ps
duration pulses at 200 watts [40]. These parameters were chosen based on review of the
literature and the previous experimentation of Woodruff et al. For mass production applications,
the pump laser would remain remotely located from the engine and be multiplexed through a
series of fiber optic cables. Each fiber would then transfer the light energy to the LSP mounted
on the respective cylinder. Experimentation conducted by Yalin et al. illustrates a means of

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

beyond the scope of this experimental setup and procedure.

The advancement of laser technology has developed to the point where several
components comprising the construction of a laser can now be manufactured to suit an
alternative pumping strategy. Advancement in semiconductor research have allowed for the
development of a Vertical-Cavity Surface-Emitting Diode Laser (VCSEL) that can be
manufactured at a much lower cost, smaller and less sensitive to high temperatures than previous
edge or surface emitter diode pumps [46]. If implemented properly, these diode lasers have the
potential to act as a miniaturized end pump source for gq-switched lasers. This technology has yet
to develop for LI applications, however it has been applied as a pumping mechanism for end

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

3.5. Design of the Experiment

The experimental design used in this testing was constructed based on a thorough
literature review and a preliminary investigation of the targeted parameters. From these sources,
a set of independent and dependent variables were developed to display the gathered results in a
manner that may be advantageous to a wide range of disciplines. The independent variables were
temperature, vibrational frequency, acceleration and mounting angle of the LSP, while the
dependent variables were pulsewidth, pulse width variation, g-switch pulse delay, jitter and
output energy. A four dimensional array of three cubic mounting orientation matrices were used
whereby each setpoint has five test values. Execution of the test matrix is further discussed in

Section 4.1.4.

For each test value in the matrix the pulse width, pulse width variation, g-switch pulse
delay, jitter and energy output values were gathered and recorded. The testing procedure at each
of the setpoints was conducted a total of three times so that an average resulting value could be
calculated. A more accurate result may be obtained with a higher number of repetitions,
however, for the preliminary investigative purposes of this study it was deemed unnecessary.
For each of the resulting dependent variables collected, one standard deviation was reported for
each of the data points. This variation interval was chosen to gauge the deviation of the collected

data from the mean. Since the resulting dependent variables are independent of time, day-to-day
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variation of the collected data is expected to be minimal. However to verify the negligibility and
to reduce the error of the results, the test matrix was repeated three times for each data point as

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

3.6. Sources of Error

As with every experiment, there is a certain amount of error associated with the data
collection and ultimately the results. Regardless of the precision in which the experimental
matrix is executed, there is an inherent amount of error in the equipment used as well as the
inevitable human error. In this experimentation, an attempt to minimize the error from human
interaction and day-to-day variation was performed by repetition of the test matrix and statistical
analyses to obtain a data set that was globally representative of the setup’s performance. The
following are the defined sources of error involved in the equipment used in this preliminary

testing as specified by the manufacturers.

3.6.1. NI_DAQ SCB68 Shielded Desktop Connector Block

There are several sources of error involved in SCB68 Shielded Desktop Connector Block.
Compensation error from the SCB68 can arise from the temperature sensor wires and the screw
terminals on the block. This presents a resistance node in the measurement technique, which
may yield results that vary up to £1.8 °F [50]. An attempt was made to minimize this error by
keeping the connector block away from the heaters and isolated from the transient vibrational

effects from oscillation propagation through the table and floor.

3.6.2. NI DAQ Card (PCI-6024E)

Measurement error from the DAQ device itself comes from inaccuracies in the preset
gain and offset of the device and from ambient noise as well. The service manual for the DAQ
card provides calculations for a means of calculating the accuracy of the device and provides a
procedure for calibrating the device as well. The DAQ system was calibrated with a NIST-
traceable, independently calibrated and cold junction compensated Fluke 714 Thermocouple
Calibrator that is specified to have an error of £0.6 °F [51]. The calibration procedure was
followed using the WVU Standard Operating Procedure (SOP)-0381 Thermocouple

Measurement Verification worksheet in accordance with 40 Code of Federal Regulations (CFR)
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1065.315. Potential error exists with the linearization of the calibration. This is dependent upon
the degree of the polynomial used for the best fit line. As a consequence, the polynomials used
are considered to be approximations of the actual thermocouple output. For each thermocouple
calibrated, a linear regression was preformed for each of the calibrated points yielding an R?
value 0£>0.998 . This conforms to the regulations set forth by the CFR and therefore no
additional error was accounted for in the linearization calibration. Error potentially exists during
this calibration process from the thermocouple wire connection to the junction block as well.
This is accounted for in the error that arises from the thermocouple and thermocouple wires

presented in the next section.

3.6.3. Omega Cement-On J-Type Thermocouples

The thermocouples used to make the temperature measurements were Omega Cement-On
J-Type Thermocouples Style 3. They were fast response thermocouples that are designed for
surface temperature measurements. Inconsistencies, inhomogeneities and impurities in the
thermocouple wire resulting from the manufacturing process were the main sources of error in
the thermocouple construction. As specified by the manufacturer, the total error resulting from
these main sources were 2 °F or 0.4% whichever is greater [52]. Given the temperature range of

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

3.6.4. UM6 Ultra Miniature Orientation Sensor

The accelerometer used in this investigation was a UM6 Ultra Miniature Orientation
Sensor. The acceleration signal extracted from the sensor was processed to obtain instantaneous
acceleration measurements at each of the test points. Calibration of the accelerometer and
gyroscope was performed using the CHR Serial Interface provided as freeware from the
manufacture website. The manufacturer specifies that the major influence affecting the
measurement is thermal variation. The acceleration sensor had a sensitivity change due to
temperature of 0.02 %/°F. As a result, the accelerometer was mounted away from the heat tape.
Due to the rigid construction of the adapter to mount the LSP on the oscillator, any transfer
functions that may occur were assumed to be negligible. This was verified by using multiple

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

There was a certain amount of error that was inherent in the vibrational setup, control
parameters and equipment. Sources of error reside in the DAQ system, amplifier and vibration
exciter itself. It was possible to calculate the acceleration that the payload can oscillate at as a
function of its weight and input signal, however the damping system that was implemented for a
means of vibration isolation introduces a source of error that is very complex to calculate. The
damping coefficient of the open cell vibration isolation pad was a linear time invariant
component which changed with payload frequency and the natural harmonic frequency of the
oscillator. The acceleration at which the pay load was actually oscillating at was verified by the
accelerometer. As shown in Figure 22, the difference between the calculated data and the
response from the accelerometer takes a similar form but differences in magnitude are evident.
This may be due to the fact that the mass is assumed to be uniform in nature and does not
account for any geometric constraints. For the purposes of this work, the accelerometer response

frequency is presented as the actual oscillating frequency.
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Figure 22: Calculated and actual 50% x-axis g-force of the payload in the 90 degree mounting

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

The LSP was wrapped with the heat tape and allowed to come to an equilibrium
temperature for each thermal setpoint. This strategy for controlling operating temperature
presents an inherent source of error since most of the heat transfer is conductive. This is
different from what the LSP would experience on the engine since for this design the LSP was
mounted at a suitable distance from the head where the majority of the heat transfer would be
convective and radiative. This conductive heating strategy leads to non-uniform temperature
distributions within the laser as shown in Figure 23. There is a significant difference in the
optical component operating temperature for a given thermal setpoint. The 90 degree mounting
orientation for example acts as a heat stack where the applied heat was funneled up the optical
axis of the LSP effectively making the highest point of the laser the hottest. Here in this

orientation, the connector was the highest point of the laser and the OC was the lowest.
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Figure 23: Laser spark plug component temperature as a function of setpoint temperature in the

90 degree mounting orientation
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3.6.7. Total Error

There are several independent parameters that may affect the error in the measurements,
however only the calculated error measurements as specified by the equipment manufacturers are
presented here. The total error involved in the temperature measurements due to the equipment
was calculated to be +4.3 °F, and the total error involved in the oscillation measurement was

calculated to be £0.5 Hz

3.7. Safety

Safety is a major requirement regardless of the situation you are presented with. When
performing tasks that have the potential to cause damage to your sense of vision such as the LSP,
the proper precautions must be taken to ensure safety. For the purposes of this preliminary
investigation, safety precautions included wearing the proper safety glasses, fully enclosing the
setup to the point where no light can escape and posting the proper warning signs notifying

others of the hazards.

The LSP assembly is considered a Class 4 optical source capable of achieving upwards of
3 MW of peak pulse power. A Class 4 laser is the most dangerous class of laser. The class of
laser is dependent upon the laser output power and wavelength and is a means of generally
classifying the lasers ability to cause harm. A Class 4 laser has the capability to burn the skin
and cause permanent damage to vision even if exposure to the laser beam occurs through
reflection or diffusion [53]. These lasers also have the capability to ignite combustible materials
and therefore a significant amount of care must be taken in controlling the path of the beam. The
categorization of every laser is defined by the American National Standards Institute (ANSI)
7136.1 Standard (Z136.1-2000) and is typically regulated in the work place by the Occupational
Safety and Health Administration (OSHA) [54]. For compliance and verification purposes for
these rules and regulations, the LLNL Laser Safety HS5200-W test was completed to ensure
knowledge of safety during this testing.

To make certain that personal were properly notified of the dangers accompanying this
optical setup, signs were posted with the operating parameters of each of the lasers as shown in
Figure 24. Since the test cell used in this investigation was not primarily constructed with

optical testing in mind, precautionary measures such as blocking out all the windows and
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covering all highly reflective surfaces were taken. Coworkers involved in alternate projects in
the same facility were supplied with literature explaining the dangers of laser exposure and were
lectured about the proper techniques and safety precautions necessary to ensure their own
personal safety. For the duration of this testing, only a single researcher was in the test cell while

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

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

A\ DANGER

Laser Radiation
Class 4. 200w @ 808 nm

3MW @ 1064 nm

Avoid eye or skin
exposure to direct or
scattered radiation.

Laser protective
eyewear required.

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

4.1. Diode laser and LSP

To provide the best means of comparison between the results gathered here and previous
experimentation conducted by NETL, the settings of the diode laser and the LSP were set to the
settings as specified by Mclntyre et al. [29]. Due to time limitations, only the pump pulse width
and pump pulse frequency were varied throughout the testing. The optical components
comprising the cavity of the LSP were a Cr:YAG passive g-switch with a 10% initial
transmission, an OC with a 20% transmission, a Nd:YAG gain medium with a doped
concentration of 0.9% and a HR with a 99.999% reflectivity. The diode laser was water cooled
at 82.4 °F using a chiller and operated with a variable pulse width throughout the test matrix as a
function of setpoint temperature. The thermal distributions were different for each of the
mounting angles and for this reason, the pump pulse width was adjusted to be approximately 125
us less than the pump pulse width that would initiate a second consecutive output pulse. The
pump pulse widths used for each mounting orientation and temperature are presented in Table 4.
Note that for each mounting orientation, the pump pulse width increased as a function of setpoint
temperature, and the rate at which the pump pulse width increased was smallest for the 45 degree

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

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

Pump Pulse Width (ps)
Temperature (°F) 0 Degree 45 Degree 90 Degree
80 350 375 375
90 380 375 390
100 390 375 390
110 440 380 410
120 450 380 430
130 500 380 490
140 540 390 540
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Since the g-switch delay of the LSP is a function of the power and time that the pump
laser is exciting the active medium, at some setpoints multiple 1064 nm output pulses occurred.
This especially happened at some of the higher frequency and thermal setpoints where jitter was
large. Referring back to Figure 6 which shows the strategy for obtaining high peak power pulsed
output with a passively g-switched laser, as pump energy enters the cavity, the g-switch absorbs
the pump energy until it reaches it saturation threshold bleaches. This bleaching effect only
occurs for a short amount of time until the ions return to their ground state and the majority of
the 1064 nm energy has left the cavity. If the pump pulse width is long, the g-switch will
saturate, dump the 1064 nm energy and begin again to absorb the 808 nm energy for the
remaining pump pulse duration. If the pump pulse width is too long, the q-switch may reach its
saturation threshold multiple times for a single pump pulse leading to multiple output pulses.
Multiple output pulses are reported by the power meter as a single pulse since the energy
measurement is triggered from of the leading edge of the pump pulse. When multiple 1064 nm
output pulses occur within a single pump pulse, the resulting output energies are additive and are
reported by the power meter as a single pulse. When continuously pumped, the passively g-
switched laser will produce periodic output where the repetition is set by the pump rate and the
combination of initial g-switch transmission and OC. For the setpoints where multiple ignition
pulses occurred, the repetition pulses were negated and the average energy presented here was

adjusted accordingly.

The frequency of the pump pulse varied as a function of the oscillatory frequency of the
payload. Since the oscillatory frequency of the payload was intended to imitate the rotational
frequency of the crankshaft from a four stroke IC engine, the frequency of the pump source was
triggered at exactly half the frequency of the oscillatory setpoint. This was done to coincide with

the fact that for a four stroke IC engine, ignition occurs once every two revolutions of the

crankshaft.

4.1.1. Alignment

Alignment is critical due to the necessity for pinpoint accuracy for optical cavity
operation. Improper alignment of the pump laser steering optics may cause the pump energy to

only reach a portion of the gain media. If the pumping beam from the diode laser reaches the
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Nd:YAG laser cavity but is not properly coupled with the high reflector and Nd:Y AG rod, little

or no1064 nm output energy will be emitted from the laser.

The alignment of the laser not only influences the output energy of the laser but it also
influences the g-switch delay. In an ideal case, the pump light would excite the gain media in
such a manner that constant and homogeneous stimulated emission would occur. With a slight
misalignment, the light does not effectively couple with the gain media yielding a variation in
cavity resonance resulting in a longer time duration to reach q-switch saturation. When aligning
this laser, the g-switch delay was minimized through an iterative process of adjusting all
available degrees of freedom. Once a minimum g-switch delay was obtained, further minute
adjustments to the alignment were made to optimize the output energy. Great care was taken
when aligning and optimizing the LSP. This alignment procedure was repeated several times

during testing.

The initial optical alignment procedures were performed with the g-switch removed and
using a 633 nm Helium-Neon laser which provided the best results for visual alignment of the
LSP based on the given back reflection of the intra-cavity components. Once a satisfactory
alignment was achieved based on back reflection with the Helium-Neon laser, the gq-switch was
reinstalled and the LSP was connected to the diode pump source. At this point, the optimization
process previously discussed was performed in order to minimize the delay of the passive g-
switch and to maximize the energy at this point. With the LSP fully aligned and properly
operating, it was mounted on the oscillator and wrapped in heat tape to be ready for testing when

needed.

4.1.2. Temperature

Temperature control of the LSP was monitored and modified by the J-type thermocouples
and the Omega temperature controller. With other thermocouples mounted on the laser, a
thermal profile of the LSP was gathered. A thermocouple was mounted on the SMA connector
head of the coupled fiber of the diode laser, another was mounted on the adjustable housing of
the high reflector and the third was mounted on the housing for the OC. The HR and OC
mounting locations were chosen due to spatial limitations of the LSP assembly. Ideally, the

thermocouples would be mounted directly to the HR, OC, g-switch and Nd:YAG rod; however,
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this was not possible with the current optical assembly. For each thermal setpoint, a stabilization
period was allowed to negate any transient effects. The heat tape temperature was controlled to
the specified setpoint temperature, and the resulting thermal profile of the LSP was measured

and recorded through the DAQ system and LabVIEW interface.

4.1.3. Vibration

With the LSP securely mounted on the oscillator, vibration was applied to the LSP.
Frequency and applied acceleration were varied in accordance to the test matrix at each
vibrational setpoint via the LabVIEW vibrational interface. To verify the acceleration of the
payload, the accelerometer was mounted on the adapter and connected to the computer as a
confirmation measure. Linear acceleration and rotational acceleration were measured and
recorded for the three primary Cartesian coordinate axes yielding a total of six movement

measurements for a single setpoint.

Due to the sensitivity of the surrounding equipment needed to conduct this investigation,
great care was taken to isolate the vibration. The oscillator itself was placed on an open-cell
foam isolation pad on a rigid steel table which kept the transfer of vibrational energy low.
Rubber damping pieces were placed under each of the legs of the table as to minimize any
vibrational energy transfer to the rest of the room as well. Upon review of the operations manual
for the detector head, it was found that the detector head was extremely sensitive to vibration
[55]. For this reason, open-cell foam was also placed under the mount that was constructed to
hold the detector head and photodiode as an additional damping mechanism. With all the
vibration isolation precaution in place, the oscillatory component of the test matrix was

conducted.

Accurate vibration control of the LSP is a crucial aspect in obtaining meaningful results
in this experimentation. In an effort to ensure proper oscillatory response, two measures were
implemented to monitor the vibration. The input signal from the computer to the oscillator was
monitored and recorded from the graphical output on the LabVIEW interface and from an
oscilloscope which displayed the signal output from the SCB68 Connector Block to the oscillator
as well. The acceleration response signal from the oscillator was monitored with the

accelerometer which was mounted on the adapter plate as shown in Figure 25. As previously
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discussed, this mounting location was chosen because the accelerometer is thermally sensitive.
Both the oscillatory position input and the acceleration response signal from the accelerometer
were logged via the DAQ system and LabVIEW interface. The input sine wave from the DAQ
system was used in defining the frequency setpoints and was monitored using an oscilloscope.
The induced g-force was normalized at each setpoint for consistency purposes throughout the

test matrix.

Figure 25: Accelerometer mounting location for the 0 and 90 degree mounting angles

Prior to conducting the test matrix, the payload was vibrated to quantify the maximum g-
force that the oscillator could apply to the payload. The accelerometer could only measure
accelerations of = 2 g, therefore an alternative means of calculating the g-force setpoint was
necessary since the calculated maximum g-force from Table 3 exceeds this limit [42]. For the
higher g-force setpoints, the induced g-force could not be verified. Upon examination, it was
discovered that the oscillator amplifier gain varied linearly with induced acceleration of the
payload. Therefore for each frequency and mounting angle setpoint, the maximum g-force

setpoint was determined by increasing the gain of the oscillator’s amplifier until the system
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reached the upper current limitation of 9 amps. The maximum amplifier gain required to reach
this current limitation defines the maximum g-force setpoint in the test matrix and is tabulated
below in Table 5. The results from the amplifier gain to maximum g-force correlation loosely
coincide with the specified maximum acceleration ratings of the oscillator as previously shown

in Figure 19 which is as to be expected.

Table 5: Amplifier gain needed to reach maximum (100%) g-force of the payload for each

orientation mounting angle as a function of frequency

Frequency (Hz) Gain: 0 Degree Gain: 45 Degree Gain: 90 Degree
10 4.2 4.4 5.0
20 5 6.0 6.6
30 6.2 6.2 6.8
40 6.2 6.2 6.8
50 6.4 6.2 6.5
60 6 6.0 6.4

The capabilities of the oscillator were fundamentally limited by the mass of the payload.
As frequency increased, the maximum amplitude that the oscillator can produce decreased in a
nonlinear fashion. This nonlinear response is displayed in Figure 26 where the greatest
amplitude capable of being produced by the oscillator occured at lower frequencies. As applied
frequency was increased, the maximum capable amplitude of the oscillator declines. This
directly relates to the calculated and measured g-force as previously shown in Figure 19 and
Figure 22 since induced g-force is not only a function of payload mass, but is a function of the

operational frequency and amplitude as well.
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Figure 26: Generalized amplitude response of an oscillator as a function of frequency

Acceleration was normalized as a function of the amplifier gain as previously defined in
Table 5, where the 50% acceleration setpoints represents exactly half of the maximum amplifier
gain and the 100% acceleration setpoints represent 100% of the maximum amplifier gain. This
normalization was performed as a result of the nonlinear amplitude response as a function of

applied frequency shown in Figure 26.

4.1.4. Test Matrix

The testing template was a four dimensional array comprised of three cubic matrices.
Each of the matrices in the array was conducted at the three different test angles: 0°, 45° and 90°
relative to the horizon. In each matrix, temperature, frequency and percentage of maximum g-
force were varied. Temperature was varied from 80 °F to 140 °F in 10 °F increments giving a
total of seven thermal setpoints. Vibrational frequency was varied from 0 Hz to 60 Hz in 10 Hz
increments giving a total of seven frequency setpoints which represent engine speeds from 0
RPM to 3600 RPM in 600 RPM increments. Acceleration was varied between 50% and 100% of

the maximum total g-force capability of the oscillator as a function of mounting angle.

The test matrix shown in Figure 27 is a cubic array of setpoints for a single mounting
angle. Each setpoint for each mounting angle was conducted a minimum of three times as to
obtain an average distribution of the resulting dependent parameters. For each set of data at a
given setpoint, the standard deviation was calculated and used as a measure of error for the

graphs presented in Section 5.
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Figure 27: Test matrix for a single mounting angle

Using the results gathered from the first test matrix, a better means of conducting the data
collection process was used to obtain increasingly more accurate results. Figure 28 below shows
the complete array of test matrices for each mounting angle.  The resulting effects that the
independent variables had on the dependent variables were found to be quite significant and are

presented in the following chapter.
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Figure 28: Four dimensional array of three cubic matrices

The test matrix was conducted as follows. For a given mounting angle, the setpoint
temperature was applied and allowed to reach a steady-state. It should be noted that it takes
approximately 45 minutes for the temperature of the LSP to reach equilibrium. For each thermal
setpoint the LSP was subjected at two different levels of g-force, 50% and 100% of the
maximum g-force attainable by the vibrator. For each level of applied g-force, an array of
frequencies from 0 Hz to 60 Hz was applied to the LSP in 10 Hz increments from low to high
frequencies. For each frequency setpoint, data was collected for a sufficient amount of time as to
accurately represent the resulting parameters. Each setpoint was conducted three times as to

obtain an average value for that setpoint. No data points were removed regardless of deviation

from the mean.
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5.  RESULTS AND DISCUSSION

The following discussion pertains to the data gathered from the experimental
investigation. The measured values and assumptions that are taken as constants in the calculated
results are presented in Table 6. These assumptions are consistent with previous experimentation
conducted by Woodruff and MclIntyre [29]. Additional graphical and numerical data that was

collected in this experimentation can be found in Appendix-E and Appendix-F respectively.

Table 6: Assumptions and constants

Wavelength Focal length Beam diameter at lens | Beam quality | Focal area
(nm) (mm) (mm) (cm2)
1064 14.37 2.5 5.5 1.44X10°

5.1. Correction Factor

During each output pulse from the LSP, a significant amount of 808 nm pump energy
exits the laser cavity in addition to the 1064 nm output pulse. When the 808 nm pump energy
enters the cavity is it is focused inside the Nd:YAG gain media. Not all of the 808 nm energy is
absorbed by the gain media. The 808 nm energy that is not absorbed by the gain media passes

through at a relatively high angle of divergence and exits the cavity.

