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Abstract:

Butt, Nathaniel J., Ph.D., Engineering Ph.D. Program, Department of Mechanical and Materials
Engineering, Wright State University, 2022. Further Exploration of Optical/Thermal Interaction
Effects on High-Power Laser System Performance and Optimization Through Multiphysics

System-Level Modeling.

High-power laser systems (HPLS) have wide-ranging applications in many prominent areas. HPLS
use laser diodes to pump fiber gain media. Understanding the functionality of both components
is critical for achieving effective HPLS operation. System optical efficiency is a function of diode
junction temperature. As junction temperature changes, the wavelength spectrum of the diode
output shifts causing optical power losses in the fiber gain media. Optical/thermal interactions
of the dynamically coupled laser diodes and fiber gain media are not fully understood. A system
level modeling approach considering the interactions between optical performance and

component temperature is necessary.

Four distinct models were created: Diode optical, diode thermal, fiber optical, and fiber thermal.
Dynamically coupling these models together provided the capability to demonstrate how HPLS
electro-to-optical efficiency changes when the laser diode pump spectrum shifts due to various
levels of thermal management. Subsequent studies were done to determine which parameters
across all four models had the most significant impact on laser performance from a designer’s
perspective. Next, a statistical surrogate model was created by varying these parameters to

create a parameter space. Response variables of interest were then reduced to a single equation



as a function of these important parameters across the parameter space, allowing for quicker
exploration of the potential design space. Lastly, laser time to steady state and laser efficiency
were employed to determine when a specific diode cooling method should be used to achieve

the highest laser efficiency.

Understanding the optical/thermal interactions of laser operation and exploring the impact of
various thermal capabilities can provide better system design and optimization guidelines.
Bridging the gap between the optical and thermal aspects of laser operation in pursuit of such

understanding has been made possible by the research herein.
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1. History and Background:

Before explaining the details of the research described in this dissertation, some laser history
and background is first pertinent. To understand current laser technology and its importance,
consider the technological progression. Understanding the beginnings of laser technology and
progression through the years will shed light on the present-day problems. Throughout the
years, lasers have been applied in many different technological areas. Each application has
certain problems and challenges designers must overcome. The history and background pertain

specifically to the development of continuous wave (CW) lasers for high-power applications.

The First Laser:

In 1917, Albert Einstein suggested a process that, in theory, would make laser light possible. He
called it stimulated emission®. It is only mentioned briefly in his now famous article, but he
proposed that electrons could be made to emit light at a particular wavelength. In 1960,
Einstein’s prediction was proven correct by Theodore Maiman who created the first working
pulsed beam laser with pink ruby as the active medium?3. He built upon the theoretical work of
Charles Townes and Arthur Schawlow. Interestingly, the article was published in Nature and was
less than a single page in length. However, it is now considered the beginning of laser
innovation. Laser is an acronym standing for Light Amplification by Stimulated Emission of
Radiation. Laser light is different from normal light because it is monochromatic, coherent, and
can be highly collimated. The light is of constant wavelength, phase, and can be focused in a
very narrow beam yielding high intensity. Maiman was a physicist working for Hughes Research
Laboratories at the time, and his invention sparked rapid innovation. By December of 1961, a

little over one year later, a ruby laser created by American Optical was used for the first time in



a medical procedure®. Doctors used the laser to destroy a retinal tumor. Clearly, there were

many potential applications yet to be explored. The race of laser innovation had begun.

Technology Progresses:

After Maiman'’s first laser demonstration, interest in lasers grew quickly. It seemed the new
technology had unbounded potential. Researchers in many different areas began working to see
how laser technology could benefit their particular area. In 1964, the Nd:YAG (neodymium-
doped YAG) laser was developed by Bell Labs. It later found use in cosmetic applications like
corrective surgery to repair vision in eyes*. In 1966, Charles Kao calculated that with pure
enough glass, optical fibers had the potential to transmit light 5000 times further than state of
the art fibers could at that time, paving the way for the eventual development of the fiber
laser®. Researchers at Bell Labs created the first semiconductor laser to operate continuously at
room temperature in 1971% In 1982, the titanium sapphire laser developed by MIT Lincoln
Laboratories achieved laser pulses in the picosecond to femtosecond ranges®. The ultrafast
laser, as it is now called, has found application in a multitude of areas, like material processing,
where short pulses with very high peak power are required. The same year, the compact disc
(CD) was released and revolutionized the music industry®. Other laser applications are quite
numerous, including measuring devices, printers, scanners, and even LED Christmas tree lights.
The device that reads bar codes at the checkout counters in grocery stores is a laser. The
multitude of both civilian and military applications is far too numerous to discuss in detail here.

Lasers are everywhere and have become a product on which modern society very much relies.

Higher Power Applications and Fiber Lasers:
Many advances in laser technology seen on the civilian side of things have first been researched

and tested for military applications. The heads-up display (HUD) has origins in the military and is



now used on the smart screens of cars. Laser guided ordinance has been heavily relied upon
since its introduction during the Korean War era®. It is used in both air and ground-based

vehicles.

One of the most interesting (though not the most practical) applications was the Boeing YAL-1
Airborne Laser Testbed. It was a megawatt class chemical oxygen iodine laser mounted in the
nose of a Boeing 747-400 aircraft®. The purpose was to see if airborne lasers were viable given
the technology of the time. The laser produced 1 kilowatt of optical power per every 55kg of
mass. In 2007, the testbed proved it was possible to track and hit a target 10s of kilometers

away while adjusting for atmospheric disruption to the beam.

Figure 1: Boeing YAL-1 Airborne Laser Testbed in flight®

However, the resources needed to outfit the aircraft and keep it running were astronomical, and
it would have to be operated relatively close to the targets. Neither of these facts are desirable.
With the continued advancements in laser technology, the idea of putting a laser on mobile

vehicles has again gained significant traction. The AN-SEQ3 Laser Weapon System (LWS) is a 30-



kW solid state laser designed to be used on a navy ship in the marine theaters of operation’. It
uses incoherent beam combining to focus the multiple beams in the same spot on a target. In
tests, the high intensity beam was able to hit ground targets and even an unmanned drone at
effective ranges of up to one mile. The navy is also researching and testing 60 and 150-kW laser

systems, such as Helios, for ships®°.

Figure 2: Helios LWS delpoyed on a navy ship®

Helios is a step up from the 30 kW LWS. Lockheed Martin is also in the process of developing a
concept they call the Tactical Airborne Laser Weapon System (TALWS). It is the same idea as
was put forth in the Airborne Laser Project Boeing YAL-1, but the system is much smaller and
podded for use on significantly smaller vehicles. Clearly, there exists great interest in laser

system with optical power levels on the order of 10 and even 100 of kW.

Fiber lasers are a large part in these military applications, as they have characteristics that are
very beneficial is many aspects of system performance. Fiber lasers use optical fibers as the gain

media, which is pumped with light from a laser diode. Fiber lasers will be explained more in



pertinent areas of the document, but briefly, fiber gain media are used because of their high
optical efficiency levels, relatively small mass and volume, and ease of cooling due to large
surface areas!'**, Technology advances have led to an increase in capabilities from 1 kW optical

17-24 ;

output power per fiber!1>16 to 3-5 kW optical output power per fiber!”?* in recent years.

Adequate thermal management for laser diodes and fibers, however, remains to be one of the
limitations in high power laser system (HPLS) design*%%’, As is explained later in much greater
detail, laser diodes and fibers have optimum operating conditions dependent on the system
temperature. Hence, if the laser system is not adequately controlled from a thermal
management perspective, system performance will change. Laser diodes and fibers both have
dynamic efficiencies which are functions of system temperature. Knowing the interactions is of
paramount importance to truly understand how HPLS are affected by improper thermal

management, leading into the discussion of the motivations for this research.



2. Problem Definition and Motivation:

The main issue concerning HPLS design is thermal management. The desire to increase optical
power out of the HPLS means an increase in heat generation, if the laser efficiency remains the
same. A fiber-based HPLS contains 3 main components: Optical fiber gain media, laser diodes to
pump the fiber gain media, and a combiner to put all the beams from each individual fiber
together. Obtaining an accurate picture of how much heat is coming from each component is
important. Furthermore, since laser diodes and fiber gain media efficiencies are temperature
dependent, a useful laser system model needs to consider how the efficiencies change with
temperature. The model must track how optical power changes as system temperature changes.
Additionally, it must show a corresponding change in the total heat generated by the laser
system. A model as such simulates the dynamic efficiency aspect of HPLS operation. The
dynamic efficiency is important because of the potential for thermal runaway. An increase in
system temperature yields a decrease in laser efficiency, meaning an increase in the heat
generated. If the thermal management system (TMS) cannot compensate for this increased heat
load, the temperature of the system will again increase leading to further decrease in laser
efficiency. The downward spiral ends in a thermal runaway situation, where the laser efficiency
has decreased so much that the amount of heat being produced is now detrimental to the laser
system in the way of system components seeing significant degradation. For example, the laser
diode life span has now been significantly decreased because of the exposure to higher than

rated operating temperatures.

The HPLS model can then be coupled with TMS model to see how successful a certain TMS
architecture is in controlling the laser system. In this way, the optical/thermal interaction is

taken into account for a more accurate picture of what thermal management capacity is



necessary to achieve a certain level of performance for an HPLS. The model created for this
research simulates how fiber absorption/emission degrades when laser diode output shifts due
to improper thermal management. From this, different cooling methodologies can easily be
tested to see which one provides the best HPLS performance against a certain metric. Some
cooling methodologies might be driven by high heat transfer coefficient values, while others
might be driven by large temperature differentials (i.e., very cold gas). Perhaps a thermal
management system can only provide a certain amount of cooling. Is the HPLS performance
acceptable? Such are the types of questions which can now be answered from this research. It
has potential to assist in making high level design decisions in the optimization of HPLS
performance and thermal management. As per the academic literature, very little consideration

has been given to the optical/thermal interactions from such a perspective.

At this juncture, it is important to note laser physics is not a trivial topic. The research herein
approaches the laser modeling problem from a heavily thermal perspective. The laser physics
topics discussed are only presented to a deep enough level to understand their impact on the
thermal aspect of laser operation. Laser physics contains some very complicated theories and
mathematics, so it was necessary to determine what physics were necessary to include in order
to create a laser model to answer the thermal questions. Some very complicated models exist
for fiber laser beam development and propagation, but they provide little breakdown of what is
happening on the thermal side. The model created for the research herein strives to bridge the
gap between the optical side and the thermal side of HPLS operation, as understanding the
interaction of both is necessary in designing and optimizing high power laser systems for
particular applications. The research has potential to create a tool for making high-level design

decisions in the optimization of HPLS performance balanced with thermal management



capabilities. It goes further in creating a methodology for modeling that can be extended to
other laser-based systems like radar or lidar. Such systems have components similar to the high-
power laser system presented herein, and the optical/thermal interactions will become more
significant as the radar/lidar technology becomes smaller and more powerful. In this way, the

research is broader and more applicable across a multitude of laser technologies.



3. Proposed Research Outcomes:

The overall goal of the research herein is to create a modeling tool to help make high level
design decisions in the optimization of HPLS performance and thermal management from a
more thermal perspective. There is certainly ample space in the literature for research in the
topic of fiber laser optical/thermal interactions. The section here is put forth to outline the
expectations of the research. There are several smaller steps along the road to the main goal
that must be achieved in a specific order. They are milestones that need to be reached in terms
of laser physics understanding, model development, and creating a methodology for
representing and understanding the optical/thermal interactions in laser operation. The
questions and novel outcomes to be answered and produced by this research are listed here,

numbered for clarity.

It is known electro-to-optical (E-O) efficiency degrades if excess heat builds up in laser diodes.
The question is: How significant is the efficiency degradation? If so, what fidelity of modeling the
laser physics is necessary to capture said degradation?

Virtually no previous research exists in modeling the output of multiple laser diodes, as it is all
done experimentally. The proposed research presents a methodology for stringing multiple laser
diodes together in an array formation along with a thermal model to estimate laser diode
temperatures, all through modeling and simulation.

In the proposed research, models of both the laser diode and fiber gain media will be coupled in
a transient sense. Doing so will show how a change in laser diode output affects fiber gain media
absorption/emission. Previous research shows laser diodes and fiber being coupled in steady

state operation, but not in transient operation.



4.

Fiber rate equations dictate how diode pump power is absorbed/emitted in the fiber, but they
do not directly provide the heat generated inside the fiber. In the proposed research, a method
is provided to dig deeper into the rate equations and understand this heat. The goal is to use the
heat generation data to perform worst-case scenario analysis concerning fiber temperature and
determine the thermal requirements for acceptable fiber operation. Little attention has been
given to this area in previous research.

Are there any particular parameters, either in laser diodes/fiber gain media/thermal
management, which have a more significant effect on optical power output than others?

These particular parameters could be used to understand laser performance response variables
over a given parameter space and, in the process, eliminate the need constantly simulate the
full physics laser models for every parameter combination. Such ability would greatly benefit
laser system design decision making and optimization by providing insight into the effect of
optical/thermal interactions on laser system performance and efficiency.

Are there cooling methodologies to achieve optimum laser performance? Perhaps fluid cooler
than the laser diode reference temperature could be used so the diodes are on-design at steady
state (moving to the reference temperature) instead of off-design (moving away from the
reference temperature). Developing a metric to decide if one cooling methodology is better

than another would be of great benefit.

The seven points above embody the essence and uniqueness of the proposed research herein.
The problem and motivation for the research have now been fully presented and defined. The
remainder of the dissertation is dedicated to answering the above questions and producing the

above novel outcomes.
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4. Fiber Laser Literature Review:

As with any topic of research, the first step is to see what already exists in the current literature.
The review presented here is very general with higher level topics and concepts in mind.
Literature reviews specific to laser diodes and fiber gain media, for the most part, are reserved
for the respective sections of the dissertation. The goal here is to look at what kind of work has
been done and see if anything similar to the model proposed in the problem definition and

motivation section already exists.

The review consists of fiber lasers and thermal aspects related to them. Laser diodes, along with
fiber gain media, are a part of fiber lasers. Literature more pertinent to laser diodes and fiber
gain media in particular rather than fiber lasers as a whole have their own literature review in

Appendix E.

General State-of-the-Art:

The optical power capabilities of fibers have been studied in depth, as increasing the amount of
optical power out of a single fiber is a topic of great interest. Some of the research uses off-the-
shelf fibers (from companies like Nufern), while others design and draw their own fibers. They
consider mostly single mode fibers. Interestingly, most single mode fiber operation is actually
created from multi-mode fibers. It is accomplished by coiling the multi-mode fibers at a specific
bend diameter until the higher order modes are filtered out and only the fundamental LPo;

mode remains (see Appendix E for more explanation of the fundamental modes).

Beier et al.??

details a single mode, Yb-doped fiber laser capable of producing 3 kW of optical
power with a signal wavelength of 1070 nm using diode pump light of 976 nm. The fiber had a

core diameter of 24.5 um and a cladding diameter of 450 um with a length of 30 m. The signal
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linewidth was reasonably narrow at 170 pm. The fiber had a slope efficiency of 90% with respect
to absorbed pump power. The bend diameter used was 1 m. The fiber exhibited no signs of
nonlinear optical effects (NLE), such as Stimulated Raman Scattering (SRS) or Stimulated
Brillouin Scattering (SBS), or mode instabilities (MI) while producing 3 kW. Fiber operation can
be SRS, SBS, and Ml free if the core diameter, core numerical aperture (NA), and Yb doping

concentration are optimized, as Beier et al.'® show in their research.

Beier et al.” created 2 single mode fibers capable of 4.3 kW and 3.5 kW optical power output
respectively. The signal linewidth was 7 nm and 180 pm respectively. The core diameter was 23
pm and the cladding diameter was 460 um. Both fibers were operated without the presence of
transverse mode instabilities (TMI). The 3.5 kW was seeded by 10 W of laser light at 1067 nm
with a linewidth of 180 pm. The 4.3 kW fiber was seeded with a combination of lasers, one with
a linewidth of 180 pm and one shifted by 300 pm, in order to increase the SBS threshold. This, in
turn, caused an increase in linewidth to the much larger value of 7 nm. The 4.3 kW fiber is
limited only by the pump power input and could theoretically handle larger pump power values

with no adverse effects. The slope efficiencies were 90% for each fiber.

Yu et al.?® were able to achieve fiber signal output of 3.1 kW with a 90% 0-0 efficiency (different
from slope efficiency) and a linewidth of 45.5 pm. The fiber had an NA of 0.2 and a cladding
radius of 200 um. The fiber was pumped from both ends, yielding a peak heat load of 170 W/m
along the fiber. A fiber’s ability to handle this high heat load allows for future multi-kilowatt
power scaling of such systems. References in this research indicate the authors used a fiber

created, at least in part, by Nufern.
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Shen at al.*®

recorded 3.1 kW of continuous optical power out of a fiber. They were able to
increase the SBS threshold and achieve single mode fiber operation. The fiber was seeded with
light at 1064 nm and a linewidth of 181 pm at 14 W of optical power, and the 3.1 kW signal
output linewidth was maintained at this value. The fiber was pumped with 976 nm diodes. The

core diameter was 20 um and the cladding diameter was 400 um. They obtained an O-O

efficiency of 85.6%

Lin et al.®*

report a 3.7 kW single mode fiber laser with a full width half maximum (linewidth) of
0.30 nm. They studied various seed lasers to which best suppressed the SRS effect. They were
also successful in suppressing mode instabilities (MI) by optimizing the active fiber’s bend
diameter. The seed laser was 80 W of 1064 nm laser light with a linewidth of 0.10 nm. The pump

light coupled to the fiber was at 915 nm. They used a Nufern fiber with a core diameter of 25

pm and a cladding diameter of 400 um. The highest O-0 efficiency achieved was 76%.

Wang et al.?2 detail a fiber laser capable of 6.85 kW optical power output. The fiber has a core
diameter of 30 um and a cladding diameter of 900 um. They observed an 0-0 efficiency of
67.1%. The signal output was centered on 1079.79 nm with a linewidth of 1.89 nm. The pump
light coupled to the fiber is around 10 kW at 976 nm. Due to the relatively large fiber core size
and an NA of 0.059, at least 5 LP modes (LPo1, LPos, LP11, LP21, and LP3;) are supported by the
fiber. Hence, it is very likely an energy exchange between the fundamental LPo; mode and all
other higher order modes will occur and the beam quality will degrade to levels below that of a
single mode fiber laser. Higher optical power levels do not necessarily mean a more effective

laser if higher order modes are allowed to propagate.
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1.2 do a thorough job of presenting the mode instabilities inherent in high power fiber

Taoeta
laser operation and suggest ways to minimize their negative effects. Along with being a research
article, the work is also a review article and provides a good overview of the current fiber laser
capabilities. If fact, the article makes mention of research by Fang et al.?%, in which they were
able to create a single mode fiber capable of 5 kW optical power at a center wavelength of 1080
nm. The first fiber was 20 m long with a core diameter of 20 um and a cladding diameter of 400
pm, manufactured by Nufern. They created a seed laser of 475 W at 1080 nm from the first fiber
with 650 W of launched pump power at 976 nm. They then fed this output into a second fiber
where the seed signal of 475 W was pumped with 5350 W of diode pump light at 976 nm. With
an optical power level of 5010 W out of the second fiber, the O-O efficiency is around 83%. The
coupling efficiency of this pump light into the second fiber is 98%. The second fiber was 23 m
long with a core diameter of 30 um and a cladding diameter of 600 um. As of the publish date in
2017, no single mode fiber had output a larger optical power value. Based on the previous

sources listed in this section, the research by Fang at al.? is still the highest published optical

power level for a monolithic, near-diffraction-limited, single mode fiber.

Li et al.% look specifically at reducing the amount of SRS in a fiber output signal by way of the
seed laser source’s transmission fiber length. A longer fiber means a higher chance exists of
significant SRS levels occurring. SRS severely decreases brightness out of the fiber and causes
other various operational issues, all of which are detrimental to optimal fiber laser operation.
Seed laser of different center wavelengths and linewidths all performed differently for the same
active fiber length. Some suppressed SRS while others did not. The research shows how SRS is a
serious concern when designing fiber lasers, as its onset causes serious optical problems. Since

SRS is very difficult to model, work done by others'’?> showing little to no SRS during fiber
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operation is enough to say that if fibers have values for parameters within a certain range, SRS
does not need to be modeled. Not having to account for SRS in the calculations makes

simulating fiber laser power output much easier.

None of the research presented in the literature review considers the dynamic coupling of laser
diode output and fiber gain media. The pump light launched into the fiber has a constant center
wavelength and spectrum shape. They do not show how fiber O-O efficiency changes when the

laser diode pump spectrum (center wavelength) changes.

Thermal Considerations:

Mobini et al.?® observed how the pump-signal quantum defect is the dominant source of heat
generation in kilowatt-level fiber lasers. They plot the linear heat density (W/m) along the fiber
length for an input pump power of 3500 W, as they were able to find the amount of quantum
defect using the rate equations coupled with the heat conduction equation. Temperature
variation inside the entire fiber is quite small, but the difference between fiber temperature and
ambient temperature can vary significantly. If the quantum efficiency is not high enough, too
much heat will be generated and the fiber will need to be water cooled. However, with a high
enough quantum efficiency and the typically large surface to volume ratios fiber exhibit, a Yb-
doped fiber with a quantum efficiency of 92% may not need water cooling. Simple forced
convection of air may be sufficient. In addition, there are other fiber design techniques and
operating methods to consider so the heat can be more spread out and not so concentrated in
the first half of the fiber. They give the acceptable temperature rise of a fiber to be 100°C.
Motes et al.3? also gives 100°C as an acceptable temperature rise. For this range, fiber
temperature does not affect its optical absorption/emission properties and quantum efficiency.

They showed results where both air cooling and water cooling were sufficient to operate certain
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fibers with 3500 W of input pump power given specific design variations to create more/less

power loss from photodarkening and parasitic absorption.

Beier et al.3>® demonstrated the first in situ measurement of fiber core temperatures for various
power levels all the way up to 1600 W of input pump power, with a maximum temperature
change of 40°C at steady state operation. They also looked at the quantum defect by analyzing
the thermal load values at various seed laser wavelengths, showing how if the seed laser was
smaller (closer to the 976 nm input pump light), the quantum defect decreased. They were able
to increase the TMI threshold given these shorter seed wavelengths. However, knowing the
emission peak of the Yb spectrum at 1064 nm, any shift of the seed laser away from this value
will yield lower power signal out of the fiber. Hence, fiber design really becomes a higher-level
optimization problem, as just changing one value/parameter is not necessarily the most
effective way to achieve the desired performance enhancement. Jauregui et al.*° agree, stating
the main conclusion from their work to be “the optimization of the active materials of fiber laser
systems cannot be done [by] just trying to improve one particular parameter, but it has to follow

a more holistic approach that focuses on improving the overall laser performance”.

Li et al.}* used the 2-D heat conduction equations in cylindrical coordinates to model fiber
temperature along the core at steady state operation. With a simulated pump power of 1000 W
at 976 nm, they show about 2°C variation radially in the fiber and about 180°C variation
longitudinally with a maximum fiber temperature of 480°C. Next, they created an experiment
with a fiber pumped by 850 W of 976 nm light. The signal out of the fiber at steady state
conditions was 621 W. They noted how optimizing the optical cavity parameters can help reduce
the thermal effects to where they only needed air cooling to maintain proper fiber operation.

For example, they created a fiber that allows heat to flow uninterrupted from the doped to the
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undoped regions. The melting point of silica glass used in fiber core production is 1650°C32,

.11 state “effective heat

However, the cladding materials have lower melting points, and Li et a
dissipation is important... with the aim of preventing damage to fiber end, interface, and
coating”. They also found that a longer fiber used with a lower pump absorption coefficient
showed a maximum temperature of 350°C (starting from room temperature). However, a longer
fiber means more potential loss due to attenuation and scattering effects. They were able to
create and operate a fiber in ambient air conditions, showing that while thermal effects in fibers

need to be considered, future design innovation and optimization will almost certainly allow

fibers to operate at the kW level with very little to no use of active cooling.

Shao et al.*® looked at the temperature dependence of fiber operation and how the fiber length
changes to achieve the same amount of optical power out for a given pump power. They found
if the pump power is 3000 W, the fiber must be around 16 m long instead of 12 m to achieve the
same amount of optical power out. The works shows how even at higher power levels, fiber

operation remains uninhibited by temperature effects for a change of 150°C.

Newell et al.3* studied the possible temperature dependence of ytterbium ion absorption and
emission cross sections. Their plots show slightly better absorption peaks in the cross sections at
cryogenic temperatures (77K) with a slightly decreasing trend up to 443K. Overall, they found
temperature sensitive lasing occurs for smaller wavelength, where the changes in cross section
absorption and emission are more significant. However, for wavelengths in the range of 1050 -

1080 nm, the lasing remains largely insensitive to temperature.

Lv et al.>® presented a detailed analysis of a fiber from a thermal perspective using thermal

resistance networks. They were able to create a thermal modeling using the rate equations to
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find the heat generated in each discrete volume and then apply thermal resistance networks to
calculate the fiber temperature. The analytical method used for fiber temperature prediction
was proven accurate with their experiment, as the error between analytic and experimental
values was within 8.8%. The pump power levels were only around 5 W, but their thermal

modeling methodology could be directly applied to kilowatt level fiber lasers.

Pump Diode Wavelength Shift:

Albalawi et al.3® studied how pump wavelength shift affects the signal power out of a fiber.
While keeping pump power constant, they found a 10% penalty given a pump center
wavelength shift of -13/+10 nm. Hence, to keep the optical power level out of the fiber
constant, the pump power needs to increase appropriately. This is not always an option, as
pushing pump diodes beyond their normal operating envelope can significantly decrease their
lifetime and degrade their optical power output/quality. From their work, a tolerable
wavelength shift can be determined based on how much fiber signal power loss is acceptable for
a certain application. Their work was experimental, not computer modeled. To capture this
work with a model, the pump power spectrum needs to be found and tracked. As the pump
spectrum changes due to center wavelength shift, it must be dynamically integrated with a
model of fiber laser physics to see exactly how the pump spectrum change affects the optical

power absorption/emission in the fiber.

Butt et al.*” also looked at pump diode wavelength shift, but from a modeling/simulation
perspective instead of the experimental side. They studied how the center wavelength shift
affects optical output of the fiber gain media using a simplified fiber model (no rate equations).
The work focused on what happens when pump diodes are provided the same cooling capacity,

but they are oriented in various array configurations (more diodes thermally in parallel vs. more
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in series). The simulation showed how certain diode array configurations produce more fiber
optical power than others when accounting for the pump wavelength shift, as certain

configurations allow for better temperature control given identical cooling capacity.

Butt et al.3® builds on their previous work®” by studying laser diode performance in-depth. The
junction temperature change in a laser diode is what causes the center wavelength shift. In
addition, the full width half maximum (FWHM) of laser diode output also changes with junction
temperature, as do the diode slope efficiency and threshold current. The slope efficiency and
threshold current have a direct effect on the optical power out of the laser diode. A change in
junction temperature changes the pump output spectrum shape and the amount of optical
power contained in the spectrum. Fiber gain media is doped and seeded to absorb pump light at
a specific wavelength. If diode temperature is not adequately controlled and pump center
wavelength/spectrum shifts, the fiber can no longer operate at its design point. Hence, optical
power out of the fiber will drop. Diode temperature control is paramount when it comes to
successfully operating a high-power fiber laser. From Butt et al. 38, like in Albalawi et al. %, a
certain tolerance can be determined to decide what is and is not an acceptable amount of
wavelength shift based on the optical power decrease out of the fiber due to said wavelength
shift. This allows a for a more accurate understanding of the thermal requirements necessary to
keep the diode temperatures within the optimal range (whatever it may be) for achieving the
desired level of optical power output. It all depends on how much optical power loss from

optimal is acceptable.

The work by Butt et al.3”* is part of the work presented in this dissertation. They were included

briefly here to highlight the limited number of publications in the wider academic literature on
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the topic of modeling HPLS from a more thermal perspective. They will be discussed in more

detail when appropriate.

Combining Optics:

The literature review conducted shows combining optics are much more of a laser beam
propagation topic. There has been significant work done in analyzing what methods of beam
combining are best, but they are not pertinent to the discussion here. Just know the two types
are coherent and incoherent beam combining. The thermal side of combining optics are quite
separate from the laser physics. In terms of optical power, the combining optics are normally
considered to have a constant efficiency of greater than 90% and are not significantly affected
by temperature. Hence, for modeling purposes, the combining optics will be lumped together

with a set constant efficiency value to determine the exiting optical power levels.

Stachowiak et al.?*

achieved transmissions of 94.3% through the combining of five individual
multimode fibers. Lei et al.2? attained a transmission of 98.5% from combining 7 Yb+ doped
fibers, each outputting 2 kW for a total of ~14 kW of combined optical power. Yang et al.®
provides an algorithm for modeling incoherent beam combining. Lei et al.®* provides a review of
the taper fused side pump combining method. Various research therein has accomplished a
transmission through the combiner of ~96% efficiency. Sprangle et al.® provide a detailed
explanation of the difference and advantages/disadvantages of incoherent combining vs.
coherent combining, as well as an additional look at HPLS applications in the military. Bai et al.®
describes a theoretical analysis of how the combining of individual fiber laser beams can
significantly degrade the beam quality out of the combining optics. They include detailed

|.87

explanations of how the irradiance is very important in effective beam combining. Chen et a

calculates a possible combining efficiency of 94.6%. Their method is a novel way of using an

20



analytical model to investigate key parameters pertinent to enhancing the overall combining

efficiency.

For the HPLS model in the research herein, three variables will be considered for the efficiency
of the combining optics: Beam director, optical training mirrors, and aperture sharing element
(MBp,» Mmr, and N4sE respectively). The three parameters are multiplied together to give an

overall efficiency value accounting for losses in the combining optics.