Due to the proximity of the power meter’s detector head to the output of the LSP, a
correction factor for the output energy was necessary to account for transmitted 808 nm energy
for the 45 degree and 90 degree mounting angles. The positioning of the detector head directly
adjacent to the laser’s output was necessary for these mounting angles due to spatial constraints

of the experimental setup.

The correction factor data was collected with the optical axis of the LSP in a 0 degree
orientation with respect to the horizon. Data was measured with the detector head the same
distance from the laser output as it would have been if mounted on the oscillator (d;). In this
position, both 808 nm and 1064 nm energy are measured by the detector. Data was also
collected with the detector head ~30 inches back from the laser output (dz). This was deemed a

suitable distance ,through experimentation, to collect only 1064 nm output by allowing the 808
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nm pump energy to significantly diverge. This is shown in Figure 29 where the red lines
represent the 808 nm energy exiting the LSP at a high divergence angle and the green line
represents the 1064 nm energy exiting the LSP as a collimated beam. By measuring the output
energy with the detector head close to the laser’s output and by measuring the output energy a
reasonable distance away from the output, a ratio of 1064nm energy to 808 nm plus 1064 nm
energy was generated. This results in a percentage of 1064 nm energy from the total energy

output as shown below in Equation 5-1.

¢

Figure 29: Detector head positioning for calculation of the correction factor
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The divergence of the pump beam and its effect on the measured energy is best described
by the inverse square law, as shown in Equation 5-2, where the intensity of the beam is
proportional to the inverse of the distance traveled squared where | is intensity and d is the
distance or radius from the output. As the distance to the detector increases, the intensity of the
808 nm energy that the detector is capable of measuring is significantly reduced. Since intensity
is power per area, and the area influenced by the diverging photons resembles the surface area of

a sphere, the intensity scales inversely with the square distance the photons have traveled from
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the point source [56]. This method is sufficient because the 1064 nm energy exits the cavity with

a nearly collimated profile and has very little divergence.

1
IOCF 5-2

With the LSP wrapped in heat tape in a similar fashion as it would be if mounted on the
oscillator, correction factor data was collected as a function of temperature and pump pulse
frequency only. The literature review shows that the energy output for an end pumped passively
g-switched Nd:YAG laser is a function of operating temperature and a function of energy
absorbed by the media on a time average basis as well [34]. As vibrational frequency increases
due to the increasing speed of an engine, the pump pulse frequency must increase respectively as
well. The increase in pump pulse frequency yields a higher rate of energy absorbed by the
Nd:YAG gain media. This increases the rate of thermal energy absorbed and affects the 1064

nm output energy as well.

The data shown in Figure 30 shows the correction factor data collected as a function of
temperature. Each data point for a given temperature setpoint is an average of all of the data
points for that temperature over the frequency range. For example, the 90 degree temperature
data point in Figure 30 is the average of all the frequency data collected at that temperature. This
was done to simplify the data presentation since the matrix conducted is in several dimensions.
The 1064 nm output energy increases in a near linear fashion as a function of operating
temperature. This is consistent with the findings by Bass et al. [34]. As temperature increases
within the gain medium, the local energy increases as well making it easier for an atom to reach
an excited state [24]. With a higher temperature, the input pump energy excites more atoms
within the gain media yielding higher output pulse energy as previously discussed in Section

24.1.2.
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Figure 30: Average correction factor energy as a function of temperature

Also from an analysis of Figure 30, we see that the average 808 nm energy output
increases with increasing temperature as well. As the temperature of the LSP is increased, it was
found through preliminary investigations that the g-switch delay increases as a function of
increasing temperature. This is accounted for by increasing the pump pulse width. Increasing
the pump pulse width increases the total amount of 808 nm energy entering the ignition laser per
pulse. Given the assumption that little g-switch absorption of the pump energy occurs by the
saturable absorber in its bleached state, the 808 nm energy is able to pass through the g-switch
and exit the LSP. This 808 nm energy is measured and corrected for in the 45 degree and 90
degree mounting orientations. The correction factor was not applied to the 0 degree mounting
orientation because in this orientation, it was possible to locate the detector head in the “Far”

position.

Upon examination of Figure 31 where the energy is shown as a function of pump pulse
frequency, it can be seen that the average 1064 nm energy increases in a linear fashion with
increasing pump pulse frequency. This is consistent with the literature [34]. The values
presented here for a given pump pulse frequency is an average of all of the data points for that
pulse frequency over the temperature range. For example, the 10 Hz pump pulse frequency data
point in Figure 31 is the average of all the temperature data collected at that pulse frequency.

With an increasing pump pulse frequency, the amount of thermal energy absorbed increases,
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causing the time integrated global temperature of the excitation mechanism to be higher. With a

higher temperature, the input pump energy excites more neodymium atoms within the gain

media yielding a higher ignition energy output pulse.
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Figure 31: Average correction factor energy as a function of pump pulse frequency

Figure 31 illustrates that the average 808 nm energy output remains nearly constant,
unlike in Figure 30 where the average 808 nm energy increases. Although the rate of thermal
energy absorbed increases with increasing pump pulse frequency, the change in temperature is

not significant enough to produce a noticeable change in the 808 nm pumping energy.

From an analysis of Figure 30 and Figure 31, it is evident that the average 808 nm energy
exiting the cavity appears to be a strong function of heat tape temperature and a weak function of
pump pulse frequency. Using this data, a correction factor accounting for the amount of 808 nm
energy passing through the ignition laser’s cavity was generated for each thermal and pump
pulse frequency setpoint. The resulting percentages of 1064 nm energy to total energy as

calculated from Equation 5-1 are graphically displayed below in Figure 32.
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Figure 32: Applied correction factor percentage as a function of temperature and pump pulse

frequency

The correction factor data points shown in Figure 32 represent the amount of 1064 nm
energy present when the detector head is located near to the output of the LSP. As previously
stated, the detector head was located near to the laser’s output for the 45 degree and 90 degree
mounting orientations. The array of correction factors were also applied to these data for each

thermal and pump pulse frequency setpoint.

In an ideal passive g-switch, all of the chromium ions would be in their ground state.
However this is not the case in real operation. Electrons may exist in slightly excited states due
to temperature or inhomogeneous energy distributions. Excited state absorption occurs when an
excited chromium ion interacts with 1064 nm laser energy, and is caused to go to a short lived

higher excited state that does not contribute to the g-switch transmission. In this process, an
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atom in the saturable absorber remains transparent, but it absorbs the 1064 nm energy accounting
for a loss. This loss process that can help explain the additional time needed for the g-switch to
fire [34]. This causes a longer time for the saturable absorber to reach its bleached state yielding
a longer g-switch delay as a function of increasing temperature. This can be seen in Figure 33
and Figure 34 where the q-switch delay has been found to increase with pump pulse frequency as
well as with heat tape temperature. The margins of error presented here are one standard
deviation from the mean of the data. They are large because they are averaged over the pump

pulse frequency band (Figure 33) and heat tape temperature band (Figure 34).
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Figure 33: Average g-switch delay as a function of pump pulse frequency in correction factor

orientation
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With a longer g-switch delay, there is more time for the pump source to generate a large
population inversion within the gain media. This effectively causes a higher build up of photons
in the laser’s cavity. As shown in Figure 35, as temperature increases, the g-switch delay
increases in a linear fashion. This effectively yields an increased energy output as a function of
increased temperature. This is mathematically described in Equation 5-3 where E is the output

energy, T is temperature and o is the atomic cross section [34].

dE 1do

a=E(-3a) >3
Equation 5-3 represents the change in output energy as a function of changing

temperature and atomic cross section. It describes the roll temperature plays in the output energy

of an ideal Cr:YAG passively g-switched Nd:YAG laser. In the case of a real g-switch, there are

some ions that remain in the ground state during bleaching which vary the actual operation of the

laser. Equation 5-3 holds true based on the assumption that there are no ions left in their ground

state during bleaching.
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5.2. Temperature

The influence of temperature was found to have a considerable impact on the
characteristics of the output pulse from the LSP. Pulse width, pulse width variation, g-switch
delay, jitter and energy output were all found to vary with respect to temperature. The variation
of these parameters can potentially lead to cycle-to-cycle variation within the combustion
chamber through mechanisms such as ignition delay, ignition timing variation and ignition
efficiency. The following sections discuss the temperature dependence of the LSP and the

dependent variables collected from the oscillatory and thermal testing.

The use of bulk crystals in high power laser systems continues to be the best solution for
achieving high peak power outputs. Although these laser crystals are convenient they are
fundamentally limited by thermal loading that causes thermo-optical and thermo-mechanical
perturbations to present themselves [32, 57, 58]. This yields an undesirable parameter referred
to as thermal lensing. Thermal lensing is the increased refraction angle of light waves from a
reflective surface when the surface is subjected to nonsymmetrical thermal loading. It was
proved to be a major source for power fluctuations and an inconsistent M* allowing the laser
operation to deviate from its optimized condition [32, 57, 58]. The thermal cycling and thermal
conductivity of the crystal produces inconsistent thermal gradients that can affect operation and
overall performance of the laser. These variable thermal gradients are caused by heterogeneous
pump source distribution, inconsistencies of the beam trajectory in the rod and heterogeneous
distribution of the doping concentration.

Heat repartition and thermal conductivity directly influence the thermal profile of the
crystal and ultimately impose optical index gradients. These gradients affect the wave front
propagation of the beam leading to unwanted variation in the system. Thermal lensing causes
variation from axial parallel beam transmission within the laser cavity which strongly affects the
characteristics of the output beam [32]. When considering the thermal effects from pumping,
energy is absorbed in the gain media due to non-radiative transitions, impurities and
inhomogeneities. In Nd:YAG for example, 30% of the pumping energy is lost due to the thermal
absorption of the rod [32].

Thermal expansion of the materials comprising the structure of the LSP was found to

have a significant effect on the alignment. The thermal expansion of the steel used for the
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mounts is 8.8uinF. When incorporating the temperature difference between 80 °F and 140 °F, it
was calculated the LSP alignment may have shifted by over 500uin. The need for pinpoint

accuracy is critical in order to obtain efficient, reliable and consistent output characteristics.

5.2.1. Pulse Width

The oscilloscope used to measure the pulse width has a built in function which measures
the pulse width and reports the resulting measurement numerically in 5 Hz sampling intervals on
the screen as shown in Figure 35. Temperature and vibration were predicted to not only have an
impact on the pulse width of the beam but also on the variation of the pulse width. At each
setpoint, the numerical display was monitored and the minimum and maximum readings were
recorded. The pulse width was defined as the average between the minimum and maximum
reading and the pulse width variation was defined as difference between the minimum and
maximum readings divided by two. An attempt was made to capture this data through the DAQ
system, however limitations of the equipment prohibited this. This presents an addition of

human error into the tabulated results which is not quantified.
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Figure 35: Pulse width measurement using the oscilloscope
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The width of the output pulse has a significant impact on the combustion efficiency and
combustion stability in IC engines. A pulse that is too short may yield a high intensity plasma
spark, but may lack sufficient duration to effectively initiate the combustion process. Too wide
of a pulse width may decrease the focal intensity to a point that is below the breakdown
threshold of the gas. Therefore an optimum pulse width exists for LI applications. This
relationship between focal intensity and pulse width is shown below in Equation 5-4, where | is
the focal intensity, Eqy¢ is the output energy, t, is the FWHM output pulse width and A is the
focal spot size area. The focal spot area in fundamentally limited by the operating wavelength,
M? and focal length of the optic as well. For ignition applications, there exists an optimal pulse
width range that is short enough to yield a high focal intensity but long enough to effectively
allow for enough energy to be transferred to the medium to initiate combustion. At room

temperature, pulse width remains approximately constant because it is a strong function of cavity

length.
I = 2o 5-4
tpA

Figure 36 shows the trend of the pulse width measurements as a function of temperature.
The average pulse width has been found to vary by as much as £0.2 ns across the temperature
setpoint band. There is strong potential for this variation to be due to the error in the
instrumentation. Although a variation exists in the collected pulse width data, the actual change

in pulse width appears to be nearly independent of mounting orientation or temperature.
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Figure 36: Pulse width as a function of temperature for 0, 45 and 90 degree mounting

orientations with 100% acceleration

Figure 37 shows the pulse width as a function of temperature for the 90 degree
orientation at 100% acceleration with margins of error encountered with the measurement
collection. The bars represent one standard deviation from the mean combined with the pulse

width variation for each setpoint.
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Figure 37: Pulse width as a function of temperature for the 90 degree orientation with 100%

acceleration

67



Since the average pulse width has been found to remain consistent with respect to
temperature and mounting angle with significant cycle-to-cycle variations, a means of
minimizing this variation in the pulse width is necessary to ensure consistent ignition parameters.
Fueling and ignition strategy must be controlled based on the operating pulse width of the LSP.
Since pulse width strongly affects the focal intensity, fixing the pulse width and minimizing its

variation is desirable.

The ignition pulse width is a function of the length of the cavity and the switching rate of
the saturable absorber. The decay rate of a particular saturable absorber is largely dependent
upon its material properties and the pumping strategy at which it is being operated. The length
of the cavity has the potential to optimize the pulse width for a given application based on the
engine’s control parameters and flow geometry of the engine. Minimization of the pulse width

variation in such a system is the key to obtaining consistency.

5.2.2. Pulse Width Variation

Pulse width variation has the potential to cause cycle-to-cycle variation within the
system. With increasing temperature, the magnitude of the variation in the pulse width was found
to fluctuate for each mounting angle. Although the results show variation on the tens of
picoseconds scale, there exists room for improvement. Figure 38 shows how the variation in the
pulse width trends under the influence of increasing temperature for each mounting orientation at

the 50% acceleration setpoints.
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Figure 38: Pulse width variation as a function of temperature for 0, 45 and 90 degree mounting

orientations with 50% acceleration

In an ideal case for applying for LI system of IC engine applications, the variation in the
pulse width would be zero. However this is not the case in a real system. There will always be a
certain degree of variation based on the heterogeneity of the system. An average pulse width may
be computed for a particular operating temperature and orientation, however there is no means of
predicting the exact pulse width variation for a given ignition event. This presents a variability
parameter that cannot be compensated for by ignition or injection timing variation. Therefore, a
means of minimizing the variation in the pulse width is necessary for ignition optimization which
is further discussed in Section 6.2. Figure 39 shows the variability in the pulse width variation
for the 45 degree mounting orientation at 50% acceleration. The bars presented here are one

standard deviation away from the pulse width variation mean for each thermal setpoint.
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Figure 39: Pulse width variation as a function of temperature for the 45 degree mounting

orientation with 50% acceleration

The margin of error in the pulse width variation accounts for nearly 50% of the variation
in the pulse width. This large magnitude of variation was attributed primarily to the laser
chassis. As the payload was heated and oscillated in each respective orientation, flexing of the
mounts and thermal expansion of dissimilar materials leads to minute variations in cavity path
length and the alignment on a per cycle basis. In order to minimize the amount of variation in
the pulse width, a chassis must be developed that is resistant to vibration and thermal influences.
The smaller and more compact the payload given the same durability as the present system, the
less susceptible to vibrational and acceleration influences the laser will be. The closer the
intracavity optical components are to each other, the smaller the effects of temperature will have
on the laser’s output. Pulse width variation had a significant room for improvement in this

design.

5.2.3. Q-switch Delay

The delay of the g-switch is an important parameter which significantly affects the
ignition timing of the engine. Precision control over ignition timing is imperative for maximum

combustion stability, power output and resulting emissions. As previously defined, the delay
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presented here is defined as the time from when the pump laser is triggered until the saturable

absorber bleaches producing a pulsed 1064 nm output as previously shown in Figure 5.

Q-switch delay was found to increase with increasing temperature as shown in Figure 40
for the 0 and 90 degree orientations. An increase in the g-switch delay effectively yields an
increase in the ignition delay. The resulting g-switch delay for the 0 and 90 degree mounting
orientations was found to increase by as much as 130 ps and 111 ps, respectively. When
considering this system to be operating on an engine from cold start to standard operating

temperature, this change in g-switch delay may cause the point of ignition to change by as much
as 4.6 CA degrees.
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Figure 40: Average g-switch delay as a function of temperature for the 0, 45 and 90 degree

mounting orientations with 100% acceleration

Also shown in Figure 40, the average g-switch delay appears to remain constant across
the thermal setpoints for the 45 degree mounting orientation. The 0 degree and 90 degree
orientations were tested first and the 45 degree orientation was the final mounting orientation to
be tested. It is a possibility that the 45 degree angle is the most ideal orientation for the LSP.
However, it is also possible that a near perfect alignment was obtained for the 45 degree
mounting orientation. It should be noted that for the 0 degree, 90 degree and correction factor
orientations, several alignments were performed for each thermal setpoint, and in some cases

multiple alignment procedures were performed during a single thermal setpoint. In the case of
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the 45 degree mounting orientation, a single alignment and optimization procedure was initially
conducted at 80 °F and a second alignment and optimization procedure was conducted at 90 °F.
Other than these two alignment procedures, no other alignments were performed for this
mounting orientation. As shown in Figure 41, the variation of the g-switch delay in the 45
degree mounting orientation is minimal. Even with the bars in place, which represent one
standard deviation from the g-switch mean in addition to the jitter, it is shown that the delay

remains fairly constant throughout the thermal setpoints for the 45 degree mounting orientation.
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Figure 41: Average g-switch delay as a function of temperature for the 45 degree mounting

orientation with 100% acceleration

Alignment variation is the most critical factor pertaining to the g-switch delay of a
passively g-switched laser. As temperature increases, thermal expansion of dissimilar materials
causes stress which leads to unwanted compression and tension in the LSP’s chassis. This
causes a shift in the alignment as well as modification of the pump lasers coupling efficiency
with the gain medium. When the 808 nm pump energy is ineffectively coupled to the gain
medium, a smaller rate of energy absorption occurs in the g-switch yielding a longer time for the
saturable absorber to reach its bleaching threshold. This can be graphically seen in Figure 42 for
the 90 degree mounting orientation where the increase in temperature causes an increase in g-

switch delay. Also as temperature increases, the variation in the gq-switch delay increases as well
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as shown by the bars increasing in size as temperature increases. This is consistent with the

alignment of the optics being more variable at higher temperatures.
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Figure 42: Average g-switch delay as a function of temperature for the 90 degree mounting

orientation with 100% acceleration

As temperature is increased, the thermal expansion of the materials in the laser’s chassis
causes a variation in the optical alignment of the LSP. This results in a longer time to generate a
spark since the alignment and coupling efficiency decreases as a function of increasing
temperature. This presents an issue since the engine operates at increasingly higher temperatures

as it goes from cold start up to normal operating temperature.

An interesting result that should be mentioned is the measured g-switch delay presented
here when compared to the g-switch delay measured in previous experimentation by Mclntyre et
al. In Figure 43 where the g-switch delay is shown as a function g-switch initial transmission
percentage, it can be seen that the resulting g-switch delay at 10% initial transmission is roughly
twice the measured q-switch delay presented here. An explanation for this would be that a better

alignment was obtained in this investigation thereby increasing the pump’s coupling efficiency.
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Figure 43: Q-switch delay as a function of g-switch initial transmission [29]

5.2.4. Jitter

Jitter is an important operating parameter of a LI system, which affects the ignition delay
as well as the ignition timing. For the purposes of this investigation, jitter is defined as the
deviation of g-switch delay from the average g-switch delay. For a LI system such as this,

significant jitter is highly undesirable. The more jitter that is present in this optical system the

more diverse the cycle-to-cycle variation will be. Jitter may lead to combustion initiation

instabilities as well as a decrease in the time averaged combustion efficiency. As shown in
Figure 44, jitter was found to increase with increasing temperature for the 90 degree mounting
orientation. A maximum jitter of 27 us was found to occur at the highest thermal setpoint with

100% acceleration. Assuming that the engine is operating at 3600 rpm, this yields a variation of

+0.6 CA on a per cycle basis simply due to the thermal effects on the laser’s operation.
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Figure 44: Average jitter as a function of temperature for 50% and 100% acceleration for the 90

degree mounting orientation

The variation in the g-switch delay that was observed on the oscilloscope appeared as a
gradual transition in delay time, whereas the jitter appeared as a shot-to-shot variation
superimposed upon the temporally varying g-switch delay. The jitter and g-switch delay that
was observed on the oscilloscope is shown in Figure 45, where Qq is the g-switch delay and ¢ is
the jitter. This reciprocation in the g-switch delay did not appear to follow any particular pattern
and was unpredictable. As temperature increased, the magnitude at which the delay deviated
increased for the 90 degree mounting orientation and the 0 degree mounting orientation as well.
Jitter appeared in the system in a seemingly random and sporadic fashion. Regardless of the
setpoint, jitter was always measured to be at least an order of magnitude less than the q-switch

delay.
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Figure 45: Variation in the g-switch delay and the jitter as a function of time as observed on the

oscilloscope

At low temperatures the difference between Qg min and Qg max was low yielding a small
standard deviation, while as temperature increased the difference between Qg min and Qg max
typically increased resulting in a higher standard deviation at higher temperatures. This can be
seen by the bars in the g-switch delay as previously shown in Figure 42. At lower temperatures
the variation in 6 was small, and at higher temperatures the variation in 6 was high as shown in

Figure 44.

Figure 46 shows average jitter results as a function of frequency and temperature for the
90 degree mounting orientation at 100% acceleration. From the magnitudes presented here, it
can be seen that with the combination of thermal and oscillatory effects that the jitter is

significantly higher than it would be if the induced perturbations were purely thermal.
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Vibrational effects will be presented later, however this graph presents a good visual
representation of the effects that a combination of perturbations has on the laser’s output. When
considering the jitter pertaining to engine operation, the variation of spark timing may change by

as much as + 2.9 CA degrees.
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Figure 46: Average jitter as a function of frequency and temperature for the 90 degree mounting

orientation with 100% acceleration

Again, the anticipated output parameter was not consistent for the 45 degree mounting
orientation. As shown in Figure 47, the jitter was found to increase as a function of temperature
for the 0 degree and 90 degree mounting orientations, while the jitter was found to remain
relatively constant for the 45 degree mounting orientation. The same shot-to-shot deviation
existed for this 45 degree mounting angle, however the magnitude at which it fluctuated was

significantly less. Again, this is attributed to precision alignment.

77



30
2
25 <
20
@
= 4
5 15 & ®0deg
5 ¢ W45 deg
10 e N —n
b4 [ 90 deg
= |
5 L |
0
70 90 110 130 150
Temperature (F)

Figure 47: Average jitter as a function of temperature for the 0, 45 and 90 degree mounting

orientations with 100% acceleration

Jitter is a strong function of inherent heterogeneities within the gain medium and the
saturable absorber, in addition to the coupling of random noise to the timing signal [59]. During
each pulse there is a variation in the absorption rate for both the gain medium and the saturable
absorber due to the molecular arrangement of the crystals. This variation exists not only due to
the inhomogeneities in the physical structure of the crystals, but to heterogeneities and
inconsistencies in the pumping light as well. For these reasons, there will always be an inherent
amount of jitter present in a laser system. Certain laser arrangements produce less jitter than
others under similar operating environments and in some cases, steps can be taken to minimize
the jitter. To minimize jitter, a compact rigid design is necessary as to keep the optical path

length as small as possible and to be as resistant as possible to thermal expansion.

As shown in Figure 48 where the jitter is analyzed for the 45 degree mounting
orientation, vibrating at 60 Hz with 100% acceleration, a decrease in jitter as a function of
temperature is observed. This result is not consistent with the other mounting orientations, nor is

it consistent with the correction factor testing or the literature.
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Figure 48: Jitter as a function of temperature in the 45 degree mounting orientation vibrating at

60 Hz with 100% acceleration

Not only is the magnitude of the jitter, shown in Figure 48, small compared to the other
mounting orientations, but the bars representing one standard deviation are small as well. Oddly
enough, the largest deviation in the jitter was found to occur at the lowest temperature setpoint.
This is not consistent with the other mounting orientations or the correction factor investigation.
Figure 49 show jitter as a function of temperature at the 60 Hz vibrational setpoint for each
mounting orientation with 100% acceleration. Here it is shown that for the 0 degree and 90
degree mounting orientations, the jitter trends upward as temperature increases, however, as
previously shown in Figure 48 and now in Figure 49 this upward trend does not occur in the 45
degree mounting orientation. Note the large scale increase in the jitter axis. For the 140 °F
setpoint as shown in Figure 49, the magnitude of the measured jitter in the 0 degree mounting
orientation was over 17 times larger than the magnitude of the jitter at the same thermal setpoint
in the 45 degree mounting orientation. This may be because the 45 degree mounting orientation
is the most complimentary mounting orientation in accommodating for thermal expansion

thereby maintaining optical alignment.
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Figure 49: Jitter as a function of temperature at 60 Hz for the 0, 45 and 90 degree mounting

orientations with 100% acceleration

5.2.5. Energy

The energy that each laser pulse delivers into the combustion chamber has an impact on
the ignition efficiency of the engine’s power stroke. It has been shown in the literature that there
exists a minimum amount of spark energy that is required to effectively ignite an air fuel mixture
in the combustion chamber [8, 12, 60, 61]. Alternatively there is an upper energy threshold that
exists where if the ignition pulse energy exceeds this threshold the ignition efficiency does not
change [61]. The point where the ignition energy reaches this upper energy threshold is
considered to be the ideal ignition spark energy since this is the energy level that will yield
efficient combustion while using the optimal amount of pulse energy. These upper and lower
thresholds vary depending upon the properties of the fuel, and are described further in the
literature [60, 61]

In Figure 50, the average energy output as a function of temperature is displayed for each
of the mounting orientations for the 50% acceleration setpoint. As shown, the mounting
orientation with the highest variability in energy output is the 0 degree orientation. Relating to
the correction factor data in Figure 30, it was shown that output energy increases as a function of
increasing temperature. This still holds true for the data in Figure 50, however when averaged

over the frequency band, the output energy does not appear to follow a particular trend for any of
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the thermal setpoints. The 0 degree mounting orientation is the most susceptible to vibrational
influences since it is mounted as a cantilever. Thermal expansion of the lasers chassis causes the
most deviation in this 0 degree mounting orientation primarily due to the force of gravity. For
this orientation, several alignment procedures were conducted to compensate for this cantilever
bending. However, when data was collected for each of these orientations, there was still a
noticeable increase in output energy as a function of increasing temperature for each of the 0 Hz
setpoints. This coincides with the fact that output energy increases as a function of temperature,

and the deviation is a strong function of frequency, which will be discussed later in Section 5.3.5.
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Figure 50: Average energy as a function of temperature for 0, 45 and 90 degree mounting

orientations with 50% acceleration

For the 45 degree and the 90 degree mounting orientations as shown in Figure 50, the
energy output remains relatively constant. In each of these cases, the output energy shows very
little deviation. For example, Figure 51 shows the average output energy as a function of
temperature in the 45 degree mounting orientation at 50% acceleration, it can be seen that the
bars which represent one standard deviation from the mean are small. This is ideal when
considering this optical setup for LI applications. The more steady and consistent the output
energy remains as a function of increasing temperature the more consistent the focal intensities

will be thus leading to more consistent combustion.
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Figure 51: Average energy as a function of temperature for the 45 degree mounting orientation

with 50% acceleration

As shown in Figure 52, the output energy as a function of temperature for the 90 degree
mounting orientation show very little dependence upon acceleration. For each of the thermal
data points collected, the 50% and 100% setpoints fall nearly on top of each other. The
consistency between acceleration setpoints across the temperature range is consistent with
expectations because the output energy is a function of temperature as shown in Equation 2-7
and not dependent upon the magnitude of vibrational frequency. Figure 52 shows the
temperature dependence on the output energy, however the results presented here appear to be
nearly constant across the thermal setpoints, which is not consistent with the literature. Figure 10
shows the output energy increasing with increasing temperature. An explanation for this is that
the temperature range presented in Figure 10 is much larger than the temperature range presented
here in Figure 52. The range of temperatures presented here may not be large enough to

effectively show the energy dependence upon temperature
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Figure 52: Average energy as a function of temperature for the 90 degree mounting orientation

with 50% and 100% acceleration

A good result is the measured output energy presented here when compared to the output
energy measured in previous experimentation by Mclntyre et al. In Figure 53 where the output
energy is shown as a function g-switch initial transmission percentage, it can be seen that the
resulting output energy at 10% initial transmission is roughly equivalent the measured energy
presented here. This result was as to be expected. Although a direct comparison of numerical
findings may not be reasonable since a 20% OC was used in this investigation, the results from

Mclntyre et al. appear to be consistent with the results presented here.

83



7.00

‘
——0C30% 200W Exp
—5—0C40% 200W Exp
AL ——0C50% 200W Exp
6.00 «+++0C30%1.98E22 Num |
e e 0C40% 1.98E22 Num
2 = 0C50%1.98E22 Num
3
8 s.00
i
>
®
@ 4.00
w
/]
»
3
-9
-
3 3.00 bl
2
=]
o
2.00
1.00
5.00 10.00 15.00 20.00 25.00 30.00 35.00

Q-switch Initial Transmission [To] (%)

Figure 53: Output energy as a function of g-switch initial transmission percentage [29]

5.2.6. Focal intensity

As previously discussed, the focal intensity is a function of output energy, pulse width
and focal area as defined in Equation 5-4. The trend of Figure 54 is similar to the trend in Figure
50 meaning that the output energy is the primary factor in determining focal intensity. This is
primarily due to the small magnitudes of changing pulse width as seen in Figure 36 and that the
focal area was assumed constant across the array of test matrices. As shown Figure 54, each of
the focal intensity data points when averaged over the vibrational frequency band is above the
breakdown threshold of 100 GW/cm” making every data point conducted in this testing capable
of generating a plasma spark. Recall from Section 2.2 that the breakdown threshold for gas
decreases as a function of increasing pressure as well. This indicates that as LSP is currently

capable of achieving ignition inside an engine’s combustion chamber at elevated pressures.
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Figure 54: Focal intensity as a function of temperature for the 0, 45 and 90 degree mounting

orientations with 50% acceleration

Although every focal intensity data point that was calculated was intense enough to
generate a plasma spark in air, the variation measured in the focal intensity when averaged over
the frequency band is significant. The focal intensity was found to vary by as much as 25
GW/cm® over a range of temperatures, which may result in a variation of ignition and
combustion efficiency. In an ideal case, the focal intensity would remain near constant as to

ensure consistent ignition events.

5.3. Vibration

The influence of vibration was found to have a profound impact on the output pulse
produced by the LSP. Pulse width, pulse width variation, Q-switch delay, jitter and energy
output were all found to vary with respect to oscillatory perturbations. The variation of these
parameters will lead to cycle-to-cycle variation within the combustion chamber through
mechanisms such as ignition delay, ignition timing variation and ignition efficiency. The
following describes the vibrational dependence of the LSP on the independent variables collected

from the oscillatory and thermal testing.
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5.3.1. Pulse Width

The output pulse width of the ignition laser has a significant impact on the on the ability
to generate a plasma spark and its ability to initiate ignition. When increasing frequency, the
mean pulse width was found to remain relatively constant as shown in Figure 55 for each
mounting angle configuration for the 100% acceleration test points. Similar trends are found for
the 50% acceleration setpoints (Appendix-E) indicating that not only is the pulse width of the
laser output virtually independent of acceleration and amplitude, but it is widely independent of
vibrational frequency as well. In Figure 55, it can also be seen that there is approximately a 0.1
ns time reduction in the output pulse width for the 45 degree mounting orientation. A reduction
in the pulse width will yield a higher focal intensity as previously defined in Equation 5-4. This
reduction may be due to achieving a slightly better alignment for the 45 degree mounting
orientation or due to rotation of the intracavity components upon installation after they were

removed for periodic cleaning.
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Figure 55: Average pulse width as a function of frequency for the 0, 45 and 90 degree mounting

orientations with 100% acceleration

When analyzing a single mounting angle with bars representing one standard deviation in

addition to the pulse width variation in Figure 56, it is shown that the average pulse width for
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each frequency setpoint falls within the margin of variation represented here. Given the minute
scale of variation at each frequency setpoints, it can be stated that the pulse width stays relatively
constant with respect to frequency. Using this assumption, the focal intensity for each mounting
angle becomes strictly a function of output energy. The values for focal intensity presented later
in Section 5.3.6 still utilize the averaging method for the values presented here in Figure 55,
however since these values are averaged over the temperature band and there is little change in
the pulse width, it can be said that pulse width is independent of vibrational frequency and pump

pulse frequency.
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Figure 56: Average pulse width as a function of frequency for the 90 degree mounting angle with

100% acceleration

Significant cycle-to-cycle variations in the pulse width exist as a function of vibrational
frequency as shown by the standard deviation bars in Figure 56. A significant difference in pulse
width can mean the difference between generating a plasma spark or not. A means of
minimizing this variation in the pulse width is necessary to ensure consistent ignition parameters.
Fueling and ignition strategy must be controlled based operating pulse width of the LSP. To
ensure consistent ignition results, fixing the pulse width and minimizing its variation is
necessary. As discussed next in Section 5.3.2, the pulse width variation with respect to
vibrational frequency has the potential to be reduced with an alternative configuration of pump

steering optics and intracavity components.
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An interesting result that should be mentioned is the measured output pulse width
presented here when compared to the output pulse width measured in previous experimentation
by Mclntyre et al. In Figure 57 where the output pulse width is shown as a function g-switch
initial transmission percentage, it can be seen that the resulting pulse width at 10% initial
transmission is roughly half the measured pulse width presented here. This may be due to the
lower transmission OC (20%) used in this investigation, or a better alignment being obtained

leading to a higher coupling efficiency.

4.00 /
U4
’/
” ‘
3.50 74 /7
P 4
7 e 4
2 PRI 4
: et
S 3.00 s A
] Pl .
2 7z
2 ”“
~ o 4
R D Z
; ... ?,/(
7
g g . ’."
& .-"/’
5 2.00 >
2
5
(o] ——0C30% 200W Exp
—=—-0C40% 200W Exp
1.50 ==0C50% 200W Exp
ee¢¢0C30%1.98E22 Num
e e 0C40% 1.98E22 Num
«= 0C50%1.98E22 Num
1.00
5.00 10.00 15.00 20.00 25.00 30.00 35.00

Q-switch Initial Transmission [To] (%)

Figure 57: Output pulse width as a function of g-switch initial transmission [29]

5.3.2. Pulse Width Variation

Pulse width variation has the potential to cause cycle-to-cycle variation within the
system. With increasing vibrational frequency, the variation in the pulse width has been found to
vary for each mounting angle. Although the results show variation on the tens of picoseconds
scale, there exists room for improvement. Figure 58 shows the average pulse width variation as a
function of vibrational frequency for each mounting orientation in the 50% acceleration

setpoints.
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Figure 58: Average pulse width variation as a function of frequency for the 0, 45 and 90 degree

mounting angles with 50% acceleration

As shown below in Figure 59 where the average pulse width variation is represented with
bars as a function of vibrational frequency for the 45 degree mounting orientation at the 50%
acceleration setpoints, the magnitudes of the bars are of interest. If the standard deviation error
bars on Figure 58 were to be added, the range of variation of the pulse width would encompass
nearly every calculated average. Given the overlapping of measured variation, it may be
assumed that the pulse width variation presented here is not a function of mounting angle and
vibrational frequency. The variation in the trends is attributed to different vibrational harmonics

of the LSP for a given mounting condition.
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Figure 59: Average pulse width variation as a function of frequency for the 45 degree mounting

orientation with 50% acceleration

Although not presented here, the vibrational harmonics of the physical structure of the
payload were very apparent during testing, especially for the 0 and 45 degree mounting
orientation. The harmonics of the LSP in the 90 degree orientation were not as apparent since
the LSP was oriented coaxially with the oscillator. For the 0 and 45 degree mounting
orientations, considerable shaking occurred for certain vibrational frequencies. At certain
frequencies, the resulting induced vibration came close to the natural harmonic frequencies of the
laser chassis. This was visually apparent during testing because at certain frequencies, nodes in
the structure were noticed such that high rates of gyration would exist with very little linear
acceleration. As distance from the node along the axis of the LSP increased, the local
acceleration increased and the rate of gyration decreased. Although the accelerometer used here
in this experimentation was mounted on the oscillator to LSP adapter, Figure 22 shows how the

previously discussed induced acceleration varies as a function of vibrational frequency.

5.3.3. Q-switch Delay

The g-switch delay was averaged over the thermal setpoints and presented as a function
of vibrational frequency in Figure 60 for the 0, 45, and 90 degree mounting orientations for the

100% acceleration setpoints. Well defined trends in g-switch delay for each of the mounting
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orientations can be seen. As expected from the correction factor investigation where g-switch
delay was found to increase as a function of pump pulse frequency (shown in Figure 33), the g-
switch delay for the 0 degree and 90 degree mounting orientations were found to increase as a
function of frequency as well. This does not mean that g-switch delay increases as a function of
vibrational frequency, but rather that the g-switch delay increases as a function of pump pulse
frequency. A higher average heat deposition occurs for higher pumping frequencies. Recall that

the pump pulse frequency increases at a rate of exactly half of the vibrational frequency setpoint.
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Figure 60: Average g-switch delay as a function of frequency for the 0, 45 and 90 degree

mounting orientations with 100% acceleration

Similar to the trend in g-switch delay as a function of temperature data for the 45 degree
mounting angle presented in Figure 40, the g-switch delay presented in Figure 60 shows the 45
degree mounting orientation to remain nearly constant throughout the vibrational frequency
range. This result contradicted the preliminary data found in the correction factor investigation.
An explanation for this would be that in this mounting orientation, the physical structure of the

LSP was able to handle the induced vibration in such a manner that it did not transfer the

vibrational energy to susceptible components.

Figure 61 shows the g-switch delay as a function of vibrational frequency for the 90
degree mounting angle for the 100% acceleration setpoints with bars that represent one standard

deviation from the mean in addition to the jitter. This graph was chosen because not only does it
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show the increase in g-switch delay, but it also shows how the variation in the q-switch delay
increases as a function of vibrational frequency. For this mounting angle, the margin of variation
is similar to that found with the g-switch delay as a function of temperature in Figure 41. The g-
switch delay increases as a function of pump pulse frequency which coincides with the literature
and the correction factor investigation. The margins of variation of the delay increase as a
function of vibrational frequency as well, which is as to be expected since as vibrational

frequency increases, the alignment of the payload becomes more variable.
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Figure 61: Average g-switch delay as a function of frequency for the 90 degree mounting

orientation with 100% acceleration

Figure 62 shows the g-switch delay as a function of vibrational frequency for the 45
degree mounting orientation at the 100% acceleration setpoints. Although the trend of the
average q-switch delay remains fairly constant, which is not consistent with the other mounting
orientations, the margins of variation for the 45 degree mounting orientation was still found to
increase as a function of vibrational frequency. The increasing margins of error as a function of

increasing frequency are further discussed and explained in Section 5.3.4.
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Figure 62: Average g-switch delay as a function of frequency for the 45 degree mounting

orientation with 100% acceleration

For the purposes of this discussion, the g-switch delay is directly proportional to the
ignition delay. Figure 63 shows how the ignition delay increases with respect to both
temperature and vibrational frequency. This is a good graphical representation of how
temperature and vibration both affect the delay of ignition. As shown, the point where the
longest g-switch delay occurs is in the most extreme vibrational and thermal setpoint. The rate
of ignition delay time increases gets becomes larger as the thermal setpoint is increased. This
indicates that temperature and vibrational frequency both have a significant impact on the g-
switch delay. Given this plot, an ignition control strategy may be realized to accurately control
the ignition timing as a function of both of these independent variables. An ignition control
strategy is needed because upon analysis of these results, it was determined that the spark timing

may change by as much as + 4.6 CA degrees from the least extreme setpoint to the most extreme.
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Figure 63: Average g-switch delay as a function of frequency and temperature for the 90 degree

setpoint with 100% acceleration

5.3.4. Jitter

The jitter of the laser output is an important operating parameter of a LI system which
affects the ignition delay as well as the variation in ignition timing. =~ The more jitter that is
present in an optical system the more diverse the cycle-to-cycle variation will be. Jitter may lead
to combustion instabilities, as well as a decrease in the time averaged ignition efficiency. Jitter is
an unattractive quality for this application, however a small amount of jitter is acceptable.
Relating to IC engines, the jitter is best described in terms of change in CA on a cycle-to-cycle
basis. This conversion is shown below in Equation 5-5 where f is the applied vibrational
frequency (Hz), 20 is twice the measured jitter (s), w is the corresponding rotational velocity of

the engine (RPM) and a 360 constant conversion factor (deg/rev).
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7208wf 1 = ACA 5-5

Figure 64 shows the average jitter as a function of vibrational frequency for the 90 degree
mounting orientation for the 50% and 100% acceleration setpoints. The jitter was found to
increase as a function of vibrational frequency regardless of the imposed acceleration. The faster
the laser is shaken, the higher the probability for variation of the coupling efficiency. This result
is consistent with the literature and is one of fundamental issues regarding mounting a laser on an

engine.
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Figure 64: Average jitter as a function of frequency for the 90 degree mounting orientation with

50% and 100% acceleration

As previously shown in Figure 44 and shown in Figure 64 above, the measured jitter for
all of the 50% acceleration setpoints are lower in value than the 100% acceleration setpoints.
This indicates a dependence upon acceleration. Not that the physical properties of the optics
have acceleration dependence, but rather that the chassis responds in a significant manner to the
induced vibrations. This is because a longer chassis yields a larger rotational moment about the
mounting point, and non-uniform weight distributions cause inconsistent local accelerations

across the chassis of the LSP.

Figure 65 shows the average jitter as a function of frequency for all of the mounting
orientations and for the 100% acceleration setpoint. For each mounting orientation, the average
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jitter increases as a function of increasing frequency. The average measured jitter was highest
for the 0 degree mounting orientation and was lowest for the 45 degree orientation. Using
Equation 5-5, the maximum change in CA that may occur on a per cycle basis for the 0 degree
mounting orientation is 2.3 degrees for the 60 Hz setpoint. This is compared to the average
maximum change in CA for the 45 degree mounting orientation of 0.7 degrees for the 60 Hz

setpoint.

60

(94
(=)

N
[e)

®0deg
W45 deg

Jitter (ns)
(8]
(=)

[\
(==

m 90 deg

—_
=]

I\
2 A -

~
-

o 4

10 20 30 40 50 60
Frequency (Hz)

Figure 65: Average jitter as a function of frequency for the 0, 45 and 90 degree mounting

orientations with 100% acceleration

In order to analyze the maximum jitter for the most influential temperatures at each
mounting angle, Figure 66 shows the jitter as a function of vibrational frequency. Note that the
scale shown for the jitter axis has changed. For each mounting orientation, the jitter increases
with increasing vibrational frequency which is to be expected. The 0 degree mounting
orientation was found to have the highest amount of jitter out of all the mounting orientations,
and the 90 degree mounting orientation was found to have the least amount of jitter in the highest
frequency setpoint. The maximum change in CA for the 0, 45 and 90 degree mounting
orientations at 60 Hz was calculated to be +4.6 degrees, +1.2 degrees and #3.3 degrees,

respectively.

96



120

100

80

60 €0deg: 140 F
W45 deg: 100 F

L 90 deg: 140 F
|

Jitter (us)

40

20 |
[ | [ | § o

10 20 30 40 50 60
Frequency (Hz)

~
-

S

Figure 66: Maximum jitter as a function of frequency for the 0, 45 and 90 degree mounting

orientations with 100% acceleration for the most influencing temperatures

It follows logic that the most jitter would be present at the highest temperatures, highest
vibrational frequencies and in the 0 degree mounting orientation. For this orientation, the
resulting jitter would be the highest because the laser is cantilevered in an orthogonal direction to
the vibrational axis. This was found to be true. Again, it is shown that for the 45 degree
mounting orientation the least amount of jitter is present compared to the other mounting angles.
What is surprising about this result though is that the point of maximum jitter occurs at 100 °F,
where the point of maximum jitter for the other mounting orientations occurs at 140 °F. The 0
degree and 90 degree mounting orientations follow the correction factor data and literature,

where as the 45 degree mounting orientation does not.