Cladding Light Stripping:

Getting rid of the excess pump light in the cladding at the end a fiber is very important, as the
extra fluorescence needs to be taken away so it doesn’t damage the area in which the fiber laser
system is housed. The excess pump light is converted to heat by the cladding light stripper and
needs to be removed. The literature review below provides insight into the amount of power
that can be successfully stripped out of a single fiber, as this directly pertains to understanding

all the heat generation in a fiber laser system.

Wetter et al.>* demonstrated a cladding light stripper (CLS) capable of stripping 80 W of pump
light without disrupting the signal light in the core. The stripper is a device put on the end of the
fiber. It has varying NA values and, when coupled to the fiber properly, takes away the cladding
light while leaving light in the core uninterrupted. It is a delicate process requiring precise
manufacturing and installation pertaining to the stripping device. The inner temperature of the

stripping device increased at a rate of 0.4°C per watt of heat dissipated.

Poozesh et al.** were able to get rid of 90 W of pump light, while keeping the stripping device
temperature below 53°C through the use of a copper heat sink. The cooling system for the

copper heat sink was set to flow water at a constant 20°C. The cladding pump light was removed
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nearly uniformly. They used high refractive index materials to strip the light, as well as low/high
refractive index polymers to recoat the fiber. The stripping device gets quite hot, as is expected,

and thermal management is an important consideration.

Guo et al.* used a cascaded light stripping technique to extract cladding light power levels of up
to 150 W. They were able to achieve a maximum temperature in the stripper of 64°C, showing
reasonable thermal control. Their method is simplistic in nature, and they anticipate the
configuration will offer a practical solution for cladding light extraction for high power fiber laser

applications.

Yan et al.*? created a stripper capable of removing over a kilowatt of cladding pump light. The
stripper had 4 stages, gradually increasing the NA to the point where cladding light was removed
and only the fiber core signal remained. This required four separate heat sinks. The 1.451 NA
index stage of the stripper removes most of the cladding light (CLS B and Cin Fig. 9 of Yan et
al.*?). The heat sink temperatures did not go above 35°C. After the stripping, 1187 W of cladding

pump light was reduced to just 2.6 W.

Zou et al.”® fabricated a 150 mm long CLS for KW level operation. The device was able to strip up
to 1.01 kW of pump light, with a temperature rise of just 0.05°C per watt of power stripped. The
maximum temperature of the device was 78°C, and the stripped power density across the entire
cladding light stripper was 7.165*10° W/m?. They used a fan to provide forced cooling with
ambient air at around 20°C. Unlike the work in Poozesh et al.*°, water cooling was not needed.
Their work shows how continued research in CLS technology could lead to a design requiring

little to no active thermal management.
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Yan et al.*

presented a CLS with 3 segments and tested based on several different coatings for
each. Their results show a stripped pump light value of 438 W with a maximum temperature of
39.5°C. They provide an assumed heat transfer coefficient for the environmental conditions of
50 W/m? K, equating most likely to forced convection with ambient air. Using the heat
conduction equation is useful in understanding the temperature distribution in the coating, and

ultimately yields the thermal requirements to keep the CLS maximum temperature within a

reasonable range.

There are many more research articles looking at experimental fiber laser operation. The ones
listed here are the most well-known and acknowledged literature. The literature review contains
many parameter values, from lasing wavelength to operating temperatures found through the
use of applied heat conduction equations. Fiber specifications like the size of the core and
cladding are given as well, and such parameters are very important to the fiber performance.
Along with many others, these parameters are of great importance when it comes to modeling
and simulating fiber laser performance. However, the literature is absent of what parameters
are needed to accurately model laser output from a thermal perspective. The literature review
contains many terms very specific to fiber gain media. The terms are further defined and
explained in the fiber gain media section of this document. The fiber laser topic is very term-
heavy, and it requires extensive specified knowledge to understand what is being said.
Throughout the document, where appropriate, terms are defined and explained. Please view
the fiber gain media section for a complete discussion of the concepts briefly presented in the
above literature review. After an exhaustive search, practically no literature was found on
modeling/simulation of fiber lasers, showing a gap does indeed exist in the literature when it

comes to modeling/simulation of fiber laser performance and optical/thermal interactions.
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Hence, the proposed research for this dissertation is well posed to bridge the aforementioned
gap existing in current literature by way of studying high power fiber lasers from an
optical/thermal interaction perspective in a modeling/simulation environment instead of an

experimental environment.
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5. HPLS Model Development/Explanation:

As per the review of laser physics (see Appendix E), the important laser components to be
modeled have been investigated from a more thermal perspective. The next step is to create an
HPLS model in Simulink with the three main laser components: laser diodes, fiber gain media,
and combining optics. From a thermal perspective, four parameters of a laser diode, in addition
to junction temperature are important: Center wavelength, FWHM, threshold current
characteristic temperature, and slope efficiency characteristic temperature. Center wavelength
and FWHM are used to define the output spectrum of the laser light, whereas the characteristic
temperatures are used to find threshold current and slope efficiency, respectively, as functions
of junction temperature. The optical power out of the laser diode as a function of junction
temperature can then be calculated. As per the literature review, fiber efficiency is not
temperature dependent until the fiber sees a rise of 100°C from the ambient temperature.
Models for both laser diode temperature and fiber temperature estimation are created and
presented later on. As for the combining optics, it is sufficient, modeling-wise, to assume a

constant efficiency of combining components like beam directors and mirrors.

Figure 3 is a diagram of the optical train modeled. Laser light is generatd in the diodes and then
launched into the fibers. The pump light is absorbed and emitted in the fiber, and then fiber
output is combined by the combining optics and leaves the system as a single beam containing a

certain amount of optical power. Figure 3 will be explained more throughout the text.
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Laser Diode Module:
-Diodes on bar cooled in parallel
-Diode bars cooled in series

Figure 3: Optical train diagram of proposed HPLS model

In order to model the optical train from both an optical and thermal perspective, four models
are needed: Diode Optical, Fiber Optical, Diode Thermal, and Fiber Thermal. A diagram is
provided in Figure 4. Here, the heat sink temperature T, is used as an estimation of the actual
diode junction temperature T}, as T; is very challenging to calculate (see Appendix E for further

explanation). Each model will now be discussed in detail.
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Figure 4: Diagram of all coupled models for entire laser system
Laser Optical Model:

The diode optical model is where pump light is produced. The model requires electrical power
and diode temperatures as inputs and outputs diode pump power/spectrum data and diode

heat generation. Note the heat generation term will be addressed in the diode thermal model

section. A separate diagram is shown in Figure 5.

Diode Pump Power

Diode Elec Power Diode Optical Model and spectrum,
(center wavelength, P,(0,),A,[T,, ()]
— .
P =V gaussian output >
elec —

temp. dependence)

Diode Heat Gen Diode
Temperatures,
Q1)
T (1)

Figure 5: Diagram of laser optical model
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Butt et al.3”* looks at the details of the laser diode model and explains the model development.

Laser diodes are put in arrays, as shown in Figure 6.

: 1 2 3 4 NUM_p par
O g B B B (ol
Coolant Flow 2 [©) [© (@) O ... @)

3|10 1O (@) e .. ®)
Electricity Flow 4 |©)| [© © B @)

B ————

NUMyp jpar 2, 2 2, .................... 2|

\ A / /’

Laser Diode Bar
(All diodes on one bar are the same temperature)

[©

Figure 6: Laser diode array diagram?®’

From a modeling/simulation point of view, the above representation is preferred because it is
easier to keep track of parameters. Since the diode bars are cooled in parallel, all the diodes on
a single bar are assumed to be the same temperature at any given time. A diode array contains a
certain number of diodes in series and a certain number in parallel. For example, a 5 x 5 array
contains 25 diodes. Hence, a single diode array has a certain optical power output. To reach the
desired optical power level for the HPLS, just use the appropriate number of modules as shown

in Figure 7.
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Figure 7: Laser diode module diagram®’

Appendix A shows reprinted data from Butt et al.3 to explain the process used in the model to
calculate laser diode output. The methodology and equations behind the model are presented

and explained here.

Many parameters are needed to run the temperature dependent laser system model. They are

provided in Appendix Aand a few are listed here in Table 1.
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Table 1: Laser Diode Model Parameters3?

Parameter — Definition

Tyer Lo — Reference Temperature for Laser Diode Characteristics (K)

Acenter LD nom — Nominal Center Wavelength of Laser Diode Output at

Tref Lp (M)

Afwhm LD nom — Nominal Full Width Half Maximum of Laser Diode Output (m)

dA/dT—- Wavelength Temperature Coefficient for Laser Diode (m/K)

dB/dT — Spectral Width Temperature Coefficient for Laser Diode (m/K)

Ith,res - Threshold Current Reference (A)

Lnax — Max Current per Laser Diode (A)

Vinax — Max voltage per Laser Diode (V)

PoweTyer 1p rey — Reference optical power out per laser diode (W)

T, — Threshold Current Characteristic Temperature (K)

T, — Slope Efficiency Characteristic Temperature (K)

NUMp par —Number of Laser Diodes per Bar (diodes thermally in parallel)

NUM; p pars — Number of Laser Diode Bars (didoes thermally in series)

Poweryyticar — HPLS Design Optical Power from Laser Diodes (W)

Powery,qy piug — HPLS Wall Plug Power (W)

From these input parameters, all other needed values can be calculated. The equations that follow
will define the process by which the model does calculations to find the laser diode efficiency.

There are more input variables that must be determined before the calculations start, and the
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parameters from Table 1 are used to find these other input variables, shown in equations 1

through 8.

NLD stope,ref — Laser diode slope efficiency reference value (W/A)

Poweryper LDref

Nip slope,ref — (Imax_lth,ref)

IypLs — Current to Laser Diodes (Amps)

Iuprs = Imax * NUMp /par

VypLs — Voltage to Laser Diodes (Volts)

Vv __ Powerygplug
HPLS =~ [ ——
HPLS
Vyer Lp — Voltage per Laser Diode (Volts)
VHpLs
V. _ JHPLS

per LD NUMLp bars

Powertyer 1p elec — Electrical Power per Laser Diode (W)

Powerper LD,Elec = VperLD * Imax

NLpmax — Max Laser Diode Efficiency

Powerper LD ref
nLD,max -

Powerper LD Elec

NUMjs04utes — Number of laser diode modules in system

Poweroptical

NUMpoqutes =

Poweryper Lp,ref *NUMLp pars*NUMLp /par
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NUMp;oges — Total number of laser diodes in system

NUMpioges = NUMyp pars * NUMLD/bar * NUMpyoquies (8)

With all these variables defined and preliminary calculations solved, the model can now use these
values to do the actual optical power production calculations. There is no power conditioning
model here. The optical power out of each laser diode bar is first calculated. From this, the amount
of heat generated from the laser diodes can be found. Next, the center wavelength and spectral
width of each bar is calculated. Following this, the Gaussian Curve mathematics are used to
represent the laser beams and find the Gaussian Curve spectrum profiles for one diode bar over
a range of wavelength values. The Gaussian Curve profiles for each bar are then added together.
The total optical power out of the laser diodes is the area under the curve of all the bar profiles
added together. Equations 9 through 17 below outline this process. The equations are presented

in order so the process of calculations can be easily followed.
The junction temperature dependent parameters for optical power are first calculated.

Ien (T] (x, t)) —Threshold current based on junction temperature. The variable T;(x,t) is the laser
diode junction temperatures. The variable x in all equations goes from 1 to NUM;p pars tO

represent all the bars.

Tj(x't)_Tref
Ith(Tj(x: t)) = Ith,refe( To )

nslope(Tj(x, t)) - Slope efficiency based on junction temperature

Tj(x,t)—Tref)

77slope(Tj (x' t)) =MNip slope,refe_( 1 (10)
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Now the optical power out of a single diode bar can be found.

Poweryp par(x,t) — Optical Output Power of the Laser Diode bars. Each value x is the power of

NUM)| p /par diodes for each diode bar.

POWET'LD bar(x: t) = [nslope(Tj(x' t)) (Imax - Ith(Tj (x, t)))] * NUMLD/bar (11)

Acenter Lp (%, t) — Center Wavelength of each bar. The variable Tj(x,t) is the laser diode junction

temperatures. The variable x goes from 1 to NUM;p, p4rs to represent all the bars.

Acenter LD (xr t) = Acenter LD nom + ((T] (x; t) - Tref LD) * d}\/dT) (12)

Apwnm Lp (%, t) — Spectral width (FWHM) of each bar. Tj(x,t) is the laser diode junction

temperatures. The variable x goes from 1 to NUM; , p4rs to represent all the bars.

Arwam Lo (6, t) = Arwam LD nom + ((Tj(x’ t) — Tref) *dB/dT ) (13)

Cyatue Lp (%, t) — C Value for Laser Diode Gaussian Profile (spectral width).

ArwHM LD(X,t)

Coatue Lo (x, t) = 220 (14)
Ayaiue Lp (%, t) — A Value for laser diode bar Gaussian profile (peak at center wavelength). The
integral is the area under the Gaussian curve with a peak equal to 1. In considering laser diode
optical power from a spectral power density perspective, the optical power out is synonymous
with the area under the gaussian curve. The area (optical power) required under a curve with
peak A,qiue Lp divided by the area (optical power) under a curve with a peak of 1 yields the peak

Apaiue Lp required to achieve the area (optical power) required.
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Poweryppar (X.t)

A x,t) = 15
value LD ( ) Acenter LD*Afwhm LD*10 —(-2center LD (x:t))z da 1
Acenter LD~ fwhm LD*10 2(Cyalue LD (x,t))2
Gaussian;p pqr (%, t) — Actual Gaussian Curve profiles for each diode on a single bar.
2

. —(1-2 x,t
GauSSlanLD bar(xr t) = Avalue LD (x; t) * exp ( ( center Lo 2)) ) (16)

2(Cyatye Lo (x:1))

Here, A ranges from 0 to 1500 nm (or whatever range is required) for each x. A Gaussian curve for
each bar can be obtained and graphed. Each bar contains NUMp /4, diodes. The Gaussian curve
for one bar is this number of diode Gaussian curves added together, as the power used to find
the Gaussian curve peak (A,qe Lp) for each bar is the combined power of all diodes on that one

bar, again assuming the bar/junction is uniform in temperature.

Gaussiang; pars(t) — Gaussian Curve for all Bar Profiles added together to form one curve. It is
the output curves of all laser diodes added together to make a single curve. This value contains

the spectrum/optical power launched into a single fiber.

NUMLp pars

Gaussiangy pars(t) = X =1 Gaussianyp pqr(x, t) (17)

Power,pticqr Lo (t) — Total optical power out of all laser diodes, area under Gaussiang;; pars(t)-

The main value of concern from the laser diode calculations is Power,pticqr 1o (t)- This is the

value, along with Gaussiang;; pers(t), that cascades into the next set of computations for the

fiber gain media. All electrical power not converted to optical power by the laser diodes is
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considered lost as heat. The optical power out of the laser diodes is the input optical power to

the fiber gain media.

Table 2 shows a compilation of literature values for Ty and T; of certain laser diode types with a
particular nominal center wavelength output. Notice how the T,, parameter has been studied

and researched much more widely than the T; parameter.

Table 2: Characteristic temperature values from literature

Wavelength (nm) Type TO (K) T1(k) Source
400 GaN -360 [65]
400 GaN 129 [65]
500 InGaN 180 [54]
670 AlGalnP 114 [64]
700 <100 [46]
808 176 681 [50]
808 140 [46]
980 200 [46]
980 GaAs/InAs 101 [58]
1280 InGaAs 130 [62]
1300 InAs oo [60]
1310 InGaAs 95 [62]
1470 InGaAsP/InP 98 [61]
1470 InGaAsP/InP 126 [61]
1500 InAs/InGaAsP 235 205 [63]
1520 InAs 102 [56]
1529 InAs 113 [55]
1550 InAs 51 [57]
1550 InAs 91 [57]
1550 InAs 116 [57]
1550 InAs 148 [57]
1550 GaAs 210 [59]
1550 GaAs 52 [59]

Table 3 shows the dA/dT and d3/dT values compiled together from several literature sources.
Notice how much more research has been done on the wavelength shift temperature coefficient

than the spectral width shift temperature coefficient.
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Table 3: Wavelength and spectral width coefficient values from literature

Wavelength (nm) Type dA/dT(nm/K) dB/dT (nm/K) Source

670 AlGalnP 0.115 0.0056 [64]
808 0.25 [93]
808 0.27 [72]
808 0.28 [67]
930 GaAs 0.3 0.0884 [14]
980 0.32 [68]
980 GaAs/InAs 0.367 [58]
1300 GalnNAs 0.42 [69]

Using dA/dT to represent the wavelength temperature coefficient is the notation used

throughout the laser community as seen in several references (see Kim et al.*%, Fan et al.®’, Hu et
al. %, and Kondow et al.®). The same goes for dB/dT. This concludes an explanation of the laser
diode component model in the over-arching HPLS model. See Appendix E for further explanation
of the fundamental physics behind laser diode operation and modeling laser diode output in the

described manner.

Fiber Optical Model - Rate Equations:
The fiber optical model diagram is shown below in Figure 8. It requires diode pump
power/spectrum data and seed signal power as inputs and outputs cladding pump power, core

signal power, and heat generated inside the fiber.
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Figure 8: Diagram of fiber optical model

Optical power propagating through a fiber can be described by the rate equations, a system of
four equations (shown in equations 18 through 21) calculating the upper-level population state,
ground level population state, pump power in the fiber cladding, and signal power in the fiber

core. The equations are 1st order PDEs and can be readily solved using a Runge-Kutta method.

11,13,33,35,76,

The rate equations have been well defined and used in several sources 88-91 Newer

work by Yi et al.?%, Shao et al.3, Li et al.’}, and Wang et al.2® all cite the rate equations defined in

|88

two research articles by Kelson et al.® and Kelson et al.®. Kelson and Hardy cite Hardy et al.*®,

|.76 t91

Paschotta et al.”®, and Digonnet™. Hence, the rate equations used have been peer reviewed

many times as seen by tracing the citations, and they are well accepted.

Ny(z,t) _ [O'aprp)lp [T;(x,0)1Pp (2,t)/ (hcAcore)+0asTsAsPs(2,t)/ (hcAcore)]

Neot [(Uap+‘7ep)rp/1p[Tj(xrt)]Pp(Z't)/(hCAcore)‘l'(Uas"'Ues)FslsPs(Z,t)/(hcAcore).g.(l/T)] (18)
Niot = No(2,t) + N1(z,t) (19)

0Py (z,t)
—’;ZZ =TI, (aepN1(z, t) — 0apNo (2, t)) P,(z,t) — a,Py(z,t) (20)
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6P5 ,t h 2
LD = [ (00sN1 (2, 8) = 0asNo (2, D)P (2, D) — &GP (2, 8) + 200Ny (2, ) 5584 (21)

In equations 18 through 21, there are many variables to understand. The complexity of the rate
equations, however, is easily overcome through complete understanding of what each variable
represents and what each term in the equations physically means. In equation 18, /1p [Tj(x, )]
is the value calculated in equation 17. It is the term coupling the laser diode and fiber physics
models, showing how a change in diode junction temperature translates to a change in pump
power center wavelength spectrum, which in turn changes the optical power calculations in the

rate equations. Recall, Tj is interchangeable with T,.

Table 4 provides definitions for all variables used in the rate equations. Each variable is defined

in the context of fiber gain media.

Table 4: Variable definitions for rate equations

Parameter Definition
L Fiber length
z Longitudinal position along the fiber (vector from 0 to fiber length L,
discretized)
Niot Total population density of doping ions
Ni(z, 1) Upper-level population density (function of longitudinal location in
fiber z)
Ny(z,t) Lower-level population density (function of longitudinal location in
fiber z)
Ap [Tj(x, t)] Pump wavelength spectrum (vector based on wavelength spectral
power density of input pump spectrum)
Tj(x,t) Diode temperature vector, used to calculate A, [T;(x, t)] as per
equations 9 - 17
Ag Signal wavelength (vector based on desired signal wavelength range)
AL Signal bandwidth
Oap Pump absorption cross-section of doping ions based on 4,,
Tep Pump emission cross-section of doping ions based on 4,
Ogs Signal absorption cross-section of doping ions based on A
Ops Signal emission cross-section of doping ions based on A
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L, Fraction of pump power coupled to active core (pump power filling
factor)
I Fraction of signal power amplified in active core (signal power filling
factor)
By (z,t) Pump power remaining in cladding (function of longitudinal location in
fiber z)
P(z,t) Signal power absorbed into core (function of longitudinal location in
fiber z)
ap, Fiber attenuation coefficient for pump (cladding)
a Fiber attenuation coefficient for signal (core)
T Spontaneous lifetime of doping ions at the upper level
Acore Cross sectional area of fiber core, based on core radius 7,
Aclad Cross sectional area of fiber cladding, based on cladding radius 7,744
h Planck’s constant (6.626e-34 J.s)
c Light velocity in a vacuum (2.997e8 m/s)

Table 4 provides definitions for all variables used in the rate equations. Each variable is defined
as clearly as possible in the context of fiber gain media. Some variables in Table 4 can be
grouped toegther into new quantities to make equation 18 less complex. Pump photon energy

and signal photon energy can be defined as

Ph, = hc 22
=/, ) (22)
Phg = hc 23
s ="/a, (23)
Hence, equation 18 becomes
Ni(z,t) — [O'aprPp(Z,t)/( PhpAcore)+0'asrsPs(Z’t)/(PhsAcore)] (24)
Niot [(Jap‘l'aep)rppp (Z,t)/( PhpAcore)‘l'(Uas+Jes)rsps(Z't)/(PhsAcore)‘l'(1/‘[)]

The pump power filling factor I;, can be defined approximately by the ratio of the cross-
sectional area of the core over the cross-sectional area of the cladding®, as shown in

equation 25.
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— Acore
Fp N /Aclad (25)

The core and cladding cross sectional areas are found from the core and cladding

respective radii in equations 26 and 27.
Acore = 7Trczore (26)
Aclaa = 7Trczlad (27)

All the variables in Table 4 are based on using Ytterbium (Yb) as the doping element for
the fiber core. Typical values for some important parameters are given in Table 5.
Parameter values can vary significantly, as most are determined during fiber fabrication

and design.

Table 5: Various parameter values for rate equation

Parameter | Value(s) Source(s)
L 30 m, 60m [17], [11]
Ni¢ot 4e25, 5.93e25, 1.02e26 m3 | [88], [92], [92]
ay, 2e-3, 3e-5 [11], [88]
Qs 4e-4, 5e-5 [11], [88]
I 0.82,0.85,0.90 [11], [88], [28]
Teore 11.5, 16, 10, 10, 10 pm [17], [11], [28], [18], [31]
Telad 230, 300, 200, 200, 200 um | [17], [11], [28], [18], [31]
T 0.6e-3, 1e-3, 0.8e-3 sec [11], [88], [28]

Fiber Optical Model - Heat Generation:
Fiber lasers generate heat from two main sources: quantum defect and unabsorbed cladding
pump light, which needs to be stripped away. Unabsorbed cladding pump light does not deposit

any heat in the fiber. Quantum defect is defined as the energy (or heat) lost from converting
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pump photons to signal photons and can be estimated by the difference in the optical power
levels going into and leaving the fiber. First, consider the definition of Stokes factor 7, , shown in

equation 28 (eqn 5-7 in Motes et al.3?).

hc
/As,nom _ Apnom

Nstokes = hc/ = (28)

pnom /‘ls,nom
)

Here, A, nom and Ag nom are the nominal wavelengths of pump and signal light respectively. The
Stokes factor is the maximum possible fiber slope efficiency. Slope efficiency is the change in
signal light emitted over the change in pump light absorbed. Since a Yb**-doped fiber laser is
typically pumped with a signal wavelength of 976 nm and has a signal wavelength of 1064 nm, it
has a maximum possible slope efficiency (Stokes factor) of 91.7%. The actual slope efficiency of
a fiber (different from the laser diode slope efficiency) at any point in time is given by equation

29, coming from Motes et al.®.

APsout _ Ps(L,t)—Ps(0,t)
App,abs Pp(O,t)_Pp %3]

77slope(t) = (29)

Above, P;(L,t) is the signal power at the fiber exit, P;(0, t) is the signal power at the fiber
entrance (from seed laser), B, (0, t) is the pump power in the cladding at the fiber entrance, and
By (L, t) is the pump power remaining in the cladding at the fiber exit. P, (L, t) is not usable
optical power and needs to be stripped away. Hence, it becomes a loss as heat. The slope
efficiency will never be larger than the Stokes factor. Next, the optical-to-optical (O-0) efficiency
is the signal power out of the fiber over the total optical power into the fiber, as defined in
equation 30. The slope efficiency and O-0 efficiency are not the same, even though their names
are sometimes used interchangeably in literature. Note that O-O efficiency will never be larger

than fiber slope efficiency.
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Ps(L,t)
Nopt () = oo o) (30)

~ Ps(0,0)+Pp(0,0)

The rate equations provide insight into the heat generation due to photon conversion in the

fiber core. However, it is not straight forward and not clearly described in the previous research

11,13,33,35,76,

cited earlier 891 A deeper dive into the rate equations is required to understand this.

To start, information in Figure 9 explains what each quantity in the rate equations physically

means.
Change in pump power based on
upper/lower population densities Fiber attenuation loss for pump
\ power in cladding
P, (z,t) —
——=0 (aele (z,t) — 0gpNy(z, t)) P,(z,t) — apBy(z,t)
APs(z,t) hc?
s‘a—z = I;(G-ele (Z, t) - O—asNO(ZJ t))PS(Z, t) - O!SPS(Z, t) + zo-ele(Z' t) FAA
S
Change in signal power based on Fiber attenuation loss for Contri?ution of
upper/lower population densities signal power in core amplified spontaneous
emission to signal power

Figure 9: Explanation of rate equations terms

The change in pump/signal power is based on the upper and lower population densities of
doping ions along the axial length of the fiber. Additionally, there are losses due to fiber
attenuation in both the core (signal) and cladding (pump), in terms of power. The typical
attenuation units of dB are not used as these terms are not measuring actual attenuation, but
the power loss due to it. The right-hand side (RHS) of equations 20 and 21, called RHS P, and
RHS P, represent the change in power as a function of fiber location z and time t. RHS P, is
always negative. RHS F; is always positive. RHS P, is always larger in magnitude than RHS P.

To understand what these terms actually represent, look at Figure 10.
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Figure 10: Diagram of how right-hand side (RHS) quantities are interacting with the fiber core

RHS P, is always negative because it signifies pump power leaving the cladding and moving into
the core by photon conversion. RHS P; is always positive because it signifies an increase in
signal power due to the converted pump power from RHS P,. As an example, Figure 11 shows
the RHS P, and RHS F; plots as a function of axial fiber location for an example steady state
fiber of length 10.8 m being pumped by 5000 W of laser diode optical power with nomial output

spectrum shape (perfect diode temperature control).
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Figure 11: Diagram of how right-hand side (RHS) quantities are interacting with the fiber core
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RHS P, is made negative here because it is originally leaving the cladding. The negative sign
keeps with convention to show it entering the core, as per Figure 10. Taking the negative of
RHS B, (blue line) and subracting from it RHS P; (red line) will yield the difference between the
two derivative quantities (yellow line). If this difference is not zero, it means the amount of
pump power being converted to signal power is not equal. Since the negative of RHS B, is

greater than RHS P, the discrepancy is positive. Call this quantity Egen(z, t), defined as
Egen(z,t) = —RHS P, — RHS Py (31)

Hence, Egen(z, t) (the positive discrepancy between the two derivative quanties) can only be
the heat generated inside the fiber at location z, as the rate equations presented here do not
account for any other possible losses in the fiber. The profile shape is typical for an active fiber,
as seen in research by Yu et al.?°. Figure 12 below shows the pump power by, signal power F,

and amplified stimulated emission power (ASE) in the example fiber.
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Figure 12: Diagram of how right-hand side (RHS) quantities are interacting with the fiber core

This plot shows how pump power decreases and signal power increases as a function of fiber
position. ASE is important to track because it can be naturally produced when a fiber is pumped.
It is an unwanted effect in lasers because it is incoherent and can negatively impact the fiber’s
ability to achieve maximum possible gain. For the realm of fiber operation considered in this
research, ASE is not a factor and can be neglected. In the example of Figure 12, the max value of

ASE power (yellow line) is 0.3 W. It does not pose a problem for fiber operation here.

In general, fiber lasers are easy to cool due to their large surface-area-to-volume ratio. For most
situations, fibers operating even at the kilowatt level can be cooled just by flowing ambient air
over them?2. In addition, the beam quality and optical power output of a single mode fiber is
mostly independent of gain media temperature (due to the core’s support of only a single
mode), so tracking fiber temperature is not a significant concern®. The fiber’s 0-O efficiency

change is negligible when its temperature changes. It may just take a slightly longer fiber to
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reach the same signal power level when accounting for temperature effects as per Fig. 6 in Shao
et al.. Fiber gain media can operate at up to 100°C without degradation in optical power
output32. Hence, fiber operation remains largely unaffected by temperature simply due to the
nature of fiber geometry and materials. However, a thermal model for fiber temperature
estimation will be presented later on in this research to show what is required to keep fiber

temperatures from changing more than 100°C.

Diode Junction Temperature Estimation:

One thing remains: Obtaining an estimation of the laser diode junction temperature throughout
laser activation. An academic and fundamental approach, presented here, is to simply create
temperature profiles for the laser diode junction temperatures. The profiles can be created in
such a way to show how the equations for laser physics/equations discussed here are properly
implemented. The “mock” diode junction temperature profiles allow for study of the laser
system without introducing the complexities of a thermal model. The diode thermal model

created later for further investigation is presented in its own separate section.

In order to create the diode temperature profiles, lots of information can be gained from the
laser diode manufacturer. The laser diode modeled in this research is the Northrop Grumman
Golden Bullet. According to the spec sheet®, it has nominal operating conditions when the heat
sink temperature is kept at 298K (reference temperature). The nominal conditions include 200
Watts of optical power at 180 Amps, available nominal wavelengths of 790 to 980 nm, and
wavelength shift (dA/dT) of 0.25 nm/K. The operating temperature range is 258 to 368K. The
Golden Bullet is considered to have a large optical power output for a single laser diode

submodule, so it has attractive characteristics for use in high power applications.
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Another reason the Golden Bullet was chosen is that experimental work has been done with it
showing laser wavelength shift for a given thermal management system. Research by
Schlenker’ provides an experimental methodology of determining how effective a thermal
control system is by observing the wavelength shift in an 808 nm Golden Bullet laser diode
(tolerance of + or — 3 nm) at various points in time over a five second pulse. This was done for
various levels of current provided to the diode. Other previous research®”*84>4 shows the

wavelength shift in a diode can be represented by the relation below.
Acenter LD (t) = Acenter LD + ((T](t) - Tref) * d}\/dT ) (32)

Here, Acenter Lp is the nominal center wavelength of the laser diode, Ty is the reference
temperature, and dA/dT is the wavelength temperature coefficient (nm/K). Also, T;(t) is the
current junction temperature for the laser diode at time t and A gpeer 1p (t) is the current center
wavelength for the laser diode at time t based on the current junction temperature T;(t). See
further explanation in Appendix E. Note how manufacturer spec sheet for the Golden Bullet
specifies the reference temperature relative to the heat sink and not the diode itself, as diode
junction temperature is very difficult to measure. Hence, the junction temperature T; in
equation 32 can be replaced with the heat sink temperature T,,,. Junction temperature is
constantly higher than heat sink temperature as per equation 76 in Appendix E and is assumed

to change instantaneously with heat sink temperature for modeling/simulation purposes.

The research by Schlenker” does not investigate specific values for heat sink temperature.
However, center wavelength values at various levels of current are provided. For current levels
of 20, 60, and 100A, the center wavelengths of the diode output at five seconds were 803.6,

807.0, and 812.0 nm respectively. See Figure 13 below.
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Figure 13: Golden Bullet spectrum output at various current levels”

From the wavelength values at various levels of current, and plugging values from the spec sheet
into equation 32, the heat sink temperatures for each level of current can be calculated. They
are 278, 294, and 314K respectively. Bringing together Schlenker’s research and the wavelength
shift relation from equation 32 in such a manner provides a solid fonudation on which to model
the laser diode for use in this research, as now the mock temperature profiles can be based on
the performance of an actual Golden Bullet laser diode. It is now known how much wavelength
shift arises from a given temperature change not just based on the maufacturer spec sheet but
from independent experimentation as well. Time to steady state is strictly dependent on the

thermal management system controlling heat sink temperature. In Schlenker’s work’®, the 100A
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case seeing a heat sink temperature of 314K could be increased to the nominal 180A. The heat
sink temperature could still be 314K if a more effective thermal management system was used.
Hence, when creating the mock temperature profiles to represent heat sink temperature for
testing the coupled laser diode and fiber models, the main thing to capture is the diode
temperatures and not the time to steady state. The mock diode temperature profiles need to

start at the heat sink reference temperature.

The mock temperature profiles are defined as follows. The diode array modeled will be 5 x 5, so
five temperature profiles are needed to represent the five diode bars in series. The mock diode
temperature profiles are given in Figure 14 for the entirety of the activation pulse to be used in
the simulation. For the first 5 seconds, the diode bar temperatures are set to 298K. For the next

8 seconds, the bar temperature profiles come from the following formulations.

3144 (298 — 314)
v e '/2(t=5)
31454 (298 — 314.5)

2= ' el/z(t_s)

I 3154 (298 — 315)
T e'/2(t=5)
3155 4 (298 — 315.5)
4= . el/Z(t_s)
I - 3164 (298 — 316)
> o /2(t=5)

The equations here come from the response of typical 1** order dynamic systems. They simulate

the temperature of the diodes rising to a certain value in a certain amount of time. From 13
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seconds onward the, temperature profiles are set to 298K. Notice how the five temperatures

average ~314K by the end of the activation pulse.

Figure 14: Mock temperature estimation profiles of the 5 diode bars (1, 2, 3, 4, 5) in a single

(5x5) module throughout the activation pulse
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6. HPLS Model Functionality:

In order to make certain the model is functioning properly and giving expected results, various
test simulations were conducted to show performance results. Both the simplified fiber model
proposed by Butt et al.3” and the full fiber model with the rate equations are studied to show
the differences between the two models. The main difference between the simplified model
and the full fiber model is the simplified model had the maximum fiber optical-to-optical (O-O)
efficiency as an input (see Appendix A). For the results here, the maximum fiber optical-to-
optical efficiency was set to 80%. Additionally, it did not use the rate equations. The full fiber
model actually calculates the maximum fiber optical-to-optical efficiency through the use of the
rate equations. The mock diode temperature profiles (Figure 14) are used to simulate the
changing junction temperatures and their effect on laser optical power output. They are based
the same Golden Bullet laser diode used in research by Schlenker’. For now, this is appropriate
modeling to confirm proper laser operation. A set laser activation profile is used for all the
simulations to maintain consistency for comparison. The design optical power for the simulation
is 75 kW. The simulation models a laser diode based on the Golden Bullet by Northrop
Grumman, as noted in Butt et al.3®. Values for some parameters including central wavelength,
spectral width, threshold current, dA/dT, and optical power at optimum operating conditions
are taken from the Golden Bullet information sheet. Values for T, and T; are estimated from
work by Bacchin et al.*C. Values for dB/dT are taken from various sources®® **. The combining
optics efficiency is set to a combined 84% for the beam director, mirrors, and aperture sharing

element.
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HPLS Performance - Simplified Fiber Model:

In the results shown here, the fiber model used is a simplified concept proposed by Butt et al.>’
and used again in Butt et al.38. An explanation of the simplified model, along with parameter
values for this simulation, is listed in Appendix A. The simulation consists of one case, Case 1,
which runs the HPLS model with all four junction temperature dependent parameters included
(dA/dT, dB/dT, Ty, T;). Plots of the Gaussian output intensity curve for each bar of a single laser

diode module are provided to show how including junction temperature dependence effects the

shaping of the power output spectrum.

A (5x5) laser diode array configuration is used, with 5 diode bars and 5 diodes per bar (see
Figure 6) for 25 diodes per module with a total of 15 modules (see Figure 7). The total
simulation time is 30 seconds. The laser is activated for 8 seconds starting at 5 seconds into the

simulation.

Figure 15 shows the optical power out of the laser diodes (solid line), fiber gain media (dashed
line), and the overall power out of the HPLS including combining optics losses (dotted line) for
Case 1. Notice how the power levels change throughout the activation pulse due to inclusion of
the four junction temperature dependent diode parameters. Figure 16 shows the heat out of
the laser diodes (solid line), fiber gain media (dashed line), and combining optics (dotted line)
for Case 1. Notice how the heat generated in the diodes and fiber increase throughout the
activation pulse due to inclusion of all four junction temperature dependent parameters. The
change in optical power throughout the pulse is due to the diode junction temperatures
changing. When they change, the amount of power absorbed in the gain media changes too, as

is expected.
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Figure 16: Case 1 heat generation

In addition to optical power, spectral power density is an important laser performance metric
describing the focus, or intensity, of a laser light. Laser light focused into the smallest possible
bandwidth wavelength is advantageous for some applications. The spectral power density is
determined from representing the laser light output of each laser diode as a Gaussian curve,

where the area under the curve equals the optical power contained in the laser beam. A larger
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peak spectral power density means more power is concentrated along the desired signal
bandwidth (wavelength). Spectral power density plots of the five laser diode bars on a single

module are shown for Case 1 in Figure 17.

ity (Winm)

Spectral Power Densi

Figure 17: Case 1 spectral power density curves

In Figure 17, the nominal curve shows the output spectrum if the laser diode bar is operating at
its prescribed reference temperature. The other curves show the output spectrum for the five
diode stacks (bars) of a single module at the end of the activation pulse, showing how the
spectrums shift and change shape from the nominal position and shape based on the mock
junction temperature estimation profiles. Note how the spectrum center wavelengths shift to
around 812 nm from the nominal 808 nm. This replicates the experimental data taken from
research by Schlenker’, but spectral power density is used instead of relative amplitude to
display how the peak is actually changing as the center wavelength moves from the nominal on-
design 808 nm to the off-design 812 nm. The change in diode temperature from 298K to 314K
yields a wavelength shift from 808 nm to 812 nm in laser diode output. The diode spectrum shift

here in Figure 17 is comparable to the provided experimental data’ (see Figure 13).
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The spectrums in Case 1 look quite different compared to the nominal. Not only are their peaks
smaller than the nominal, but the full width half maximums of the curves have changed as well.
The area under each curve is also less when compared to the nominal curve, showing the optical
power levels are dropping. The spectrums are now more spread out over a larger wavelength
range, meaning the laser light intensity is now considerably degraded. This aspect of which
temperature dependent parameters (dA/dT, dB/dT, Ty, T;) are most significant to overall laser

system performance will be considered later on.

HPLS Performance - Full Fiber Model:

For this set of simulations, the rate equations were used in the fiber model in place of the
simplified fiber model. Parameter values for this simulation set are listed in Appendix B. As in
the previous simulations, the HPLS model simulation is 30 seconds long. The HPLS is activated
for 8 seconds starting at 5 seconds into the simulation. The design optical power for the
simulation is again 75 kW, so there are 15 laser diode modules with 25 diodes on each module
at 200 W nominal optical power der diode. The simulation models a Golden Bullet by Northrop

Grumman®, except it uses a center wavelength of 976 nm.

Figure 18 shows the total optical power out of all laser diodes (solid line), all fibers (dashed line),
and the combiner (dotted line) with the new fiber model (a) and the simplified model from
Figure 15 (b). The combiner represents the optical out of all the fibers after they have been put
through the beam combining optics (represented simply by a constant efficiency loss), and this
value is the optical power out of the HPLS. The full fiber model with the rate equations gives a
better overall fiber efficiency versus the simplified fiber model. The max O-O efficiency for the
full fiber model is 87%, compared to 80% for the maximum O-O efficiency for the simplified fiber

model. Even if the max O-O efficiencies were the same, there would still be a larger decrease in
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the simplified fiber model O-0O efficiency for the given diode temperature profile. In (a), the
optical power out of the fiber drops from 65,250W down to 58,000W, a change of 7,250W. In
(b), the optical power out of the fiber drops from 60,000W down to 50,700W, a change of
9,300W. A simple percent error analysis for the change in power of each model shows 28.3%.
This is significant. Hence, the simplified model is inaccurate when it comes to the amount of
heat generated during fiber operation, showing higher fidelity modeling of the fiber is beneficial
and the rate equations should be considered when modeling. The mock temperature estimation

values throughout the entire pulse corresponding to Figure 18 are the same as before (see

Figure 14).
x10* | | | . <10
8 ] 8r —Optical LD | |
7t ] 7t EE— = =Optical GM | |
<~ | |e-combiner | | | 1 Optical Out
=6 N~ o ~6F S 1
2 .. | g ..
=5 T =5 ==
@ S
! (a) 2 (b)
- a =
= =
L o
52
1r 1
0 0

0 5 10 15 20 25 30 o 5 10 15 2 25 30
Time [seconds] Time [seconds]

Figure 18: Optical power output of rate equation fiber model (a) and simplified model (b)

Figure 19 shows the total heat generation in all laser diodes (solid line), all fibers (dashed line),
and the combining optics (dotted line) with the new fiber model (a) and the simplified model
from Figure 16 (b). In comparison, the new fiber model with the rate equations generates less
heat versus the simplified fiber model. Fiber heat generation is due to the laser diode output

power/spectrum dependence on junction temperature.
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Figure 19: Heat output of rate equation fiber model (a) and simplified model from (b)

The results in Figure 18 and Figure 19 show high fidelity multiphysics models of laser diodes and
fibers being dynamically coupled together. The results directly show how a change in laser diode
junction temperature cascades down the optical train affecting the absorption and emission of
laser light within an active fiber. Figure 20 displays the E ;s (t) (solid line) and P, (L, t) (dashed
line) in a single active fiber throughout the activation pulse. The diagram shows how the amount
of heat dissipated in the fiber and amount to be stripped away are a function of diode junction
temperature. The term E ;. (t) is the sum of Egen(z, t) in equation 31 for all points z. P, (L, t)
is significantly less than E ;s (t) when junction temperature is well controlled. However, as
junction temperature deviates from the reference temperature, P, (L, t) starts to increase and

eventually surpasses E ;< (t) given enough deviation.
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Figure 20: Heat generation in a single active fiber

Now, look at the optical performance of a single fiber at three different points during the

activation pulse (Figure 21).
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Figure 21: Optical performance of a single fiber

The pump and signal power are shown as a function of axial fiber location at times of 5, 9, and
13 seconds. Notice how the curves change with time due to the diode temperature increasing
and moving away from the laser diode reference temperature. A larger diode temperature shift
leads to less pump power being converted to signal power over the given fiber length, leaving
more pump power left over in the cladding at the fiber exit, as seen in Figure 20. From Figure 21,
the slope efficiency of the fiber (different from diode slope efficiency) can be found by the
relation below (reprinted from Motes et al.3?)

_ B(L,t) - F(0,1)
Tstove = p (0, 6) — B, (L, 1)
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The slope efficiency found from Figure 21 at 5 seconds is 90.7%. This is when the diodes are at
their optimum temperature and produce the desired wavelength of 976 nm. At times of 9 and
13 seconds, the slope efficiencies increase to 91.2 and 94.1. The increase in slope efficiency can
be decieving, for it shows an increase as the diode pump spectrum wavelength changes.
However, it does not mean the fiber is more efficient overall. In fact, the opposite is true. In
reality, the efficiency based solely on the optical power launched into the fiber 1, is more

useful and is considered next.

Figure 22 provides the 14y, l0SS¢1qq, and lossy, for a single fiber throughout the activation

pulse. These efficiency quantities are defined below.

_ P(L,t)
nopt B PS(O' t) +Pp(07t)

l B
03%ctad = p(0,1) + P,(0,0)
I _ Ediss (t)

0SS =

P(0,t) + P,(0,t)

The efficiency quantities are defined by the amount of pump or signal power at the fiber

entrance or exit. The power quantities come from the data in Figure 21 at each point in time.

The data shows an 1,,,, also known as the O-O efficiency, (blue line) of 87% at the pulse start,
which is reasonable when compared to previous research values for O-0 efficiency (see fiber
literature review). By the pulse end, 0-O efficiency (1,,;) has dropped to 78%. The parameter
lossy; (purple dot line) is also decreasing throughout the pulse. This is expected, as a drop in 0-O
efficiency means less heat generation in the fiber. The unabsorbed pump power remaining in

the cladding increases because less pump power is being converted to signal power, so more
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pump power remains at the fiber exit that needs to be stripped away, as seen by the red dashed

line loss ;qq. Cladding light strippers (CLS) have been well-researched and can strip away optical

power values up to 1184 W from a single fiber (see literature review).

— 0-O Eff.
\ = =Clad. Loss
I Energy Diss. Loss
R0
Q
(=2}
8
g 40 ¢
o
S
&
20t
- - T =
DT LLITPIR.
0
0 5 10 15 20 25 30

Time [seconds]
Figure 22: Diagram of three relevant active fiber efficiency values

The total heat generated inside the fiber is important. It is also helpful to know exactly how
much heat is being deposited in what part of the fiber. Using the energy balance analysis of
every single fiber segment (see Figure 10 and equation 31), the heat generated as a function of
segment number can be plotted. This is Egen(z, t). The total heat generated in the fiber as a
function of time can be found by adding up the elements of Egen(z, t) while multiplying
according by the fiber length. Figure 23 shows the heat dissipation profiles of Egen(z, t)in W/m
along the axial length of single fiber at the beginning (solid line) and end (dashed line) of the
activation pulse. The fiber is divided into 100 segments for a length of 0.108 m per segment.
Multiply the y-axis value by 0.108 to get actual heat dissipated in that particular fiber segment.
Adding all 100 y-axis values together for the solid and dashed lines in Figure 23 equals the value

of the solid line of Figure 20 at 5 seconds and 13 seconds respectively.
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Figure 23: Fiber heat deposition profiles at beginning (t = 5 sec) and end (t = 13 sec) of activation

pulse

The heat deposition profiles show less heat is being deposited from the pulse beginning to end.
This confirms E ;¢ is decreasing throughout the pulse, which is observed from the data in
Figure 20. The results show most heat is deposited within the first third of the fiber length. The

profile shape is typical for an active fiber, as seen in research by Yu et al.%.

Since the rate equations are solved with a 4" order Runge-Kutta algorithm, the fiber
discretization must be such that the algorithm converges to an accurate answer. Through a
convergence study, it was found 60 segments met the convergence criterion € given in the
equation below, where k denotes the iteration number.

Ppk(L) - Ppk_l(L) <
By (L) B

0.01

Increasing iteration numbers correspond to an increasing number of segments where k = 0 has
25 fiber segments and k = 75 has 100 fiber segments. The convergence study was conducted

without the diode temperature dependence. Diode junction temperatures were held constant
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so the input to the rate equations was always constant, making for a more accurate
convergence study. Since computation resources were sufficient, the number of fiber segments

in the model was increased to 100 to ensure algorithm accuracy.

Fiber Rate Equation Comparison:

The fiber performance of the coupled laser diode-fiber model is compared to previous research
to confirm proper rate equation implementation. Previous work on simulating fiber
performance with the rate equations is considered along with experimental fiber performance
results to confirm the rate equations, as implemented here, match both simulation and
experimental results. The main challenge in comparing work done by the rate equations is each
simulation or experimental setup uses different values for parameters in the rate equations (i.e.,
doping ion type and concentration, absorption/emission cross sections, filling factors,
attenuation coefficients, fiber/core radii, and fiber length). The wavelength and power level of
pump light launched into the fiber vary, along with the signal wavelength of light coming out of
the fiber. Most simulation work on the rate equations has, up to this point, considered laser
diode pump powers on the order of 10 to 1000W launched into a fiber, whereas the
experimental work shows up to 5000W of pump light being launched into a fiber. Very little
attention has been paid to the simulation of coupled laser diode/fiber operation in the literature
thus far. This means the effect of a dynamic laser diode spectrum due to insufficient diode
temperature control on fiber emission absorption remains largely unstudied. Hence, directly
comparing the performance of the coupled laser diode-fiber model presented here to previous
work is very challenging, if not unrealistic. Lastly, fiber performance is mainly characterized in
the literature at steady state, which means the pump spectrum and power launched into the

fiber is constant with respect to time. As such, the fiber efficiency value to compare with will be
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taken t = 5 seconds on Figure 22 (blue line). That optical-to-optical (0-0) fiber efficiency value
at optimal diode pump spectrum conditions is 87%. There will also be comparisons back to the

data in Figures 21 and 23 when appropriate.

Experimental work by Beier et al.'” achieved an output power of 4.3 kW from a single Yb**
doped fiber with a slope efficiency of 90%. In Figure 21, the coupled laser diode-fiber model
achieves a slope efficiency of 90.7% with an output power of 4.35 kW at the time of 5 seconds.
Beier et al.'” do not list the O-O efficiency of their fiber. The research focused on studying the
power levels at which the onset of trannsverse mode instabilities (TMI) or stimulated Raman
scattering(SRS) start to occur. Beier et al.'” use a fiber with core and cladding radii of 23/460 pum.
The coupled laser diode-fiber model uses core and cladding radii of 20/400 um. Beier et al.'’

make no mention of wanting light to propagate in a specific mode.

Experimental work by Fang et al.* launched 5 kW of 976 nm pump light into a Yb3* doped fiber
and reported and output power of 4.4 kW, yielding an O-O efficiency of 88%. The coupled laser
diode-fiber model has an 0-0 efficiency of 87%. Since the pump power and wavelength
launched into the fiber from the work by Fang et al.2* matches very well with the model
presented here, it lends good confidence to the proper implementation of the rate equations.
Furthermore, since the coupled laser diode-fiber model uses a reference value for 5 kW of pump
power launched into the fiber, the work by Fang et al. % allows for a direct comparison of fiber
performance through actual optical power levels, not just efficiency values. Additionally, fibers
in the work by Fang et al.?* used a core and cladding radius of 20/400 um. This is identical to
core and cladding radii used in the model presented here. Fang et al.2* make no mention in their

research about being concerned with a certain mode of light propagating inside the fiber.
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Experimental and simulation research by Yu et al.1® provides another basis for comparison. On
the experimental side, they created a single mode (LPo:) Yb** doped fiber emitting at 1080 nm
with a maximum output power of 3.15 kW and an 0-O efficiency of 75.1%. It has a significantly
lower 0-0 efficiency value than that of the coupled laser diode-fiber model (87%). However, Yu
et al.’% performed a simulation of rate equations with launched pump power levels of 4 kW, on
the same order of magnitude as the 5 kW for the model presented here. Additionally, the rate
equations they used were the forward pumping scheme version of the rate equations presented
by Kelson et al.®°. The forward pumping scheme version of these equations (equations 18
through 21) were used in the model presented here. Hence, the data from the rate equation
simulation by Yu et al.»® can used as a good comparison because the rate equation formulations
for the forward pumping scheme are identical, minus the Raman gain terms. Since no Raman
gain shows up in the results presented by Yu et al.}?°, the comparison is still valid. The pump and

signal power as a function of time for the simulation by Yu et al.}?’ is provided in Figure 24.
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Figure 24: Pump and signal power levels [reprinted from Yu et al.»®, Fig. 7a]
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Figures 24 and 21 differ in that the fiber lengths are not the same. The plot for t =5 seconds in
Figure 21 is provided again in Figure 25 below. However, in this new simulation, the fiberlength

was changed to 30 m for a better comparison with Figure 24.

Power (W) (t= 5 sec)

Figure 25: Power plot of t = 5 sec in Figure 24 with fiber length 30 m

Comparing Figures 24 and 25, the curves share significant similarities. Pump power decreases
and signal power increases along the fiber length. Both Figures show a fiber length at which the
signal power is at a maximum. This means there is an optimum fiber length for achieving
maximum possible signal power. In Figure 24, that value is 25 m. In Figure 25, that value is 20 m.
The differences can be attributed to different value parameter values used when solving the
rate equations. Yu et al.’?° used a fiber core radius of 20 um. They also chose to use a seed
power of 100 W, much larger than the 15 W used in the coupled laser diode-fiber model (Figure
25). Also, they used a signal wavelength of 1080 nm versus the 1064 nm in Figure 25. A different
signal wavelength means different absorption/emission cross section values, which will yield a
different rate of photon conversion leading to different rates of pump/signal power
loss/generation. 1064 nm is generally known to provide better absorption and emission, so this

helps to explain why the pump and signal power in Figure 24 do not change at the same rate

66



with respect to fiber location as in Figure 25. Otherwise, they do not specify values of other
parameters in the rate equations, like power filling factors or pump/signal attenuation
coefficients. Figure 24 and 25 show same trends in pump power decreasing and signal (laser)
power increasing as a function of fiber length. Figure 24 is the best comparison in all the
literature review to prove proper implementation of the rate equations for the model created

here.

Yu et al.?% present a Yb3* doped fiber with a maximum output of 3.1 kW and an 0-O efficiency of
90%, compared to the 87% for the model presented here. This experimental data shows the
simulation of the rate equations for the coupled laser diode-fiber model provide a reasonable O-
O efficiency value. Although it is not studied in-depth, Yu et al.?° briefly discuss the heat
generated due to quantum defect (photon conversion) inside a fiber. They provide a graphic

shown in Figure 26.
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Figure 26: Sample fiber quantum defect profile [reprinted from Yu et al.%’, Fig. 1]

The pumping scheme in Figure 26 is bi-directional (fiber is pumped with diode light from both
ends. The pumping scheme used in the coupled laser diode-fiber model is forward, meaning
pump light is launched into one end and travels from left to right along the fiber length. Looking
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at Figure 23, which again uses the forward pumping scheme, they look very similar. In Figure 23,
the units on the y-axis are also W/m. Moving from left to right in Figure 23, the curve goes up
and then drops off in the first part of the fiber, trailing off towards the end. This is expected, as
most of the photon conversion occurs in the first third of the fiber. If the pumping scheme

shown in Figure 26 was forward (instead of bi-directional), it would show the same trend.

Yu et al.?° do not explicitly state where Figure 26 comes from. An extensive literature search on
all their cited sources reveals Figure 26 did not come from any of the cited sources. Admittedly,
some of the citations from Yu et al.?° were not detailed enough to look up, so it is difficult to
actually know where the figure came from. Regardless, the heat deposition profile in Figure 26 is

accepted among the wider fiber laser community as a typical profile shape!®.

Mobini et al.?® use the rate equations to calculate the heat deposition in a fiber as a function of

axial fiber location, as seen in Figure 27.
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Figure 27: Linear heat deposition [reprinted from Mobini et al.?*, Fig. 3]

They use a launched pump power of 3.5 kW, a pump wavelength of 976 nm, and a signal
wavelength of 1067 nm. The values seen here are smaller than in Figure 23, due to different
parameter values used in the rate equations. Another difference is the curve in Figure 27 has its

highest value at z = 0 where the pump light is injected. Further away from the fiber entrance,
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the heat density drops the same as occurs in Figure 23 because most photon conversion takes

place in the first third of the fiber.

Abouricha et al.2?2 considered the heat deposition in a fiber for forward, backward, and bi-

directional pumpig schemes. Their data is provided in Figure 28.
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Figure 28: Heat deposition, three pumping schemes [reprinted from Abouricha et al.1%?, Fig. 4]

The data differs from Figure 23 in several ways. First, parameter values for solving the rate
equations are different, notably the total population density of doping ions (1.6e26 in Figure 28
data versus 7.9e25 in Figure 23 data). Second, the unit on the y-axis is W/m? versus W/m. Third,
the amount of pump power launched into the fiber is an order of magnitude smaller than in
Figure 23 (hundreds instead of thousands of Watts). However, looking at the forward pumping
scheme with Ry02 = 0, a similar trend emerges. More heat deposition coincides with the known
area of higher photon conversion rates. Further along the fiber, heat deposition rates decrease

significantly as less photon conversion occurs.
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In Figure 23, the heat deposition is plotted at both the beginning and end of the pulse. At the
beginning, laser diodes are operating at their reference temperature and providing pump light
at the nominal center wavelength. At the end, laser diodes are operating at off-design
conditions with the center wavelength now shifted due to diode temperature change. The
literature review revealed no previous work in which a dynamic pump wavelength was
considered in a solution to the rate equations, so the dynamic aspect of the coupled laser diode-

fiber model created here cannot be directly compared to previous work.

Providing and comparing to some previous research shows the challenge of trying to verify the
coupled laser diode/fiber model created here for this research. The previous research, while
absolutely valid, is also very disjointed and at times disorganized. The authors, in general, do
their own thing without significant quantitative verification. At times, they fail to provide values
for parameters used in their solutions to the rate equations, making reproduction of the
research results impossible. The various authors look at fiber lasers with different launched
pump power, seed power, pump/signal wavelength, power filling factors, and attenuation
coefficients, thereby making comparisons very difficult. For comparisons and verification against
this previous work, looking at the previous work and comparing efficiencies and general trends
in the rate equation solutions is the best that can be expected. Quantitative verification of
results is unrealistic given the current publications on fiber laser research. A standard by which
to present results and provide data for quantitative comparison would benefit the fiber laser
research community greatly. It would be very helpful to see all parameter values used in the
rate equations clearly laid out in a table. Some previous work has done this but others have not.
In some previous work, the values are buried in the article text making them more difficult to

find. Moreover, some previous work fails to list all the parameter values used, making
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replication of the work impossible. Additionally, the variable symbols used to represent the rate
equation parameters are not entirely consistent throughout the larger body of research. While
this is technically acceptable, it makes understanding the rate equations significantly more
challenging. Such a standard to present the rate equations and their many parameters would
help promote further understanding and more possible application of the rate equations by the

wider scientific community.
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7. Diode and Fiber Thermal/Temperature Modeling:

Since the HPLS model with temperature dependent efficiency aspects has been created, the
next step is to consider the thermal modeling. Coupling models capable of simulating both the
laser and thermal aspects will help with understanding optical/thermal interaction from a high-
level design decision perspective. Thermal management is an important consideration for HPLS
design, as improper thermal management causes a significant decrease in E-O efficiency and can
lead to catastrophic failure of system components. To further investigate the optical/thermal
interactions, a diode thermal model has been created to estimate the diode junction

temperatures in place of the mock temperature profiles from Figure 14.

The optical power of any laser system comes from a pump source. For an HPLS, the pump
source is normally laser diodes. Recall in Figure 3 the optical train of the fiber laser model and
how optical power cascades through the various components. Laser diodes are arranged in
modules. The output from all the diodes in a module is combined and sent to a single optical
fiber for amplification. There are as many modules as needed to achieve the design optical
power out of the HPLS. Previous work by Butt et al.>”*® shows when laser diode temperature is
not tightly controlled, the optical wavelength spectrum of the output power shifts. The shift
causes a drastic decrease in the pump light absorption taking place in the optical fiber, leading
to a decrease in E-O efficiency. The decrease in efficiency is mainly seen in the fiber gain media,
as the pump light not absorbed exits the fiber without being converted to signal light. The
current state-of-the-art in terms of the maximum optical power that can be launched into a
single fiber is 5 kW?*. At optical power levels of 5 kW per fiber, the pump light not absorbed in
the fiber exits the other end and can cause external damage if not disposed of effectively. This

heat, however, is not deposited in the fiber and does not contribute to the rise in fiber
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temperature during operation. Hence, laser diode temperature control is key to achieving the
best performing HPLS. Additionally, fiber temperature must be kept within a certain range.
Thermal models of both the diode and the fiber have been created to assist in the research. The

next few sections describe the models in detail.
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8. Diode Thermal Model for Temperature Estimation:

The diode thermal model diagram is shown below in Figure 29. It requires diode heat generation

and cooling flow as inputs and outputs diode temperatures and cooling flow out data.