5.3.5. Energy

As previously discussed in Section 5.1, the energy output was shown to increase with
respect to increasing pulse frequency. This relationship was confirmed in the literature and has
been further confirmed here as well [34]. Recall that the pulse frequency was applied at exactly
one half the rate of the vibrational frequency. Figure 67 shows the relationship between average
output energy and vibrational frequency for the 0, 45 and 90 degree mounting orientations for the

50% acceleration setpoints. All mounting orientations were found to show an increase in output
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energy with respect to increasing frequency. The highest energy output was found to come from

the 0 degree mounting orientation data.
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Figure 67: Average output energy as a function of frequency for the 0, 45 and 90 degree

mounting orientations with 50% acceleration

An explanation for the increasing output energy as a function of increasing frequency for
the 0 degree mounting orientation deals with the orientation itself. With the 0 degree orientation,
the LSP is vibrated as a cantilever in an orientation orthogonal to the axis of vibration. As
previously discussed, when shaken in this orientation the LSP displayed a central node, which
acted as an axis for gyration. In a stationary state, the pump energy is steered into the ignition
laser cavity and focused down to a point within the gain medium. When shaken in this
orientation, the focal point for the pump energy sweeps the excitation mechanism allowing for a
larger area within the gain medium to be pumped. This theory would not only produce slightly
larger output energy, but it would also increase the focal area size of the ignition laser decreasing
the intensity of ignition. Since the axis of vibration occurred in a single direction, the excitation
area would become taller and more ovular than the excitation region under stationary conditions.
An illustration of this theory is shown in Figure 68. As shown d, and E, are both larger than d;

and E;. As vibrational frequency is increased, the sweeping motion becomes faster and wider.
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Figure 68: Laser vibration theory for the 0 degree mounting orientation

The focal area was assumed to remain constant throughout the duration of this testing
regardless of the mounting orientation. This assumption was made due to lack of proper
equipment necessary to measure the focal area to a sufficient resolution. The representation
shown in Figure 68 is an exaggerated depiction of the actual change in focal area. It is
hypothesized that the focal area may have changed somewhere on the magnitude of 10°® cn?’,
which is much less than the assumed constant value used for focal area, which lies on the order

of 10 cm?.

The pumping strategy used in this design is an end pumped strategy. This means that the
pump energy enters the gain media on the end of the crystal which is oriented coaxially with the
global axis of the laser. Figure 69 shows the excitation regions of an end pumped Nd:YAG
crystal. As shown, the focal point of the PCX lens is focused directly in the center of the crystal
rod. The highest excited region of the crystal occurs at the focal point of this lens since this is
the point where the focal intensity is the highest. Under vibrational influences, as shown in
Figure 68, the distribution of highly excitation regions would be more spread out in the crystal.
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Figure 69: Excitation regions of the Nd:YAG crystal using an end pumped strategy [21]
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As previously discussed, energy output increases with increasing pump pulse frequency.

Figure 70 shows the output energy as a function of vibrational frequency for the 45 degree

mounting orientation at 50% of the maximum acceleration. Here, a constant trend in output

energy as a function of increasing frequency is shown. This is inconsistent with the literature,

the correction factor investigation shown in Figure 31 and the other mounting orientations.
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Figure 70: Average output energy as a function of frequency for the 45 degree mounting

orientation with 50% acceleration
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Figure 71 shows the relationship between the average output energy and frequency for
the 90 degree mounting orientation for both acceleration setpoints. As shown, the 50% and
100% setpoints nearly overlap at every vibrational frequency setpoint. This indicates that there

exists very little energy output dependence upon acceleration.
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Figure 71: Average output energy as a function of frequency for the 90 degree mounting

orientation with 50% and 100% acceleration

5.3.6. Focal Intensity

When averaged over the temperature band, data showing the focal intensity as a function
of frequency is produced for the 0, 45 and 90 degree mounting orientations at the 50%
acceleration setpoints as shown in Figure 72. The trend of the plot is similar to the trend in
Figure 67 meaning that the output energy is largely the controlling factor in determining focal
intensity. This is primarily due to the small amount of change in the output pulse width as
previously shown in Figure 55, and the fact that the focal area was assumed constant across the
array of test matrices. As shown below, each of the focal intensity data points, when averaged
over the thermal setpoints, is above the breakdown threshold of 100 GW/cm®. This means that at
every thermal setpoint conducted in this testing, if a focusing lens were to be placed in front of

the output of the LSP, it is possible to generate a plasma spark at atmospheric pressures.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Thermal Influence

The material compositions of the components comprising the structure of the LSP are of
importance. The thermally conductive material used in the construction of the LSP play a
significant roll on the alignment of the optical circuit when operating over a wide range of
temperatures. The thermal expansion of steel that was used to make the alignment mounts for
the HR and OC causes negative effects upon the alignment of the LSP. The thermal expansion
of the steel with respect to increasing temperature leads to a decrease in coupling efficiency.
With a single optimized alignment at 80 °F, the LSP ceased to output 1064 nm when the
temperature reached steady state at 140 °F. This may be overcome with a re-alignment
procedure at elevated temperatures. Since the purpose of this study was to determine the effects
of temperature and vibration of the prototype spark plug, an optimization alignment was

conducted when necessary.

In an ideal setup, the structure of the laser plug would be perfectly symmetrical about the
optical axis, and be manufactured from a material with a low coefficient of thermal expansion.
Symmetry about the optical axis is of importance because if any thermal expansion were to occur
over a range of temperatures, the resulting thermal lensing may be kept to a minimum. Although
there is nothing that can be done to alter the thermal expansion or other material properties of a
particular optical component, the material that is used to mount the optical component may be
chosen at the freedom of the designer. The ideal material to be used for the construction of the

LSP would be one with a small coefficient of thermal expansion.

An alternative means of accounting for the varying temperature would be to control the
operating temperature of the laser to a fixed setpoint. This temperature control may come in the
form of heating or cooling the laser depending upon the optimal output characteristics chosen by
the designer. Similar to the method of controlling the laser to a setpoint temperature as
performed here in this testing, the consistency of the output will be high if all of the components

comprising the construction of the laser are kept at a uniform and steady state temperature.

If a thermal map of the LSP’s response under the influence of temperature were to be

incorporated into the engine’s ignition management system, a strategy for accurately controlling
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the ignition timing as a function of the LSP’s temperature may be realized. However if the LSP
were to have a cooling/heating system implemented onto it which controlled the temperature to a
relatively steady state, the ignition delay would be fixed and the LI system would be able to
operate independently of the engine temperature. The effects of thermal expansion and thermal
lensing would also be kept minimal if the spacing between the ignition laser’s optical
components were minimized thereby minimizing the probability for alignment variation. This is

reasoning for a monolithic designed LSP which would not require adjustable optical mounts.

6.2. Size and Weight Distribution

As previously discussed in Section 5.2.5, the physical size and heterogeneous weight
distributions leads to inconsistent output characteristics when mounted in particular orientations.
Variations in acceleration and vibrational frequency have been found to significantly impact the
operation of the laser. In order for a laser plug to be deemed a viable replacement for the
conventional electrode-based spark plug, a direct drop in substitute which is independent of
mounting orientation is desired. This desire alone requires a reduction in size, however when
considering the increased optical stability that can be achieved from a shorter path length when
under the influence of engine perturbations, a reduction in size is a must. With a smaller design,
the laser plug could be more rigid and have a more uniform weight distribution. This is the key
to minimizing the effects that vibrational perturbations have and reduce the probability for

alignment variation over a range of temperatures.

In an ideal case, the LSP would be approximately the size of a conventional spark plug
and couple with the engine directly into the existing spark plug port. A monolithic design would
allow for a significant reduction in size, reduction in weight, removal of unnecessary hardware
and have an intracavity alignment that is permanently fixed. By fusing the optical components
together effectively reduces the degrees of freedom that are susceptible to variation. This
strategy is flawed in this sense that if a single component requires replacement, the entire set of
optics would have to be replaced. However when considering the design to be manufactured on
a mass scale, the potential for a significant reduction in cost exists. The cost analysis is a critical

aspect at this point in the design process which needs to be quantified.
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6.3. Pumping

The pumping strategy is a critical aspect in the operation of a laser regardless of its
application. In the current design, the need for the pumping mechanism to be remotely located
exists. This is not ideal for industrial applications. Although this current strategy may be
applied to stationary engines, a pump source that is directly coupled the ignition laser would

widen the range of applications and simplify the overall integration.

A fiber coupled pump source works well for the spatially complex optical routing
necessary for generating a plasma spark within the engine’s combustion chamber, however it is
fundamentally flawed. As previously discussed in Section 2.5, fiber optic cables are extremely
susceptible to bending and vibrational losses. Bending leads to energy loss through the fiber and
undesired mode coupling which may lead to damage. Vibration amplifies these losses and
ultimately affects not only the energy output but the output beam profile as well. Recall that an
ideal pump beam would be perfectly Gaussian and couple with the gain medium to cause a high

rate of population inversion.

As previously discussed in Section 3.4.1.3, VCSEL technology has developed to the
point where it can efficiently act as a pumping source for end-pumped passively g-switched
Nd:YAG lasers [47, 48, 49]. This pumping mechanism is presently considered to be the best
means of pumping a laser with unique spatial requirements in harsh conditions. A pump source
such as this would eliminate the fiber optic cable and broaden the range of applicable engine
industries. The small size, reliability and high output energy would be ideal to act as a pump

source for a LSP.

6.4. Engine Operation

It has been shown that the output characteristics of the LSP are sensitive to vibrational
and thermal perturbations. The parameter that was most strongly affected by these perturbations
was the time at which 1064 nm emission occurred. This has been discussed in previous chapters
relating to the g-switch delay and the effective jitter. Spark timing in an IC engine is critical for
several reasons relating to combustion efficiency, resulting emissions and overall engine
operation. In this system, output timing variability exists even in the least extreme setpoints.

Therefore, it is necessary to consider the probability of output occurring at a desired time. Figure
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73 shows the probability of output occurring at a desired time from pulse to pulse as a function

of temperature and vibration.
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Figure 73: Q-switch timing stability as a function of temperature and frequency in the 90 degree

mounting orientation with 100% acceleration

As shown, the chance of obtaining output at a desired time decreases as temperature and
vibration increase. This representation was calculated based on the measured temporal deviation
from the average g-switch delay. Considering that there is a narrow window in which ideal
spark timing resides, the undesired pulse-to-pulse variation from this LI system presents a

challenge for IC engine applications
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6.5. Recommendation for Future Work

6.5.1. Ricardo Proteus

The current LSP should be recoupled to the Ricardo Proteus engine as previously shown
in Figure 14, and operated with an improved ignition strategy. Given the research and data
presented here, a numerical model may be developed for an ignition strategy to optimize the
ignition timing and output power based on the independent variables. This ignition strategy
should initially be used with the engine fueled by natural gas so the performance metrics may be

directly compared to previous research performed by Mclntyre et al.

6.5.2. Beta Prototype

Given the data collected here and the research performed by others, the requirements for
developing a laser to act as a direct replacement for the conventional spark plug are clear.
Working towards bringing a product to market, a second/beta prototype should be developed.
The optical components comprising the laser cavity should be fused together to generate a
monolithic cavity design. Since this will still be a prototype where additional thermal and
oscillatory testing is necessary to fully characterize the response of the plug, the pump steering
optics should remain as separate entities from the cavity. This should be done for adjustability
reasons since thermal effects are still expected to be an issue, and because of the limitations of

the pump source.

Given the currently high price of VCSELSs, it is recommended that the pumping source
for the second prototype remain a fiber coupled diode laser that is remotely located from the
perturbation source. This will allow valuable research to proceed in such a manner as to bring a
product to limited market, and allow this research to continue in a financially effective manner.
Integrity, long term reliability and long term durability during engine operation remain to be

significant hurdles in the development of this technology.

Oscillatory and thermal testing should be performed on the beta prototype as well, since
the response of the output characteristics will be different than presented here. Vibrational
testing and characterization may be improved upon by simultaneously shaking the laser the three

orthogonal directions as to more accurately mimic the operation of an engine. Perhaps the best
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and easiest way to do this would be to mount the laser directly on an operating engine and
measure its output characteristics. This may also be the best way to investigate the thermal
effects as well, however if the laser were to be mounted on an engine, the operational
temperature would be difficult to vary over a wide range. To generate an accurate thermal
profile, the laser should be tested in a thermally controlled enclosure and allowed sufficient
amount of time to reach an equilibrium temperature. This strategy for heating the LSP in an
enclosure is better than wrapping it in heat tape because in an enclosure, the heat transfer is
purely convective which would more accurately simulate engine conditions and the LSP would
be heated more uniformly. Recall from Section 3.6.6 that the non uniform temperature

distribution is a source of error in this experimentation.

6.5.3. The Ideal Laser Spark Plug

It may be beneficial at this point to describe the characteristics of what is presently
considered to be an ideal LSP. All of the optics would be constructed into a monolithic design
thereby fixing the alignment, reducing the weight, reducing the sources for error and obtaining a
compact device. The laser would be pumped with a VCSEL, or similar compact pump source,
so that the plug may be packaged as a single unit. The housing for the optics and pump source
would be rigid as to limit the vibration and acceleration influences. The housing should be
constructed in entirety from the same material with a low coefficient of thermal expansion. An
acceptable design for the chassis would be an injection molded ceramic that could be completely
sealed to the point where it could permanently hold a vacuum at a sufficient level. Sealing the
laser with its own atmosphere would restrict ambient particles from influencing its operation.
The HR and OC coatings would be applied to a face of the gain medium and g-switch
respectively by means of physical vapor deposition to a thickness of a few hundred angstroms.
The gain medium and g-switch would be fused together and may be assembled in a manner
similar to the schematic shown in Figure 74. The size and weight of the LSP would be
approximately the size and weight of a conventional spark plug, and it would be a direct drop in

replacement as well.
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Figure 74: Construction of an ideal laser spark plug

6.5.4. Future Development

As the progression of LI technology advances, there exists a need for future development
in several aspects for this application. Limiting the future development to the anticipated work
to be conducted by CAFEE, there are several more steps to be taken that will directly fall in line
with CAFEEs areas of expertise. There exists a gap in the literature for characterizing alternative
fuels and fuel blends with the use of a laser ignition source. The benefits of using a laser to
initiate combustion have yet to be investigated for several fuels. Investigating their combustion
efficiency and characterizing the resulting emissions is necessary to aid in further justifying the
implementation of a LI source. A multiple cylinder operation strategy continues to be a highly
debated topic in the LI industry. The strategy differs between laboratories and a finite method
for achieving this strategy has yet to be developed. Fundamental LI research on the multiple
cylinder scale is critical for justifying mass implementation to engine manufactures. In short,

there remains a significant amount of research that must be conducted prior to implementation.
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Appendix-A: Advance Ignition System Functional Requirements

Functional Requirement for Advanced Natural Gas Recip Ignition System

Version 1.0

This spec is based on the collective input from the three engine manufacturers
responsible for commercializing products based on ARES program goals. Refer o the
DOE DEER website "hittp:/fwww.eren.doe goviderigas_fired/gas_fired html * for
information concerning the ARES program.

Ignition systems play a critical role in advancing state of the art combustion systems for
improved efficiency and reduced emissions in natural gas engines. The attached
specification outlines some of the critical aspects of advanced ignition, but is not meant
as an alkinclusive list. While electnc Ignition systems are the most common system
available today, future systems may or may not use this approach. However, the key
ingredients of cost, reliability, and serviceability must be maintained to satisfy our broad
customer base,

This list 1s subject to change as technology advances, and will need to be reviewed and
updated at future meetings of the Advanced Ignition System Roundtable.

Our definition of the ignition system includes the entire package required lo accept an
ignition signal from an external source until completion of the ignition event. Typical
components today include a control module, processor, ignition distribution system,
cylinder processor (coil and extender), igniter (spark plug), and limited ignition
diagnostics and prognoslics. Note that this ignition system requirement does not
include a combustion analysis package although this would be desirable in future
systems.

Gordon Gerber Mark Rosswurm Ed Reinbold
Caterpillar Inc Cummins Inc Waukesha Engine

November 06, 2002
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Continuous-Duty Power
System Profile Element Generation Units
Requirements®
1 | Cost (current dollars)
- First Cost (add $1/ekw for CSA reguiremeant) 4.00 $ 1 kWe
- Life Cycle Cost {inciuding system replacemeant at major) 0.25 5/ MWe-hr
- Repair Costs to 1° Engine Overhaul 0.15 $/ MWe-hr |
2 | Performance
-Maximurmn ignition pressure (peak cylinder pressure) 220 bar
-Minimum airfluel ratio 0.9 A
-Maximum airffuel ratio (wiswid) 25 A
-Minimum methans number (hydrogen capable) 0
- Maximum methane number (landfill capable) 140
| = lanition timing repeatability (non-mechanical) 0.08 ® crank
- Ignition timing accuracy (non-mechanical) 0.08 ° crank
- COV (steady state, 0.5 g/bhp-hr MOx, 25 bar BMEF) <1.0 Ya
- RPM maximum (overspeed) 125 % of rated .
- RPM minimum {crankina} 50 rpm
- Full Lead range {minimum — maximurm) 10— 25 bar
3 | Ignition System Durability
- Life to replacement for ignilion module and hamess 80,000 hrs
4 | Reliability - - s -
- Ignition Systérr-(continuous duty) - 6000 MTBF (hrs)
- lgnition System Reliability (peaking / standby) 3000 MTBF (hrs)
5 | Environmental
- Shock {mechanical) 20 - all three axis G's
- Vibration 10 G's {rms)
- On-engine Temperature Range | -40C to 130C °C
- Ambient Temperature -40C to 48C o0
- In-cylinder temperature 2200 °G
- Fluids Resistance Ethytene ghycol
S . Lube ofl
- EMI {susceptibility) 200 Vim
{30 kHz - 1 GHz)
- Altitude 4000 m
- Humidity 200 grains
- Drop 1 m
- Thermal gycles 10,000 cycles
- Water intrusion Withstand steam cleaning
and high-pressure spray
- Verlical Load {(Siep test) 100 kg
6 | Safety & Regulatory CSAClass IDivi | Elec Power |
1 CSA Class | Div Il C&D Patroleurn
UL Requirements As developed |
7 | Physical
-Size (maxofanyonepiece) | 0.015 M’
_- Weight (max of any one piece) 10 kg
= Numbar of cylinders {(scalable) 4 —20 cylinders
- Power source 24 VDo
8 | Mounting . i —
- System Location All systems on engine
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Continuous-Duty Power

System Profile Element Generation Units
Reguirements®
9 | Noise
- Rating SAE 1113
- Rating IS0 13766
10 | Maan Time to Repair
- Continuous duty G000 his
- Peaking f standby duty 3000 hrs
11 | Serviceability
= Masxamum time for scheduled service 10 minutes |/ ¢yl
| 12 | External Communications Interface
1} Compatible with Engine Diagnostic Tools
2} SAE J1939 Communications
3} Ability to set timing via the data link
13 | Predictive Maintenance
1) Ignition system fault code generation
2) Prognostics on finite life devices
14 | So we don'tend on 13.

* 1.5 MWe engine eperating at 1800 rpm.
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Vibration Exciter

USES

* \ibration testing

Mechanical impedance measurements
Educational demonstrations

Structural response testing

Vibration transducer calibration

FEATURES

= Force rating 112N {251bf) sine peak (187 N (42 Ibf)

with cooling)

Frequency range SHz to 10kHz

First axial rezonance 10kHz

Maximum bare table acceleration 700m/s? (714g)

Rugged construction

Low cross motion and low distortion

Lapped and hardened surface

Replaceable inserts for moving element protection

Robust rectlinear guidance system

Highly damped axial, transverze and flexural

resonances

* Continucus 12.7mm (0.5in) peak-to-peak
displacement with overravel stops

* Interconnecting cable with two high-guality, 4-pin
Meutrik™ Speakon™ connectors

Description

Permanent Magnetic Vibration Exciter Type 4808 s a
high-quality, compact machine with a permanent magnetic
field. It 15 designed for long, trouble-free operation, and
has a force rating of 112 newton (25 Ibf) enabling relatively
heavy loads to be excited to high g levels. Type 4808 will
nomally be dnven by Power Amphfier Type 2719 rated
at 1B0VA, but can also be driven by any amplifier up to
a maxmum mput current of 15 A EMS without assisted

cooling

Appendix-B: Equipment Data Sheets

PRODUCT DATA

Permanent Magnetic Vibration Exciter — Type 4808

TSI

The meoving element 15 supported by a robust rechlinear
guidance system consisting of grouped radial and transverse
flexures m a umque construction. The flexures are made
fromm a2 bonded sandwich of spnng steel and a damping
elastomer, providing a clean acceleration waveform with
low cross moton and low distorthon characternistes.

Briel & Kjaer =
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Specifications — Permanent Magnetic Vibration Exciter Type 4808

COMPLIANCE WITH STANDARDS
c e Compliance with EMC Directive

Compliance with EMC Requirements
of Australia and New Zealand

Safety. EMC Emission and Immumnity:
According to relevant stndards:
ENG1010-1. IECE1010-1, UL3111-1,
EN500B1-1/2, IEC 81000-8-1/2734,
ENG1326-1. CISPR 22 Class B limis, FCC
Rules Part 15, EM50082-1/2, EN&1326-1
Temperature: According to IEC G0088—2-1
& |EC 6008322

Operating temperature: +5 to +40°C [+H
to +104°F)

Storage temperature: —25 to +70FC (13 to
+158°F)

Humidity: According to IEC B0D8E-2-3,

Damp Heat B0% RH (non-condensing at
40=C [104°F))

Mechanical: Mon according to
|[EC 6006825, IEC 00068227,

IEC 600568229

SPECIFICATIONS

Rated Force: 112M, 256F sine-peak (with
assisted air cooling 187 M, 42 bf peak)
Frequency Range: & Hz to 10 kHz bare table
Axial Resonant Frequency: 10 kHz bare table
Max Bare Table Acceleration: 700mis= (7 1g)
Mazx. Displacement: 12.7mm (0.5in) peak-
to-peak

Max. Velocity: 1.4m's (55infs)

Dynamic Weight of Mowing Elerent:

160 gram (0.351b)

Static Flexure Stiffness: 5.6 Mimm (32 bfin)
Maximum Input Cumrent: 15 A RMS (with
asssted air cooling 25A RMS)

Current-To-Force Ratio:

Caoils in paraliel- approximately 0. 16 AF (sine
peak).