Diode Heat Gen _I?iode
: tures
0 empera ,

T (0)

=P | Diode Thermal Model | =—p

Coolant Flow Coolant
In, Ty, m Flow Out,
Tr(t),m

Figure 29: Diagram of laser thermal model

The goal is to create a thermal model for calculating the laser diode temperature estimations
based on some set of thermal management parameters, including cooling flow properties,
thermal mass material, and other pertinent variables. This will allow for detailed study of the
optical/thermal interactions when coupled with the laser physics models. Being able to perform
parameter sweeps around important thermal and optical parameters is the basis for designing

the systems to operate as desired.

The approach to build the thermal model uses the basic building blocks of heat transfer and

fluid flow coupled together through a thermal circuit analogy for a representation of the system.

To start, consider Figure 30.
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Figure 30: Diagram for thermal model representation

There are two separate control volumes to consider: The heat sink material (grey color) and the
fluid (purple color). The temperature of the material is the heat sink temperature, which is the
laser diode temperature estimation. Laser diode manufacturers design their diodes to operate
at the reference point when the heat sink the diodes are attached to is at a certain temperature.
For example, Lockheed Martin’s Golden Bullet requires a heat sink temperature of 15°C for the
diode to operate at its reference point®. As described earlier, finding the actual laser diode
junction temperatures T; is very challenging due to all the different layers of various materials

III

within the semi-conductor. Hence, this “material” is the heat sink on which the laser diode is

mounted, and the heat sink temperature T, is used in place of Tj. Heat generated in the diode
flows from the diode into the heat sink material (grey), which is represented by Q This value
depends on when the laser diode is activated and is also dependent on the temperature of the
heat sink T,. The heat sink has certain material properties (density, specific heat etc.) based on
the type of material (metal, polymer etc.). The heat sink also has a certain capacitance C,,, based
on its volume, with a temperature of T,,. The fluid (purple) is provided at a certain flowrate m
and a temperature T;,. The fluid flows through a certain volume of space inside of a mock heat

exchanger. The fluid has certain properties (density, specific heat etc.) based on the type of
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fluid. With a certain volume of fluid in the mock heat exchanger and the control volume V; set
accordingly, the fluid provides a certain capacitance Cy. The fluid leaves the control volume at a
temperature Tf. The resistance between the material and the fluid is represented by R, ¢, which
is based on the effective surface area through which heat transfer occurs and the heat transfer
coefficient at that particular location. The fluid capacitance Cr and the resistance R, are

functions of the mock heat exchanger geometry, heat transfer coefficient h and m.

Creating the Thermal Model:
The two states to solve for are Tr and T, and can be done through an energy balance analysis
for each component: The heat sink (grey) and the fluid (purple). The red lines depict the control

volumes of each component, shown in Figure 31.
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Figure 31: Diagram of control volumes for thermal model analysis

Before deriving equations, consider the assumptions pertinent to the problem. For the heat

sink, the goal is to have a geometry such that lumped system analysis can be applied. In other
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words, the Biot Number should be less than 0.1 so the material temperatures of the heat sink
remain within 5% of each other at any given time. Additionally, the heat sink material properties
(specific heat, density etc.) are constant with respect to the heat sink temperature. This is a
reasonable assumption for a certain temperature range, meaning the capacitance C,, is
independent of the heat sink temperature T,,,. For the fluid, assume sufficient mixing inside the
mock heat exchanger such that the temperature of fluid both close to and far away from
walls/surfaces is the same temperature. All fluid changes temperature together as bulk
aggregate. This is more accurate when the heat exchanger capacitance Cy is smaller. Also, the
fluid properties (specific heat, density etc.) are assumed constant with temperature, meaning
the capacitance C is independent of fluid temperature T. The fluid assumptions here are
leading towards the mock heat exchanger being of the microchannel type. Microchannel heat
exchangers provide very high heat transfer coefficients on the order of 10,000 W/m? K*’. They
also have smaller internal volumes, which yield small capacitances. The small internal volume
supports the assumption of sufficient mixing for fluid temperatures to be the same close to/far
away from walls and surfaces. For this model, the heat transfer coefficient h is defined by the
Gnielinski Nusselt Number correlations without requiring the actual dimensions or type of heat
exchanger. Keeping the model general allows for simpler calculations and generalization of heat
transfer performance across various types of microchannel heat exchangers, as designers might

choose different heat exchangers in a real system.

To develop a mathematical model for this system, start with the basic energy equation in word

form and then variable form.

Heat;, = Heat,,: + Heatstpreq
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. . dE
Ein = Eout + E

From this, both the material and the fluid can be analyzed with the various forms of heat and
their interaction with the control volume. Considering the heat sink (grey), the “heat in” comes
from the diode Q The “heat out” is from the material to the fluid by way of convective heat
transfer. The “heat stored” is due to the capacitance of the heat sink. Development of the

equation for the heat sink is shown below.

. Tu-T; d
= (€T,

From the assumption of material property independence from temperature, C,, can come

outside of the derivative without loss of generality.

This can be rearranged to yield

dTy  Q Tn—T;
dt  Cm  CpRpy

The same can be done for the fluid. Start with

N dE
dt

Ein = Eout
Considering the fluid (purple), the “heat in” comes from convective heat transfer between the
heat sink and the fluid, along with the coolant flow in. The “heat out” is from the coolant flow

out. The “heat stored” is due to the capacitance of the fluid. Development of the equation for

the fluid is shown below.
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(N
Rinf

: : d
+ me’fTin = me,fo + % (Cfo)

From the assumption of fluid property independence from temperature, C;r can come outside of

the derivative without loss of generality.

Ty — Ty
Rpns

) ) dTy
+ mcp,fTin = me’fo + Cfﬁ

This can be rearranged to yield

dTy _ iy (Tim — Tr) L Tn =T

Additionally, the equations for contact thermal resistance R,y and capacitances Cy,, Cr are

shown below.

1

Rms =20

Cn = Cp,mPm Vi

Cr = cprpfVy

In reality, Q is not constant, as it is a function of T,,, going back to how laser diode efficiency is
temperature dependent based on the laser diode optical power given in equation 75. Hence,
the ODEs are non-linear and are most easily solved numerically. The optical power equation is

reprinted below.

Tm—Tre Tm—Tre
POpt = nrefe_( Lk f) (Iop - Irefe( To f))
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The heat generated by the laser diodes Q is then calculated using the electrical power

provided to the diodes.

QzPElec_POpt

Here, it is clear how Q is a function of T,;,. Remember, the heat sink temperature is the
temperature laser diode manufacturers specify to be controlled. They do not specify the actual
junction temperature T;. If the laser diode reference temperature is 298K, that refers to the
heat sink temperature required for nominal diode operation (nominal light wavelength and
optical power). The actual junction temperature is higher than the heat sink due to the diode
thermal resistance. In using the heat sink temperature T,,, the diode thermal resistance does
not need to be considered as the diode has a much faster thermal response than the heat sink.
Essentially, the junction temperature tracks with the heat sink temperature. It is just higher than
the heat sink temperature by a value of the resistance multiplied by the heat generated (refer to

equation 76).
The equations needed for the diode thermal model are shown together below.

dTpm, Q Tm—Tf

2t = Cn Cmfmy (33)
ary _ mep f(Tin—Tf) + Tm—Tf (34)
dt Cr CfRms
Tm—Tref Tm—Tref
0 = Proc — e T (1) = 1ope 70 (35)
Elec Uref op ref
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Equations 33 and 34 are two coupled ODEs with two state variables, so the equations can be
solved simultaneously for T,, and T¢. The thermal model parameters and definitions are listed in

Table 6 for reference.

Table 6: Thermal model parameters and definitions

Parameter | Definition
A Surface area through which heat transfer occurs (m?)
h Heat transfer coefficient (W/m? K)
Cpm Heat sink material specific heat (J/kg K)
Pm Heat sink material density (kg/m?3)
Vin Heat sink material volume (m?3)
Kk Heat sink thermal conductivity (W/m K)
Cp,f Fluid specific heat (J/kg K)
Pr Fluid density (kg/m?3)
Ve Fluid volume inside HX (m3)
Tin Fluid temperature into HX (K)
m Mass flow rate (kg/sec)
0 Heat generated in diodes (W)
Pgiec Electrical power to diodes on a single bar (W)
Nref Diode slope efficiency (W/A)
Loy Current sent to diodes on a single bar (A)
Lres Threshold Current (A)
Trer Laser diode reference temperature (K)
To Threshold current characteristic temperature
T Slope efficiency characteristic temperature

Next, define the capacitances and the relationship between mass flow rate and heat transfer

coefficient.

Remember the assumptions stated earlier. The heat sink material can be anything, as long as the
chosen material has properties that can be considered independent of temperature in the
appropriate range. Similarly, the type of fluid used must have properties that can be considered

independent of temperature in the appropriate range. To meet these requirements, the fluid
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must be single phase liquid. If the fluid is a gas or two-phase, the above analysis and equations
are not valid. Additionally, to meet the assumption of lumped capacitance, the Biot Number
should be less than 0.1 so the material temperatures of the heat sink remain within 5% of each

other at any given time.

To show this process, an example of how to choose a design that meets the Biot requirements is
provided here. First, choose the heat sink material and type of fluid. Consider copper for the
heat sink material and water for the working fluid. Consider the Biot number of the copper heat

sink to determine its characteristic length.

B'—hLC<01
L= k .
0.1k
LC<T

The maximum value for the heat transfer coefficient h needs to be considered as well. Since
microchannel heat exchangers can produce heat transfer coefficients on the order of 10,000
W/m?2 K, set h arbitrarily to be 40,000 W/m? K. The thermal conductivity for copper is 401 W/m

K. Hence,

0.1(401)

c < W - LC < 0.0010025

Now, the geometrical requirements for the heat sink can be calculated. Using the characteristic
length L., the heat sink material volume V,,, and the surface area through which heat transfer

occurs Ag can each be determined when the other is known. For example,

cT 4, 001mz
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Vin = A * lipick

Here, A is the area required by the laser diodes to simulate proper mounting on the heat sink.
The heat sink thickness l¢p;q« is used to find the volume of the heat sink material. At this high of
a value for heat transfer coefficient, the geometry requirements to meet the Biot Number
limitation are very strict. 1, is determined from the area required to mount the laser diodes.
More diodes on a bar means the area of the heat sink needs to increase. Consequently, the
thickness of the heat sink must decrease to meet the Biot Number limitation. The process
described here applies to any heat sink material, not just copper. The provided process needs to
be performed for a certain type of heat sink material and required heat sink thickness or area. It

is an iterative process.

Based on the Biot Number analysis, the heat sink material volume is known. The next step is to
calculate the heat sink material capacitance, as shown below. Both the specific heat capacity
and density of copper are known and assumed independent of temperature, as stated

previously.
Cm = CpmPmVm
C,, = 385 %8954 * 1e™> = 34.473 /K

This is the process of finding the characteristic length (thickness) and the subsequent
capacitance. Meeting the requirements means lumped capacitance applies and the heat sink

material be considered a single temperature at any point in time.

A smaller fluid capacitance, as per the assumptions, means it is more accurate to assume the
temperature of the fluid within the heat exchanger changes temperature in bulk and the fluid

temperature close to/far away from walls are equal. Since the working fluid is water, the fluid
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properties like specific heat capacity and density are assumed independent of temperature, the

fluid capacitance can be found by
Cr = CprPrVy

Notice here, since the specific heat capacity and the density are constant, the only variable that
can cause a change in the fluid capacitance is the internal heat exchanger volume V. At this
point, consider Cy to not have a set value. In the analysis to come, it will change based on a

varying value of V.

Now, further consider the heat transfer coefficient h. The Nusselt correlation to find h can differ
based on the geometry of the heat exchanger used. Since no specific geometry has been defined
for this research, any Nusselt correlation can technically be considered. In order to achieve the
high heat transfer coefficients required for laser diodes of this optical power level, the Gnielinski
Correlations for internal flow have been implemented to simulate a microchannel heat
exchanger. They are shown in the equations below, along with other pertinent variable

definitions, taken from Cengel et al.%.

_ (f/8)(R, — 1000)E,
T 1412.7(f/8)05(B33 — 1)

u

Here, the Reynold’s Number is defined as

prangh

R. =
¢ i
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Notice the use of hydraulic diameter Dy,. The average velocity V,,,4 is found by knowing the

cross-sectional flow area of the internal flow A.. The Prandtl Number is defined as

_Hopr

P, P

Finally, the heat transfer coefficient can be found by

Additionally, the friction factor f, required for the calculations, is defined by the Haaland

Equation shown below.

1
— = —1.8log

69 [(e/Dy\"
JF R_e+< 3.7 )

Here, € is the equivalent roughness of the material surface adjacent to the flow. For simplicity,

the values for Dy, A, and € are kept constant at 0.00134 m, 2.2e-5 m?, and 5e-6 m. As
mentioned earlier, all other values for fluid properties are constant with fluid temperature,

taken at 20°C.

Again, the Nusselt Number correlation used here attempts to model a micro channel type heat
exchanger, as this type is capable of the high heat transfer coefficients (on the order of 10,000
W/m? K) required for laser diodes of this optical power level. Any Nusselt correlations could be

substituted here and should be substituted appropriately when needed.

Extension of the Thermal Model:
Currently, only a single diode bar/node is considered in the diode thermal model. In order to

represent an entire diode array, the thermal model capabilities must be extended to include
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multiple diode bars. The thermal model must calculate diode temperature estimations and fluid
temperatures at multiple nodes, not just a single node. Going back to equations 33 and 34 along
with Figure 31, each node has two state variables (T, and Tr) with two governing ODEs created
from analyzing the two control volumes for both the heat sink material and the fluid using an

energy balance approach. Now, refer to Figure 32 shown below.

G ! —|—> ‘ L + ‘ T, +
Sfrif _’—’ fe by » Lrif.
i " i " i
T, 1 T T ’ Ty T X T

Figure 32: Various heat transfer coefficient and mass flow rate relationships

At node 1 in Figure 32, the fluid temperature coming in is from some source (T;,1, @ boundary
condition which is known/provided). The temperature of the fluid out of node 1 is Tf,. If these
nodes are put together, and the fluid flow moves from left to right in Figure 32, the fluid in
temperature at node 2 Ty, is equal to T¢4. The same goes for node 3: Tj;,3 is equal to Ty,.
Things continue in this fashion until the last node. The last node is x, which is equal to the value
of the number of diode bars NUM| , pqrs from earlier laser diode model development. Hence,
multiple diodes bars (nodes) can be represented in a quasi-one-dimensional lumped capacitance
model with individual Q at each node dependent on the value of T, at that particular node.
Lumped capacitance is valid for the heat sink temperature T,,, at every node, but the value of T},
at each node can differ due to the increase in fluid temperature from the previous node. It is
assumed there is no conduction considered between the heat sink materials of each node. Heat

transfer only occurs through the heat sink material into the fluid at each node.
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For modeling a configuration as shown in Figure 32, the number of state variables to solve for
increases by two for every additional node. The total number of state variables to solve foris 2 *
NUM; p pars- The coefficient matrix for equations 33 and 34 will change as well when more

nodes are considered.

Consider a thermal model with NUM; p, pars €qual to 2. This means the model will have four
state variables and four ODEs to solve simultaneously with two separate equations for Q at each
node based on the T, value at each node. The ODEs for this condition are shown below. The
first node equations are the same as equations 33, 34, and 35. They can be manipulated to a
more standard form as follows, adding to them the notation to represent variables at each node
now since there is more than one node.

AT,y 1 1 0,
= _ T .+
dt CmRmp ™

—— T +
CmRmf 1t Cm

del _ 1 Ti’le,mef +1 mcp,fTinl
mi~—\" ~pp T, 1 +—F

dt ~ CiRpy CrRpns Cr

Ql = PElec - nrefe_<Tm1;1Tmf) (Iop - Iref€<T7mT;0TrEf)>

The equations for the second node are shown below. Remember, as stated before, the value for

Tinz is equal to Ty, as per Figure 32. So, the equations end up looking like this.

dTmZ 1 1 éz
=- Tony + ———Tpp + =2
dt CoRmg ™ CRms 72 Cm
dez _ 1 T _ me’mef +1 T + me’fol
dt — CiRps ™ CiRons 12 Cr
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QZ = PElec - nrefe_<Tm2;1Tref> (Iop - Iref6'<Tsz;0Tref>>

The substitution of Tj,, equaling Tr; shows how the state variables for the current node are
dependent on that of the previous node. The system of equations can be built in this way for as
many diode bars as exist, and they can all be solved numerically. At each node, the value for Q
can be different, and this model, as it is formulated, captures the possible difference in Q
between nodes due to the variation in T;,, between nodes. This can be put together more

concisely in matrix form, shown below.

T'=AT+g
a b 0 0 Uy T
d e 0 0f _ |i|l = |Tn
A=1o 0 a b|" 97w T7|1,,
0 j d e 0 Tr,
1 i 1 Qx
a=— , = , U, = —
[ ConRons ¥ Cpm
d 1 <thp,mef + 1) i me,fTinl . Thcp’f
= , =—\\— ), l=—, ] = -
CrRony CRps Cr Cr

Here, u, represents the generic forcing function term for a node x based on the Q associated
with that node x and x going from 1 to the number of nodes. In the example here, x = 2 for two
nodes. Next, an example with 5 nodes is presented in order to show the patterns that occurs in

both the coefficient matrix A and the forcing vector g. In matrix form, this becomes

T'"=AT+g
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a b 00 000 0 0 O U Tina]
d e 0000O0UO0UO0 O i T
0 0ab 0O0O0O0O0O Uy Tin2
0 j d e 00000 O 0 Tra
0000 ab o000 o0f _ |u| =~ [Tms
A4=100 00 j d e 0 0 0 of 9|0 T7|r
J e f3
000000 ab 00 Uy Tyna
00000 j de OO0 0 Tty
0000 0O0O0UO O alhb Us T,
0 0000 00 j d el L0 | Tps
Notice the trend that occurs in the coefficient matrix A

(@ b 0000000 W Tma
d e o 000 0O0O0 O i Tr1
0CA& a BN0O 0 0 0 0 0 Uy Tinz
0000000 0 Tys
0 0 0 A FNO 0 0 0 Us Tona
“'=0000000' 9=lo| T=|1,
000 0 0 4 PN\O 0 Uy Tpoa
00 0 0 0 0 0 0 (N
0000 0 00 a Us Tos
70000000'de> L0 | Ts

In general, coefficient matrix A can be considered sparse except along the diagonal where after
the first two rows, the same pattern repeats along the diagonal (shown in the red circles). The j
term in the coefficient matrix A shows how the state variables at the current node are
dependent on data from the previous node. The system of coupled ODEs can still be easily

solved by numerical methods.

Diode Thermal Model Comparison:

Work done by Eastbourn® and Roberts et al.®”?%% use a more detailed heat exchanger model
for heat transfer performance analysis, similar to the diode thermal model created for this
research. The heat exchanger model used by Eastbourn® and Roberts et al.®”?% was validated

against experimental data. It models an offset strip fin heat exchanger capable of representing a
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microchannel heat exchanger when hydraulic diameter becomes small enough. It uses the
Gnielinski Correlations for heat transfer, same as the diode thermal model created here. Hence,
it provides a possible means of verifying correct implementation of the Gnielinski Correlations in

the diode thermal model.

The heat exchanger is modeled after an offset strip-fin, counterflow compact heat exchanger. It
is created from a collection of thermodynamic, geometric, and heat transfer models. It is
implemented as a one-dimensional model, discretized along the flow direction as shown in

Figure 33 below.

Cold side

ite, Tinc, Minc i - 7ic, Toutc, Routc

Heat exchanger
material

tith, Tout i, Rout i - gl 7iti, Tin b, in, 1

Hot side

Figure 33: Diagram of heat exchanger thermodynamic model®

The thermodynamic system shows a single node in the flow wise direction. The entire heat
exchanger uses multiple nodes discretized along the axial flow direction using a finite difference
approximation. It contains two working fluids (cold and hot) with a heat exchanger mass
separating the two. Energy and mass conservation balance equations for the working fluids and
the heat exchanger material account for the heat transfer of the system. One-dimensional flow
behaviors and incompressible flow are assumed. The energy balance equations are reprinted

from equations 18 to 21 in Roberts et al.*® and briefly explained.
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dTHX . .
mHXCv,HXT = Qcota + Qnot

dTy,
ot . . .
MpotCy hot dt = Qpot + mhothhot,in - mhothhot,out
arT,
cold . .
mcoldcv,cold dt = Qcold + mcoldhcold,in - mcoldhcold,out

Qi = hiAux(Triia — Tux)

The heat exchanger material block computes an energy balance using equation 18 and relays
the heat exchanger temperature to the fluid stream blocks. The heat exchanger material is mass
that stores or supplies thermal energy depending on the transients. Equations 19 and 20
provide the energy balance for calculation of the temperatures of each flow stream. The heat
flows into and out of the heat exchanger mass, Q, are calculated using equation 21. Q;
represents either the hot or cold side (Qyp¢ Or Qco1q) and Tf1yiq is either the hot or cold side
temperatures (Tyor Or Teo14)- i is the heat transfer coefficient on the hot or cold side at each
node. hy,¢ is the hot side specific enthalpy in or out, and h.,;4 is the cold side specific enthalpy
in or out. m hot or cold is the mass of fluid in that node on the hot or cold side. ¢, is the specific
heat capacity of constant volume at the hot or cold side. Ay is the area through which heat
transfer occurs. The equations are the same for multiple nodes. The output of one node
cascades to the input of the next node. Solving these equations at every time step in the
simulations, along with the finite difference approach for multiple nodes, yields a heat
exchanger model capable of transient and steady state analysis. For this model, all fluid

properties are a function of hot or cold side temperature.

The Gnielinski Correlations are applied in order to get a more accurate estimation for the heat

transfer coefficient. They are listed in Roberts et al.**. Additionally, since the model attempts to
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simulate an offset strip fin heat exchanger, the hydraulic diameter used for Reynold’s Number
calculations is specifically defined. The parameters that make up the hydraulic diameter as

shown in Figure 34 below.

lln

rx.:.r-- IIJ da ‘-t&L$|.‘.. ..

Figure 34: Diagram of fin parameters and geometry®

The hydraulic diameter is given as

4shl
2(sl+ hl + teh) + trs

Dh=

Here, s is fin spacing, h is fin height, b is fin channel size, t is fin channel separation material
thickness, ¢ is fin thickness, and L is fin length along the channel (infout of paper when
referencing Figure 34). The parameter b is used in another section of the model for proper heat

exchanger sizing. Refer to Roberts et al.*”%°° for more information.

For comparison with the diode thermal model, the heat exchanger used by Roberts et al.%”-9%%
(from now on referred to as the WSU model) has been studied in-depth. The WSU model can

also be adapted for use as a cold plate to which a heat load is applied. Simply take away the hot
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equation and replace it with a heat load value (Figure 33). Now, Qhot is the only value needed

for the hot side. This Qhot is now going to represent the heat generated from the laser diodes.

Since the WSU model is specific to a type of heat exchanger and the diode thermal model is not,
there must be reconciliation between the models to make their geometry similar. The diode
thermal model has no specific geometry, except for hydraulic diameter and the area through
which heat transfer occurs. The WSU cold plate model also has hydraulic diameter and area
through which heat transfer occurs. If the hydraulic diameter and area though which heat
transfer occurs are set to identical values in both the diode thermal mode and the WSU cold
plate model, the performance between the two models can be compared. It will take some trial
and error to reconcile the appropriate values for fin parameters (Figure 34) to achieve the same
hydraulic diameter and area through which heat transfer occurs, but doing so will allow a
comparison between the diode thermal model and the WSU cold plate model. Reynold’s
Numbers need to be matched through identical values for mass flow rate and flow velocity.
Additionally, the friction factors will need to be matched as well, since the Gnielinski
Correlations required friction factor. Such a comparison will help confirm and verify the
Gnielinski Correlations have been implemented correctly in the diode thermal model, as well as

confirm how well the diode thermal model operates compared to experimental data.

Table 7 shows the parameters values for each model for two cases. Case 1 has worse diode
temperature control (lower mass flow rate) and Case 2 has better diode temperature control
(higher mass flow rate). The Reynold’s Number, Nusselt Number, and heat transfer coefficient
are calculated by each model. Hydraulic diameter and surface area through which heat transfer

occurs are the same for each model.
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Table 7: Thermal Model Comparison Parameter Values

Case Model Re Nu Dh (m) Aux(m?) | h(W/m?K)
1 WSU Cold Plate | 9000 73 1.34e-3 0.002 32000
Diode Thermal 9200 76 1.34e-3 0.002 32600
2 WSU Cold Plate | 13600 | 108 | 1.34e-3 0.002 47200
Diode Thermal 14000 | 109 1.34e-3 0.002 48400

The diode physics model is easily coupled to the WSU cold plate model, incorporating the
increase in diode heat generation as laser diode temperature moves away from the reference
temperature. The heat generation term Q;,; comes directly from the laser diode physics model.
The temperature curves of the two cases are shown and compared. The temperature profiles
for Case 1 are provided in Figure 35. They show the node temperatures as a function of time.
The laser is activated at 5 seconds. Recall, the temperatures shown here are the heat sink
temperatures, which are analogous to diode temperatures. Both models have five nodes, and
the surface area given in Table 7 is the surface area for each node. Since there are five nodes,

the models predict five heat sink temperatures, one for each node.
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Figure 35: Model Temperature Comparison Case 1, (a) is diode thermal model, (b) is WSU Cold

Plate Model

The temperature profiles for Case 2 are provided in Figure 36.

Figure 36: Model Temperature Comparison Case 2, (a) is diode thermal model, (b) is WSU Cold

Plate Model

In Case 1 (Figure 35), the diode thermal model has a larger range between the first and last
node temperatures than does the WSU cold plate model. Overall, the temperatures of the diode

thermal model are smaller than the WSU cold plate model, but not by much. The percent error
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between the nodes of each model (from nodes 1 to 5) are less than 1%. Hence, for very similar
thermal capability shown in the Table 7 parameters, both models exhibit very similar
temperature profiles. The WSU cold plate model does reach steady state slightly faster than the
diode thermal model. Another thing of note is the WSU cold plate calculates fluid properties at
every time step as a function of fluid temperature, which is an additional reason as to the slight
temperature discrepancy. In the diode thermal model, fluid properties are constant with

temperature.

In Case 2 (Figure 36), things are quite similar. Higher Nusselt Numbers do provide better
temperature control in Case 2 than in Case 1. A maximum temperature of around 317K in Case 1
versus 312K in Case 2. The diode thermal model again has a larger range between the first and
last node temperatures than does the WSU cold plate model. Overall, the temperatures of the
diode thermal model are smaller than the WSU cold plate model, but not by much. The percent
error between the nodes of each model (from nodes 1 to 5) are less than 1%. Hence, for very
similar thermal capability shown in the Table 7 parameters, both models exhibit very similar
temperature profiles. Again, the WSU cold plate model does reach steady state slightly faster

than the diode thermal model.

The high similarity between the temperatures predicted by each model lends confidence to the
diode thermal model and that the Gnielinski Correlations have indeed been properly
implemented. Neglecting the specific heat exchanger geometry and using just the hydraulic
diameter and heat exchanger surface area, as done in the diode thermal model, is useful from a
higher-level system design decision making perspective. However, in reality, the complex
geometry in actual heat exchangers plays a critical role in their heat transfer characteristics. The

WSU cold plate model had to be specifically configured to get matching hydraulic diameters
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through manipulating the size of the fins. The simplified diode thermal model cannot currently
incorporate the complex geometries, so understanding this particular limitation in key.
However, keeping it general makes it more useful. As the comparison has shown, the diode
thermal model correctly implements the Gnielinski Correlations. Another thing to keep in mind
is how the heat transfer correlations can often be off by as much 25%. Hence, the comparison
further verifies the diode thermal model performance as acceptable given the assumptions

therein.
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9. Fiber Thermal Model for Temperature Estimation:

The fiber thermal model diagram is shown below in Figure 37. It requires heat generation inside

the fiber and cooling flow as inputs and outputs fiber temperature.

Diode Heat Gen _I?iode
: tures
0 empera ,

T (0)

=P | Diode Thermal Model | =—p

Coolant Flow Coolant
In, Ty, m Flow Out,
Tr(t),m

Figure 37: Diagram of fiber thermal model

In addition to the diodes, fiber temperature during laser operation is important to capture. This
section explains the creation of the thermal model and the ramifications of what happens when
the fiber is or is not properly cooled. Additionally, it mentions how cooling under various heat

transfer conditions can affect the duty cycle of fiber operation.

Creating the Thermal Model:

Knowing the maximum fiber temperature as function of time is critical to fiber operation. As
cited previously, a typical fiber with a silica glass core and polymer cladding can see a change in
temperature from ambient of 100K before the optical-to-optical (O-O) efficiency starts to
significantly degrade. Up to a change in temperature of 100K, no discernable change in (O-0)
efficiency typically occurs32. A fiber can be thought of a long, flexible cylinder with a length much
longer than its diameter. A polymer cladding is added on the outside of the fiber core. There is

normally an inner and outer cladding. The cladding helps to direct the pump light into the core
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where it can be absorbed and emitted as signal power. Outside the cladding, there is a polymer
coating which is very thick compared to the actual fiber. The thermal conductivity of this coating
is much larger than that of silica glass, as much as 20-30 times higher. Including this coating, the
entire diameter can be as much as 4 mm32. Even with this coating, the fiber is still quite flexible

and can be coiled to take up less space.

In order to make a thermal model of the fiber, consider the fiber to be a long, uncoiled cylinder.
Since a normal fiber has a polymer coating that draws heat away from the core with a larger
thermal conductivity, the worst-case scenario for a thermal model would assume the entire
fiber (core, cladding, and coating) was all made of silica glass. The lower thermal conductivity of
silica glass would mean the thermal model will estimate a higher fiber temperature than really
exists. In this way, the thermal model is applied to the research here such that it is the worst-
case fiber temperature. If the fiber coating is modeled, which has much larger thermal
conductivity, the actual temperature would be less than the model predicts. As stated earlier,
the state of the art for the highest levels of optical power launched into a fiber while
maintaining the LPo; mode is 5000W as per Fang et al.?*. This shall be the max value considered
in the analysis, as a value lower than this will yield a smaller/slower temperature increase in the
fiber. Additionally, the 5000W of pump light is considered to be at the optimum wavelength and
spectrum as well, meaning the fiber will be operating at maximum optical-to-optical (O-O)

efficiency. Hence, the heat generation in the fiber will be at its largest.

In order for simplicity and ease of calculation, the fiber is thermally modeled using the 1D heat
conduction equation shown below. This is appropriate as the temperature in the fiber varies

with both location in the axial (z) direction and time (t).
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Here, a is the thermal diffusivity. However, this assumes an insulated rod, which does not allow
for the inclusion of convective heat transfer on the outer fiber surface. Hence, the actual
governing partial differential equation required is more complicated than the classical heat
conduction PDE. The fiber can be modeled as a long rod or cylinder with constant cross-
sectional area, internal heat generation as a function of axial fiber position, insulated boundary
conditions at the fiber ends, convective heat transfer boundary conditions along the lateral fiber
surface, and constant material properties. The PDE representing these listed specifications is a
variant of the transient heat conduction equation with a lateral convection boundary condition

and internal energy generation. It is shown below.

02T hP
——E(TOO—T)+

0z2

é(zt) _ pcp aT

k k ot (36)

Here, T is fiber temperature, z is axial location in fiber, A is fiber cross-sectional area, P is the
fiber perimeter, h is heat transfer coefficient as function of the fiber temperature (which can

vary with time and fiber location), k is fiber thermal conductivity, and é(z, t) is the heat
generated per unit volume inside the fiber. Density, specific heat, and thermal conductivity of
fiber material are constant with fiber position z. The above PDE is not trivial to solve, so a

numerical method must be applied.

First, consider the diagram of fiber discretization below in Figure 38.
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Figure 38: Fiber discretization diagram

The entrance of the fiber (where pump light is launched in) is located at node 0. The end of the
fiber where signal light comes out is located at node M. The fiber is discretized into sections
each with a length of Az. The overall fiber has length L. Around each node is considered a

control volume.

Develop the 1D heat equation from the more general energy equation.

Energyin + Energygen = Energyoys + Energyseorea
In rate form, this becomes

. . . dE
Ein + Egen =Eoue + E

From here, switch for heat terms represented by Q. Look at the sum of heat into and out of an
internal control volume. Each internal control volume has conduction to the left and right of it
along with convection from the surface area of that control volume. The energy equation then

becomes

dE

D @O+ b=

all sides

E =mgc,T = pVpyc, T
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Here, the mass of the fiber segment is calculated from the density and the volume of fiber
material in that control volume V,,. Since fibers can handle a change of 100K without loss of (O-
0) efficiency, fiber properties can be considered constant with temperature. Therefore, p and ¢,

can come out of the derivative, yielding

. . dT
(Q) + Egenetm = PVevCp dat

all sides

The right had side of this equation is the change in energy of the fiber material in the control
volume. Egen,elm is the heat generated inside the fiber control volume. This term is already
calculated from the fiber rate equations, so it is known. The sum of Q term is the heat into/out

of the control volume due to conduction from the left/right and convection on the fiber surface.

Disregarding the first and last nodes (O and M nodes in below in Figure 38), all other nodes are
internal. Using an explicit method for solving the ODE, an equation for the internal nodes can be
developed in both space (z) and time. Note, T,,, here represents the temperature at a particular
node within the fiber. It does not mean the same as it does in the previous section with the laser

diode thermal model.

N el Tt — Th
(Qm) + Egen,m - chvCp T

all sides

The letter i represents the current time step, and the letter m represents the current spacial
location (see Figure 38). Next, the conduction and convection that make up the sum of Q term

need to be defined.

Y - .
Qm - Qm,cond,left + Qm,cond,right + Qm,conv
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)i kA(Th-1 = Tm)
Qm,cond,left = Az

. KA(T} o1 — T)
Qm,cond,right = Az

Qrin,conv = h;.nAS (TOO - TTln)
V., = AAz

Here, k is the thermal conductivity of silica glass, A is the cross-sectional area of the fiber. As is
the surface area of the fiber control volume for convection to occur through. T, is the ambient
temperature of the fluid around the fiber, and h is the heat transfer coefficient (dependent on
the fiber temperature at the particular control volume). The heat transfer coefficient h will be
different at different locations axially along the fiber (z direction). The variables are further

defined below.

Ay, =nDAz
Additionally, the energy generation term is defined as follows.
Elenm = € ANz

Here, D is the entire fiber diameter, including fiber core, cladding, and coating. The energy

generation rate per volume e',in is actually calculated by the fiber rate equations and fiber gain
media heat generation modeled developed and presented earlier in this document and comes
from the Egen(z, t), refering back to Figure 10. So, this data must be calculated separately and

then it can be used in the fiber thermal model.
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Putting all this together yields the final form of the explicit formulation of the 1D heat equation

for the internal nodes of fiber thermal modeling.

KA(Tjos = T) | KA(Tjoss = )

Az Az

. . 3 Ti+1 _ Ti
+ hinAs(Too — Th) + €440z = pAAzc, <%>

For the end nodes, 0 and M, two more equations are needed. They are slightly different to
account for the half control volume used at the ends instead of the full control volume.
Additionally, the area of the fiber ends is not included in the surface area through which

convection occurs. The equation for node 0 is shown below.

KA(T! — T¢) N hiAs(Too — T¢) N et ANz _ pAbzcy T — T
Az/2 2 2 2 At

The equation for node M is shown below.

KA(Tj_1 —Ti) N hiAs(Tw — Thy) N el ANz _ pAbzc <T,5,+1 - T,5,>
Az/2 2 2 2 At

As a note, the temperatures of all nodes are initialized to the ambient temperature. Also, the At
term is identical to what was used to solve the rate equations. This is necessary so the energy
generation terms are accounted for in the correct time steps. The Az term is such that the
explicit formulation produces a stable, convergent solution. Incidentally, the Az term used in the
fiber heat generation discretized equations is appropriate for use here in the fiber temperature
explicit formulation as well. The values for Az in both equations can be the same. This is
fortunate as it is necessary for the energy generation terms to be accounted for at the correct

time steps and spacial location.
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The next task is to calculate the heat transfer coefficient for each node. Remember, it is based
on the temperature of that node. Hence, it will change with both location and time as well. Two

cases of convection are considered: External natural and forced convection.

For natural convection, the properties of the fluid around the fiber are of importance. The

properties should be found at the film temperature, defined as

i (Th+Ts)
Tfilm,m - T

Then, use Ty, to find the temperature dependent parameters like thermal conductivity,
kinematic viscosity, thermal expansion coefficient (assuming a gas), and Prandtl Number. For
natural convection on a horizontally oriented cylinder, the Rayleigh Number and Nusselt
Number correlations are defined as shown below®®. The characteristic length required here is
the fiber diameter D.

i_ gﬁ(Tan - oo)D3PT
= 2

RaD,m

1
0.387 * R(SD/6)

N, ‘=]06+
wm 9/ 8/27
(1+(o.559pr) 16)

Here, g is acceleration of gravity, B is the thermal expansion coefficient, P, is Prandtl Number,

and v is kinematic viscosity. From this, h, can be found from

For forced convection, the properties of the fluid around the fiber are just as important. The

properties should be found at the film temperature, defined as
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i (Th+Ts)
Tfilm,m - T

Additionally, for forced convection, the Reynolds Number is important.

Here, v is the fluid velocity and, as before, v is the kinematic viscosity and D is the fiber
diameter. The relationship for Nusselt number in forced convection for a cylinder in cross flow
are functions of Reynolds Number and Prandtl Number as shown below®®. The empirical

relations are different depending on the Reynolds Number.

For Re between 40 and 3999,

1
N, = 0.683R%466p /)

For Re between 4000 and 39999,

1
Ny, = 0.193R2'618Pr( /s)

For Re between 40000 and 400000,

1
N, = 0.027R2'8°5Pr( /s)

Both Reynold’s and Nusselt Numbers here are found at every spacial location for every
timestep, as the fluid properties change with fiber temperature. Then, the heat transfer

coefficient can again be found by
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Since the film temperature changes as the fiber temperature changes, h,,, changes as well.
Hence, a value for h,,, has to be found at every spacial location for every timestep when solving
the discretized 1D heat equation in order to get an accurate solution. The fiber temperature

calculations are computationally time consuming in comparison to the diode thermal model.

Analyzing Worst Case Scenario Fiber Temperature Profiles:

The discretized 1D heat equation is easily solved by the explicit formulation. The equation yields
a temperature profile of the entire fiber at each time step. As stated earlier, the 5000W of pump
light entering the fiber is considered to be at the optimum wavelength and spectrum as well,
meaning the fiber will be operating at maximum optical-to-optical (0O-O) efficiency. In turn, the

heat generation in the fiber will be at its largest. This is the worst-case scenario.

The fiber thermal model parameters, values, and definitions are listed in Table 8 for reference.

Table 8: Fiber Thermal Model Parameters and Definitions

Parameter Value Definition

D 0.004 Entire fiber diameter (m)
L 10.8 Fiber length (m)
p 2200 Silica glass density (kg/m3)
k 1.38 Silica glass thermal conductivity (W/m K)
Cp 749 Silica glass specific heat (J/kg K)

Teo 298 Ambient temperature (K)

Tinit 298 Initial fiber temperature (K) (same as T,)

Using these parameters, the 1d heat equation explicit formulation can be solved to yield the
fiber temperature profiles. Figure 39 shows fiber temperature profiles over an 8 second laser

activation period occurring at 5 seconds into simulation time. At 13 seconds, the laser turns off.
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Notice how t = 16.6 sec is smaller than t = 13.1 sec, as heat generation is no longer occurring

because the laser is off.

Figure 39: Fiber temperature profiles at various points in time

Natural convection is used in the temperature profile data of Figure 39. Next, consider Figure

40.

Temperature (K]

Figure 40: Steady state fiber temperature profile

Here, the fiber temperature profile is taken at steady state conditions using natural convection,
meaning the temperature profile is no longer changing with time. This would eventually be

reached if the data in Figure 39 was plotted with continuous laser activation. The main take
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away here is to note the following. On each profile, a maximum temperature exists. Since the
only stipulation on fiber temperature is that the maximum temperature never change by more
than 100K, the maximum temperature in the fiber as a function of time is the important data
point. Hence, at each time step, keep track of the maximum temperature in the fiber. This way,
the data can be simplified for presentation. For example, in Figure 39, there is a maximum
temperature of each profile shown. They can be plotted as a function of time. This process is

used next to show fiber performance over a range of convection conditions and how the type of

convection affects the fiber’s duty cycle.

First, consider the natural convection condition. Figure 41 shows the maximum fiber

temperature as a function of time for natural convection
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Figure 41: Max fiber temperature with natural convection

The max fiber temperature is within a change of 100K for about 20 seconds. After 20 seconds,

the laser turns off and the fiber temperature starts to decrease due to natural convection. At
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180 seconds after laser shut off, the max fiber temperature is down to around 320K, not yet
back to ambient temperature of 298K. This is characteristic of natural convection, as it is not the
most effective way to cool an object. Looking further into the data from Figure 41, the idea of
fiber duty cycle can be considered. Duty cycle, as it applies here, is the percent of time the laser
can be activated where fiber temperature remains within bounds (delta of 100K). For example, a
40% duty cycle means the laser can be active 40% of the time while remaining within the
prescribed temperature bounds with the given thermal management capability. Looking at
Figure 41, data shows the fiber temperature increases at a rate of 100K/20 seconds, or 5K per
second. At 100 seconds, the max fiber temperature is down to 350K. At 5K per second, it would
take almost 10 seconds for the max fiber temperature to increase back to 398K (max
temperature allowed). Hence, after the initial activation from 0 to 20 seconds, the fiber could be
activated once every 90 seconds for 10 seconds at a time. The duty cycle is 10/90 = 11%. The
duty cycle needs to be considered in this manner based on the required activation pulse time, as
a shorter pulse time means less recovery time required. In other words, the laser can activate
more often, just with a shorter activation pulse. It all depends on what the specific laser

application requires. Next, the duty cycle for various levels of forced convection is studied.

For forced convection, look at what happens to the max fiber temperature when fluid velocity
over the fiber increases. The fluid used in the analysis here is air. Figure 42 shows the maximum

fiber temperature as a function of time for forced convection with an air velocity of 1 m/s
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Figure 42: Max fiber temperature with forced convection, velocity of 1 m/s

In Figure 42, the initial rise in max fiber temperature is very similar to that in Figure 41. The max

fiber temperature is within a change of 100K for about 25 seconds. However, when the laser is

shut off, the fiber temperature cools much faster. At 60 seconds, the fiber temperature is

already down to 330K, and back down to 298K by 200 Seconds. Looking at duty cycle in the

same manner and observing performance after the initial rise in temperature, the average

temperature rise is 100K/25 seconds or 4K per second. For the fiber temperature to get from
the peak to 330K, it takes 35 seconds. At this point, the laser can then be activated again for 17
seconds to stay within the temperature bounds. The total time for this fall and rise is 35 + 17 =

62. Hence, the duty cycle for this case of forced convection is 17/62 = 27%. Again, the required

laser activation time can vary according to the specific laser application. A shorter pulse time

means less recovery time.

111



Figure 43 shows the maximum fiber temperature as a function of time for forced convection

with an air velocity of 3 m/s.
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Figure 43: Max fiber temperature with forced convection, velocity of 3 m/s

Here, the max fiber temperature doesn’t increase as fast. Now, it takes 60 seconds for the fiber
to reach the max temperature limit, and another 60 seconds to drop back down to close to
ambient temperature. Hence, the duty cycle here has now increased to 60/120 = 50%. This
value could be even large if shorter laser activation times were acceptable for the particular
application. As expected, an increase in convection is leading to better control of the max fiber

temperature. The next plots increase the air velocity even further to confirm this trend.

Figure 44 shows the maximum fiber temperature as a function of time for forced convection

with an air velocity of 5 m/s.
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Figure 44: Max fiber temperature with forced convection, velocity of 5 m/s

Here, it is observed that even if the laser was activated for an infinite amount of time, the max
fiber temperature would level off before it reached the maximum allowable delta of 100K. This
means the convection cooling is such that the fiber can operate for as long as desired and the
duty cycle is 100%. At this point, with convective cooling, the fiber temperature is no longer the
limiting factor in the amount of time the laser can operate. The limiting factor now is how long
the diodes can be properly cooled for. Each laser component has its own duty cycle. If all the
respective duty cycles can be 100%, the laser can be operated whenever commanded for as long
as commanded. Just to confirm the trend, Figure 45 shows the maximum fiber temperature as a

function of time for forced convection with an air velocity of 8 m/s.
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Figure 45: Max fiber temperature with forced convection, velocity of 8 m/s

The max fiber temperature plot here are very similar to Figure 44, except instead of reaching a
steady state value of around 380K, the max fiber temperature now reaches a steady state value
of around 360K. Clearly, a higher air velocity is giving diminishing returns at this point. The duty
cycle of the fiber is again 100%, just as in the case with an air velocity of 5 m/s. It seems 8 m/s is
overkill. Hence, there exists a sweet spot, in terms of air velocity, where the fiber duty cycle is

100% but energy is not wasted in providing more convective cooling than is required.

Fiber Temperature Comparison:

The discretized 1D heat equation for solving the fiber temperature here is a simplified approach
when compared to previous research, mainly because the previous research has already
covered the topic in-depth from the perspective of 2D heat equation (radially and axially along a
fiber). The main difference between the previous work and this current research is previous

work was done at steady state. The research here (Figure 39) shows fiber temperature profiles
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in their transient period of operation. Figure 40 shows the temperature profile at steady state.
Additionally, looking at the maximum fiber temperature as a function of time allows for further
insight into understanding the thermal requirements to keep the fiber within a certain
temperature limit along with the operational duty cycle stemming from a given level of cooling
provided to the fiber. Previous research does not compare varying levels of convection to show
how fiber temperature reacts to better thermal management. Previous research also does not
explicitly state the relations used for finding the heat transfer coefficient. In general, they pick a
value and keep that value constant. The fiber thermal modeling developed earlier in this chapter
differs from previous work as it lists the Nusselt correlation used (natural or forced convection
over a long cylinder) and also recalculates the heat transfer coefficient at every timestep for

every fiber segment based on the changing temperature of said fiber segment.

Li et al.!* modeled the steady state temperature profile of a 20 m Yb3* fiber at various levels of
launched pump power up to 1000W. They used the 2D heat equation in its cylindrical form with
a convection boundary condition on the lateral fiber surface, coupled with the rate equations
for finding the heat generation term. They do not list a value for the heat transfer coefficient in
temperature calculations, but the temperature profiles are reminiscent of natural convection.

Figure 46 shows their temperature profiles.
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Figure 46: Fiber temperature profiles [reprinted from Li et al.'?, Fig. 2]

A higher launched pump power leads to more photon conversion meaning higher temperatures
seen in the fiber. In their work, Li et al.}! make note of how the temperature in the radial
diection of the fiber varies less than 2°C at the highest power level of 1000 W. The most
significant temperature varying occurs axially along the fiber. They note how the maximum
temperature of over 480°C means active cooling of the fiber is a necessity. The temperature
profiles data in Figure 39 and Figure 40 have a launched pump power of 5000 W, significantly
higher than the work by Li et al.?, and yet Figure 40 shows a lower maximum steady state
temperature of 152°C versus the 480°C. The reason for the descrepancy here is that Li et al.! do
not model relatively thick polymer coating, giving them a much higher heat generation per unit
volume than seen in the data from Figure 40. In general, the trend of fiber temperature being

largest where the pump light is being launched match between Figures 40 and 46.

Lv et al.>> calculated temperature profiles of a Yb* fiber using both the forward and backward
pumping schemes of the rate equations. The fiber is 2 m long, much shorter than most other

research. Figure 47 shows their temperature profiles.
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Figure 47: Forward and backward fiber temperature profile [reprinted from Lv et al.?>, Fig. 5b]

The launched pump power is 31 W. The pump power filling factor I, is set to 0.25, two orders of
magnitude larger than used in the data of Figure 40. This is why the simulated temperatures are
so high in such a short fiber. A larger I}, means more pump power can be converted in a much
shorter distance, generating more heat in a smaller section of fiber. They used a heat transfer
coefficient of 3.178 W/m? K. Again, looking at the temperature profiles, it is likely natural
convection was modeled. In their work, Lv et al.3® make note of the large temperatures seen in
the fiber at steady state and state how the temperature has gone well beyond the safe work
scope. They recommend using effective cooling measures for higher pump power levels, and
such a recommendation is further evidence that they did not use any type of forced convection

when simulating the fiber temperature.

Abouricha et al.’® simulated the steady state temperature of a Yb** doped fiber with a length of
5 m. They used the rate equations to find the heat generation and the 2D heat equation in
cylindrical coordinates to find the fiber temperature distribution for forward, backward, and bi-
directional pumping schemes. They launched 174 W of pump power into the fiber. They model

natural convection in air for cooling the fiber, as evidenced by their use of the Grashof Number
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and other telling formulations. The values for parameters used in the rate equations are very
similar to that used in the fiber thermal modeling developed earlier in this chapter (similar
core/cladding radii, pump/signal power filling factors, doping ion density etc.). Only the
launched pump power differs significantly, as 174 W is much less than the 5000 W used in the
fiber thermal modeling developed earlier in this chapter. The steady state fiber temperature

profiles from Abouricha et al.’°? are provided in Figure 48.
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Figure 48: Fiber temperature profiles [reprinted from Abouricha et al.?®2, Fig. 5]

Notice again, the same general trend as seen in other previous research appears. For the
forward pumping scheme with Ry, = 0, the highest temperatures are seen near the entrance
were pump light is launched. Most photon conversion, as stated before, takes place in this
region. Abouricha et al.’°? acknowledge who more active cooling is required to lower fiber
temperature to an acceptable value for effective operation and reduction of thermal stresses on

the fiber for increased fiber operational lifetime.

Yet another previous work on fiber temperature, Wang et al.23, looks at the fiber temperature

profiles of a 20 m long Yb** doped fiber under a bi-directional pumping scheme and
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uniform/nonuniform pump absorption coefficients. The fiber thermal modeling developed
earlier in this chapter only uses uniform pump absorption coefficients, so only those results
from Wang et al.’® are presented and discussed. Additionally, the pump power launched into the
fiber was 500 W from each end. Wang et al.’®> were very specific about the thermal management
they used for their fiber setup. The fiber was attached to a heat sink. They used natural
convection as evidenced by the Grashof Number. Additionally, they selected the required level
of natural convection to keep the heat sink at a constant temperature of 300K. The steady state

fiber temperature profile from Wang et al.® is provided in Figure 49.
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Figure 49: Fiber temperature profile [reprinted from Wang et al.X3, Fig. 2]

Since the fiber is pumped bi-directionally, there is a temperature rise at each end due to photon
conversion taking place. Again, a similar trend emerges in that the the temperature decreases
furhter away from where pump light is launched. Although it is not mentioned, the simulated
fiber temperature profiles are very high and more active cooling is required to reduce thermal

effects on fiber efficiency and performance.
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The previous work presented here does not consider thermal management techniques to keep
fiber temperature within reason. They simply state that more active cooling is required. They
also do not consider the polymer coating of a fiber, which works very well to pull away heat and
help maintain reasonable fiber temperatures®. In this way, the fiber thermal modeling
developed earlier in this chapter is more robust as it shows how the maximum fiber
temperature can be controlled with various level of thermal management. Hence, it can be
better understood what level of thermal management is required to achieve a certain maximum
temperature in a fiber at steady state while also understanding the system level requirements to
provide such cooling capcity to the fiber. Until now, thermal management of the fiber has been

largely ignored from such a perspective.
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10. Laser and Thermal Performance Analysis:

Presently, a comprehensive model of an HPLS has been created including a representation of
fiber laser performance through laser physics along with a set of simplified thermal equations
for estimating the laser diode temperatures. Doing so has yielded a multiphysics model capable
of capturing what happens to HPLS performance when laser diode temperatures are not
properly controlled. The section here uses the newly created model capability to see exactly

how diode temperature variation affects HPLS performance.

Time to steady state is an important concept in system analysis. Commonly, the time to steady
state is defined as the time it takes for some parameter to reach 99% of its steady state value. In
terms of the laser, optical power out reaches steady state when the diode temperatures reach
steady state. Hence, the time to steady state for the laser can be found by looking at the time it
takes for the final diode bar in the diode array to reach steady state. Recall that the diode
temperature estimations are the heat sink temperatures calculated from the diode thermal
model. When the final diode bar temperature reaches steady state, the laser output is at steady
state. Temperature data from the diode thermal model can easily be used to find this time to
steady state. Additionally, the laser is set to activate for a specific amount of time, called the
activation time. This activation time, or pulse length, is determined from the particular
application. It can vary based on the type of laser and what the laser is being used for. The pulse

time and the time to steady state can be combined to create the following parameter.

_ tss
tratio = t
pulse

Here, tq, is the time to steady state of the final heat sink temperature from the diode thermal

model and t,,,;s. is the pulse time for the laser. This parameter is useful in determining what
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percentage of the pulse time the laser is in transient operation. A lower value of t,,¢;, means
the laser is in transient operation for a smaller percentage of the pulse. Driving this value

smaller is a sign of better laser thermal management.

Another sign of better laser thermal management is the actual heat sink temperature control. A
smaller change in heat sink temperature from reference temperature means more optical

energy out of the laser over a certain period of time.

In coupling the laser and thermal models, this information and much more can be gathered for a
certain range of input parameters. First, the major parameters in the thermal model are varied
to determine some rules for what parameter values produce certain laser performance. These

parameters are listed below in Table 9.
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Table 9: Thermal parameter sweep values and definitions

Parameter Value Definition
Ag 0.001, 0.005, 0.01 Surface through which heat transfer occurs
(m?)
Cpm 385 Heat sink material specific heat (J/kg K)
Pm 8954 Heat sink material density (kg/m3)
748 le-5 Heat sink material volume (m?3)
Cm 34.47 Heat sink capacitance (J/K)
km 401 Heat sink thermal conductivity (W/m K)
Cp.f 4184 Fluid specific heat (J/kg K)
pr 1000 Fluid density (kg/m3)
Ve 2.3e-5, 1.67e-5, 9.65e-6 | Fluid volume inside HX (m3)
Cy 100,70,40 Fluid capacitance (J/K)
Cratio 0.3447,0.4596, 0.8618 | Capacitance ratio
Tin 298 Fluid temperature in (K)
m 0.05,0.1,0.2 Mass flow rate (kg/sec)
Pgiec 1800 Electrical power to diodes on a single bar (W)
Nref 1.212 Diode slope efficiency (W/A)
Lop 180 Current sent to diodes on a single bar (A)
Lyes 15 Threshold Current (A)
Trer 298 Laser diode reference temperature (K)
To 180 Threshold current characteristic temperature
T; 680 Slope efficiency characteristic temperature

Other pertinent parameter values for the laser diode and fiber models are given in Appendix B.
Only one diode array is being simulated in the parameter sweep here. Since diode arrays are
cooled in parallel, the thermal performance of each diode array is thermally identical. They can
simply be added together for larger laser sizes if desired. Additionally, the fiber is assumed to be
a perfect fiber as long the temperature is kept within the limit by appropriate convection
cooling. Imperfections in the fiber will only serve to decrease overall laser efficiency. The fiber is
very much a laser physics topic and further exploration of it does not serve the purpose and goal

of the research presented herein. An entire dissertation could be done on the fiber itself. The

123




parameters to be varied are each given three possible values. All combinations of these values

will be considered in the parameter sweep.

In order to perform the parameter sweep, a design of experiments (DOE) was set up to run the
model simulations with every combination of the parameters to be varied: A, m, and Cy4ti0-
The DOE is 3x3x3, so 27 individual simulations are required. The goal of the DOE is to see trends
and observe what values of the parameters yield the best laser performance, then create comes

rules of guidance based on these trends.

The DOE simulates a single 5x5 diode array (refer to Figure 6 for a reminder on diode array
notation). A sample of diode temperature data is given in Figure 50 how and where values are

found based on data from the models.

Heat Sink Temps Tm;  Tmg

Figure 50: Thermal model data explanation
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The sample data is from a 5x5 laser diode array. It gives the 5 values of T;;, and T as solved for
by the thermal model ODEs. For simplicity, the parameters sweep DOE records the average
value of T;, and T¢. The range of the Ty, and Tr values can be found as well. A smaller range
means the laser diode output is more focused around the same center wavelength. This,
coupled with T}, values that are closer to the reference temperature, make for a more efficient
HPLS because the laser light from the diodes is more likely to be absorbed properly in the fiber.
The time to steady state for T;;, and T can also be found from the thermal model data. When
the final heat sink temperature (in this example T},,5) reaches steady state, this location in time
can be used to find the time to steady state. The same can be performed for T¢. The range of
time to steady is also considered here. The earlier nodes in the thermal model come to steady
state faster than the later nodes. Hence, the range of time to steady state is a measure of how
much longer it takes the final node to reach steady state when compared to the first node. For
the parameter sweep data presented here, this means the range is Ty,5 - Tj1. The same goes

for Tf.

Thermal Model Parameter Sweep Results:
The DOE parameters sweep simulations are performed to observe trends and determine what
values of the parameters A, m, and Cy44i, Yield the most change in laser performance over the

parameter space. Then, the most significant of the three parameters affecting laser operation

can be determined.

The parameter sweep data plots for the laser performance analysis are displayed and discussed

here. The laser pulse used in the simulation is 25 seconds long. This time is sufficient to allow
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the laser to reach steady state operation for every iteration of the parameter sweep. Figure 51

contains the average T, steady state values for each combination of parameters.

410

400

0.01

3% o
0.008 1300 3
“'g 0.006 {370 &
18]
— i =
2 0.004 360 5
m
1350 @
0.002 g
340 8
0. £
0.25 330 =

1 320

0.15
0.6 310

0.1 0.4
mdot (kg/s) 0.05 02 Capacitance Ratio

Figure 51: Parameter sweep for average Tn, steady state values

Figure 52 contains the average Tf steady state values for each combination of parameters.
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Figure 52: Parameter sweep for average Ts steady state values

The average temperature is found by taking the average of the steady state temperature values
of all the nodes in the thermal model. For both plots here, C,4¢i, has no effect on the steady
state temperature value. As per the ODEs developed for the thermal model, this is expected. A
larger A; and m give a smaller average steady state temperature. This makes sense because
these two parameters are used in the contact resistance term. When they are larger, it makes
the contact resistance smaller which means better heat transfer occurs. Figure 53 contains the

range of T,,, steady state values for each combination of parameters.
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Figure 53: Parameter sweep for range of Tn, steady state values

Figure 54 contains the range of Tf steady state values for each combination of parameters.
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Figure 54: Parameter sweep for range of T¢ steady state values

The range is the difference between the temperature values at the first and last node in the
thermal model. The range of temperatures for both the heat sink and the fluid is dependent on
the A and m values. Smaller values for temperature range mean a tighter temperature control
is achieved. The main observation here is better heat transfer in terms of the contact resistance
means the temperatures at each node are closer together. Diodes operating at similar
temperatures have a similar output spectrum and center wavelength. Figure 55 contains the

time to steady state of T, for each combination of parameters.
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Figure 55: Parameter sweep for time to steady state of Tr, values

Figure 56 contains the time to steady state of Tf for each combination of parameters.
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Figure 56: Parameter sweep for time to steady state of T; values

Here, the times to steady values are from the final thermal node, meaning the laser is
considered to be at steady state when the final node temperatures reach steady state. In this
parameter sweep, this is the 5" node, as the diode array has 5 diode bars in series. Again, larger
A, and m values yield a smaller time to steady state. Notice how the time to steady state is also
slightly affected by the C,.4;i,, especially at the lower mass flow rate of 0.05 kg/s. This is from
the capacitance delay. A smaller C,.4;i, Yields a larger time to steady state. This is because the
fluid capacitance is larger than the heat sink capacitance, so the heat sink temperature rise time
is limited to the slower rise time of the fluid. Figure 57 contains the range of time to steady

state for Tpy,.