Caoils in series: approximately 0.08 AF (sine
peak)

Stray Magnetic Field

20 107% Tesla at tabbe face

B 1072 Tesla at 12.7 mm (0.5in) above table
face

Coil Impedance: Approximatelty 080 at
500Hz with bare table and coils in paraliel
Table Size: 32.5mm (2.45in) diameter
Fastening Thread: 5.« 516"— 13 UNC for
M3 and 10-32 UNF inserts. 1 ceniral insert
plus 4 eqgui-spaced on circle of @50.8mm

WEIGHT AND DIMENSIONS
Weight: 35kg (77.11b.)
Diameter: 215mm (845in)
Height: 200mm (7.87in)

Ordering Information

Type 4805 Permanent Magnetc
Vibration Exciter
Inciudes the following accessones:
= ACHDE48-D-050: Interconnecting Cable 5m
{two Meutrik™ 4-pin Speakon™ Plug + AG-
0007)
« 10« ¥S0310: Thread inserts [M5)
= 10x"5-0811: Thread inserts (10-32UMF)
= 1«QA-0081: Insert Mounting Tool
= 2xYM-2002 Blanking Plugs
= 1Q50003: Bottle of Locktite compound
OPTIONAL ACCESSORIES
WZ-0066 Mylon Stinger Kit
LiA-1524 Five pushipull stesl
stingers, dia. 2.5mm

TRADEMARKS

LA-158T Frve pushipull stesl
stingers, dia. 3.5mm
Type 8001: Impedance Head

Type 8230-C-003 Force Transducer, Charge
[+22200V-2200 N range)

Type 8231-C Force Transducer, Charge
(+110000/-2200 N ramge)

Type 82304003 Force Transcucer, DelaTron®
(+22000/-2200N range)

Type 8230002 Fonce Transducer, DeltaTron
[+2200/-2200 M range)

Type 8230-001 Fonce Transducer, DeltaTron
[+Z2W—Z20N range)

Type 8230 Fonce Transducer, DeltaTron
[+44— 4 N rangs)

Type 2718 Power Amplfier 180VA

Neutrk and Speakon are regisiensd aoemanks of Neurlk AG

UA-D125 Mounting Equipment
(including isclated studs
YP-0150 and non-solated
studs Y2-Z860)

WA-0208 Trunnicn

LIA-2054 Bushing Adaptors,
10-32UNF to %28 UNF

LIA-2052 Adaptor studs, 10-32 UNF
to Ye-ZELUNF

CABLES AND CONNECTORS WITH OLD

TYPE 2112

JUHIEOD Plug rmust be soldered onto
AQ-0640 Cable where one
MNeutrik 4-pin Speakon plug
is first remowved

Brlel & K reserves e night fo change speciications and accessories without notice

&: O 2350 Marum - Denmark - Telsphone: «45 8830 0800

HEADGLUARTER!

Austrails (+51) 2 S855-8588 - Austris [+£3) 1 8B5S TL00 - Brag] (<5511 S188-8161
{Hl:l:h I:

Canaga (= 1) 514 EIE-E20S - Crina (+B5) 10 550 29905 -
Finiand |+358) 755 550 - France (+33) 163507100 -
r-:mn(-hmm 7485 - Hungary |

ﬁm‘lm [+30} !-'I!E
Portugai |+351)21 415040 - S!nm‘! I'l-E:‘
S (+34)51 250820 - &lﬂh‘u +35) 33 T

Taiwan [+B36) 2 2502 7255 -

'DG'I 3 E"'IE 1612 -
il

Lol nepn

and Servios o woridaide

20, 26702 1100

ey (+48)421 17 870
(+35) 1 2155305 - I‘Eh'|d|:+3'5!-]1Bﬂ'."4B33

TrHES- F'l:lﬂ'li Itﬁsﬁ?:i

537?&:-1" SIAMHFEFI:II: -'4..1%254430?01
- Exnizeriang (+4
Klingdom §; -HM 14 38739000 - LA, (+1 800 332 2040
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Vibration Exciter Power Amplifier

2719 Power Amplifier

Power Amplifier Type 2719 is designed to drive small vibration exciters, particularly Vibration Exciter
Type 4808, The RMS output-current limit is adjustable, making Type 2719 equally suitable to drive
Wvibration Exciter Type 4809 safely to full rating.

% Product Data

Description
Uses Features
. Dr!ves 'u'!brat!nn Exc!ter Type 4505 . 18?'\.-'.!5. power output o # Contact us by phone
s Drives Vibration Exciter Type 4809 safely » ndjustable RMS output-current limit & Ask & question
to full rating * Low or high output impedance 9

® Low distortion over wide frequency range _
. L. . . . REQUEST A QUOTE
# Extensive built-in protection, including 0 0
interlock relay
# Rear panel voltage and current monitor
points
# Front panel indicators (LEDs) showing
clipped output signal, temperature and
current overloads, output signal phase {0°
or 180%), operating mode {current or
valtage), current state and interlock input
disabled
= Multifunction display (backlit LCD) showing
output current and output voltage

The power amplifier has a usable frequency range from DC to 100 kHz. The rated AC output is
130WaA into a 0,80 exciter or resistive load, in the frequency range DC to 15 kHz {£0.5 dB). The
maximum woltage gain is 14 dB. The harmonic content of the output is very small as heavy
negative feedback is used,

The instrument can tolerate temperature and supply-line wariations while maintaining excellent
stability, Two output modes are selectable wia the front panel. The power output stage is directly
coupled to the output, and hence to the connected vibration exciter, & current-limiting circuit
prevents excessive instantaneous output current peaks. During operation, the voltage, current
levels and waveforms can be inspected at the monitor points on the rear panel or RMS readings
can be obtained from the LCD display.

Type 2719 consists of an input stage (both AC-coupled and direct), a preamplifier, a power
amplifier and various warning and safety circuits with indication lamps. & multifunction display
shows output current and output voltage, The amplifier can be used as a voltage generatar with
low output impedance and a flat voltage frequency response, or as a current generator with high
output impedance and a flat current frequency response.

For a full Description and Specifications, see & Product Data
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Accelerometer

CH Robotics

UMé Ultra-Miniature Orientation Sensor Datasheet
Dascurmeant rey. 2.2, updal:ed S/TRFI0NZ

1. Introduction

Device Overview

The UMS Ultra-Miniature Orientation Sensor
combines sensor measurements from rate
gyros, accelerometers, and magnetic sensors
to measure orientation at 500 Hz. The UM
also has the capability to interface with
external GPS modules to provide position,
velocity, course, and speed information.

Communication with the UM& is performed
over either a TTL (3.3V) UART or a 5Pl bus.

The UME is configured by default to
automatically transmit data over the UART.
The UMb can be configured to automatically transmit raw sensor data, processed sensor data,
angle estimates, and angle estimate covariances at user configurable rates ranging from 20 Hz to
300 Hz im roughly 1 Hz increments. The UMS can also receive and parse GPS packets,
automatically transmitting new GPS position, velocity, and satellite data whenever it is
available. Alternatively, the UM6 can operate in "silent mode," where data is transmitted only
when specific requests are received over the UART. Regardless of the transmission mode and
rate, internal angle estimates are updated at 500 Hz to improve accuracy.

The UM6 simplifies integration by providing a number of automatic calibration routines, including
rate gyro bias calibration, magnetometer hard and soft iron calibration, and accelerometer
"zeroing” to compensate for sensor-platform misalignment. All calibration routines are triggered
by sending simple commands over the serial interface.

The UM& comes factory-calibrated to remove soft and hard iron distortions present in the
enclosure. 'When integrated into the end-user system, additional calibration may be necessary
to correct other magnetic field distortions. Magnetometer calibration can be performed using
the UM& interface software, available for free download from wwaw.chrobotics.com/downloads.

Temperature compensation of rate gyro biases is also supported by the UMG. An internal
temperature sensor is used to measure temperature, and third-order compensation is applied to
remove the effects of temperature-induced bias. By default, the terms used in compensation
are all zero, which means that no temperature compensation is performed. The compensation
terms must be determined experimentally by the end-user. On special request, compensation
can be performed on each device at the factory.

The UM6 can be configured to use either Euler Angles or quaternions for attitude estimation. In
Euler Angle mode, magnetometer updates are restricted to yaw alone. This can be useful in
cases where distortions are possible or even expected, and where it would be undesirable for
those distortions to affect pitch and roll angles (i.e. on a flying rotorcraft). In guatermion mode,
Euler Angles are still available, but there are no restrictions on what angles the magnetometer is
allowed to influence.
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C H Robotics

UM6 Ultra-Miniature Orientation Sensor Datasheet
Document. rey, 2.2, Lpda.ted BIZBF2OAZ

Table 6 - UMG Pin Descriptions (side connector)

Pin # | Pin Hame | Description
1 Vdd Input voltage (3.5V to 5V)
2 GHD Supply ground
3 Rx UART RX pin {input)
4 X UART TX pin {output)

6. Mechanical Drawings
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Part number 609-2890-HD from Digi-Key is a compatible 2mm pin header for connecting to the
bottom connectors on the UMG.
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Heat Tape

—FLexiBLE HEATERS
MEDIUM TEMPERATURE HEATING TAPES

T e

»* Maximum Exposure
Temperature up to
230°C (450°F)

» Uniform Heat Distribution

»* Moisture and Chemical
Resistant

» Integrally Molded
Separable Plug

= Available with Leads SiTICT Qe o,
Same Endt than actual size.

SPECIFICATIONS
Heating Elements: 36-40 gage finely
stranded resistance wire

B e ation: [ MOST POPULAR MODELS HIGHLIGHTED!

Dielectric Strength: In excess of 2000V To Order (Specify Model Number)
Lead Wires: 16 AWG high temparature

00V silicone rubber insulated lead wire LTSN [l iy Volts  Size om/m (/)  Model No.  Price
ﬁmﬂaj_rgln%frm lc:ppc:sua :and_%gl 11;9 52 43 120 1/0.6 (4/2) SRAT051-020 %51
cafing fape inio separate sides :
integ%l;r molded saparable plug 104 4.3 120 1.2 [fy‘” SRTo51-040 58
CMEGALLX® silicone rubber 156 1.3 120 1/1.8 (%/6) SRTos1-080 69
extruded heating tapes are low- 209 4.3 120 112.4 (%8) SRT051-080 80
watt density electrical rasistance 261 4.3 120 1/3 (%M10) SRToS1-100 a2
heaters designad for temperatura 3 4.3 120 /3.7 (%12) | SRTos1-120 83
:‘;:';‘ﬁﬁﬁ;&?gg;?ﬂﬁ;smml 104 43 120 2E0G(1/2) | SAT101-020 50
resistance. Silicone rubber 200 4.3 120 25/1.2 (1/4) SAT101-040 86
are constructed of finely stranded 313 4.3 120 2 5/1.8 (1/8) SRT101-060 109
resistance wires fully insulated with 418 43 120 2524 (1/8) SRAT101-080 126
braided fiberglass and knitted into 522 43 120 2 53 (110) SRT101-100 144
flat tape with fiberglass yam. Thess 827 43 120 2537 (112) | SATI01-120 154
tapes are encapsulated in a void- 731 43 120 2537 (112) | SAT101-140 177
free silicone rubber shaath. 5 7 SAT
””mhrhmsmmhmm”mdgmgm 836 43 120 2 5/4.9 [1116) 101-160 189
ﬂram' r.r':ga m.': 2, h b E]'_ e 940 43 120 25/55 (118) SAT101-180 207
b e e e [ 1048 13 120 25/6.1(1/20) | SRT101-200 | 224
mooel number io “2°. Al 220V wersions are
etppiadwitout piuge. Call for sabe prices. 200 4.3 120 &/0.6 (2/2) SAT201-020 [E]
418 43 120 5/1.2 (2/4) SAT201-040 132
APPLICATIONS 627 4.3 120 5/1.8 (2/6) SRT201-060 1684
1 Silicone rubber extruded 836 13 120 524 (28) | SAT201-080 230
heating tapes can be used
in direct contact with a 1045 4.3 120 53 (210) SAT201-100 252
metal or conductive surface 1254 4.3 120 5/3.7 (212) SAT201-120° 275
1463 4.3 120 5/4.3 (2114) SRAT201-140° 203
1672 4.3 120 5/4.9 [2/16) SRAT201-160" 333
1881 4.3 120 5/5.5 (2/18) SRAT201-180" are
2090 4.3 120 5/6.1 (2f20) SRAT201-200° 407
* Doas not come with plig.
Integrally Comes compiste with instucton sheet
separable Ordering Examples: SATOS1-060, 1201 156 Wak, heaing iape, $69.

o plug shown. SATos1-040, 120V, 104 Wheating taps, £58.

To Order, Call %ﬁﬁﬂ@ or Shop Online at omega.coms¥
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J-type Thermocouples

“Cement-On” Thermocouples

» Response Time in Milliseconds OMEGA introduces its Cement-On, fast response
= Made from 0.013 mm (0.0005") Feil thermeocouples for fast surface temperature measurement
and 0.25 mm (0.010") Diameter applications in three convenient styles. Styles 1 and 2 ara
Thermocouple Wire made from 0.013 mm (0.0005") tharmocouple alloy foil by
P . a special process whare the butt walded thermocouple
= Very Low Thermal Inertia junction is 0.013 mm (0.0005") in thickness. Styles 1 and
H : 2 are flat, extremely low ineria construction and are an
»= Four Calibrations J, K, E, and T ideal means of maglrsuring the temperature of both flat
i Three Styles ldeal for Surface and curved metals, plastic and ceramic surfaces where
Measurement very fast response is desired.

OMEGA's Cement-On Style 1 and 2 themmocouplas

are fabricated from ANS| “Special Limits of Ermmor” grade
thermocouple materials in I\J?E and T calibrations

. and yield accurate te ature indication
CO Seties mgrﬁsed with sl:ang:l?g'thgrmncnupla
instrumentation. Styles 1 and 2 have the H
fastest response. Style 3 iz an economy

varsion constructad from 0.25 mm (0.0107) %

diameter bead welded standard limit of ermor

thermocouple wire. It should be used wheare
extramely fast response is not essential.

2 —_—

Style 3

il
i JI
T .
) emce e
| standard N standard i

/

=

W, “,,,nﬂl -

at
ot
To Order visit emega.com/co-k for Pricing and Details

Maximum Temperature °C (*F)*

Model No. | Style | Thermocouple Type Length Continuous 600 hr 10 hr
CO1-K [ CHROMEGA=ALOMEGA® 1m (407 260 (500} 315 (B00) 370 (700)
CO1-E 1 E CHROMEGA®Constantan 1m (407 260 (500) 315 (600) 370 (700)
CO1-T T Copper- Constantan 1m 407 150 (300} 205 (400) 260 (500)
CO2-K . CHROMEGA®ALOMEGA® 150 mm {B") 540 (1000} 540 (1000} 850 {120)
CoO2-E 2 | E_CHROMEGA®Constantan 150 mm {6") 425 (BOO) 425 (a00) | 540 (1000)
Co2-T T Copper-Constantan 150 mm {6") 150 (300} 150 (300) 260 (500}
C03-) J Iron - Constantan 1m 407 260 (500) 370 (700) 370 (700)
CO3-K . CHROMEGA=ALOMEGA® 1m (407 260 (500) aro (7o0) 370 (700)
CO3-E 3 E CHROMEGA*Constantan 1m (407 260 (500) 370 (700) 370 (700)
CO3-T | Copper-Constantan 1m (407 205 (400) 260 (500) 370 (700)

* The temperaiure mnge high limits given are greatly influenced by environmenial condiions, nstallation method, accuracy and lietime
requiremenis and may vary fiom the general guidelines fisted in the @bis.
Siyle 1 and 3 cannot be used with OF High Temperature Cement; OF Cement will break down inswiation.

Responss ime whan unded” or ‘cemenied” io surface: Style 1 (10 to 20 millisecond's), StyWe 2 (2 fo 5 miliseconds), Style 3 (300 miliseconds)
The response time or Yime constani” is the time required io reach 63.2% of an instanianeous iemperature changs.

Addifional length wire can be ordered for Styles 1 and 3, add cost per 300 mm (127), for Siie 2 add cost per 300 mm (127).
Orderimg Example: COH-K is a siyle 1, Type K thermocouple, 1 m {407) long.

A-29
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Omega Temperature Controller- CNi3243-C24

1Series

= High Qualty

= 5-Year Warranty

= High Accuracy: £0.5°C
(£0.9°F), 0.03% Reading

= User-Friendly,
Simple to Configure

1+ Free Software

= Full Autotune PID Control

» Universal Inputs: RTD,
Thermocouple, Process
Voltage/Current, Strain

- TntallyDPrng rammable
Color Displays Standard

= Built-In Excitation
Standard

1= 2 Control or Alarm
Outputs: DC Pulse,
Mechanical Relays,

Analog Voltage
and Current

» Embedded Internet
Connectivity Available

CNi8 Series

Ce®-

Tha universal temperatura and
procass instrumant (CNi modeals)
handles 10 common typas of
thermocouples, multiple RTDs, and
saveral process (DC) voltage and
current ranges. This modal also
features built-in excitation, 24 Vdc
@ 25 mA. With its wide choice of
snﬁn_al |r]|(pms. this model is an axcallant
choice for measuring or controlling
temperature with a thermaocoupla,
ATD, or 4 to 20 mA transmitier.

The strain and process instrumants
(CNiS models) measure inputs from
load calls, pressure transducars,
and mast any strain gage sonsor

as well as process voltage and

% DIN Temperature, Process
and Strain PID Controllers

Shown smalier than actual size.

currant rangas. Tha CNIS has built-
in 5 or 10 Vdc excitation for bridge
transducers, 5 Vdc @ 40 mA or

10 ¥dc @ 60 mA (any excitation
violtage betwean 5 and 24 Vdc is
available by special order). This
CNiS modal supports 4- and 6-wira
bridge configurations, ratiomeatric
and non-ratiometric measuramants.
The CNiS featuras fast and sasy
“in process” calibration/scaling of
tha signal inputs to any enginearing
units. This modal also featuras
10-point linearization which allows
the user to linearize the signal
input from extramely nonlinaar
transducers of all kinds.

Input Type [ Range | Accuracy
The OMEGA® CNi8 is a % DIN size Universal Process
[96 x 48 mm (3.7 % 1.9°]] digital Process Voltage 0o 100mV. D101V, 0to10Vde | 0.03% rdg
Psagfé ?f;gﬁfﬁ;'ﬁ%?ﬁg[ﬁstﬁlg . The Process Cument 010 20 mA (4 to 20 mA)} 0.03% g
digits are twica the size of typical Excitation = |mw:|2:d VG Zemh —
% DIN panel meters. The iSeries L TR ;
meters feature the only LED Process Voliege Do 100 mV, 10040 1 V, 0to 10 Vde | 0.03% rdg
displays that can be programmed Process Current 0 to 20 mA (4 to 20 mA) 0.03% rdg
to change cﬂcﬁgﬁmwn GREEN, Excitation 5V & 40mA 10V & 60 mv —
or alarm piu?nt Tha %?ﬂ?g"s;?dﬂ?tis Nickel RTD Input (FS Required)
available as Elh axiramaly accurate RTD-1N {Micksl MIL-T-7900B) 0 o 200°C (32 to 392°F) 0.4°C (0.2°F)
prﬂgrammablg dlg”:ﬂl pang,l metar RTD-2N ‘NIDH “'L'T‘?WDB}I 40 to 300°C n:-d-IIl o 5T2°F) 0.3°C IIDE- F:l
with no outputs or with dual outputs Temperature
for contralling or alarming functions. J Iron-Constantan 210 1o 760°C (-345 1o 1400°F)  [0.4°C (0.7°F)

Cther options include isolatad
programmable analog output, sarial
communications, MODBEUS and
Ethemet. The user can easily
program the CMi8 for any control or
alarming requirement from simpla
on'off to full autofuna PID with a
choice of form & SPOT relays, solid
state relays, DC pulse, and analog
{valtaga and currant) outpuis.

Fully isolated analog output for
retransmission of the process valua
iz available in addition o the contraol
and alarm relays (speacify modal
CNigA33).

Tha CHNia covars a broad selection
of transducer and transmitter inputs
with 2 input miodals.

270 1o -1B0°C/-160 1o 1372°C
CHROMEGA=-ALOMEGA=| | 4c4 4o -256°F/-256 to 2502°F) | (1 .8°FI0.7°F)

1.0°CH0AC

Copper-Constantan

-270 10 -190°C-190 10 400°C | 1.0°C/0.4°C
(454 to -HIPF-310 o 7S2°F) | (1. 8°FI07°F)

N 270 1o -220°C/-220 1o 1000°C
CHROMEGA™Constantan | 454 1o -364°F-364 1o 1832°F) | (1.8°FI0.T°F)

1.0°Ci04°C

Pt 3%:Rh-Pt

-50 1o 40°Cr40 to 1TEEC
(-58 to 104°F/104 to 3214°F)

10°CI5C
(1.8 F10.0°F)

Pt %R h-Pt

-50 to 100°C 00 to 1768°C
(-58 to 212°F212 to 3214°F)

1.0°CI5°C
(18 FI0.8°F)

30%.Rh-PrE%Rh-Pt

100 to 640°Ci640 to 1B20°C
(212 to 1184°FH1 184 fo 3I308°F) | (1.8°FID.9°F)

1.0°CID5°C

5%Re-Wi26%Re-W

0 to 2320°C (32 o 4208"F)

0.£°C {0.7°F)

Nicrosil-nisil

-250 1o -1 00°CH 00 to 1300°C
[-418 to -14B"F-148 to 2372°F) | (1.8°F/0.7°F)

1.0°CH0AC

-0 to B00°C (-338 o 1652°F) | 0.4°C (0.7"F)

K
T
E
R
5
B
C
N
JDIN
Pt 000385, 100, 500, 1000 | 200 to 300°C (328 0 1652°'F) |0.4°C (0.7°F)
P1.0.00392. 100, 500, 1000 | -200 1o 850°C (-328 10 1652°F) [0.4°C (0.7°F)

P-13

125



NI PCI1-6024E DAQ Card

NI 6023E/6024E/6025E Family
Specifications

This document lists the L0 terminal summary and specifications for the devices that make up the K1 6023E6024E/6025E famaly

of devices. This family includes the following devices:

NI PCI-6023E

NI DAQCard-6024E

NI PCI-6024E
NI PCI-6025E
NI PXI-6025E

I/0 Terminal Summary

._%r Note With NI-DACQmx, National Instruments revised its terminal names so they
consistent among NI hardware and software products. The revised terminal names used in this document are usually

« easier to understand and more

stmular to the names they replace. For a complete hist of Tradibonal NI-DXACQ) (Legacy) terminal names and their
NI-DAQmx equivalents, refer to Terminal Name Equivalents of the E Series Help.