131



0.15
0.6

0.1 0.4
mdot (kg/s) 0.05 02 Capacitance Ratio

Figure 57: Parameter sweep for range of time to steady state for T,

Figure 58 contains the range of time to steady state for Tf.
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Figure 58: Parameter sweep for range of time to steady state for T¢

The range of time to steady state is the time between when the first node reaches steady state
and when the last node reaches steady state. Larger A; and m values yield a smaller range. This
is where the capacitance delay really comes into play. Notice how the range of time to steady
state changes with C,4ti0- As Crqtio gets closer to one, the range gets smaller. The larger fluid
capacitances mean temperatures take longer to reach steady state. Hence, this observation
makes sense in the way C,.q¢;, is defined. Also, for a small value of m, an increasing value of A,
yields an increase in the range. Notice also how the range is increasing as surface area increases.
This goes back to how the contact resistance terms and the other terms with m affects the ODE

solutions. At larger values of m, the A has less of an effect on the range of time to steady state.
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Next, efficiency data for the laser diode and fiber are presented. The efficiency value shown is
the steady state efficiency. Figure 59 contains the overall electro-optical (E-O) efficiency of the

laser diode array.
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Figure 59: Parameter sweep for overall E-O efficiency of diode array

The overall E-O efficiency of the diode is the efficiency at steady state operation. The maximum
overall diode array E-O efficiency is 55%. Again, larger A; and m values yield a higher E-O
efficiency because such values yield better heat transfer characteristics in terms of the contact
resistance. The lowest value of the E-O efficiency is around 43%, a change of 12% through the

parameter space. Figure 60 contains the overall optical-optical (0-O) efficiency of the fiber.
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Figure 60: Parameter sweep for overall O-0O efficiency of the fiber

The overall O-O efficiency of the fiber is the efficiency at steady state operation The maximum
overall fiber O-O efficiency is 87%. Larger A; and 1 values yield a higher O-0O efficiency because
such values yield better diode temperature control. The lowest value of the O-O efficiency is less
than 1%. That is an 86% change, significantly larger than the change in E-O efficiency for the
same heat sink temperatures. For the fiber, this means the pump light is not being absorbed by
and converted in the core. The pump light is simply passing through the fiber and exiting the
other side in the cladding. This shows the importance of capturing the center wavelength shift in
laser diode output as a function of temperature. It’s not just the optical power drop out of the
diodes that causes a drop in optical power out of the system. A 12% decrease in diode E-O
efficiency actually correlates to an 86% decrease in fiber O-0 efficiency due not only to diode
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power output decrease, but to center wavelength shift as well. This is a clear indication of why
diode temperature control is important. It not only affects the diode performance, but even
more significantly affects the fiber performance. The parameter sweep data is evidence of the

correlation.

Looking at the E-O efficiency of the diode and the 0-0 efficiency of the fiber is important, but it
doesn’t tell the entire story. The data contained in these plots and the other previous parameter
sweep data plots are independent of the length of the laser activation pulse. The next three
plots are key to tying together the time response and the laser performance. Figure 61 contains
the total optical energy out of the fiber over the given laser activation pulse, as a function of the
various combinations on thermal parameters. Optical energy output over a given pulse length is

an important performance metric.
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Figure 61: Parameter sweep for total optical energy out of laser with given pulse length

Here, the highest optical energy values are obtained when the A and m parameters are larger,
which really affects performance by way of a smaller contact resistance Rmf. Again, laser

activation pulse length considered here is 25 seconds. With a different activation pulse length, a
different amount of optical energy would be produced by the laser. A longer pulse means more
optical energy can be produced during that pulse, with opposite being true for a shorter pulse.
Now, consider a situation where diode temperatures are perfectly controlled and maintained at
the optimal reference temperature of 298K. For this case, the maximum optical energy out of
the laser over the given 25 second pulse is 109,535 J. Then, using the data from Figure 61, a

percent of maximum possible optical energy is created to show how well the laser is performing

137



compared to what it is capable of when diode temperatures are perfectly controlled. This data is

shown in Figure 62.
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Figure 62: Parameter sweep for percent of maximum possible optical energy

Better thermal control is achieved at higher mass flow rates and surface areas. Those
correspond to a higher percentage of maximum possible optical energy. Next, consider the
tratio Parameter defined earlier. This is a measure of the percentage of the laser activation

pulse during which the laser is in transient operation. The data is shown in Figure 63.
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Figure 63: Parameter sweep for t, 4, values

The t,4ti, Value can yield valuable insight into laser diode durability. Without going into too
much detail (as laser diode durability is not a focus of this research), the amount of time a laser
diode spends in transient operation compared to its total operation time affects its lifetime.
When laser diodes operate, they experience thermal stresses. This cyclic stress occurs with
every pulse. A smaller temperature change (better temperature control) along with a smaller
percentage of time spent in transient operation work together for a longer diode lifetime. The
time to failure of a laser diode by various modes can be predicted by an empirical Arrhenius
equation. Instead of needing experimental data, the data shown in the parameter sweep here

directly provides average diode operating temperature predictions and the percentage of time
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spent in transient operation. Data from the parameter sweep can be used to calculate values for

direct use in an Arrhenius equation if desired.

The parameter sweep provides insight into the most significant thermal parameters affecting
laser operation. The two most significant thermal parameters are the area through which heat
transfer occurs A and the mass flow rate m (which extends more generally to Nusselt Number
N,,). The capacitance of the diode material and the fluid will vary based on the particular heat
exchanger being considered. However, the capacitance only affects the time to steady state, not
the steady state temperature. Additionally, it makes sense from a design perspective to keep
the capacitances constant, as they are more inherent to the design and not as easy to change.
The surface area through which heat transfer occurs Ay is relatively easy to change with
different heat exchanger designs (i.e., finned heat exchangers versus shell/tube). Varying A, can
be accomplished in a way that changes the capacitance of the aggregate heat exchanger
material very little. If the capacitance values are constant, A and N,, are the most significant

parameters on the diode thermal side.
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11. Laser Diode Parameter Sensitivity Analysis:

A sensitivity analysis is performed on the pertinent laser diode parameters to demonstrate how
they affect laser performance. This is considered in a slightly different manner from the
parameter sweep performed. The pertinent laser diode parameters are measures of how
sensitive a laser diode is to a given temperature change, so the sensitivity analysis here is based
around a constant parameter thermal model. The goal is to find out which laser diode

parameters are most significant pertaining to laser performance.

The sensitivity analysis provided shows how laser performance changes with the junction
temperature dependent parameters (dA/dT, dB/dT, Ty, T;). It shows how the optical energy
out of the HPLS over an entire pulse (area under the optical power curve) changes when the
four parameters are varied by £25% of their nominal values. The interaction plot also shows
how certain parameters affect optical energy more than others. The parameter values used are

shown in Table 10.

Table 10: Sensitivity analysis high, low, and nominal parameter values®

Parameter +25% Nominal -25%
dA/dT (hm/K) | 0.3125 | 0.25 0.1785
dB/dT (nm/K) | 0.1105 | .0884 0.0663
Ty (K) 225 180 135

T; (K) 850 680 510

The number of simulations required to capture all the possibilities in Table 10 is given by 3% = 81
total runs for 81 data points of optical energy. Pertinent statistical parameters about the optical
energy data are found as follows. Mean: 360.316 kJ. Max: 376.859 kJ. Min: 342.406 kJ. Range:

34.453 kJ. For a £25% change in the four parameters (Table 10), the optical energy out changes
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by +4.6% and -5.0% from the nominal 360.316 kJ. The results provide adequate assurance as to
reasonable uncertainty while using the extremes of possible parameter values. Between the
four parameters, it is also interesting to look at which ones are most significant in terms of their
effect on optical energy out. An interaction plot of the optical energy data is provided in Figure

64.
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Figure 64: Interaction profiles for wavelength coefficient (dA/dT), FWHM coeffcient (dB3/dT), T,

and T, showing the effects of each parameter on optical energy out®

From the interaction plot, dA/dT parameter has the most significant effect on optical energy.
Notice the bottom row of graphs showing dA/dT compared to other parameters. The three
levels of dA/dT values are given as the three lines on each graph. S, M, and L means -25%,
nominal, and +25% values respectively. The curves are relatively far apart, showing a significant

effect of dA/dT on optical energy. The next most significant parameter, as seen in Figure 64, is
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T;. Notice the top row of graphs showing T; compared to other parameters. The graphs show a
smaller distinction between the S, M, and L levels of T;, meaning a smaller effect exists of T; on
the optical energy. dB/dT and T, have the least significant effect on optical energy, as per
Figure 64. Since no lines in the interaction plot cross or change slope significantly, it can be

assumed there are no major interactions between the parameters.

Next, looking at the sensitivity of each parameter individually shows what a 25% variation does
to the overall optical output. The data is provided in Table 11. For each run, the parameter
values changed are noted. All other parameter values are at the nominal conditions from Table

10.

Table 11: Individual Parameter Sensitivity Analysis®®

Parameter Value Energy (kJ) | % of Nominal Energy
dA/dT (nm/K) 0.3125 346.90 -4.1
0.25 (nom) 361.76 --
0.1785 375.35 +3.8
dB/dT (nm/K) 0.1105 360.98 -0.2
0.0884 (nom) | 361.76 --
0.0663 362.48 +0.2
Ty (K) 225 362.36 -0.2
180 (nom) 361.76 --
135 360.73 +0.3
T, (K) 850 363.38 0.4
680 (nom) 361.76 --
510 359.04 +0.7

A 25% change in parameter dA/dT yields a range of optical energy from -4.1% to +3.8% of the
nominal optical energy value, dB/dT yields -0.2 to +0.2%, T, yields -0.2 to +0.3%, and T; yields
-0.4 to +0.7%. Again, in terms of optical energy, dA/dT is the most significant parameter.
However, in looking at Figure 17, dA/dT and the other three parameters shape the power
spectrum curves significantly. All four parameters together change the power spectrum curves
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in ways that negatively affect not only the optical energy out, but the spectral power density as
well. The amount of optical power contained within a certain signal bandwidth is important in
most laser applications, as stated earlier. The extremely focused laser light in a very small
wavelength range is what makes a laser effective. All the energy needs to be focused around a
single wavelength. As the junction temperature increases and the power spectrum curves get
smaller peaks (significantly lower spectral power density) and become wider, less optical power
is focused in a certain signal bandwidth wavelength range and the laser becomes much less
effective, as the optical power is no longer focused. In most laser applications, the decrease in
spectral power density and spectral broadening due to junction temperature change is a bigger
concern that the decrease in optical power level (area under the curve). A high level of optical
power doesn’t mean much if the laser light is not focused along the required signal bandwidth.
All four parameters may need to be considered in HPLS modeling depending on the particular
laser application required. Overall, values for dA/dT, d3/dT should be smaller and values for
Ty, T1 should be larger to create a laser diode with less sensitivity to temperature change. As per
the parameter sensitivity analysis shown here, dA/dT is the most significant parameter on the

diode physics side.
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12. Laser System Statistical Surrogate Modeling:

In research presented thus far, the various laser physics and thermal models have been
developed and discussed. When simulated in a coupled manner, the models provide a more
complete picture of laser system performance as it relates to optical/thermal interaction than
previous research. However, the models are large, complex, and time consuming when used in
running simulations. For a given parameter space, it would be highly beneficial to have a
surrogate model that can predict various response variables of interest using the most
important parameters from the diode physics, fiber physics, and diode thermal models. There
are many parameters across all the models that are going to be chosen by the system designer
and/or set to required values for the particular laser application (i.e., nominal pump diode
center wavelength, required fiber signal wavelength, and heat exchanger parameters like

hydraulic diameter etc.).

As a designer, some parameters for a system design are determined ahead of time. Hence, the
designer is somewhat limited in terms of the changes they can make to a system. For example,
in a laser system, a specific fiber might be chosen for use. Therefore, the fiber cannot be
changed. The doping concentration and pump/signal filling factors cannot be changed. The only
thing a designer could change, in this situation, is perhaps the length of the fiber. The current
section strives to look at laser system design and optimization from a designer’s perspective, a
practical and applicatory point of view as opposed to a purely theoretical and academic point of
view. The research presented thus far has looked at the diode/fiber optical and thermal aspects.
In these three areas, from a designer’s perspective, there are several parameters that could be
changed and adjusted to show laser performance over the parameter space. Realistically, any

parameters could be chosen to explore a parameter space. The ones investigated here are
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chosen to be from a designer’s perspective. Four system parameters are considered: A and N,
from the diode thermal model, dA/dT from the diode optical model, and fiber length L from the
fiber optical model. The surface area through which heat transfer occurs Ag could be more
meaningful if coupled with a power value so it becomes a flux of some kind. The power value
used should be constant so the parameter is constant with temperature change. Electrical

power provided to the diode bar is a good candidate. Form the parameter as shown below.

Pelec

Priux = A,

The new parameter Py, is a ratio of the electrical power provided to one diode bar over the
area through which the heat generated from that diode bar can move. Recall, 4, is the value of
surface area through which heat transfer occurs for one diode bar (one node of the diode
thermal model). Multiple diode bars cooled in series requires multiple nodes to be modeled.

The total surface area for the diode array is Ag * Num;p pars-

Now, the four parameters across all the models are Ny, Py, dA/dT, and L. The goal is to find a
way to predict the values of meaningful response variables (like diode temperature, time to
steady state, efficiencies etc.) in a much simpler way while minimizing the error between the
predicted values of the surrogate fiber laser model and the actual values of the full fiber laser
model. All variables except the four parameters are held to a constant value. In reality, any
parameters could be considered, not just four. More parameters simply make the parameter

space larger and more difficult to represent through the use of a surrogate model.

The laser optical and thermal models created for this research are complicated. Finding the best
surrogate modeling approach is challenging. The process began with no intimate knowledge of

what regressions might capture the physics in the parameter space, as the interaction between
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the diode and fiber physics models is nonlinear. The regression to best capture the physics could
be exponential, logarithmic, quadratic, or a higher order power series. Another question is how
to do this for not just one input parameter, but a number of input parameters. Accounting for
the interactions between the four most significant parameters (if any exist) is important. At first,
simple regression modeling of different forms was used to create a surrogate model. It yielded
large errors between the surrogate model predictions and the full physics model actual values
for the response variables of interest. The problem required a different approach. The model

may be so nonlinear that a sufficiently accurate surrogate model may not be possible.

The next approach to try is a statistical surrogate model, taking things beyond just a regression
equation to finding the statistical data on the parameters space from the full physics model.
Such values include the average, standard deviation, minimum, maximum, and range. Statistical
software is integral for doing such an analysis where there might be thousands of data points

within a parameter space.

The software JMP was used to create the statistical surrogate model. JMP allows the user to
import simulation data and perform various statistical analysis and modeling. Four response
variables were considered: Dimensionless average diode temperature T,y,, dimensionless
average fluid temperature out Tf*, time for diodes to reach steady state tg, and overall laser
efficiency overall.ss. overall,sy is found from the optical power out of the fiber over the
electrical power supplied to the diodes. These four are most meaningful to the current research.
The values for all other model parameters used in creating the source data for the statistical
modeling are given in Appendix D. Any number of response variables could be considered,
depending on what data is relevant. JMP statistical models can be created by the user, and

various levels of parameter interaction can be included. More interactions mean a more

147



complicated statistical model, but it captures more variation. Balancing this will give the
simplest statistical model that captures enough variation to sufficiently minimize the percent

error between the surrogate model values and the full physics model values.

For data sets of a certain size, JMP provides equations for each parameter and parameter
interaction. These equations tell the contribution of each parameter or parameter interaction to
the variation of the response variable value from the response variable’s average value. When
the data set is larger than a certain size, JMP simply provides the contribution at each parameter
value. The data sets used for this research are above that certain size, so it will require finding
equations of best fit for the contribution of each parameter to the variation of the response

variable from its average. This will be further explained when appropriate.

The equations for response variables, whether they are given by equations or created from data
to be curve fitted, always contain the average value of the response variable across the data set.
Then, the individual functions that represent the contribution to the variation from average are
added as necessary, including parameters and parameter interaction. Consider the equation

generic equation below.

var(1,23) =pu+f(D)+ Q)+ f3) + f(1,2) + f(1,3) + f(2,3)

Here, some response variable var is a function of parameters 1, 2, and 3. p is the statistical
average value of var. The various functions in var represent the contribution to the variation of
var with a certain value of the parameters. For example, f (1) represents the contribution to
the variation of var due to the value of parameter 1. Additionally, f(1,2) represents the
contribution to the variation of var due to the value of the interaction of parameters 1 and 2. In

order to minimize percent error between the surrogate model and the full model, not all terms
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may be used. The interactions may not be significant. Shown are interactions up to degree 2. It
is possible that higher degree interactions may be significant. Going through the statistical
analysis and adding terms until a desired percent error is reached becomes possible through the
use of software like JMP. Next, the concept of this generic formulation is applied to the
particular statistical model developed based on the parameter space of Ny, Pfy, dA/dT, and L.

Table 12 contains the range of the four parameters for the statistical surrogate model.

Table 12: Parameter space definitions and ranges for Ny, Prjy,x, dA/dT, and L

Parameter Lower Upper Sample Points Total Points
180, 214, 264, 346
A ’ ’ ’ 7 /\ -
P flux (kW/m"2) 180 900 500, 900 6" =1296
146, 185, 223, 261,
1
Nu 46 335 298, 335
. . |
Wave Coeff. (hm/K) 0.05 0.25 0.05,0.09,0.13,
0.17,0.21,0.25
) 5,7.4,9.8,12.2,
Fiber L (m) 5 17 14.6,17

In this parameter space, there are 1296 points for each possible combination of parameter
values. The response variable values at each of these points can be compared with the full

physics model data for percent error analysis.

Consider the first of the four response variables T,,. It is defined as
Tr;‘l(NU: Pflux) = MT,’;1 + fl(NU) + fz(Pflux) (37)

From the statistical analysis, pr: is 1.0388. The f1 and f2 functions here are defined by curve

fitting data provided by JMP. Figure 65 shows the points provided by JMP for f1.
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Figure 65: JMP values for f1 in T, surrogate model

As Ny changes, f1 changes by the fitted curve shown here. The fitted curve is third order,

defined as

f1(Ny) = p1 N, + paNy,® + psNy + py

The coefficients p are given in Table 13. The same is shown for f2 in Figure 66.

150



0.04 T T T T T

® JMPValues
fitted curve

0.03 o

0.02 7 :

0.01F e |

Value

-0.01 o

_0-02 L 1 1 | 1 1
100 200 300 400 500 600 700 800 900

Power flux (kW/m?)
Figure 66: JMP values for f2 in T, surrogate model

As Prpyx changes, f2 changes by the fitted curve shown here. The fitted curve is first order,

defined as
fZ(Pflux) = plpflux + D2
The coefficients p are given in Table 13.

Table 13: Function coefficient values for T,,, surrogate model

Function f1 (Nu) f2 (Pflux)
pl -3.77873660267427E-09 6.00290163459493E-05
p2 3.57816198745859E-06 -2.40630914247324E-02
p3 -1.22317111829595E-03
pd 1.36462544571765E-01

Using the statistical surrogate model as described in equation 37, the average percent error of

all 1296 points when compared to the full physics model is 0.30%. The maximum percent error
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of all points is 1.58%. Such low percent errors show a reasonably accurate surrogate model to

predict T,y,.

Consider the second of the four response variables T}Z“. It is defined as
Tf*(NU' Pflux) = :uT; + fl(NU) + fZ(Pflux) (38)

From the statistical analysis, ur is 1.0156. The f1 and f2 functions here are defined by curve

fitting data provided by JMP. In equation 38, f1 and f2 functions are defined as
f1(NY) = p1N° + PNy + p3Ny, + ps
fZ(Pflux) = plpflux + P2

The plots of f1 and f2 functions in equation 38, along with the coefficients p, are listed in
Appendix C. Using the statistical surrogate model as described in equation 38, the average percent
error of all 1296 points when compared to the full physics model is 0.01%. The maximum percent
error of all points is 0.04%. Such low percent errors show a reasonably accurate surrogate model

to predict Tf .
Consider the third of the four response variables tg. It is defined as
tss(NU: Pflux) = Mtss + fl(NU) + fz(Pflux) + f3(NU:Pflux) (39)

From the statistical analysis, y; _ is 1.5678. The functions here are defined by curve fitting data

provided by JMP. In equation 39, f1 through f3 functions are defined as
f1(NY) = piN> + PNy + p3Ny, + ps

fZ(Pflux) = plpflux + P2
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f3(NU'Pflux) =p; +p.Ny + p3Pflux + p4Nu2 + pSNUPflux + pGPfluxZ + p7Nu3
2 2 3 4 3
+ pBNu Pflux + p9NUPflux + plOPflux + pllNu + plzNu Pflux
+ p13Nu2Pflux2 + pl4NUPflux3 + plSPflux4 + p16Nu5 + p17Nu4Pflux

+ plSNunglux2 + 2719Nuzpflux3 + pZONUPflux4

The plots of f1 and f2 functions in equation 39, along with the coefficients p, are listed in
Appendix C. Notice the interaction term f3 is now included. f1 and f2 are lines in one dimension,
whereas f3 is a surface in two dimensions. The surface of f3 is defined by curve fitting data

provided by JMP, 5% order in N,, and 4" order in Pf1yx- The surface is shown in Figure 67. The blue

dots are JMP data.

Value

Power Flux (KW/m?) 200 150 Nusselt

Figure 67: JMP values for 3 in t surrogate model

The coefficients p for f3 are listed in Appendix C. Using the statistical surrogate model as

described in equation 38, the average percent error of all 1296 points when compared to the full
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physics model is 2.18%. The maximum percent error of all points is 9.68%. The percent errors

show a reasonably accurate surrogate model to predict tg;.

The T, and Tf* surrogate models each require 6 coefficients p. For comparison, the tg¢ surrogate
model has 26 coefficients. The overall,f surrogate model has even more coefficients. Higher
order curve fits for the JMP data, especially on the interaction functions, leads to more terms

which require more coefficients.

Consider the last response variables overall,sf. It is defined as

overallysr(Ny, Prpyz, /AT, L) = Uoperan epr + F1Ny) + F2(Pri) + f3(AA/AT) +
fa(L) + f5(Ny, Prux) + f6(DA/AT , Prryy) + f7(L, Prux) + f8(AA/AT , Ny) + fI(L, Ny) +

F10(L, AA/AT) (40)

It is a function of all four parameters. From the statistical analysis, Uoyerair eff is 44.536. The
functions here are defined by curve fitting data provided by JMP. In equation 40, f1 through

f10 functions are defined as
f1(Ny) = piN,° + p Ny ? + p3Ny + ps
F2(Prrux) = P1Priux’ + P2Priux” + D3Priux + Pa
f3(AA/AT) = p(AA/AT)3 + p,(AA/AT)? + p3 AA/AT + p,
f4(L) = p1L® +po L% + p3L + ps

fS(NU: Pflux) =p1 +p2Ny + p3Pflux + p4Nu2 + pSNUPflux + p6Pflux2 + p7Nu3

+ pBNuZPflux + p‘BNUPflux2 + plOPflux3
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f6(AA/AT , Prpyy)
= p1 + Py AA/AT + p3Priyy + D4(BA/AT)? + ps AA/AT Py + PePriy”

+ p7(AA/AT)® + pg(AA/AT)?Prpyyy + Do AA/AT Prpyyr® + P1oPrius’

f7(L' Pflux) =p+pL+ p3Pflux + p4L2 + pSLPflux + p6pflux2 + p7L3 + pBLZPflux
2 3 4 3 2 2 3
+ PoLPryx™ + ProPriux” + P11L" + P12l Priuxe + P13L Priux™ + P14l Priux

+ P15 Priux’

f8(AA/AT ,N,) = py + py AA/AT + p3Ny + py(AA/AT)? + ps AA/AT Ny, + pgN,,>
+ p;(AA/AT)? + pg(AA/AT)?N,, + pg AL/AT N, * + pyoNy> + p11 (AA/AT)*

+ P12 (AA/AT)3 Ny, + py3(AA/AT)2N,? + piy AA/AT N2 + pysN,*

fI(L,Ny) = py + poL + p3Ny, + psl? + psLN,, + pgNy* + p; L3 + pgL?N,, + poLN,> + p1o N,

+ P11 Lt + 1 L3Ny, + p13L2Ny® + pryLN, + pysN*

f10(L, AA/AT) = p; + poL + p3 AA/AT + pyL? + psL AA/AT + pg(AL/AT)? + p, L3
+ pgL? AA/AT + poL(AA/AT)? + pyo(AA/AT)3 + py1L* + p1, L3 AA/AT

+ p13L*(AA/AT)? + p14L(AA/AT)? + p;5(AA/AT)*

The plots of f1 through 10 functions in equation 40, along with the coefficients p, are listed in
Appendix C. Note how f1 through f4 are third order, one dimensional curve fits. f5 is a two-
dimensional surface fit using 3" order in N and 3" order in Pfiyx- f6is a two-dimensional
surface fit using 3™ order in AA/AT and 3™ order in Priux- f7 through 10 are two-dimensional
surface fits using 4™ order in all respective parameters. Using the statistical surrogate model as

described in equation 40, the average percent error of all 1296 points when compared to the full
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physics model is 1.40%. The maximum percent error of all points is 13.43%. The percent errors

show a reasonably accurate surrogate model to predict overallyss .

All the various functions that make up equation 40 have a total of 96 coefficients. Like terms
could be combined, but that would not significantly reduce the number of coefficients and
would actually make organization and implementation of these complex surrogate models more

challenging.
The percent error for all response variables are summarized in Table 14.

Table 14: Percent error for all response variables from respective surrogate models

Response Max error % Mean error %
Variable Source Points Source Points
Overalll Eff. (%) 13.43 1.40
Tm* avg 1.58 0.30
Tf* avg 0.04 0.01
time to SS (sec) 9.68 2.18

The data is a source points comparison using the points described in Table 12. In order to
comfirm the surrogate model accuracy, pick several test points for each parameter that are in
between source points. This will tell how good the curve fits are that define each individual

function in the response variable equation. The parameter values for these test points are given

in Table 15.

Table 15: Parameter values for test points

Parameter Test Points Total Points
P flux (kW/m~2) 240, 600, 720 37 =81
Nu 157,232,315
Wave Coeff. (nm/K) 0.07,0.10,0.22
Fiber L (m) 6,10, 13
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The percent error from the source points can be compared with the test points. The percent

error data for the test points is shown in Table 16.

Table 16: Percent error for test points in all surrogate models

Response Max error % Mean error %
Variable Test Points Test Points
Overalll Eff. (%) 6.77 1.64
Tm* avg 0.76 0.34
Tf* avg 0.02 0.01
time to SS (sec) 7.62 3.28

In comparing the test point percent errors with the source point percent errors, the test points
show lower maximum percent errors for all response variables. This gives confidence that the
curve fits of IMP data are sufficiently accurate within the set parameter ranges. If parameter
values are outside of the prescribed ranges, the surrogate model predictions are not guaranteed

to be accurate as the surrogate model would be extrapolating in such an instance.

In addition to percent error, the residuals for the source points of each response variable are
important to consider. They give a better visual of how the predicted values relate to the actual
values and can show for what predicted values the difference is smallest. Percent error is not

capable of such insight. The residual data from JMP is provided in Figure 68.
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Figure 68: Residuals for each response variable in surrogate models (source points)

As an example, for overall,sf, the residual is generally lower when the predicted values are
larger. Residual values are more scattered when the predicted value is lower. Of the 1296
source points, most are located at larger predicted values (notice the concentration of dots on
the right half of the plot). It looks like there are fewer data points for all response variables
except overall.ss. They are dependent only on two parameters, whereas overall.ss depends
on all four parameters. Hence, parameter combinations repeat themselves throughout the

parameter sweep.

Other statistical measures exist as well. Figure 69 shows the actual by predicted plots for the

surrogate models of each response variable.
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Figure 69: Actual by predicted plots for each response variable in surrogate models (source

points)

The R? values are provided and they are quite high, which is a good sign. However, they alone
cannot guarantee adequate correctness of the model. Correctness and accuracy can be
confirmed through using the R? value along with the percent error analysis. The statistical
significance P value is also listed. In using JMP for the purpose of creating surrogate model for a
specified parameter space, the P value doesn’t mean much. There is no hypothesis being made

with the goal accepting or rejecting a corresponding null hypothesis. Since the full physics model
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is determinant (meaning it produces the same result every time for a given set or parameters),
there is no meaningful variation to capture in typical sense of a statistical analysis. Rather, the
JMP statistical solution to the parameters space is used to create the surrogate model for said
parameter space. The statistical solution is only valid with the R? and percent error accuracy
within the given parameter ranges. Outside those ranges, the surrogate model accuracy is not
guaranteed. In the end, the percent error of the surrogate model versus the full physics model
tells whether or not it is useful for a particular application. Only a designer can make such a
decision as to what percent error is acceptable. Some applications may require lower percent
errors, so low that the statistical approach may no longer be sufficient. The solution
methodology described here could be used for any other response variables of interest to laser
operation, in any prescribed range. The response variables considered here were chosen based

on their relevance to this particular research area.

The statistical surrogate model presented has the capability to take complex laser and thermal
physics models and simplified them down so each response variable of interest can be
represented by a single equation. The single equation is a function of up to four parameters
deemed to be the most important from diode physics side, diode thermal side, and fiber physics
side. Even with the large number of coefficients in the equations, it provides a way to explore a
parameter space with ease. All the data could be exported to a software as basic as Microsoft
Excel for design decision making about a given parameter space. An intimate understanding of
the most significant parameters and the effect of such understanding on the laser
optical/thermal interactions has not, until now, been presented with such coherence and
cohesion. Additionally, there has not been presented, until now, a way to bring together all the

various laser and thermal physics, along with their most significant parameters, in a way to truly
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conceptualize what happens to laser performance when thermal demands are not adequately
met. The parameter space forms the basis for more effective system design, as designers now
have an exact knowledge of the thermal capability required for a laser system to performance at

a specified efficiency.

The surrogate model concept is the bridge to obtaining knowledge about the optical thermal
interaction of a laser system within a specified parameter space for further use in higher-level
system designing and decision making. Now, for a set of thermal parameters, a designer can
quickly see the laser performance and decide if that performance is good enough as per some
metric. The metric would differ for each individual application. Perhaps a decrease of efficiency
by 10% from maximum is acceptable. The designer can then quickly see which combination of
thermal parameters would give that performance. It also allows for the designer to do trade

studies.

For example, if the wavelength temperature coefficient dA/dT is made smaller, this means the
diode can perhaps see a larger temperature change while producing an identical pump
spectrum and optical power level. Now, diode thermal control doesn’t need to be as rigorous.
Of course, laser diode manufacturing would need innovative technology to do this. The laser
diode manufacturers could perhaps look into semiconductor materials that have lower

coefficients of thermal expansion, or materials that can deal with higher temperatures.

On the other hand, perhaps laser diode technology is what it is. If diode technology innovations
prove more difficult or are not an option, the designer can then focus their attention on the
thermal side of things. They can focus on what technologies are available to provide the
required thermal capabilities, namely better values for Ny, and Pfy. It allows them to see how
well a specific heat exchanger performs and whether or not that heat exchanger performance is
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adequate in terms of diode temperature control. If it is not, they can look at ways to make the
heat exchanger more effective. However, they may be limited by size and weight restrictions, as
well as heat exchanger technology. The focus then goes back to the entire system. The designer
now at least has the tools to decide what laser operation is required and if it is possible to reach
that level of operation, given the known system limitations. The statistical surrogate model
methodology provides both previously unavailable exploratory capability and design decision

making capability pertaining to high power laser systems.
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13. Laser Diode Cooling Methodologies:

The surrogate model approach can be used to find any response variable of interest, not just the
four described earlier. Certain response variables can be used to analyze any aspect of laser
operation. Here, it is shown how knowing overall laser system efficiency for various diode
temperatures and times to steady state can be used to determine the best cooling methodology
for achieving the highest possible average laser efficiency over an activation pulse with a given

thermal capability.

The coolant flow provided to the laser dictates laser performance. Coolant flow rate and flow

temperature are key, since the diode thermal model created are only valid for single phase flow.

The time to steady state is an important metric for laser operation. Lasers operate best when
they spend the majority of operation time at steady state conditions (pump spectrum is not
changing). For a given pulse length, it is best if the laser spends the majority of that pulse in

steady state operation. The t, 4+, value used earlier is again relevant.

tSS

tratio = t
pulse

The typical profile of laser diode temperature change during a pulse has been shown previously.
The temperature starts at a value, normally equal to the cooling fluid inlet temperature, and

increases to some steady state value higher than the fluid temperature. The laser diodes should
operate at their reference temperature for maximum efficiency. Hence, two possibilities can be

considered:

e Laser off-design conditions at steady state, starts at on-design conditions. Diode

reference temperature is the same as coolant fluid inlet temperature. (Method A)
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e Laser on-design conditions at steady state (precooling), starts at off-design conditions.
Coolant fluid temperature is lower than diode reference temp by required amount
(diode warms up to its reference temperature). Alternatively, fluid inlet temperature
could be the same, and diode with an appropriately higher reference temperature could

be used. (Method B)

Figure 70 shows the temperature plots of what Method A and B would look like.

Method A Method B

Figure 70: Two cooling methods, A and B

Notice how In Method A, the diode temperatures start at the diode reference temperature
(298K) and increased from there when the laser is activated. In Method B, the diode
temperature cool from initial temperature condition to the lower fluid in temperature and then
warm up to the diode reference temperature, plus or minus some delta based on the range of
laser diode temperatures. A certain change in temperature always exists between the diode and
the fluid. The goal is to understand how laser performance over a pulse can change depending

on where the diode temperatures end up at steady state compared to the diode reference
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temperature. Recall, the laser operates at highest efficiency when the laser diode temperatures

are kept as close to the diode reference temperature as possible.
The two possibilities, Methods A and B, will both be considered in two separate cases:

1. Adequate diode thermal control (smaller time to steady state, smaller temperature
changes)
2. Inadequate diode thermal control (larger time to steady state, larger temperature

changes)

The time to steady state ty; and a varying pulse length ¢, Will be used to study when a
certain cooling methodology can yield better steady state efficiencies for a certain level of diode
thermal control. Overall efficiency plotted with increasing pulse length can be used to visualize
the effectiveness of the cooling methodologies. The difference between Case 1 and Case 2 for
achieving better/worse thermal control is to simply increase or decrease the mass flow rate of

cooling fluid.

First, consider Case 1. The thermal capability represented here yields a delta between the laser
diode temperatures and coolant fluid of 5K, which is considered very good thermal control. It
yields a time to steady state of 2 seconds. For Method A, coolant flow is provided at 298K. For
Method B, coolant flow is provided at 293K. Look at the efficiency plots for each cooling
methodology (A and B) for varying pulse times from 2 seconds up to 20 seconds, shown in

Figure 71.
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Figure 71: Efficiency plots at varying pulse lengths for cooling methods A and B (Case 1)

The overall efficiency values are known at time of 0 seconds and at the steady state time of 2

seconds. As pulse length increases, the laser operating time at steady state increases, meaning a

decrease in t,4;i0- Case 1, with its good thermal control, shows very little difference between

methods A and B. The overall efficiency for each method only differs by half a percent. Here,

method A and B give very similar results for overall efficiency, although Method B appears to

give slightly higher overall efficiency. Half a percent different would be considered very small for

most laser applications.

During the transient period from 0 to 2 seconds, the laser efficiency is changing and represented

linearly. This is an approximation to easily represent laser efficiency change during the transient
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period. The actual overall efficiency curves during the transient period are more curved in a

convex shape towards the magnitude at which they settle out. The shape more follows the laser
diode temperature profiles. Since the approach here is for high level design decision making, the
already small difference between the linear representation and actual efficiency curve becomes

insignificant.

Next, consider Case 2. The thermal capability represented here yields a delta between the laser
diode temperatures and coolant fluid of 23K, which is considered poor thermal control. It yields
a time to steady state of 4.6 seconds. For Method A, coolant flow is provided at 298K. For
Method B, coolant flow is provided at 275K. Look at the efficiency plots for each cooling
methodology (A and B) for varying pulse times from 4.6 seconds up to 20 seconds, shown in

Figure 72.
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Figure 72: Efficiency plots at varying pulse lengths for cooling methods A and B (Case 2)

The overall efficiency values are known at time of 0 seconds and at the steady state time of 4.6

seconds. As pulse length increases, the laser operating time at steady state increases, meaning a

decrease in t,4ti,. Case 2, with its now poor thermal control, shows significant difference

between methods A and B. The overall efficiency for each method differs by over 20%. Here,

method A and B give very different results for overall efficiency, and Method B appears to give

much higher overall efficiency.

There is a big difference in performance when thermal control is good versus when it is bad.

When the temperature delta between the diodes and cooling fluid increases, there is a larger

difference between the effectiveness of cooling methods A and B. Hence, it is ideal to operate

laser diodes with the smallest possible temperature delta between the diodes and the fluid.
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Tentatively, it can be stated Method B is most effective given a sufficient pulse length. However,
at this point there is no definite way to find out at what specific pulse length does Method B
become the most effective. Additionally, requiring coolant flow at 275K is quite cold for most
thermal management systems. For example, water can only be so cold when used as a coolant
before it freezes and become unusable. However, instead of changing the coolant fluid
temperature, the diode reference could be increased by the appropriate amount so that if
coolant fluid temperature is kept the same (298K), the diode reference temperature could be
matched to the known temperature rise the diodes will see. For example, if the temperature
delta is 23K, the diode reference temperature could be pulse change set to 321K instead of
298K, thus eliminating the need to provide coolant fluid at a lower temperature. However, this
would require a new laser diode to be used which has this specific required reference
temperature. The diode materials would need to be capable of operating at higher
temperatures, which provides some motivation for more research into better laser diode
manufacturing processes and material technologies. Instead of better thermal control, a more

thermally forgiving laser diode could solve the problem.

There is not just one way to think about optimizing the laser performance from a thermal
perspective. If flow regimes other than single phase are an option, the same thing (delta
temperature between diodes and fluid plus the relationship with diode reference temperature)
will need to be considered in addition to how the new flow regimes behave. It requires

thoughtfulness in terms of system design.

The next thing is to develop a metric to show under what circumstances a certain cooling
methodology is better for achieving the best possible laser performance. The t,4;;, parameter

will be useful for such an analysis. The approach here uses the average overall laser efficiency
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across the entire pulse length from both the transient and steady state sections. It will provide a
single overall efficiency value at each given t,.4;;, for Methods A and B. There is a certain value
for t,qtioc Where the respective curves for Methods A and B will cross each other. The set of
curves will be plotted at increasing values of temperature delta between the laser diodes and
the cooling fluid. First, Table 17 provides the temperature delta and corresponding time to

steady state for each plot.

Table 17: Temperature delta, time to steady state, and efficiency data for cooling method

comparison

Plot# | DeltaT(K) | ts(sec) |Eff@t= |Eff@t= Eff@t= |Eff@t=
0(A) tss (A) 0(B) tss (B)
1 5 2 48.6 47.9 48.2 48.6
2 10 2.7 48.6 46 46.1 48.6
3 13 34 48.6 441 43.6 48.5
4 19 4.3 48.6 38.5 36.6 48.5
5 24 5.9 48.6 33.7 32.1 48.4
6 33 6.2 48.6 27 31 48.4

To find the average efficiency over a given pulse using the data in Table 17, a pulse length needs
to be chosen. Then, in varying the pulse length, the average efficiency for various values of
tratio €Can be calculated. For example, to find the average efficiency over a pulse if the pulse
length is 5 seconds for plot 1 in Table 17, find the average of the efficiency fromt=0tot = ts.
This is the average efficiency of the transient section. The average efficiency of the steady state
section is the efficiency at ts. The transeint section of 2/5 of the total pulse time, and the steady
state section is 3/5 of the total pulse time. The efficiencies of each section are weighed

according to pulse length. Look at equation 41 below. Here, 7 is used to represent efficiency.

tpulse_tss (4 1)

tSS
= —= 4
navg Ntran tpulse nsteady tpulse
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_ MNet=0 T Nat=tg,
ntran - 2

Navg is then plotted for varying values of pulse length, giving at average efficiency over the

entire pulse as a function of t,4;,.

Figure 73 shows the average overall efficiency over an increasing pulse length as a function of

tratio for plots 1 and 2.
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Figure 73: Average overall efficiency for Methods A and B (plots 1 and 2)

The black circle on each plot is the point at which the efficiency lines cross each other. For a
tratio greater than the point of crossing, Method A provides the best efficiency. For a t,.4;;, less
than the point of crossing, Method B provides the best efficiency. Notice how slight the
difference is between both methods in plot 1. Method B is only slightly better, even at small
tratio Values. A smaller temperature delta means there is less difference between the efficiency
of each method. Figures 74 and 75 show the average overall efficiency over an increasing pulse

length as a function of t,,;;, for plots 3,4 and plots 5,6 respectively.
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Figure 75: Average overall efficiency for Methods A and B (plots 5 and 6)

The plots not only show the location where the efficiency lines cross, but they also show just

how drastically the efficiency curve steepness changes with a decrease in t,4;;, as the

temperature delta increases. For a t,4¢i, greater than the point of crossing, Method A provides

the best efficiency. For a t,4¢i, l€ss than the point of crossing, Method B provides the best

efficiency. However, as temperature delta increases, it is clear that a smaller t,.4;;, (and

therefore larger pulse length) must be obtained in order to achieve the shown efficiencies for
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Method B. Table 18 provides the temperature delta and corresponding t,-;¢;, Cross point

location value.

Table 18: Temperature delta and t,4:;, Cross point location value data

Delta T (K) | tratio at cross point
5 0.93
10 0.69
13 0.61
19 0.59
24 0.62
33 0.76

Plotting data in Table 18 yields the graph in Figure 76.
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Figure 76: t,4ti0 as a function of temperature delta

For a given temperature delta, at t,4¢;, values greater than the corresponding point on this
curve, Method A provides the best efficiency. When t,.,;;, is less than the corresponding point

on this curve, Method B provides the best efficiency.
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Currently, Figure 76 just has the temperature delta on the x axis. Recall, the parameter dA/dT
determines how much the center wavelength of laser diode output shifts for a given
temperature change. To make Figure 76 more general, consider t,.4¢;, as a function of

wavelength shift by
Ashift = AT * dl/dT

Now, plot t,4t;, as a function of the new variable Agp;¢. in Figure 77.
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Figure 77: tyqtio as a function of Agp;re

Now, for any combination of temperature delta and dA/dT, the cooling methodology to achieve
the highest laser efficiency based on pulse length can be found. This is more general than just
using the temperature delta. The process shown here can be used to compare any two cooling

methodologies (not just single phase), and it provides a very clear metric for understanding the
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various ways of getting the maximum efficiency possible out of a laser system for a given pulse

time and thermal capability.

The laser diodes modeled throughout this research are continuous wave (CW) operation diodes.
This means they are meant to be operated for pulse times on the order of 10s of seconds. This
differentiates them from other class of lasers (QCW/ultrafast) where the pules times can be as
small as femtoseconds. For example, laser spectroscopy is an application of ultrafast lasers. CW
lasers can operate with £,.,;;, values of 1 or greater, but that’s not in the realm of normal
applications. CW laser lifetimes are provided assuming the laser is operated at steady state
conditions for the majority of its operating time. Laser diode manufacturers normally do not
provide much information beyond this. Laser diode lifetime is a completely separate area of
study far too specific to fully integrate into the current research. Hence, for simplicity, a
“majority” is taken to mean a t,.4;j, Of less than 0.5. With this metric and comparing back to
Figure 76, the t,4¢i, values where efficiency lines cross is never less than 0.5. Thus, Method B is
always going to be best for achieving the highest possible overall efficiency out of a typical CW

laser system.

In situations when with t,.4;;, values are 1 or greater, Method A is best. There may be some
laser applications where the laser system requires t,.4;;, values of 1 or greater, so the designer
may have options of how best to approach thermal management. And even if the laser
application is a situation where t,.4;;, value is less than 0.5, the designer may not have the
option to use Method B for a number of reasons. Perhaps thermal control is inadequate and the
cooling fluid simply cannot be provided at the required lower temperature. On the other side,
perhaps a laser diode with a high enough reference temperature simply does not exist. All these

considerations come together when designing the thermal management system for a high-
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power fiber laser, and capturing the optical/thermal interactions as shown here allows for the

designer to make the best decision with the laser technology and thermal capability available.
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14. Research Outcomes Achieved:

The research outcomes initially set forth are revisited here and discussed. Responding to them

demonstrates how the research has not only met its goals, but also how the research evolved

and grew in unexpected directions throughout the process.

It is known electro-to-optical (E-O) efficiency degrades if excess heat builds up in laser diodes.

The question is: How significant is the efficiency degradation? If so, what fidelity of modeling the

laser physics is necessary to capture said degradation?

The research has shown when diode temperature is not adequately controlled,
the overall laser system efficiency degradation is very significant. For a given
diode temperature change, the loss seen in fiber optical power compared to the
laser diode optical power is much larger. The significant decrease in efficiency
means longer laser activation times to get the same amount of optical energy
out. A lower level of optical power also means more heat generated, which
means more thermal capability is required for temperature control.

The fidelity of modeling required to capture the degradation seen in laser diode
physics is considered reasonable. The equations governing optical power out of
a laser diode are simple in that they are algebraic. Modeling the fiber gain
media required a higher level of fidelity. A simplified fiber gain media model was
not adequate to capture the necessary aspects of fiber operation. Hence, the
higher fidelity rate equations were used instead, allowing for a more complete
understanding of fiber optical power absorption/emission and heat generation

within.
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2. Virtually no previous research exists in modeling the output of multiple laser diodes, as it is all
done experimentally. The proposed research presents a methodology for stringing multiple laser
diodes together in an array formation along with a thermal model to estimate laser diode
temperatures, all through modeling and simulation.

i. The research has provided a peer-reviewed methodology for representing
multiple laser diodes together in an array formation, allowing for the simulation
of laser systems with optical power levels on the order of 100 kW.

3. Inthe proposed research, models of both the laser diode and fiber gain media will be coupled in
a transient sense. Doing so will show how a change in laser diode output affects fiber gain media
absorption/emission. Previous research shows laser diodes and fiber being coupled in steady
state operation, but not in transient operation.

i. The research has provided a multiphysics modeling method for coupling four
essential subsystems, each an integral part of the entire laser system: Diode
Optical, Fiber Optical, Diode Thermal, and Fiber Thermal Models. As per the
literature review, coupling all the subsystems together and operating them in a
transient manner has not been seriously considered. The research achieves the
initial goal of providing a way to see how the performance of each subsystem
affects the others. The dynamic coupling is successful in demonstrating what
happens to fiber emission/absorption when laser diode output wavelength
spectrum shifts from on-design to off-design. As per the literature review, this
remained largely undemonstrated until now.

4. Fiber rate equations dictate how diode pump power is absorbed/emitted in the fiber, but they

do not directly provide the heat generated inside the fiber. In the proposed research, a method
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is provided to dig deeper into the rate equations and understand this heat. The goal is to use the

heat generation data to perform worst-case scenario analysis concerning fiber temperature and

determine the thermal requirements for acceptable fiber operation. Little attention has been

given to this area in previous research.

A deeper dive into the rate equations revealed how they account for heat
generation inside a fiber, which had not been clearly explained in previous
research. Using such insight, the thermal requirements for acceptable fiber
operation were studied and presented. The research shows how different levels
of thermal management (natural vs. forced convection) can bring fiber duty
cycle to as high as 100%. Hence, it is possible to control fiber temperature well
enough so the fiber never increases more than 100K from its initial
temperature. Taking fiber duty cycle into account is integral when talking about

laser system duty cycle.

5. Are there any particular parameters, either in laser diodes/fiber gain media/thermal

management, which have a more significant effect on optical power output than others?

The four most significant parameters from a system designer’s perspective
revealed by the research are Nusselt Number N, power flux Pry,,,, wavelength
temperature coefficient dA/dT, and fiber length L. Put together, these
parameters provide the bridge to understanding how the various subsystems
interact with each other and how they affect overall laser system performance.
These four parameters encompass the most significant optical/thermal

interactions between the various subsystems, given the type of fiber used is
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held constant (meaning only fiber length L in the rate equations can be adjusted
for a given laser system).

ii. Determining optimal fiber parameters should take place once the diode
performance is known. When diode output center wavelength and spectrum at
steady state are known, a fiber can be chosen that provides the best
emission/absorption capabilities for that diode light spectrum. All this can be
done while taking into account things like keeping the LPo1 mode the only
propagating mode within the fiber. Such restrictions mean certain fiber
parameters must fall within a certain range, leading to a better picture of what
can be done to truly optimize for the best possible fiber performance. Although
it is heavily a fiber physics-centered topic, learning which fiber parameters
provide the best performance for a given pump spectrum is of significant
importance for understanding the optical/thermal interactions of a high-power
laser system.

These particular parameters could be used to understand laser performance response variables
over a given parameter space and, in the process, eliminate the need constantly simulate the
full physics laser models for every parameter combination. Such ability would greatly benefit
laser system design decision making and optimization by providing insight into the effect of
optical/thermal interactions on laser system performance and efficiency.

i. For insight into the most significant optical/thermal interactions, the four
parameters (Nusselt Number Ny, power flux Py, wavelength temperature
coefficient dA/dT, and fiber length L) were put into a statistical surrogate

model. They were varied within certain ranges to give a four-dimensional
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parameter space. The surrogate model provided values for each response
variable of interest. Each response variable is represented by a single function
with the most significant parameters as independent variables. How the
response variables change over the parameter space directly shows the
optical/thermal interactions.

ii. When the combination of significant parameters changes, thermal capabilities
change. When thermal capabilities change, laser optical power changes. In the
simplest form, this is the optical/thermal interaction. Understanding the
optical/thermal interactions from this novel perspective paves the way for a
more clear and concise approach to future laser system design and
optimization. Using the significant parameter space is integral for a less complex
way of representing laser performance while retaining enough fidelity to make
informed design decisions on both the optical side and the thermal side.

Are there cooling methodologies to achieve optimum laser performance? Perhaps fluid cooler
than the laser diode reference temperature could be used so the diodes are on-design at steady
state (moving to the reference temperature) instead of off-design (moving away from the
reference temperature). Developing a metric to decide if one cooling methodology is better
than another would be of great benefit.

i. Asan example of how such a comparison might work, two cooling
methodologies were considered. Several simulations were run, varying the
thermal control of the laser diode temperature through mass flow rate. In doing
so, the time to steady state for the laser diodes changes. If multiple pulse

lengths are considered, the average efficiency over a pulse can be calculated for
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each pulse length. Using pulse length and time to steady state, a metric t,4¢i0
was created to determine how much time the laser spent in transient versus
steady state operation.

Ultimately, the average efficiency for each cooling methodology can be plotted
as a function of t,4¢;, for value of mass flow rate. Mass flow rate determines
the temperature delta seen in the diodes. The point where the curves cross is
the t,4tio Where one methodology becomes better than the other. The point of
crossing can then be plotted against the temperature delta seen in the laser
diodes. Based on temperature delta and t,4;;, cross point, the cooling
methodology providing the highest average efficiency can be directly
determined.

To make the analysis more general, the delta temperature can be multiplied by
the wavelength temperature coefficient dA/dT. Now, the t,;;;, Cross point can
be plotted against the wavelength shift seen in the laser diode, which is
potentially very useful for system designers and high-level design decision
making. It directly connects observed wavelength shift and t,4;, to which

cooling methodology provides the best laser performance.
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15. Conclusions and Discussion:

The research outcomes are high level summaries. It is worthwhile to discuss the main
advancements from the research in more detail. A more in-depth discussion of the ramifications

is also included.

The current state of the art, in terms of laser system literature, is very focused on the
experimental side of things. There are many opportunities to look at such systems from a
modeling/simulation point of view. Laser diodes and fiber are often studied separately and only
rarely coupled together. When they are coupled together, the analysis only looks at steady state
performance with diode center wavelength spectrum perfectly tuned for the given fiber. There
is no mention of coupling the components from a transient perspective. The lack of transient
modeling was a gap that now, thanks to research provided in this dissertation, has been initially
bridged. Modeling all four subsystems (Diode Optical, Fiber Optical, Diode Thermal, Fiber
Thermal) made it possible to go further in comprehending just exactly how the optical/thermal
interactions of laser systems affect their performance. The research herein provides significant
insight into why bridging the gap between the optical and thermal sides of laser performance is
integral. The number of potential applications for laser continues to grow along with the optical
power levels. More optical power means more heat, and this makes the optical/thermal

interactions all the more important.

The four models created here required an extensive literature review. Additionally, the
information on laser physics (both diodes and fibers) had to be gathered, sifted through, and
understood to the appropriate level to apply with the required fidelity. The literature review

provided little, if any, guidance on how to model the coupling of all four laser subsystems from a
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simulation perspective. A major accomplishment of the research herein was to successfully
bring together the four models. The fact that coupling the models lead to further
optical/thermal interaction insight was hoped for, but not necessarily expected. The laser diode
optical model was relatively straight-forward to create. The equations were well defined, and
they simply had to be applied properly. The fiber gain media rate equations were more difficult.
Although there were many references in literature to study, such references didn’t talk much as
to what the rate equations represented. They were simply applied as the authors needed them.
The research herein required a much more detailed look at the rate equations to understand
not just optical power, but heat generation as well. Another thing considered was not just the
fiber internal heat generation, pump power remaining in the cladding at the fiber exit. This
needs to be stripped away and is an additional heat load from the laser system that must be
managed properly. Looking at the subsystems in a coupled manner is beneficial because it
forced consideration of the system as a whole, not just specific areas of each individual

component.

Duty cycle is a very common topic as it pertains to laser performance. A laser, as described here,
has two separate duty cycles: Laser diode and fiber. The laser diode duty cycle is normally 100%,
as laser diodes can still operate when their temperature is not adequately controlled. However,
at some point, the output spectrum simply becomes undesirable and the diode lifetime is
shortened because it is not operated at the nominal temperature conditions. This is not ideal. If
the thermal system cannot keep up, continuing to operate the diode beyond nominal conditions
may not have any benefit and more optical will be lost in the fiber, thereby generating even
more heat to manage. Hence, the thermal system controlling laser diode temperature is the

limiting factor for duty cycle. It needs to be good enough to control temperature and operate
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for the required amount of time. If the thermal system has a duty cycle of 90%, for example, it
gives the diode a duty cycle of 90%. Maybe the thermal system needs to time recharge in some
fashion, and it requires 10% of the time to do so. The fiber duty cycle is fully dependent on fiber
temperature control. If the change in fiber temperature can be kept to less than 100K for an
indefinite amount of time, the duty cycle is 100%. However, that thermal capability may not be
feasible. In general, a certain thermal capability provides a certain fiber duty cycle. The thermal
capability needs to be decided upon for the given laser application and is a design requirement
set forth in the beginning of the design process. The diode thermal system and fiber thermal
system may be separate, or it might be one thermal system managing both components. Either
way, the ability of the thermal systems to effectively manage component temperature and

degradation will determine the overall laser system duty cycle.

Determining which four parameters (Nusselt Number N,,, power flux Py, wavelength
temperature coefficient dA/dT, and fiber length L) to use for surrogate modeling required some
sensitivity analyses and consideration from a system designer perspective. On the thermal side,
to see N, and Py, as the most significant, all laser parameters had to be held constant. Figures
51 through 63 show the variation of thermal parameters. The capacitance ratio, between the
heat sink material and the fluid, was found to be significant only on the time response. It is
reasonable to assume the other two parameters can change easily while capacitance ratio is
kept the same. Of course, capactiance ratio has an effect. However, such an effect is minimal
when compared to the other parameters that really drive the heat transfer and time response.
The surface area of a heat exchanger or the mass flow rate provided can be changed with
relative ease and will not necessarily significantly affect the capacitance ratio. In terms of the

diode optical side, a sensitivity analysis was performed to show how the four major diode
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parameters affected laser performance, while thermal and fiber parameters remained constant.
The results give a clear indication that the major parameter on the diode side is the wavelength
temperature coefficient dA/dT. On the fiber optical side, and fiber length L was chosen for
simple reason: It is the only parameter of a given fiber that a laser designer can easily change.
The doping ion used, doping concentration, attenuation losses, and filling factors are inherent in
a given fiber and cannot be changed unless a different fiber is used. Hence, the only parameter
that can be changed once a fiber is chosen is fiber length L. In reality, any number of parameters

could be used when creating the parameter space, depending on the level of detail desired.

Even though it wasn’t the main focus in this research, fiber rate equation parameters like pump
and signal filling factors are very important. A little change in them can drastically change fiber
efficiency. It would be interesting to know if the filling factors are constant throughout a fiber,
or if they vary with axial location. Such a phenomenon could be very significant in terms of fiber
performance. Another thing to consider is the fiber core/cladding radii limits. Pump filling factor
is determined from the core and cladding radii. If the core is to large, multiple modes of light will
start to propagate in the fiber, not just the LPo; mode. The rate equations are not capable of
accounting for light propagation beyond the LPo; mode. If core radius can only be so big,
cladding radius must decrease to increase pump filling factor. However, a smaller cladding
radius means less pump power can be launched into the fiber. Another thing to consider is heat
generation. Changing filling factors can change the heat generation within a fiber. To make sure
the fiber can still operate as desired, the fiber temperature profiles must be recalculated and
the worst-case temperature scenarios must again be studied along with fiber duty cycle to
determine what thermal capability is required for the desired fiber operation. From a more

thermal perspective, studying fibers in this way should be done with a known laser diode and
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accompanying diode thermal control system. The pump center wavelength and spectrum at
steady state would then be known. At this point, the fiber parameters can be designed so the
fiber is at its highest efficiency for this particular wavelength. Additionally, multiple doping ion
types and concentrations could be simulated to optimize fiber performance. Different doping
ions provided better absorption/emission at different pump/signal wavelengths. Depending on
the pump wavelength into the fiber or the desired signal wavelength out, certain doping ions

may be better than others due to their absorption/emission cross sections.

The statistical surrogate model provided a clever way to create a parameter space over which to
calculate pertinent response variables (like overall efficiency, dimensionless diode and fluid
temperatures, and time to steady state). Setting ranges on the four chosen parameters, along
with the statistical surrogate approach, meant variables like overall efficiency could be defined
by a single equation as a function of those four parameters. The equation for each response
variable can be quite long with many coefficients, but the data can easily be put into something
as simple as a Microsoft Excel spreadsheet. This allows for quick and easy determination of the
important response variables with minimal error in a very timely fashion. Such a surrogate
model is very effective in terms of saving computation time, given that the error level is
acceptable and the parameters are kept within the prescribed ranges. A designer now has the
ability to look at possibly thousands of parameter combinations and see which ones provide
values for response variables that meet design requirements. The designer has the ability to
change aspects of the laser, fiber, and thermal systems in order to find the combination best
suited for the specific application, allowing for further optimization. For example, if the laser
diode is less sensitive to temperature, perhaps the thermal system can be smaller in terms of

volume and weight. The SWaP (size, weight, and power) savings could be beneficial for a design
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where weight and volume are very important. Such considerations can be effectively weighed

by the designer when the pertinent parameter space is appropriately represented.