Table 1. 170 Terminals

Terminal | Impedance Rise
Type and Input’ Protection Source Sink Time
Terminal Name Direction Cutput (V) On'OFF (mA at¥) | (mAatV) (ms) Bias
Al 015> Al 104 GE2 in 42135 + 200 pA
parallel
with 100 pF
Al SENSE Al 104 GE2 in 40425 200 pA
parallel
with 100} pF
Al GND
AT AD 0114 Short-circuit | 3 at 10 5at -1 10 W s
to groand
AD I AD 0114 Short-circuit | 3 at 10 5at-10 10 Wius
to ground
ADGND
[ GND

)

NATIONAL

NSTRUMENTS
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Table 1. I/0 Terminals [Continued)

Terminal Impedance Rise
Tyvpe and Inputf Protection Source Sink Time
Terminal Name Mrection ODutput (W OfOFT (mA at V) (mA at V) [ms) Bias
+5 W — 0.1 Short-circut 1 A fused — — e
to ground

Pl T B L — Ve + 035 13 at 24 a4 1.1 50 kL2 pu
(Vo — 0.4

P10 7=t DIO _ Ve + 05 235at 25a04 |5 100 kL2 pu
3.0 min

P2 <), T DG — Ve + 035 25a 25a04 5 100 ke s
3.0 min

P3.<). T DIO — Ve + 035 25a 25a04 5 100 ke pu
3.0 min

AIHOLD COMPor | DO — — 35a S5at04 1.5 50 kL2 pu

Al HOLD (Ve —04)

EXT STROBE™* | — — 35a S5ar04 1.5 50 kL2 pu
(Vo — 0.4

PFI O/ DIG — Vee+ 05 35at 5at04 1.5 50 k£l pu

(Al START TRIG) (Vo — 04

PFI I/ DI — Ve + 035 35a S5at04 1.5 50 kL2 pu

(Al REF TRIG) [T

PFIL X/ DIO — Ve + 035 35a S5at04 1.5 50 k£l pu

(AL CONY CLEY (Ve — 0.4

PFIL 3 B L — Ve + 035 35a S5at04 1.5 50 kLl pu

CTR 1 30URCE (Ve — 040

PHFI&CTRE 1 GATE | DIO — Vee+ 035 35a 5at04 1.5 50 k£2 pu
(Vo — 0.4

CTR 10UT DO — — 35at 5at04 1.5 50 kL2 pu
( 1\".:_1:_' — 0.4y

PFI 5/ DI — Ve + 035 35a S5at04 1.5 50 kL2 pu

(AD SAMPCLE)™ (Ve -0.4)

PFI & DIO — Ve + 035 35a S5at04 1.5 50 k£l pu

(AD START TRIG) (Vo — 04

PFLT! DG — Ve + 035 35a S5at04 1.5 50 kL2 pu

(Al SAMP CLE) [T

PFI & DIC — Vee+ 035 35a 5at04 1.5 50 k£2 pu

CTR 0 SO0URCE (Ve —0.4)

PFIWCTR 0 GATE | DIO — Vee+ 05 35at 5at04 1.5 50 k£l pu
( 1\".:_1:_' — 0.4y

N 802 3EA6 024 EAGD 25E Family Specifications 2 M.Covm
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Table 1. /D Terminals (Continued)

Terminal | Impedance Rise
Tyvpe and Inputf Protection Source Sink Time
Terminal Name Direction (atput (V) OmOHT (mA at V) (mA at V) (ms) Bias
CTR 0 OUT Dy — — 35at 5a04 1.5 50 kL2 pu
[1'1""_1'_' —4)
FREQ OUT D — 35at 5a04 1.5 50 kL2 pu
(Ve —0.4)
* Indicates active low.
" NI 602446025E only.
¥ NI 6025E only.
Al = Analog Input DIO = Dhgital InpuyOutpat pu = pull-up
AD = Analog Cutpuat D = Dhgital Output
Note: The tolerance on the 30 k€2 pull-up resistors is large. Actual value might range between 17 k€2 and 100 k€3
Specifications
The following specifications are typical at 25 “C unless otherwise noted.
Analog Input
Input Characteristics
MNumber of channels ...................... |6 single-ended or Ohervoltage protechon
! differential -
(software-selectable Signal Powered Omn Powered CHf
per channcl) Al<0..15> =47 =35
Twpe of A converter (AN . Successive o -
approximation Al SENSE =40 +25
Resolution .......covevicccceen 12 bits, 1 in 4,096 FIED buffer size

Max sampling rate .o

200 k55 guaranteed

Input signal ranges (bipolar only)

Range Bipolar
W0V =0V
10 +5Y
(Y =500 mY
100 mW =50 mV
Input coupling ... DT

Max waorking voltage

{signal + common mode) ...

within =11 ¥ of ground

! DM A 1= not available on the NI DA C ard-6024E.

© Mational Instrvments Covporation

..... Each mput should remain

NI DA Card-6024E

NI 6023E, NI PCI-6024E,

WIGOASE. .o

DMA (PCLPXI only)

Channels....cooooeieeicecieee

Dhata sources/destinations............

Data transfers. ..o

DMA modes? o

Configuration memory size ...

2048 samples (5}

5125

1

Analog input, analog
output, countertimer 0,
or counter/iimer |

Drect memory access
(DMAL, intermupts,
programmed LA

Scatter-gather (single
transfer, demand transfer)

512 words
{1 word = 8 bats)

N 802 3B 24 EBOZ5E Family Specifications
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Laser Power Meter and Detector Head

Laserstar

Versatile Laser Power/Energy Meter

8 Two models available; dual and single channel

® Single channel model can be upgraded to dual channel

8 Compatible with all Ophir thermopile, pyroelectric, photodiode and RP heads
8 Large LCD display

® Backlighting and rechamgeable battery

8 Screen graphics and statistics (std dev. min, max)

8 Analog output

8 Built-in R3232 interface

® Log every data point at =1500Hz with pyroelectric heads
® Non-volatile data storage up to 50,000 points

8 |asertuning screen and power log

8 Audio sound for laser tuning and low battery

B Statistics package

® GPIE option (IEEE488.1)

8 NIST traceable

8 CEmarked

8 Soft keys, menu-driven

The dual channel model enables user to simply plug in any of Ophir's thermal, pyroelectric, photodiode or RP heads and measure two
channels independently, or the ratio or difference between them in real time.

Up to 10 data files (54,000 points total) can be stored for onboard review or downloading to computer even if Laserstar has been switched
off. The built-in R3232 interface and StarCom PC software allow on-line processing of data or processing previously stored data; results are
digplayed graphically on a PC.

Digital Power Screen

8 CWindustrial, medical and
scientific lasers

Active head

Laser — for muktihead displayl

10m
&8 p\Wto 20K with appropriate heads 3- 15 1 W sy - Averege period
T e | Ry

® (Canaverage over selected period

Useful for unstable lasers | | | | Apcess

8 Fast response bar graph m'i';'?_la:rgi bazrn;-ﬂq:h 5:5:::1 CI‘:zg: further fuctions

Laser Tuning Screen or Power Log Screen (not shown)

® Maximizing laser power viE
B |lser selected time periodand zoom

8 (ption of audio tune tone Ll aTe — N

| | I— Previous sreen

Change Sat
sattings  meximumn reeding
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Energy Measurement Screen

® Pyroelectnc and thermal

heads — single pulse

® Pyroelectnc frequency
measurement

Energy Log Screen
® Pyroelectnc heads
n

zingle pulses

Continuous scroll

Energy statistics

Ratio Screen

® Two independent heads

8 Measure ratio, sum, difference
® Mormalize one head to the other |

Data Storage and Transmission

® Mon-volatile storage of power

and energy logging data

® Store in up to 10 files and transmit to
® PC using StarCom Windows program provided

Specifications

Thermal heads — successive

Leser —
Frequency U 593h\l ’.I
|— Jla1.SHe Tris sax SONE 2ed
Change to povwer —| Tasmr ranss s

Szlect average Trigger J Eharﬂa Charge
period ar nons indication laser range

wavslengh

Stare every pulss —

Termporary pauava Pvasei Z;:u:-m reading

.75 S5 87 w
»»  0.254E-03

1 R e

[

Marmalizs heed Subtrect background
B to reading of &
FILE CONTROL
Tl Sayyl] LR -1 -] o
11 5400 5 o = o
] & o T o
ERE ™ o
Selected file — smlect =ave delete view msC

I
Save new deta in file J Delete dats from fils

Pressnt energy
range

Ancess further
functions

Enter statistics
screen showing
statistics of
points gathersd

Wiew and sercdl
through date in
file.

Ewery energy
piint can be
SEEMN

Display High leqibility 64 x 240 pixel graphics supartwist LCD with switchable, elactroluminescent backlight which operates from
charger or battery. Large 17mm digits. Screan refresh 15Hz.

Featuras Many sereen featuras including: power with bargraph, energy, average, exposure, frequency, graphs and more. Analog output
1walt E5.

Casze Maolded high-impact plastic with swival display and EMI conductive shielding, to allow use even in proximity to pulsed lasers.

Size Folds 1o a compact 228mm W 195mm L x54mm H.

Battery Rechargeable 18 hours between charges. Chareriincluded) also functions as AC adapter.

Multihead option
Datahandling

Two heads can be connectad and measure independenty, or the ration, sum or differance of the two can be displayed.
Built-in RSZ32 communic ations at up to 19200 baud. Non-volatile on-board data storage in 10files of up to 54000 points total.

Data can ba viewed on-board or transmitted to PC.

Head features Works with thermal, pyroelectric and photodiode heads. Automatic, continuous, background cancellation with PD200 heads.
Submicrojoule and multikilohertz ¢apability with pyroelectric heads.
Program featuras User can update calibration information. Preferrad startup configuration can ba set by user. User can recalibrate power, anargy,
rasponsetime and 2ero offsat.
Ordering Information
Itom Dascription Ophir PN
Laserstar ha selxjrstarsingle channel universal smart head display for thermal, pyroelectric, photodiode and RP 1Z0E00
oads
Laserstar 2 Channel Laserstarwith dual channel capabilityincluding ration and difference measuramant 1201601
Lazerstar Hard Casa Hard case 46x25x13cm. Fordisplay and upto thrae haads 12091
Laserstar AN adapter Laserstar analog output adaptar. Flugs into DI output and provides analog output from BRT plug 1T unit 1211004
supplied with Laserstar]
Laserstar 2 Ch AN Out Laserstar AN adapter but for dual channelLaserstar {1 unit supplied with Laserstar) 1211005
Laserstar 2 Ch Upgrade Upgrade single channel Lasarstar to dual channel version {contact agent for details) 18121
Laserstar Battery Pack Replacement battery pack for Lasarstar 1214006
Laserstar R5232 Cable D25to D9cable 1210032
Lazerstar IEEE Option |IEEE GPIE adaptar for Lasarstar 12300
Laserstar IEEE Upgrade Kit | Upgrade for existing Laserstar 1&30
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PE5S0BB-DIF/PESODIF-ER

Pulse Energy Measurements 601 to 40J, up to 400Hz

Recommended Use: PESIBE-DIF: High enargy YAG lasers, general
PESIDIF-ER: High rap rate high energy lasers, Erbium lasers

Special Features:

Removable diffuser for high damage threshald

Specifications PESOEE-DIF PESODIF-ER
Ditfuzer out Diffuzer in Diffuser out Diffuser in
Aperture: Ei4Bmm 3 3mm E4brmm GEmm
Spectral Response: 019 - 20pm 0.4 - 2.50m 0,19 - 3pm 0.4 - 3pm
Surface Raflectivity: 5% 15% S0% 15%
Calibration Aceuracy: +3% + 3% + 3% = 3%
Addmional Error with Wavelangth:
1%3nm +2% M.A. MNA. M.A
M48nm 2% WA, NA. M.A
400-B0nm +2% Ses note a +2% Sea note b
1064nm a a 0 0
1.5-25um 2% See nota b MLA. See nots b
21pm 2% i BLA. ]
2.94pim +2% WA, NA. ]
10.6pm 5% M.A. NA. M.A
Damags Thrazhald:
<1 00ns oalleme aliem= 01Jfcm® 1.5Mcm®
1ps 0.2l eme aliem 0.2Jfem® Alem?
3ips 1Jicm= 10d{ ern® 4)ieme 40l e
Linaarity: 2% for-10% of full scale 2% for=10% of full scale  +2% for=10% of full scale  +2% for > 10% of full
scals
Mazimum Average Power: 15W 40W 200 40W
Max Ava Power Density: 10W em® S00W o= 10W e SO0V m®
Mz Pulse Width Setting: Short Long Shart Lang Shart Lang Shart Lang
Maximum Pulse Width: 3ms 10m= 3ms 10ms 200ps 1mz 2008 1z
Mazimum Pulse Rata: 40H:z 10Hz 40Hz 10Hz 400Hz 200Kz 400Hz 200Hz
Enargy Scalas: 10Jto 2md  10Jto 20md 40 toBmd 400 to 80md  10d to 2md 10 to 2md 300 to Bmd 30U to Bm.
Lowest Maasurabla Enargy: 100 1md S00p. Smd Ep 100yl A0y 0.5m.J
Moize on Lowest Range: 15pd 4ipd gy Hipd LT fipd 30pd 5o
Addmional Error with Fraquaney: 1% 1% % 1% +1% 1% 1% +1%
Cooling Corvaction
Notes:  a: Calibraied for 532nm
b With diffuserinstalled, haad is net calibrated at these veavelan gte but provision is mede for usar calibration
FPESOBE-DIF/PESODIR-ER
DIFFLUSER in DIFFUSER out
Ordering information
[tem Desenption Ophir BN
PESORE-DIF-V2 T¥46mm apartura pyroalactric energy mater with broadband absorber and removable diffuser 1202806
PE=s0DIF-ER-Wz2 Z¥4fimm aperture pyroslectric enargy meter with metallic absarber and removable diffuser 1202867
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High Speed Photodiode Detector: DET110

-
435 Hourke 505« L. Box 30
Mereion, MJ P S81-0EH

L s e
Lg S p i

sy Bheeloe com h:m'l_-u'ln omim
DET110 - HIGH-SPEED SILICON DETECTOR
DESCRIPTION:

Thorakbs' GET110 Is a ready-to-use high-speed phobo detecior. The unit comes complele with a phoodiods and intemal
12V blxs bafiery enclosed in a nupgedized aluminum Fousing. The head incledes a remmovables 1" optical coupler
(EM1T1), providing =asy mountng of MO fEers; speciral SHers and other Thorlabs 1° sisckabie Isns mount accessoies.

Also avalabie are fiber adapbers (SMA, FC and ST style)h. An 28-32 tapped hobe = provided on the base of the Rousing 1o
mizasnt the detecior dreciy o & Thoriabs' positioning device (12" post holder, moungng plates, 2ic

SPECIFICATIONS:

Detesbor:  Slioon PIM Hougdng: Bk Anodized Aluminum
Epeoiral Recponcs:  3S0-1100mm Flre: 143" x 167"
Paak Wavalsngth:  360rm+-50nm Owiput: BNC, DC-Coupled
Fica/Fall Tims = 20Nz Blas: 12\ Babiery (Type AZ3)
Diods Capaoitangs: 2Z0pF Mounting: 8-32 (M) Tapped Hole
HEP: {32 xi0™WnHZ Dlods TO-5, Ancde Marked
Zookat:
Dark Coment:  10nA Damages 100mM# CW
Thireghald:
Anthes Srem: 13mr"|'? 0.5 Jicm® (10ms [0 ]4 1
J.Bmm ¥ 3.6mm square
Linsarfy Limkt: 1m®
_——

Flgure 1. - Bsohankal Dimsnlons
OPERATION:

Thoraks DET series are kdeal for measuring toth pulsed ard CW light sources. The DETIID Includes a reversed-bilased
PIN phob dods, bixs batiery, and ONIOFF sefich packaged in a ruggedized Bousing. The BHC cutput signal Is the dired
pioiooament out of the pioio diode ancde and Is a furcton of the incddent Ight power and waveiength. The Speciral
Responsivity, HiL), can be obiaimed from Figure 2 o estimake the amount of phoiooument b expect. Bost us=rs will wish

bo comert this phoocument o a woEage Tor viswing on an oscllosoope or DKL This s accomplisied by adding an
extemal oed resistance, R e The ouiput soliage s derfved =s:

Vo= P HIR) " R

The bardwidih, Tes, and the rise-time nesponse, s, o determined fom &e disde capaciance, Gy, and the load
resismnce, Ryme 35 SR Below:

= 1702 " %" Ryoan* Ci
iz = 0357 T

2195201 Rev D BHSZD0E
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For madmu bandwidth, we recommend using a 5050 coax cablke with a SO0 kerminating resistor ot the =md of the comr.
This wil also minimEze ringing by maiching e coay with = chamacterisic impedance. ¥ bandwidts Is not Important, you
may Increxse the amownt of voltage for a ghven input lght by Increasing the Ry Wp 50 a maximum of 10853

Motes: The dafsctor hac am AC path fo grounsd sven with the owoh In the OFF pocldon. It k& normal to ces an
output racponcs 1o &n AC chkanal with the cwioh In thic chais. Howeswer, baoaucs the daisotor I unblacad,
operatlon Im thic mods e not recommerdad.

Fligurs 2 - Typiaal DET110 3psciral Rasponcivily Curvs

a7
i1
1 1.%
-
[
e
=
#
i-:e
[ ]
=
[
[+ |
[
0 a0 530 B fiil -] £ 10l 110D
Wi irewianng th =]
B
r L
| T
| 1] |
|
| | P
| ] |
| fd |
i o | | -
| CHEHT |
L i

Flgurs 2 — Ciroult Elook Dlagram
FIBER ADAPTERS AND OTHER ACCESSORIES

Thorakbs. sefls 3 rumber of sccessories Tiat are compabble with e 1" fresd on the DET Rousing Including FC, SMA,
amd ET fiber adaphers, siackable lers bubes for mounting opics, and cage assemblles that allow &= DET 1o be
Incorpoirated into elaboraie 34D oplical assemibles.

Caution: The DET1 10 was designied bo allow maxmus accessbily to the pholo detector by havieg the front surface of
e dbcsde exiend ceriside of the DET howsing. Wken usig fber adapi=rs, make sune Sl the fiber ferule does nof crash
ko Fee debecior. Fallure Bo do 50 may cause damage o e dinde ard §or e fiber. An =asy way o accomplish Bils s o
Install & SM1RR retsining ring (Included with ®ie DET 1100 Inside S 1" Sineaded coupler before imskalling the fiber
aciapier.

Also avalable are ins Sl debeclors, InGass deteciors, and a compieb line of ampified debeciors.

MAINTAINING THE DET110

There ans o serdoeasbls parss in the DET1 10 opiical head or power supply. The housing may be cleansd by wiping with
a so%, damp cloth. The windics of the detecior skhould only = deared using opbcal grade wipes. Hyou suspect a
problem with your CET 110 please call Thorlabs and echnical support wil be Bappy o asskst you

2195-201 Rev D BMS200E
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Oscilloscope: TDS 2014

Digital Storage Oscilloscopes

TDS2000C Series Data Sheet

I
t
|
|
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Features & Benefits

Kay Performance Specifications

» 200 MHz, 100 MHz, 70 MHz, 50 MHz Eandwidth Models
n 2 and &-channge| Modeis

1 Uplo 2 GSis Sampie Rate on Al Channets

w 2.5k poinl Receed Lengin on All Charmets

= Advanced Trggers incuding Pulse Width Trigger and Line-seleciable
Video Trigges

Ease-of-Usa Features

= 16 Automated Measuremants, and FFT Analysis for Simplised

= Buit-in Wawesorm Limit Testing

= Autpmated, Extended Data Logging Feature

® Auizset and Signal Aulo-ranging

= Buit-in Contextsensiive Helo

» Probe Check Wizan

= Multiple-language User Interface

= 57 in. {144 me) Active TFT Cokor Display

» Small Foctpeint and Lightweight — Onily 4.5 in. [124 mm) Deep and 4.4 16
[2kg)

Connectivity

» USE 2.0 Host Part on the Front Panel for Guick and Easy Data Siorage

= 5B 2.0 Device Port on Rear Pansd s Easy Connection to a PC o
Direct Prindng 1o a PictSrdge®-compatiole Printer

= Includes Mational Insiruments LabVIEW SignalExpress ™ TE Limited
Edition and Tekironix CpenChoice® Sofware for Connecting Your Bench

Lifetime Warranty*1

= Limisies my Far

'Ihklmn}x-
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Xantrex DC Power Supply

Smart choice for power

XFR 6-200
XFR 7.5-140
XFR 12-100
XFR 20-60
XFR 35-35
'@ . EEEEENER, FR0-30
- - = XFR 60-20
XFR 100-12
XFR 150-8
XFR 300-4
XFR 600-2

Operating Manual

XFR 1200 Watt Series
Programmable DC
Power Supply

W YREAnrELEm
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Section 1. Features and Specifications

Description
This sanies of powsr supplies provides low-oodie, predisaly regnlaied, vanables DO
cuiput af 1200 Watts of cwipat powar. Chvar volage protecton (OVF) and thermal
shutdomm are standard Frootpanel coomols and indicaters are extenaive. Select from
senvara] remote conirol chodms: standard araleg procamming, optomal fobied
progamesng or readtack, and opbonal CPIB programming or B5-132 comtrel.
Remwte monitaring of oatpuf volmgs and aurents is a sandard feamms. U this
power supply eithar om your bench or in 2 sandard 19 @ (483 mm) rack- the powor
supply ocoogpies coly 1.75 in {1 1) of vertical reck space. Designed for confizmons.
use in sandalong or syvieny: applicatons, this powss supply s Dpdcally used fo
prwer D equopment, comiro] magmets, orbum in compoenends. See Table 1.1 for the
Lt of available modals.
Tabds 1.1 Axvalable Voltape and Cuwrent Ranges
Wisdel ‘voftage Range Currernt Range
200 sy O0-200 &
T5-1a0 o-rEv O-940 A
12-100 -2 O-100 A
X0 g 0-&0 A
3535 [k O-35 A
030 R 0-30 A
BO-I0 o==0 Y O0-20 4
i00-12 o100 -2 A
1=0-& o-1s0w 08 A
3004 o200 03 A
B00-2 o=so0 O-2A

Fsimms 11 =
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Chiller: Neslab RTE-111

Refrigerated Bath/Circulator

Specifications
MODEL RTE-111
TERPERATURE FAKGE
Araiog: -25"Gio =100™C
DigEal%aoronrnrssnor =25"C o =150°C
S0 =t IO -
AraEiog: -1&"C o =100"C
Digkal™icroprocessor: -1E"C o =150
TEWFERATURE ¥ TAELITY 40 "G, Analog 01"
(COADLING CAPACITY SO0 Walts at 20"
50 Mz Models I7S Wt at 2
PUMPING CAPACITY 15 Lpm &t I head
Max Head 187 (L3R}
HEATER B0 ekt
WIORF AREA (L x W ¥ 00 I 4 yExE
om. 121x 203 w152
BATH WOLUME Calorsi Hers: 1970
DIMENSIONE (H x W x D In. 25 x 9ANE g 4578
om. BISY 26T w403
FOWER REGLIFEMENT 3 TEW, B0 Hx, 12 Amges.
S0 =t IO - 223020, 50 Hx, 7.5 Amps.
HIPPING WEIGHT BS Lbsi33 Kgs

Stabiity, pumE and cooling capacty spectications o +5MC deler-
mined using water, ofer specificalions deb=mined wsing fuld wih
specific heat of 0LE, amblent 2I"C. Resenlr volume measuned o
midpoint of desigrabed 9 ines. Work area measuned o tank op.

1000 heaters for 50 Hz modets. Epeciations subjscl D change.

Cooling Capacity

E 517
= ot
rlnr:u11un||1cr

Pumping Capacity

FLGW

FEATURES
‘ersatile combination forcefsuction pump
Rapid cool down with no waiting

Choose analog, digital or remote
micropnocessor controller

Blilt i hamdles for safe leverage
High temp/ low liquid safety

Designed for UL, C5A, CE, and IEC

Feahares a bright zreen
LED display and allows
the wser to select
variables for temperatare

R

A direct B.5-232 port allows for

CompuieT conral

Both the mimoprocessar and
digital controllers offar thic
feahms

The digital contraller
alsp features proportional
comtre] with auto load
meset for rapid tempera-
ture stabilization undar
chanping heatl oads

Far sales and service information call 800MNESLAB or B00F258-0830 @ www.neslabocom
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Fiber Coupled Diode Laser

Single Fiber-Coupled Laser Diodes [FEATURES & SPECS| OPTIONS | appLiCATIONS

Apollo Instruments' fiber-coupled laser diodes offer
brightness and high power with unprecedented beam
ty. These compact devices deliver up to 10kW
gh a fiber assembly with core diameter ranging from
Imm. These devices can be offered in various
gurations. Fiber-coupled modules that deliver up to
atts are conductively cooled and ready for mounting
heat sink. Devices with higher power are normally
- cooled. Apollo's water-cooled devices are robust.
> is no need to use de-ion water or ultra-filtration. The
-coupled laser diodes provide ideal beam sources for
m integration and offer the simplest and easiest way
liver high-power laser light

to a variety of applications. The devices are cost-effective pump sources for laser pumping (such
as fiber laser pumping). They can also be excellent beam sources for material processing and
medical applications. Due to the high brightness, the devices have been shown to be effective in
direct laser applications such as metal cutting, marking, soldering, welding and silicon wafer
treatment. Together with a focusing lens, some laser modules can easily achieve a beam spot with
a power density over 4MW/cm’. Models are now available in a variety of wavelengths ranging
from 780nm-1530nm. Although the standard modules are built with a single wavelength, multiple
wavelengths can be combined. One of the unique characteristics of Apollo Instruments' fiber-
coupled devices is that all the output is emitted from the fiber core. There is no cladding mode.

> 10 kW Fiber-coupled

Simple to scale

High flexibility 1KW Fiber-coupled  30\\/ i i
: Fiber-Coupled 20W Fiber-Coupled
Tap water cooling LSKW, 976nm, NA 0.46 Solid-state laser purrFl)p Mini-series P
20 /‘l:(l)lz)ez ;23;52{:5 dsiflurgier) Cost effective Cost effective
Ready for spli ].ng High reliability / Long lifetime Passive cooling
ady for spicimg Compact High brightness

Tap water-cooled

Laser Controler: Northrop Grumman- eDrive
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ELECTRONICS & SUPPORT EQUIPMENT

eDrive™

EDZU SERIES DRIVER
LASER SYSTEM & LASER DIODE DRIVER
FEATURES AND BENEFITS
- Operates in bofh CW and OCW modes
- 0-350V compliznce voltzge range
- D00 or 3004 putsed versions availabls
- Waier or Air conled versions available
- CE marked versions available
- 197 rack mountable

- Coolant and safety inferlocks

- Lakwiew Compatiblz*
RS5232 and K548 interface

Configured to run dicdies in esither CW or QCW miodes, the eDeive controller is an excellant tood for perdorming & criticsl opers-
tians for Eser dicds arays inone box. With drive ratings of 704 CWW and 30048 OCW @ 7% Duty oycis Iweter coofed version)
tha elrive &= capeble of perdorming laser systam functions swch &5 shutter contral, system interlocks, end O-switching. The ussr

hes ultimate controf with lims festures for curent end duty cycle, which s8ows the eDrive to protect the lsser dode amays

&l eDrrves are equipped with madtiple controd options ncheding A5232 and A5486 interface end are Labview™* compsatible
Whether you are in producton o working in 2 researdh and development environment, the eDives versatility will support your
requirements well nto the futwe.  you have any further guestions, contact one of our ssfles representstives. W would be
pleasad to work with you to configure 2 controfier to fit your needs

*Labwiaw i o properiy ol Mafioral nstnmments Copoeion

Cusing Erdge Optronics. 25 Pamd YWast Bvd. 52 Charies, MDE23n PEXESIEEN FEESE4Ed wwwizs mrthmpgrammos comdscmr =-mooless- sfolinge mm
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Nd:YAG Laser Rod

Sallmeier Equation:

YAG Indeax of Refraction, n

20

o=l

¥-C .
whem 1.8% \
A= ™
B - 22179 130
C = 007142
On=0 1.7%
E=0 L

P LI1 Fiee Tk Morrman, G Tt mred L2 Bmrmen, D54, Procsdng. on
dechvarced Sobtd D o 7Y iemoes and G Dhabe, i ool Socoes o Sreea
Winfirgiom, (3T TER Wil £ po 35430

Md:YAG Crystal Device Specificatlons

MNd Concentrations fvailzbic L2 o 14E

Standard Rod Dimansions

Dotz Pumped Mini-rods
Custom Geometries

= Dismcher 05 mm to 150 mem

= Length L0 mm b 2200 men

= Sahs Khniature to large contgurations
Lasar Rod Specifications

Tranzmitted Wiswelomt  Standard Grade  Premism Grade
{par inchi of nod lergih) e WA
= [Extinction Hatio Groster than 75 db

= Surface Chainy 105

= Cloar Aperture i

 Perpondoarty b e

= <8 minutes

= Surfsco Flatness A0 2 6328 nm

= Barrol Finish Ground oo Poiished

= Chamior 013 =~ Q08 mm & 45"
= [Dhameter Toloranco +00, - 05 mm

= Length Tolersme +i- L5 men
Configurations

= FiatfParallcl

= Tt Emcls:

= Radus Ends

= BrowsteriSmwstor Ends

* Sab Desgrs

= Polishod and Grooved Barrels

Thim Filmm Coatimgs

= ARVAR at 1054 nen, B 0L16%
Damage Threshold =30 lem?, 10 ns puise

= Dictwoics, HR 1064 nem =298%8, HT B8 nem =95.00T
Damage Threshold > 15 lom?, 10 ns puiss

* Partiaky Hefecting Desigre:

= Custom Diesigns fmilabio

1000 1304 2D

frurm])

¥AG Index of rafraction and refiactance
Wéawciongth irem) n R
66

1ITE D0

4 LERS 0093

L7 LHMA 008

BB LENT 00848

ME LHIE 00843

WG LHWE  adz

W64 LHWED D06

1333 1HWE Q.08

44 LHWD  ooaT

1500 LHENN 0063

LT T T

04 1EFE oA

207 1EF oam

3 1A oA

20 1ENM3  Qoam
Laser/spectroscoplc

WFyp i dl, Sitark loved ransiions

Transition wavelkength (mm)  Mormalzed output Intensky

MOEL 0ang
10E4.9 LR
ME1LE 0627
0.1 1000
H0E4.6 0418
HDEE2 0267
W7aT 0515
LR 0L363
11055 o1
1nna 0233
11548 o2
Fop 0y Stark loved fransitions
15187 14y
1303 0048
13335 ILos7
13351 oo
13381 LM
13418 0054
13533 {044
1351.2 0168
150 0o7e
1471 nnzz
1320 0052
L EE R

Hroer “pecroaenpe: fropecien of Re® o m YA iy LT Fovel m ™ id YA [ mera”

By 1L DS el (e ork: Sprivger - Whrie, THAL
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Matorial Propartias

[FE R

Optical Propartias
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PuonEconos: Lismo

Tharmal Propertias

Trermal Cormaciivey (A0 Ch
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Linear Faparsarsn Cocfiiciant

Honiinear iy
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Physical Proportes
Ml Despig Level

Chomcal Formuzla

Mokl Whsg

Crytal Sructus

Laitre Corekan
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Doreity

Ereoop Harness

1.E1E0 at 1084 mm
BEE rm
s 0T P

0173 Wiam- K
250 gk

E7 x 10K <100
1.7 x 105K <110
LEx W5 <1711
3% 0T o
175200 Wicm
X 1S KT

A7 o LA atomic
¥y gMd ALD,
5053 gimoio

Cusber | garmotl
1Zm A

100 C

455 gmibcm]

1350 4/ 35 kgfmm?

Maochamical Propartios

REFERENCES
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Output Coupler and High Reflection Mirror

Nd:YAG Laser Mirrors Y =V

. Dprical
Components
and Assemiafics
- Contact a CV1 applications Substrate Material UV grade fused silica if & < 450nm
engineer for OEM mirror mounis BT glass if A = 450nm
and eystem Integrations capabilities 51 Surface Figure 1/10 at 633nm befare coating
(03] Mitror mounts are available 5 357 $1 Surface Quality 10-5 CVI Laser Quality defined on page 430

52 Surface Quality Commercial polish
Diameter Tolerance + 0.00mm, — 0.25mm
Thickness Tolerance % 0.25mim
Wedge <5 minutes
Chamier 0.35mm at 45° typical
Concenfricity = 0.05mm
Radius Tolerance = 0.5%

Coating Technology Electron beam multilayer dielectric
Adhesion and Durability Per MIL-C-675C. Inscluble in lab solvents.
Clear Aperture Exceeds central 85% of diameter
Damage Threshald  200fom?, 20ns, 20Hz; TMWam?, CW at 1064nm
Coated Surface Figure A/10at 633nm on select substrates

Henw Ta Oreler L J=]137] e | 455 ]| = [5000C]
Product Code Laser Wavelength

= T UNAYAG 1064nm

I MNd:YAC 532nm

¥3 Nd:¥AG 355nm

¥4 Me:¥AC 2eBnm

5 Nd:YAC X3nm

1 Nd:YAG 1319nm

Size Code  Diameter  Thickness i} o )

537 0.500" 0,375 TS 1.000" 0.250° 1440 S0.0mm 1;}.Umm
[HIRE 15.0mm  11.0mm RERRN 1.000% 8.0mm 2T 2000 375"
0737 0.750" 375" a7 1.000° 0.375" A5 3.000" 0.500"
(924 25.0mm  A0Omm 1517 1.500" 0.375" 050 4000 0500

Angle of Incidence in Degrees with Polarization

0 Mormal incidence

135 45 degrees, § polarization
bap 45 degrees, P polarization
ASLIMP 45 degrees, Unpalarized

R_ad_i.-:ls of Curvature {m} [CC=concave, CX=convex, omit for flat mirror) = 196, 426

IRTY .25 (1,75 i.5 4.0 70 i
105 [ENES 1334 (i EXY] 5.0 a0 15.0
1.075 {20 x50 1.3 1.0 6.0 3.0 M.
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Nd:YAC Laser Mirrors

Reflectivity vs. Wavelength of ¥T Series
Toednm NaYAD Laser Mirror for 07 and
45% incidence angle designs.
Min. Reflectance = 99.5% at 0°
= 99.0% at 45"LINP

Reflectivity vs, Wavelength of Y2 Series
532nm N YAC Laser Mirar for 07 and
45% incidence angle dasigns.
Min. Reflectance = 99.5% at(®
= 65.0% at 45°LINP

Reflectivity va, Wavelength of ¥3 Serles 335nm
MNd:YAC Laser Mirror for 07 and 45° incidence

angle designs.
Min. Reflectance = 99.5% at 0°
> O9.0% at 45°LINP

Reflectivity vs. Wavelangth of ¥4 Series
266mm N YAG Laser Mirror for 0% and
45" incidence angle designs.
Min. Reflectance = 99.5% at 0°
= 99.0% at 45°LIMNP

Refectivity vs, Wavelangth of ¥5 Series
213nm N YAG Laser Mirror for 0% and

457 incidence angle designs.
Min. Reflectance = 98.0% at 0°
= 97.0% at 45°UNP

Reflectivity vs. Wavelongth of ¥13 Series
13090 CW NdIYAG Laser Mirror for 0*
and 45° incidence angle designs,
Min. Reflectance = 99.5% at 07
= 99.0% at 43°UNP
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New Wave Research Tempest-20 Nd: YAG laser

Tem pest The following table shows the Tempest specifications for the different models
Sp ecifications that are available. The specifications are subject to change without notice.
Energy! 1064 nm 532 nm 355 nm 286 nm
Tempest-10 Hz 200 mJ 100mJ 50md 30md
Tempest-20 Hz 200 mJ 100mJ 50 mJ 30 mJ
Tempest-30 Hz 180 mJ 90 mJ 40 mJ 20mJ
Tempest-300-10 Hz 300mJ 180 mJd 75mJ 45mJ
Tempest-300-20 Hz 200 md 130 mJ NA NA
Energy stability? £2% +35% 6% 7%
Pulse width? 35ns 3-5ns 3-5ns 35ns
Beam divergence? <1 mrad <1 mrad <1 mrad <1 mrad
Beam pointing® < 200 prad < 200 prad < 200 prad < 200 prad
Jitter +0.5ns +0.5ns +0.5n8 *0.5ns
Beam Diameter - ~5mm ~4 5mm ~4 5mm ~4 5mm
Tempest 10, 20, 30
Beam Diameter - ~Gmm ~5 5mm ~5.5mm ~55mm
Tempest 300-10, 20
1. Opfical losses due to optional aftenuator will reduce 4 Fultangle for 86% of the energy, 1/e2 point
maximum energy by 10% 5 Full angle for 86% of the enargy, 1/e2 point

2
3

Pulse-to-pulse for 98% of shots affer 30 minute warm up

Full width half maximum
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Appendix-C: Screen Shots

Temperature: Front
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Vibration: Front

File Edit Yiew Project Operate Tools Window Help
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Waveform
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CHR Interface

—— Processed X Gyro —— Processed Y Gyro —— Processed Z Gyro
—— Processed X Accel —— Processed Y Accel —— Processed Z Accel
1000 L
- |
=
RN /M
- |
o 0 /\ I A A
S i V !
7]
= L
()
/2] L
-500 —
-1000 — | —— | ——t——t——— :
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Time (s)
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Appendix-D: Technical Drawings

Laser Mount Adapter
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Vibrator Adapter Mount
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Mirror Mount Mechanical Drawing

!
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Appendix-E: Additional Graphs

0O-switch Delay: 50%

400

380 ®
360 ® Y
2340
320 * A
o E——
.UE) . A 45 deg
3o w4 3 . . 490 deg

n n
220
200
70 90 110 130 150
Temperature (F)

Figure 75: Q-switch delay as a function of temperature for the 0, 45 and 90 degree mounting

orientation with 50% acceleration

400
380 *
360
@ 340 M
320 L
8 300 * ¢ A #0deg
S ® A =
£ 280 2 A A A W45 deg
? 260
&> 0 s - . - . - n A90 deg
220
200
0 10 20 30 40 50 60
Frequency (Hz)

Figure 76: Q-switch delay as a function of frequency for the 0, 45 and 90 degree mounting
orientation with 50% acceleration
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Pulse Width Variation: 50%

0.08
0.075
0.07
0.065
0.06
0.055
0.05

Pulse Width Variation (ns)

0.045
0.04

70

A
A—p —
T
IA’
*
A
A g *
°®
W TS
90 110 130 150

Temperature (F)

@ (0deg
W45 deg
A90 deg

Figure 77: Pulse width variation as a function of temperature for the 0, 45 and 90 degree

mounting orientation with 50% acceleration
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A |
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¢ * . ¢
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Figure 78: Pulse width variation as a function of frequency for the 0, 45 and 90 degree mounting

orientation with 50% acceleration
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Pulse Width: 50%

4
. 2
3.9
2 .
= A A
= A
S 3.8 n & 0 deg
% P , W45 deg
“ 37 ¢ A 490 deg
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|
3.6 " =
70 90 110 130 150
Temperature (F)

Figure 79: Pulse width as a function of temperature for the 0, 45 and 90 degree mounting

orientation with 50% acceleration
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s 3.8 x 3 y A& 0 deg
2 W45 deg
j
o 37 A90 deg
] - | [ | | u |
3.6
0 10 20 30 40 50 60
Frequency (Hz)

Figure 80: Pulse width as a function of frequency for the 0, 45 and 90 degree mounting

orientation with 50% acceleration

154



Jitter: 50%

Jitter (ns)
— [\ \e] w
()] (e (9] [e]
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W45 deg
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4 $ o
‘ ¢ e T m g 4
90 110 130 150
Temperature (F)

Figure 81: Jitter as a function of temperature for the 0, 45 and 90 degree mounting orientation

with 50% acceleration
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Figure 82: Jitter as a function of frequency for the 0, 45 and 90 degree mounting orientation with

50% acceleration
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Enerqy: 50%
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Figure 83: Energy as a function of temperature for the 0, 45 and 90 degree mounting orientation

with 50% acceleration
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Figure 84: Energy as a function of frequency for the 0, 45 and 90 degree mounting orientation

with 50% acceleration
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Focal Intensity: 50%
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Figure 85: Intensity as a function of temperature for the 0, 45 and 90 degree mounting

orientation with 50 % acceleration
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Figure 86: Intensity as a function of temperature for the 0, 45 and 90 degree mounting

orientation with 50 % acceleration
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0O-switch Delay: 100%
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Figure 87: Q-switch delay as a function of temperature for the 0, 45 and 90 degree mounting

orientation with 100% acceleration
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Figure 88: Q-switch delay as a function of frequency for the 0, 45 and 90 degree mounting

orientation with 100% acceleration
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Pulse Width Variation: 100%
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Figure 89: Pulse width variation as a function of temperature for the 0, 45 and 90 degree

mounting orientation with 100% acceleration
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Figure 90: Pulse width variation as a function of frequency for the 0, 45 and 90 degree mounting

orientation with 100% acceleration
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Pulse Width: 100%

4
2
39
2
s L, e
©
§ 3.8 n * ¢0deg
2 W45 deg
& ¢ .
3.7 U | A i A90 deg
[ |
|
3.6 5 =
70 90 110 130 150
Temperature (F)

Figure 91: Pulse width as a function of temperature for the 0, 45 and 90 degree mounting

orientation with 100% acceleration

4
39
g
= 4 ¢
5 ¢ x A A
3 W45 deg
>
o A90 deg
3.7
n m m m m | =
3.6
0 10 20 30 40 50 60
Frequency (Hz)

Figure 92: Pulse width as a function of frequency for the 0, 45 and 90 degree mounting

orientation with 100% acceleration
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Jitter: 100%
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Figure 93: Jitter as a function of temperature for the 0, 45 and 90 degree mounting orientation

with 100% acceleration
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Figure 94: Jitter as a function of frequency for the 0, 45 and 90 degree mounting orientation with

100% acceleration
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Enerqy: 100%

Energy (J)

0.0075

0.007

0.0065

0.006

0.0055

0.005

*
*
*
A...
A
B A A m A
* o m
70 90 110 130

Temperature (F)

150

@ (0deg
W45 deg
A90 deg

Figure 95: Energy as a function of temperature for the 0, 45 and 90 degree mounting orientations

with 100% acceleration

Energy (Hz)

0.0075

0.007

0.0065

0.006

0.0055

0.005

TS 4
2
* .
A
a o B -
0 10 20 30 50 60
Frequency (Hz)

@ (0deg
W45 deg
A90 deg

Figure 96: Energy as a function of frequency for the 0, 45 and 90 degree mounting orientations

with 100% acceleration
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Focal Intensity: 100%
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Figure 97: Intensity as a function of temperature for the 0, 45 and 90 degree mounting

orientations with 100% acceleration
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Figure 98: Intensity as a function of frequency for the 0, 45 and 90 degree mounting orientations

with 100% acceleration
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Appendix-F: Tabulated Data

Pulse Width

Table 7: Pulse width (ns) in the 0 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0| 3.7167 3.7617  3.7217  3.8233  3.8600 3.9100  3.7733
< (10| 3.7167  3.7517  3.7000  3.8250  3.8717  3.9050  3.7650
1_; 20| 3.7300  3.7417  3.6933  3.8483  3.9450  3.9583  3.7667
o
§ 30| 3.7683  3.7683  3.7283  3.8667  3.9233  3.9567  3.7800
g 40| 3.7367  3.7450  3.7267  3.8733  3.9500 3.9467  3.8183
- 50| 3.7767  3.7350  3.7150  3.8683  3.9267 4.0083  3.8333

60| 3.7733  3.7717  3.7400  3.9133  3.9300  3.8867  3.8167

Table 8: Pulse width (ns) in the 0 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 3.7550  3.7383  3.7133  3.8283  3.8533  3.9400  3.7600
< [10] 3.7217  3.7550  3.7100  3.8517  3.8400  3.9150  3.7583
1_; 20| 3.6917  3.7533  3.6667  3.7700  3.9567  3.8583  3.7417
o
§ 30| 3.7333  3.7583  3.7233  3.8483  3.9300 3.9467  3.7800
g 40| 3.7283  3.7467  3.7483  3.8150  3.9250  3.9900  3.8250
- 50| 3.7250  3.7700  3.7300  3.8833  3.9400 4.0383  3.7917

60| 3.7667  3.7667  3.7567  3.8867 3.9617 3.8667  3.8400

164



Table 9: Pulse width (ns) in the 45 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 3.6533 3.7717 3.7933  3.6850  3.6400  3.6367  3.6233
< (10| 3.6817 3.7483  3.7783  3.6750  3.6367  3.6017  3.5967
J:; 20| 3.6733  3.7833  3.8017 3.6683  3.6500  3.6200  3.6033
o
§ 30| 3.7067  3.7683  3.8067 3.6533  3.6167 3.6017  3.6167
g 40| 3.6550  3.7817  3.8167 3.6500  3.6317  3.6267  3.6050
- 50| 3.7200  3.7783  3.8000  3.6400  3.6367  3.6067  3.6017

60| 3.6983  3.7733  3.8217 3.6417 3.6000 3.6183 = 3.5967

Table 10: Pulse width (ns) in the 45 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0| 3.6700 3.7700  3.8017  3.6583  3.6383  3.6233  3.6100
< [10] 3.7000  3.7333  3.7883  3.6800  3.6250  3.6050  3.6250
E 20| 3.7067  3.7417 3.8050 3.6817 3.6183  3.6100  3.5800
o
§ 30| 3.7033  3.7400 3.8100 3.6467 3.6400  3.6267  3.5900
g 40| 3.6767  3.7700  3.7950  3.6467  3.6117  3.6183  3.6267
- 50| 3.7067  3.7767  3.8017  3.6300 3.6067  3.6100  3.6033

60| 3.7233  3.7617 3.7883  3.6483  3.6300  3.6317  3.6233
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Table 11: Pulse width (ns) in the 90 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 3.8550 3.7900  3.7717  3.8117 3.8917 3.6700  3.6683
< |10 3.8583  3.8217 3.7900  3.8433  3.8800  3.6483  3.6533
E 20| 3.8583  3.8183  3.7783  3.8567 3.8850  3.6800  3.6783
o
§ 30| 3.8433  3.8050 3.7917 3.8667  3.8700  3.7083  3.7133
g 40| 3.8483  3.8417 3.8100 3.8333  3.8700  3.7400  3.7100
- 50| 3.8550  3.8583  3.8150 3.8183  3.9000 3.7517  3.7183

60| 3.8450 3.8367 3.7883  3.8400 3.8733  3.7767  3.7133

Table 12: Pulse width (ns) in the 90 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 3.8467 3.8067 3.8067 3.8617 3.8533  3.6850  3.6567
< (10| 3.8267 3.8183  3.7933  3.8467  3.8267  3.6517  3.6367
E 20| 3.8617  3.8217 3.7900  3.8467 3.8583  3.7050  3.6633
o
§ 30| 3.8633  3.8200 3.7883  3.8500  3.8333  3.7000  3.6700
g 40 | 3.8567  3.8267 3.8083  3.8417  3.8883  3.7100  3.7200
- 50| 3.8700  3.8200 3.7767  3.8683  3.8683  3.7117  3.7533

60| 3.8417 3.8067 3.8033  3.8550 3.8700  3.7800  3.7433
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Pulse Width Variation

Table 13: Pulse width variation (ns) in the 0 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 0.0533 0.0450 0.0517  0.0367 0.0367 0.0600  0.0467
< [10] 0.0433  0.0417  0.0500  0.0517  0.0417  0.0550  0.0433
1_; 20| 0.0567  0.0550 0.0433  0.0517 0.0317  0.0383  0.0467
o
§ 30| 0.0517  0.0517 0.0450 0.0533  0.0433  0.0400  0.0867
g 40| 0.0567  0.0517 0.0467  0.0400  0.0533  0.0467  0.0550
- 50| 0.0567  0.0517  0.0317  0.0417  0.0600  0.0450  0.0500

60| 0.0667 0.0750  0.0367 0.0467  0.0367  0.0600  0.0567

Table 14: Pulse width variation (ns) in the 0 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 0.0450 0.0417  0.0600  0.0483  0.0433  0.0400  0.0467
< [10] 0.04383  0.0450 0.0367  0.0417  0.0600  0.0417  0.0450
E 20| 0.0683  0.0533  0.0433  0.0433  0.0433  0.0550  0.0517
o
§ 30| 0.0667  0.0450 0.0500 0.0583  0.0467  0.0667  0.0600
§ 40| 0.0517  0.0500 0.0517  0.0450  0.0550  0.0367  0.0650
- 50| 0.0483  0.0633  0.0633  0.0500  0.0600  0.0783  0.0583

60| 0.0767  0.0667 0.0733  0.0600  0.0450  0.0400  0.0600
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Table 15: Pulse width variation (ns) in the 45 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 0.0600 0.0383 0.0400 0.0550  0.0700 0.0733  0.0700
< |10 0.0450  0.0383  0.0383  0.0650  0.0533  0.0483  0.0633
E 20| 0.0467  0.0567  0.0317 0.0517 0.0567  0.0533  0.0500
o
§ 30| 0.0667  0.0483  0.0400 0.0533  0.0433  0.0583  0.0633
g 40| 0.0583  0.0583  0.0533  0.0800  0.0517  0.0533  0.0650
- 50| 0.0600  0.0483  0.0533  0.0600 0.0567  0.0633  0.0583

60| 0.0483  0.0467 0.0517 0.0650  0.0500  0.0683  0.0467

Table 16: Pulse width variation (ns) in the 45 degree mounting orientation with 100%

acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 0.0567 0.0333  0.0450  0.0583  0.0517 0.0633  0.0500
< [10] 0.0533  0.0400  0.0450  0.0533  0.0550  0.0483  0.0450
E 20| 0.0467  0.0417 0.0483  0.0617  0.0417  0.0433  0.0533
o
§ 30| 0.0633  0.0567 0.0500 0.0533  0.0667  0.0600  0.0633
g 40| 0.0500  0.0433  0.0450 0.0733  0.0483  0.0683  0.0567
- 50| 0.0467  0.0500 0.0383  0.0700  0.0533  0.0567  0.0633

60| 0.0633  0.0617 0.0450 0.0550  0.0433  0.0550  0.0567

168



Table 17: Pulse width variation (ns) in the 90 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 0.0450 0.0667 0.0483  0.0783  0.0583  0.0567  0.0450
< [10] 0.0517 0.0683  0.0533  0.0633  0.0600  0.0517  0.0533
E 20| 0.0417  0.0583  0.0450 0.0600  0.0617  0.0533  0.0450
o
§ 30| 0.0433  0.0750 0.0817 0.0833  0.0767  0.0750  0.0533
g 40| 0.0450  0.0683  0.0700  0.0767  0.0633  0.0600  0.0567
- 50| 0.0583  0.0550  0.0583  0.0717  0.0600  0.0550  0.0517

60| 0.0583  0.0633  0.0883  0.0600 0.0600  0.0500  0.0533

Table 18: Pulse width variation (ns) in the 90 degree mounting orientation with 100%

acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 0.0433 0.0533 0.0767  0.0817  0.0600  0.0483  0.0433
< [10] 0.0667  0.0550  0.0700  0.0667  0.0867  0.0517  0.0500
E 20| 0.0583  0.0550  0.0633  0.0633  0.0817  0.0483  0.0500
o
§ 30| 0.0567  0.0667 0.0650 0.0633  0.0400  0.0600  0.0500
g 40| 0.0533  0.0667 0.0583  0.0850  0.0683  0.0633  0.0533
- 50| 0.0500  0.0833  0.0633  0.0750 0.0617  0.0483  0.0400

60| 0.0750  0.0933  0.0900 0.0950 0.0700  0.0533  0.0367
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0O-Switch Delay

Table 19: Q-switch delay (us) in the 0 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 25733 268.67 26533  284.67 307.33  326.67  305.00
< [10]| 249.67 263.67 263.33  282.33  309.33  329.67  301.33
E 20| 25533 273.67  260.67 29233 33833  346.00 307.33
o
§ 30| 265.00 280.67 262.33  300.67 354.67 378.33  321.33
g 40| 27233  290.00 265.67 325.00 376.33  397.33  349.00
- 50| 279.67  299.67  272.67  351.67 412.00 47533  392.67

60| 288.00 31633  279.33  386.67 437.33  458.00 460.33

Table 20: Q-switch delay (us) in the 0 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 255.67 271.67 262.67 294.67 310.67 336.67 301.00
< (10| 253.00 270.67 262.33  291.33  313.00  340.33  299.67
E 20| 243.33  279.00 258.33  299.00 334.67 338.67 305.67
o
§ 30| 249.33  275.67  265.67 312.67 33833  402.00 318.00
g 40| 264.33 28333  269.67 32333  392.00 431.67  338.00
- 50| 268.67  298.00 279.00 369.67 390.00 450.67  398.00

60| 276.33  321.33  290.00 405.67 407.33  406.00  434.00
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Table 21: Q-switch delay (us) in the 45 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 24833 24333  249.00 249.00  244.00 252.67 241.33
< |10 249.00 23933  245.67  247.67 241.00  248.00  239.33
E 20| 246.00 242.67 247.33  246.67  238.00 243.67  235.00
o
§ 30| 250.33  245.67  250.67  240.00 233.67 24233  233.00
g 40| 254.00  248.67  253.67  240.67  233.33  240.67  235.00
- 50| 259.00  249.67  261.00 237.00 233.67 24233  238.00

60| 264.67 254.00 260.67 23833  236.00 241.67  241.00

Table 22: Q-switch delay (us) in the 45 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 245.00 246.00 250.00 246.67 245.67 25033  245.00
< [ 10| 24467 24333  246.67 246.33 24233 24533 24233
E 20| 246.00 24333  247.00 244.67 23833  242.00  235.33
o
§ 30| 248.33  242.67 25133  240.67  235.00  238.67  234.33
g 40| 25133  245.00 255.00  240.00  233.33  238.00  235.67
- 50| 255.00  245.67 25333  239.67 239.00 241.33  240.00

60| 262.33  251.33  260.33 23933 23833  243.00 240.67
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Table 23: Q-switch delay (us) in the 90 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 25133  255.00 25833 273.00 283.33 30933  328.67
< 10| 249.67 25433  253.00 273.00 282.67 303.67  323.00
J:; 20| 249.33  255.67  255.00 272.00 27733 30633  325.67
o
§ 30| 249.33  256.00 258.00 27233  279.67 315.67  342.00
g 40| 250.67  261.67  258.67  273.67  283.00 331.67  359.33
- 50| 254.00 264.00 263.33 27933  286.67  339.00  379.67

60 | 256.67  268.67 267.33  282.00 289.33  349.67  401.67

Table 24: Q-switch delay (us) in the 90 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 25483 26733 257.00 274.00 279.00 301.33  321.00
< [10| 247.67 260.33 25433  268.00  278.00  304.00  318.67
E 20| 248.67  260.33  256.33  267.67 276.00 30233  330.67
o
§ 30| 251.67  259.67 25833 26733  281.67 312.67  341.33
g 40| 25433  260.33  262.00 272.00  281.33  341.67  358.00
- 50| 256.00  263.67 264.00 27533  283.33  338.00 390.33

60 | 257.33  266.67 266.00 27833  286.33  348.67  442.33
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Jitter

Table 25: Jitter (us) in the 0 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 0.667 1.333 1.333 2.000 2.667 4.000 3.000
< [10] 1.667 1.667 1.333 2.333 3.333 4.333 4.000
E 20| 2.667 3.000 2.000 3.000 4.333 6.000 5.333
o
§ 30| 5.000 3.333 3.667 6.000 6.000 9.000 8.000
g 40| 3.667 4.667 3.667 6.333 9.667 12.667  13.667
- 50| 6.333 5.667 6.667 10.333  11.333  24.667  28.000

60| 11.333 11.667 8.000 20.000 12.667  42.000  83.000

Table 26: Jitter (us) in the 0 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140
0 1.00 1.00 1.33 2.00 2.67 3.33 3.00
< [ 10 3.67 4.00 1.67 2.67 6.33 7.67 4.33
E 20 2.00 2.33 3.00 3.67 7.33 6.67 5.67
o
§ 30 6.67 9.67 5.67 9.33 12.33 18.00 11.33
§ 40| 10.33 13.33 10.33 15.33 14.00 19.00 12.00
- 50| 16.00 26.00 15.00 24.33 31.33 42.67 34.00
60| 25.00 30.67 31.33 44.33 42.67 94.00 106.00
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Table 27: Jitter (us) in the 45 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 1.67 1.33 1.67 1.67 2.00 2.00 2.00

~ 2.33 2.67 2.33 2.33 3.00 2.00 2.00

E 20 2.67 2.67 2.67 3.33 2.67 3.00 3.00
o

§ 30 3.67 3.67 4.00 4.67 3.00 4.33 3.67

g 40 4.00 4.67 4.33 4.67 4.00 4.00 3.67

- 50 5.67 9.67 8.33 6.33 5.67 5.00 4.00

60 7.33 11.33 15.33 9.67 8.67 6.33 5.67

Table 28: Jitter (us) in the 45 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 2.33 2.00 2.00 1.33 2.33 2.33 2.33

< [ 10 2.00 3.33 3.33 2.33 12.33 4.00 4.33

E 20 3.33 3.33 3.67 2.67 5.00 4.00 3.33
o

§ 30 5.00 6.67 6.00 6.00 9.00 5.33 4.33

g 40 9.33 11.67 7.67 9.33 8.00 4.67 5.67

- 50| 14.33 21.67 17.33 11.00 9.00 7.33 4.67

60| 16.33 25.33 27.00 14.67 12.33 7.67 6.00
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Table 29: Jitter (us) in the 90 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 2.00 2.33 2.33 3.67 2.67 4.00 5.33
~ 3.00 2.33 3.67 5.67 3.33 5.67 7.00
E 20 4.67 3.67 4.33 6.67 4.67 10.33 10.33
o
§ 30 6.00 6.00 8.00 9.00 7.00 15.00 19.33
g 40 7.33 6.33 7.33 9.67 9.67 17.67 26.00
- 50 7.33 6.67 8.00 10.67 9.33 24.33 33.67

60 9.33 10.00 10.67 12.67 12.67 29.00 40.33

Table 30: Jitter (us) in the 90 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140
0 2.83 2.00 3.00 3.33 2.33 3.33 4.33
< [ 10 3.67 3.67 3.00 6.67 4.00 6.00 9.33
E 20 6.00 5.00 5.67 7.00 7.33 10.33 14.00
o
§ 30 9.00 7.67 9.00 11.33 9.67 17.33 22.67
§ 40 8.33 7.67 10.67 11.33 12.67 19.00 28.67
- 50| 10.67 10.33 12.00 12.00 14.00 27.33 37.67
60 | 14.67 14.00 14.67 15.00 19.00 36.67 77.00
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Enerqy

Table 31: Energy (J) in the 0 degree mounting orientation with 50% acceleration

Temperature (°F)

80

90

100

110

120

130

140

Frequency (Hz)

10

20

30

40

50

60

0.00572
0.00556
0.00565
0.00597
0.00571
0.00594
0.00610

0.00552
0.00542
0.00547
0.00556
0.00554
0.00543
0.00542

0.00537
0.00531
0.00522
0.00543
0.00545
0.00527
0.00554

0.00610
0.00600
0.00617
0.00616
0.00654
0.00683
0.00693

0.00660
0.00646
0.00665
0.00700
0.00739
0.00741
0.00735

0.00670
0.00661
0.00661
0.00728
0.00741
0.00731
0.00752

0.00621
0.00614
0.00597
0.00627
0.00630
0.00672
0.00681

Table 32: Energy (J) in the 0 degree mounting orientation with 100% acceleration

Temperature (°F)

80

90

100

110

120

130

140

Frequency (Hz)

10

20

30

40

50

60

0.00574
0.00556
0.00571
0.00558
0.00559
0.00566
0.00572

0.00541
0.00532
0.00535
0.00561
0.00545
0.00544
0.00544

0.00534
0.00546
0.00524
0.00533
0.00534
0.00539
0.00559

0.00610
0.00603
0.00619
0.00619
0.00654
0.00683
0.00698

0.00667
0.00637
0.00563
0.00698
0.00686
0.00720
0.00719

0.00698
0.00698
0.00697
0.00699
0.00748
0.00748
0.00711

0.00636
0.00603
0.00625
0.00616
0.00630
0.00658
0.00681
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Table 33: Energy (J) in the 45 degree mounting orientation with 50% acceleration

Temperature (°F)

80

90

100

110

120

130

140

10
20
30
40
50
60

Frequency (Hz)

0.00556
0.00557
0.00565
0.00550
0.00585
0.00591
0.00585

0.00552
0.00540
0.00599
0.00597
0.00577
0.00587
0.00578

0.00587
0.00582
0.00583
0.00606
0.00619
0.00605
0.00606

0.00604
0.00601
0.00592
0.00580
0.00588
0.00605
0.00604

0.00614
0.00610
0.00587
0.00572
0.00573
0.00581
0.00588

0.00574
0.00566
0.00562
0.00552
0.00567
0.00571
0.00582

0.00532
0.00530
0.00534
0.00541
0.00547
0.00540
0.00542

Table 34:

Energy (J) in the 45 degree mounting orientation with 100% acceleration

Temperature (°F)

80

90

100

110

120

130

140

10
20
30
40
50
60

Frequency (Hz)

0.00552
0.00545
0.00564
0.00554
0.00577
0.00598
0.00581

0.00549
0.00539
0.00591
0.00597
0.00573
0.00565
0.00568

0.00588
0.00576
0.00582
0.00617
0.00608
0.00612
0.00602

0.00604
0.00605
0.00593
0.00601
0.00590
0.00623
0.00605

0.00604
0.00617
0.00581
0.00595
0.00564
0.00584
0.00587

0.00563
0.00549
0.00557
0.00555
0.00565
0.00566
0.00579

0.00526
0.00524
0.00530
0.00550
0.00543
0.00546
0.00543
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Table 35: Energy (J) in the 90 degree mounting orientation with 50% acceleration

Temperature (°F)

80

90

100

110

120

130

140

10
20
30
40
50
60

Frequency (Hz)

0.00563
0.00558
0.00576
0.00571
0.00585
0.00598
0.00577

0.00571
0.00572
0.00629
0.00622
0.00601
0.00592
0.00612

0.00571
0.00571
0.00570
0.00586
0.00589
0.00591
0.00572

0.00588
0.00586
0.00571
0.00583
0.00583
0.00598
0.00586

0.00605
0.00605
0.00588
0.00584
0.00594
0.00592
0.00594

0.00575
0.00569
0.00563
0.00559
0.00596
0.00583
0.00601

0.00580
0.00568
0.00576
0.00580
0.00582
0.00589
0.00582

Table 36:

Energy (J) in the 90 degree mounting orientation with 100% acceleration

Temperature (°F)

80

90

100

110

120

130

140

10
20
30
40
50
60

Frequency (Hz)

0.00564
0.00550
0.00568
0.00571
0.00580
0.00585
0.00576

0.00586
0.00581
0.00602
0.00632
0.00588
0.00584
0.00585

0.00567
0.00571
0.00546
0.00579
0.00593
0.00588
0.00554

0.00589
0.00557
0.00540
0.00572
0.00577
0.00596
0.00580

0.00616
0.00607
0.00587
0.00586
0.00584
0.00578
0.00593

0.00566
0.00570
0.00568
0.00547
0.00596
0.00589
0.00605

0.00555
0.00550
0.00585
0.00546
0.00573
0.00591
0.00584
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Focal Intensity

Table 37: Focal intensity (GW/cm®) in the 0 degree mounting orientation with 50% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 106.88 101.86  100.18  110.67 118.62 11899  114.18
< [10] 103.78 100.26 99.71 108.92  115.78  117.55 113.24
1_; 20| 105.22  101.42 98.01 111.33  117.05 11590  110.05
o
§ 30| 109.91 102.45 101.08 110.60 123.80  127.80  115.19
g 40| 106.07  102.68 101.47 117.16  129.84 13036  114.60
- 50| 109.16  100.94 98.41 122.60  131.04  126.57  121.67

60| 112.23 99.74 102.84 12298  129.77 13424  123.84

Table 38: Focal intensity (GW/cm®) in the 0 degree mounting orientation with 100% acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 106.08 100.43 99.75 110.68  120.12  123.00  117.48
< [10 ]| 103.68 98.40 102.18  108.59  115.14  123.80  111.31
1_; 20| 107.45 98.96 99.25 114.02 98.69 125.31 115.91
o
§ 30| 103.70  103.66 99.41 111.64 12320  123.02  113.10
g 40| 104.11 100.95 98.83 119.06 ~ 121.27  130.09  114.35
- 50| 105.46  100.09 100.36  122.12  126.79  128.66  120.44

60| 105.46  100.20 103.20 124.64 125.89  127.68 123.14
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Table 39: Focal intensity (GW/cm®) in the 45 degree mounting orientation with 50% acceleration
y g g

Temperature (°F)

80 90 100 110 120 130 140

0] 105.62 101.57 10743 113.84 117.13 109.56  101.86
< 10| 104.93 99.97 106.98 11348 116.47  109.03 102.22
E 20| 106.71 109.86  106.53  112.11 111.68  107.78 102.78
o
§ 30| 103.09 109.93 110.42 110.29 109.70  106.40  103.89
g 40| 111.17  105.98 112,58 111.80  109.57 108.56  105.23
- 50| 110.35 107.76 ~ 110.58  115.29  110.86  109.91 104.14

60 | 109.88 106.34  110.04 115.07 113.28 111.66  104.60

Table 40: Focal intensity (GW/cm®) in the 45 degree mounting orientation with 100%
y g

acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 104.45 101.15 107.44 114.60 11529 107.89  101.10
< (10| 10226 ~ 100.19  105.55 11420  118.11 105.64  100.40
J:; 20| 105.58 109.61 106.15 111.82  111.49  107.02  102.76
o
§ 30| 103.79  110.86  112.40 114.43  113.41 106.30  106.43
g 40| 108.96  105.43  111.27 11231 108.48  108.46  104.02
- 50| 112.03 103.84  111.67 119.16 11232  108.83 105.11

60| 108.24  104.77 110.21 115.15 11230  110.57  104.12
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Table 41: Focal intensity (GW/cm®) in the 90 degree mounting orientation with 50% acceleration
y g g

Temperature (°F)

80 90 100 110 120 130 140

0 | 101.38 104.51 105.09  107.11 107.92  108.79  109.69
< 10| 100.41 103.83  104.54  105.81 108.22  108.23 107.87
E 20| 103.66 114.41 104.68  102.75  105.00 106.24  108.71
o
§ 30| 103.19  113.51 107.35  104.71 104.83  104.63 108.40
g 40| 105.46  108.67 107.34  105.62  106.57 110.53 108.98
- 50| 107.62  106.46  107.58  108.79 10536  107.79  109.95

60| 104.14 110.66 10490 10594 106.41 110.43 108.73

Table 42: Focal intensity (GW/cm®) in the 90 degree mounting orientation with 100%
y g

acceleration

Temperature (°F)

80 90 100 110 120 130 140

0 | 101.71 105.77  102.25  106.25  111.16  102.17  100.09
< [10] 99.34 104.82  103.02  100.54  109.48  102.89 99.19
E 20| 102.56  108.68 98.50 97.49 105.99  102.47  105.54
o
§ 30| 103.05 114.05  104.57 103.28  105.81 98.71 98.45
g 40 | 104.75 106.08  106.93  104.21 10545 107.62  103.37
- 50| 105.63 10546  106.07 107.52 10434 10637  106.58

60| 103.94  105.53 99.96 104.64  107.00 109.19  105.38
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