The number of possible laser diode cooling methodologies is limited only by imagination. Being
able to compare the effectiveness of cooling methodologies with a single metric is very
powerful. Combining average laser efficiency over a pulse along with the system time response
for varying levels of thermal control yielded this single metric, a value called t,4tip- USINg t,4tio
in the described manner, two cooling methodologies can be compared to see which one
provides the highest average efficiency over a given pulse length, simply by knowing the
corresponding t,.4;:i, for the laser system and wavelength shift experienced by the laser diodes.
Having a metric which provides such insight into how a laser system performs with various
cooling methodologies would be invaluable to a designer. Now, they can make an informed
decision on how to cool the laser diodes based on the performance requirements, allowing for
further optimization of the system SWaP. The metric provides indispensable guidance for
making high-level design decisions, the likes of which have not yet been seriously investigated in

previous research.
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16. Possible Relevant Future Research Areas:

Finally, it is appropriate to state some final thoughts in terms of possible future research. A solid
foundation has been laid for better understanding the optical/thermal interactions of laser
systems and how those interactions need to be considered when making high-level decisions for
laser system design. Bringing together multiphysics models of the four subsystems and
reducing/simplifying them using the most significant parameters to study laser performance
across a bounded parameter space provides an invaluable step forward in showing the
importance of considering the optical/thermal interactions as they pertain to overall laser
system design and performance. There are several areas in which future research would be

worthwhile.

Digging deeper into the optimization side of laser system design has significant potential. SWaP
analysis is the next logical step in determining the feasibility of a laser system for a given
application, as the research herein provides the basis for comprehending what happens when
laser systems do not have adequate thermal control. Understanding the optical/thermal
interactions and necessary for obtaining accurate weight and volume measurements of a
potential laser system, both of which are very important in the integrated system design
process. This is because very often, these laser systems are part of even bigger platforms, where
various other engineering systems need to be integrated along with the laser system. System
level optimization is becoming an ever more important topic in engineering circles and is

especially relevant when it comes to high power laser systems.

The dimensionless laser diode/fiber rate equations are an interesting concept with no previous

consideration or study, as per the literature review. The topic was seen as a potential area for
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novel research. They were considered for a time, but ultimately were not completed in time for
inclusion in this dissertation. Dimensionless equation forms have the potential to provide lots of
information for better optimization of the system from a laser physics perspective, and
understanding the physics to that level wasn’t a focus of the research herein. It doesn’t add
significantly to the more thermal perspective sought here. And yet, further research of this on
the fiber physics side has the potential to add greatly to the optimization of high-power laser
system performance. If the pump spectrum out of the laser diodes can be kept constant by
appropriate thermal control, the fiber physics can be further explored to specifically tune fiber

parameters for the highest possible efficiency.
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Appendix A: Simplified Fiber Model Parameters and Equations

Parameter — Definition Value
Tref Lo — Reference Temperature for Laser Diode Characteristics (K) 298
Acenter LD nom — Nominal Center Wavelength of Laser Diode Output at Ty.er 1 8.08e-07
(m)

Afwhm LD nom — Nominal Full Width Half Maximum of Laser Diode Output (m) 2.5e-09
dA/dT—- Wavelength Temperature Coefficient for Laser Diode (m/K) 2.5e-10
df /dT — Spectral Width Temperature Coefficient for Laser Diode (m/K) 8.84e-11
Itpres - Threshold Current Reference (A) 15

Lnax — Max Current per Laser Diode (A) 180
Vinax — Max voltage per Laser Diode (V) 2
Poweryer 1p rey — Reference optical power out per laser diode (W) 200

Ty — Threshold Current Characteristic Temperature (K) 180

T, — Slope Efficiency Characteristic Temperature (K) 680
NUM|ppar — Number of Laser Diodes per Bar (diodes thermally in parallel) 5
NUM| p pars — Number of Laser Diode Bars (didoes thermally in series) 5
Nmaxcm — Peak Efficiency of Gain Medium at Center Wavelength 0.80
Acenter am — Center Wavelength of Gain Medium Absorption Spectrum (m) 8.08e-07
Afwhm e — Full Width Half Maximum of Gain Medium Absorption Peak (m) 2e-08
Npp — Beam Director Thermal Efficiency 0.95
Nugr — Optical Training Mirror Lumped Reflectivity 0.92
Nasg — Aperture Sharing Element Thermal Efficiency 0.97
Poweryyticar — HPLS Design Optical Power from Laser Diodes (W) 75000
Powery,qy; piug — HPLS Wall Plug Power (W) 135000

From these defined input parameters, all other needed values can be calculated. The equations that follow
will define the process by which the model does calculations to find the laser system efficiency. There are
more input variables that must be determined before the calculations start, and the parameters from Table 1

are used to find these other input variables, shown below.

LD stoperef Laser diode slope efficiency reference value (W/A)

PoweTper LD ref

NLp slope,ref — (Imax—lth,ref)
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Iyprs — Current to Laser Diodes (Amps)

Iyprs = Imax * NUMyp jpar (43)
VypLs — Voltage to Laser Diodes (Volts)
Powery,q u
Viprs = —IHPLlSlpl g (44)
Vper Lp — Voltage per Laser Diode (Volts)
_ _ VHpLs
Voer 1o = iy - — (45)

Poweryer 1p eiec — Electrical Power per Laser Diode (W)

Powerper LD,Elec = Vper1D * Inax (46)

N.pmax — Max Laser Diode Efficiency

Power
per LD,ref
NLpmax = (47)

Powerper LD Elec

NUM yoquies — Number of laser diode modules in system

Power i
NUM — optical 48
Modules Powerper LD,ref*NUMLD pars*NUMLD/bar ( )
NUMp;o4es — Total number of laser diodes in system
NUMpioges = NUMp pars * NUMLD/ba‘r * NUMyoquies (49)

With all these variables defined and preliminary calculations solved, the model can now use these values to
do the actual optical power production calculations. There is no power conditioning model here. The optical
power out of each laser diode bar is first calculated. From this, the amount of heat generated from the laser
diodes can be found. Next, the center wavelength and spectral width of each bar is calculated. Following this,
the Gaussian Curve mathematics are used to represent the laser beams and find the Gaussian Curve spectrum
profiles for one diode bar over a range of wavelength values. The Gaussian Curve profiles for each bar are
then added together. The total optical power out of the laser diodes is the area under the curve of all the bar
profiles added together. The equations below outline this process. The equations are presented in order so the
process of calculations can be easily followed.

The junction temperature dependent parameters for optical power are first calculated.

Iin (Tj (x)) — Threshold current based on junction temperature. The variable T;(x) is the laser diode junction

temperatures. The variable x in all equations goes from 1 to NUMp pq,s to represent all the bars.
Tj(x)_Tref)

Ion(Tj(x)) = Ith,refe( fo (50)

Nsiope (T] (x)) — Slope efficiency based on junction temperature

Tj(X)~Tre f)

Nstope (Tj (x)) =M slope,refe_( 71 (51)

Now the optical power out of a single diode bar can be found.
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Poweryp pqr(x) — Optical Output Power of the Laser Diode bars. Each value x is the power of NUM,p /pqr
diodes for each diode bar.

POWETLD bar(x) = [nslope (T] (X)) (Imax - Ith(Tj (x)))] * NUMLD/bar (52)

Acenter Lp(x) — Center Wavelength of each bar. The variable T;(x) is the laser diode junction temperatures.
The variable x goes from 1 to NUM; p, p4rs to represent all the bars.

Acenter 1o (X) = Acenter LD nom + ((T] x) - Tref LD) * d}\/dT) (53)

Arwum 1o (X) — Spectral width (FWHM) of each bar. T;(x) is the laser diode junction temperatures. The
variable x goes from 1 to NUM, s to represent all the bars.

Arwnm Lo (X) = Arwam LD nom + ((T](x) - T‘ref) *dB/dT ) (54)

Cyatuwe 1p(x) — C Value for Laser Diode Gaussian Profile (spectral width).

AFwHM LD(X) (55)

Cvalue LD (x) = zm

Apaiue 1o (x) — A Value for laser diode bar Gaussian profile (peak at center wavelength). The integral is the
area under the Gaussian curve with a peak equal to 1. The area required under a curve with peak A,41e 10
divided by the area under a curve with a peak of 1 yields the peak A4 p required to achieve the area
required.

Power 1 ppar (X)

A x) = 56
value LD( ) Acenter LD*Afwhm LD*10 <_(1_lcenter LD(X))Z)dl ( )
Acenter LD=Afwhm LD*10 2(Cyaiue LDX))
Gaussianp pq-(x) — Actual Gaussian Curve profiles for each diode on a single bar.
2

. —(1-2 x
Gaussian,p par (x) = Avaiue LD (x) * exp (Lﬂlﬂ(g)) (57)

2(Cyaiue LD (X))

Here, A ranges from 0 to 900 nm (or whatever range is required) for each x. A Gaussian curve for each bar
can be obtained and graphed. Each bar contains NUM, p, /4, diodes. The Gaussian curve for one bar is this
number of diode Gaussian curves added together, as the power used to find the Gaussian curve peak
(Apaiue Lp) for each bar is the combined power of all didoes on that one bar, again assuming the bar/junction
is uniform in temperature.

Gaussiangy pars — Gaussian Curve for all Bar Profiles added together to form one curve. It is the output
curves of all laser diodes added together to make a single curve.

NUMLp bars

Gaussiangy pars = Dipey Gaussian,p pgr(x) (58)

Power,ptica Lo — Total optical power out of all laser diodes, area under Gaussiang; pars-

The main value of concern from the laser diode calculations is PoweTp¢icq; 1p- This is the value that cascades
into the next set of computations for the gain medium. All electrical power not converted to optical power by
the laser diodes is considered lost as heat. The optical power out of the laser diodes is the input optical power
to the gain medium. The gain medium has its own specific center wavelength and wavelength fwhm, set to
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be the same as the laser diode output. When the laser diode output shifts due to temperature change, this
effects the gain medium absorption. Equations 59 through 61 below show and explain this process.

Coatue cm — C value for Gain Medium Gaussian Profile
Afwhm GM (59)

Coatue m = 2/2In(2)

Absorption Curvegy — Gain Medium Efficiency Absorption Profile (Gaussian Curve)

—(A-Acenter GM)Z)

Absorption Curvegy = Wmaxcm * €XD ( - >
2(Cyalue GM)

(60)

A goes from 0 to 900 nm or whatever range is required. The A value is Ny,ax cu because the gain medium
efficiency is to be set. The next step creates a gain medium power absorption curve of the same magnitude
as the single Gaussian curve of the output of all laser diodes added together, only now the gain medium
efficiency can be set using the value 9,4 - This is how the simplified model differs form the full fiber
model. The rate equations are not used here, and the maximum fiber efficiency is an input parameter instead
of actually being calculated.

Absorption Powerg,, — Multiply input laser diode power across all wavelengths by the Gain Medium
Absorption Curve, this yields the actual gain medium absorption power curve that is close to the same
magnitude as the laser diode Gaussiang;; pqrs Curve.

Absorption Powergy = Gaussiangy pars * Absorption Curvegy (61)

Power,pticai gm — Total area under the curve Absorption Powergy. This is the amount of optical power out
of the Gain Medium.

Any optical power that is not transferred to the gain medium is considered lost as heat. Notice how the
temperature of the gain medium is not taken into account. The optical power out of the gain medium then
cascades onward into the combiner. The combiner consists of three subcomponents, and each one of these
subcomponents has a constant efficiency value. The beam director, mirrors, and particularly the aperture
sharing element in fiber lasers are the controls that help guide the output of all the gain medium fibers and
help to coalesce all the individual laser beams into a single coherent, very high-power beam that is then
directed out of the high-power laser system. The equations for calculating the optical power out of the
combiner components are shown below by equations 62 through 64.

For the beam director,

Poweroptical BD — Poweroptical 6M *BD (62)
For the mirrors,

Poweroptical MR = Poweroptical BD * MR (63)

For the aperture sharing element,

PoweropticalASE = Poweroptical MR * NASE (64)
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This is the entire process of modeling the optical power out of the high-power laser system model. The
equations were built into Simulink for model simulation. From these equations, a changing laser diode bar
temperature does not yield a significant decrease in laser diode optical output power. The optical power loss
occurs in the gain medium when diode output center wavelength no longer lines up with the gain medium
absorption center wavelength.
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Appendix B: Full Fiber Model Parameter Values

Parameter — Definition Value
Tyer Lo — Reference Temperature for Laser Diode Characteristics (K) 298
Acenter LD nom — Nominal Center Wavelength of Laser Diode Output at Ty 1 9.76e-07
(m)

Afwhm LD nom — Nominal Full Width Half Maximum of Laser Diode Output (m) 2.5e-09
dA/dT- Wavelength Temperature Coefficient for Laser Diode (m/K) 2.5e-10
dp/dT — Spectral Width Temperature Coefficient for Laser Diode (m/K) 8.84e-11
Ith,res - Threshold Current Reference (A) 15

Lnax — Max Current per Laser Diode (A) 180
Vinax — Max voltage per Laser Diode (V) 2
Poweryer 1p rey — Reference optical power out per laser diode (W) 200

Ty — Threshold Current Characteristic Temperature (K) 180

T; — Slope Efficiency Characteristic Temperature (K) 680
NUM,p par —Number of Laser Diodes per Bar (diodes thermally in parallel) 5
NUM; p pars — Number of Laser Diode Bars (diodes thermally in series) 5

L — Fiber Length (m) 10.8

R ore — Fiber Core Radius (m) 0.00002
R jqq — Fiber Cladding Radius (m) 0.0004
As — Center Wavelength of Fiber Output Signal (Same for Seed Laser) (m) 1.064e-6
A4 — Starting Value for Laser Signal Wavelength Vector (m) le-6

A, — Ending Value for Laser Signal Wavelength Vector (m) 1l.1e-6
A - Step Size for Discretization of Laser Signal Wavelength Vector (m) le-9
Seed,,,,r —Seed Laser Optical Power into Fiber Core (W) 15

Seed gy — Seed Laser Full Width Half Maximum (m) le-9
Seedgs — Seed Laser Electrical/Optical Efficiency (%) 55

N;,: — Total Population Density of Doping lons in Fiber Core (m™) 7.9e25
I, — Pump Power Filling Factor (0 to 1) 0.0025
I; — Signal Power Filling Factor (0 to 1) 1
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a,, — Fiber Attenuation Coefficient for Pump (cladding) (cm™) 0.002
a — Fiber Attenuation Coefficient for Signal (core) (cm™) 0.0004
T — Spontaneous Lifetime of Doping lons at the Upper Level (sec) 0.001
Max Pwryipe,r — Maximum Allowable Optical Power into a Single Fiber (W) 5000
ngp — Beam Director Thermal Efficiency 0.95
Nugr — Optical Training Mirror Lumped Reflectivity 0.92
Nase — Aperture Sharing Element Thermal Efficiency 0.97
Poweryyticar — HPLS Design Optical Power from Laser Diodes (W) 75000
Power,octricar — HPLS Electrical Power (W) 135000
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Appendix C: Statistical Surrogate Model Data

Functions, plots, and coefficient data for the T,, equation 37.
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Figure 78: Data plot for f1 curve of T,y equation
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Figure 79: Data plot for f2 curve of T,y, equation
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Table 19: Coefficients of fitted curves for T,y, equation
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Function
pl
p2
p3
p4

f1 (Nu) 2 (Pflux)
-3.77873660267427E-09 6.00290163459493E-05
3.57816198745859E-06 -2.40630914247324E-02
-1.22317111829595E-03
1.36462544571765E-01

Functions, plots, and coefficient data for the Tf* equation 38.
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Figure 80: Data plot for f1 curve of T; equation
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Figure 81: Data plot for f2 curve of T; equation

Table 20: Coefficients of fitted curves for T; equation

Function f1 (Nu) f2 (Pflux)
pl -1.73531795313486E-09 7.70773445718801E-07
p2 1.61687450911918E-06 -3.00637111646132E-04
p3 -5.42255307371842E-04
p4 5.96346129002552E-02

Functions, plots, and coefficient data for the t,; equation 39.
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Figure 82: Data plot for f1 curve of ty, equation
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Table 21: Coefficients of fitted curves/surfaces for t.; equation

Function
pl
p2
p3
p4
p5
p6
p7
p8
p9

pl0
pll
pl2
pl3
pl4d
pl5
pl6
pl7
pl8
p19
p20

f1 (Nu)
-3.06107865249336E-07
2.77967824544384E-04
-8.96670843367290E-02
9.52279905005918E+00

2 (Pflux)
1.83888387197248E-03
-7.37130698189854E-01

f3 (Nu,Pflux)
-5.05539036409674E+00
6.35399833683526E-02
1.16129858713599E-02
-2.89183341446856E-04
-1.64845472180991E-04
1.23287020533396E-06
5.67674171654216E-07
7.97247910561889E-07
7.23641459477804E-09
8.03909233441452E-09
-4.05021198488718E-10
-1.52210679479174E-09
-1.25599276374740E-10
-2.09553130567314E-11
-9.24629166455322E-12
3.64397532035604E-14
9.01466360248055E-13
2.84626269060602E-13
-4.73049124036042E-14
3.82113447434521E-14

Functions, plots, and coefficient data for the overall,r; equation 40.
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Figure 90: Data plot for f6 surface of overall. ;s equation
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Figure 91: Data plot for f7 surface of overall. s equation
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Figure 92: Data plot for 8 surface of overall. ;s equation
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Value

12
10

Nu 100 Fiber L (m)

Figure 93: Data plot for f9 surface of overall,sf equation
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Figure 94: Data plot for f10 surface of overall,s; equation
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Table 22: Coefficients of fitted curves/surfaces for overalleff equation

Function
pl
p2
p3
p4

Function
pl
p2
p3
p4
p5
p6
p7
p8
p9

pl0
pll
pl2
pl3
plad
pl5

Function
pl
p2
p3
p4
p5
p6
p7
p8
p9

pl0
pll
pl2
pl3
pl4d
pl5

f1 (Nu)

2 (Pflux)

£3 (dA/dT)

6.16191186523192E-07 1.05026149826873E-09 4.17390046296308E+01

-5.66390433794560E-04
1.81018973361318E-01
-1.88660849817659E+01

5 (Nu,Pflux)
1.04043813695041E+01
-7.27044029681556E-02
-2.33272001745350E-02
1.14586021367242E-04
1.70507904663548E-04
-4.75919567259682E-06
3.38889167805021E-12
-2.85858814740350E-07
1.96762035580661E-08
-8.21902743600950E-14

9 (L,Nu)
-3.58013469890083E+00
-3.98269945872954E-01

4.01484326918791E-02
8.70358035176602E-02
1.27454452140930E-04
-1.41338696996616E-04
-2.13757662853922E-03
-4.22743755186455E-04
9.83275593905389E-06
1.58611960714218E-07
1.04655617707594E-08
8.83516216524050E-06
2.42951433613264E-07
-1.44961360238130E-08
8.66529419328246E-13

-5.06567851660419E-06
-2.34000383820787E-03
1.89665217378109E+00

f6 (dA/dT,Pflux)
-9.75309060491483E-01
-5.15812490082400E+00
-2.79392689824564E-05
6.43777117500446E+01
2.92780428694594E-02
4.45549840818530E-06
-4.82253086412089E-03
-1.60592656487889E-01
-2.97179626233093E-05
1.40165300824719E-12

£10 (L,d\/dT)
2.06471725091936E-01
2.01938577155951E-01
1.03326687413602E+01
-3.23533661895934E-02
-2.17117802581835E+00
-9.63474006220359E+01
1.07704624577455E-03
1.96512582807289E-01
7.44191307708002E+00
1.57115644290133E+02
4.48627498596103E-19
-7.17896871325701E-03
1.05638568904118E-01
-1.43132716049385E+01
5.42534722209378E-01
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-7.98238467261911E+01

6.59430576223555E+00
9.50830921378964E-01

7 (L,Pflux)
1.30509984066419E-01
2.65959206184769E-01
1.19975773128442E-05

-3.89249255099058E-02
-5.66965423216819E-04
-2.44097589688872E-06
1.22345345937894E-03
8.69759457486868E-05
-7.93336386633803E-09
2.60090257898652E-09
6.27933706281887E-08
-3.05903764898686E-06
1.85356238783949E-08
-2.40098462423498E-10
2.10575359220685E-14

f4 (L)

5.54905853480801E-03
-2.76804757541522E-01
4.87062468883196E+00
-2.61982209494569E+01

8 (dA/dT,Nu)
1.64168440052540E+01
-5.79273038836542E+01
-1.71403469943298E-01
-3.35745898563692E+02
8.37896603037433E-01
5.79764364779234E-04
2.55061709759735E+02
1.89360732515086E+00
-3.50980840799159E-03
-6.58024372556552E-07
-6.78168403006467E-01
-1.05285686903611E+00
-1.95242934357616E-03
4.38234881516620E-06
6.48128978924294E-13



Appendix D: Parameter values for Statistical Surrogate Model

Parameter — Definition Value
Tref Lo — Reference Temperature for Laser Diode Characteristics (K) 298
Acenter LD nom — Nominal Center Wavelength of Laser Diode Output at 9.76e-07
Tref Lp (M)

Afwhm LD nom — Nominal Full Width Half Maximum of Laser Diode Output 2.5e-09
(m)

dA/dT— Wavelength Temperature Coefficient for Laser Diode (m/K) “Varied”
df /dT — Spectral Width Temperature Coefficient for Laser Diode (m/K) 8.84e-11
Itpres - Threshold Current Reference (A) 15

Lnax — Max Current per Laser Diode (A) 180
Vinax — Max voltage per Laser Diode (V) 2
Powertyer 1p rey — Reference optical power out per laser diode (W) 200

Ty — Threshold Current Characteristic Temperature (K) 180

T, — Slope Efficiency Characteristic Temperature (K) 680

NUMp/par — Number of Laser Diodes per Bar (diodes thermally in parallel) | 1

NUM;| p pars — Number of Laser Diode Bars (diodes thermally in series) 1

L — Fiber Length (m) “Varied”
R;ore — Fiber Core Radius (m) 0.00001
R4 — Fiber Cladding Radius (m) 0.0002
As — Center Wavelength of Fiber Output Signal (Same for Seed Laser) (m) 1.064e-6
Ay — Starting Value for Laser Signal Wavelength Vector (m) le-6

A, — Ending Value for Laser Signal Wavelength Vector (m) 1.1e-6
AA — Step Size for Discretization of Laser Signal Wavelength Vector (m) le-9
Seed,,, — Seed Laser Optical Power into Fiber Core (W) 15
Seedpyyy — Seed Laser Full Width Half Maximum (m) le-9
Seedg s — Seed Laser Electrical/Optical Efficiency (%) 55

N;,: — Total Population Density of Doping lons in Fiber Core (m™) 7.9e25
I, — Pump Power Filling Factor (0 to 1) 0.0025
I; — Signal Power Filling Factor (0 to 1) 1
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a, — Fiber Attenuation Coefficient for Pump (cladding) (em™) 0.002
A, — Surface area through which heat transfer occurs (m?) “Varied”
A, — Flow cross sectional area in HX (m?) 2.2e-5
Dy, — hydraulic diameter of flow passages in HX (m) 1.34e-3
& —equivalent roughness for friction factor calculation (m) S5e-6
Cp,m — Heat sink material specific heat (J/kg K) 385

Pm — Heat sink material density (kg/m3) 8954
V},, — Heat sink material volume (m?3) le-5
k., — Heat sink thermal conductivity (W/m K) 401

Cp,r — Fluid specific heat (J/kg K) 4184

ps — Fluid density (kg/m?) 1000

Vs — Fluid volume inside HX (m?) 2.5e-5
T;y, — Fluid temperature into HX (K) 298

m — Mass flow rate (kg/sec) “Varied”
Pgiec — Electrical power to diodes on a single bar (W) 1800W
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Appendix E: Relevant Laser Physics/Component Overview

An HPLS, such as is modeled in this work, has three main components: Laser diodes, fiber gain
media, and combining optics®. The laser physics section is devoted to compiling the necessary
laser physics for understanding basic laser operation. Each components produces heat, and all
the heat together factors into the thermal management system (TMS) architecture required to

achieve the desire laser system operation.

Laser Diodes - Structure and Operating Basics:

A laser diode, at its simplest, is the component where laser light is produced. First, consider the
structure and individual components of a typical semiconductor laser diode. High power
semiconductor laser diodes are of a double heterojunction design, meaning the active region
(where laser light is actually emitted) is sandwiched between two layers of waveguide-type
material. This waveguide contains the current carrier and optical gain in the active region with
the p-waveguide on one side and the n-waveguide on the other side*®. For this reason, the
active region is sometimes referred to as the p-n junction, or just junction. The temperature of
this junction plays a large role in the electro-optical efficiency of a laser diode. The material used
in laser diode can vary, but typically elements like Ga, As, N, In, P, Sb, Si, and Al or combinations
thereof are used. The lasing output wavelength of the laser diode is determined by what

semiconductor materials are particularly used in the active region, shown in Figure 95.
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Figure 95: Lasing wavelength for certain semiconductor materials in the active region®®

Certain lasing wavelength are used for certain applications. The structure of the laser diode and
the materials used in its creation are very important for proper operation. It is important to
know exactly the materials used because the material properties play directly into the diode
optical performance. The active region, waveguide, cladding substrate, and other parts of the
laser diode all use some combination of the typical semiconductor materials listed above. Figure

96 below shows a typical laser diode and the different layers/materials used in its construction.

6 um

/ p-InGaP
cladding
n-electrode 10 pm

e

\. p-electrode

*

]
n-InGaP cladding 5

Active
region

Ing1GagsAs
substrate

Figure 96: Typical laser diode diagram showing materials/components for operation®’
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The p-side and n-side contacts are the electrical contacts where wires are attached to deliver
electricity from a power source. P is the positive contact, and n is the negative contact. Any
material labeled p is simply on the p contact side of the quantum well, and any material labeled
n is simply on the n contact side of the quantum well. Starting from the quantum well and
moving out, the next layer met is the doped waveguide, followed by the cladding, substrate, and
electrical contact in that order. Notice the Dielectric material on the p contact side of the
quantum well. Laser output comes from the quantum well, which is a type of active region.
There are other representations of the active region used in laser diode manufacturing, and
these will be discussed later. When a semiconductor is doped, this means impurities have been
intentionally added in a way that changes the electrical, optical, structural properties in a
performance-enhancing manner®. When doped to high enough levels, semiconductors behave

more like full-on conductors.

The laser light does not just come straight out of the laser diode as soon as it is created. Figure
97 helps to visualize the process laser light goes through after its creation but before it leaves

the diode.

High reflective Mirrors_ Low reflective

L-resonator length >

A

Figure 97: Explanation of laser diode operation using the Fabry-Perot Resonator*®
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Laser light is first created inside the active region. This active region can be thought of as having
a certain length L. The mirrors are placed at either end of the active region. One mirror has a
high reflectivity and one has a low reflectivity. There is a certain gain threshold that needs to be
achieved before laser light can actually escape from just bouncing back and forth between the
two mirrors. When the optical gain reaches this threshold gain, the inner losses (like that of
absorption into the optical medium, optical scattering, and output loss. When optical gain is
greater than the gain threshold, positive optical gain is obtained and the laser operates. This
process is complex, but it is better understood with the concept of threshold current. Laser
diodes will not produce laser light until the forward current applied through them is greater
than the threshold current. Any amount of current below the threshold current is not enough to
push the laser into stimulated emission operation. The electrical power put in is all lost as heat

until the threshold current value is reached and surpassed, as seen in Figure 98.

oo N e e
o i
5 LED emitting region L
2 !
o
Q. '
- i
% \.\ Laser
O nsc_illating

region
L |

Ith lop
Forward current I

Figure 98: Laser diode threshold current diagram*®

Notice how the optical power is very low until the forward current supplied to the diode is
greater than the threshold current. This is a unique characteristic of laser diodes, as they do not

just begin stimulated emission right when electrical power is applied.
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Another important concept of laser diode output to understand is the fast axis and slow axis.
Laser light does not come out of the active region in a beam that has a constant area. As the

beam moves further from the active region, it spreads out as shown in Figure 99.

Diode Laser

Output Beam

Figure 99: Diagram Denoting the “Fast” and “Slow” Axis of Laser Diode Output*®

The slow divergence axis is called so because along this axis, the laser light spreads out slower
(less spread per unit of distance away from the exit of the active region). The fast divergence
axis is called so because along this axis, the laser light spreads out faster (mores spread per unit
of distance away from the exit of the active region). Power content is higher along the fast axis
than lower along the slow axis. This gets into the complex optics that go along with fully
understanding laser diode operation, and this work will not go into that much detail. Laser diode
output can be accurately represented with negligible error by using a single Gaussian
curve3”38454 to represent the combined output of both the slow and fast axes in terms of a

power per unit wavelength as seen in Figure 100.

224



...... : )‘fwhm LD

Acenter LD

Output (w/nm)

Wavelength (nm)

Figure 100: Diagram of Gaussian Curve representing laser diode optical power output®’

A Gaussian Curve can be modeled mathematically for the specific application of laser diodes in

equations 65-67 shown below*.

2
_ (A_Acenter LD)

f(ﬂ-) = Ayalue Lp * € 2Cyalue 1D” (65)

alue LD — 2.21n(2)

Power/wbar (67)

2
center LD+tAfwhm LD*10 ex ~(2~2center LD) da
Acenter LD=Afwhm LD*10 2(Cpaiue LD)Z

Avalue Lp = 1

Using Gaussian curve methodology, the optical power out of a laser diode can be defined by a
center wavelength A opnter 1o, full width half maximum (FWHM, meaning spectral width)
Afwhm Lp, Peak intensity output value a (Ayqpye 1p), @and optical power value P,,,;. The area
under this curve is equal to the total optical power out of a laser diode along both its fast and
slow axes. This assumption allows for neglecting the optics knowledge necessary to carry out

the complex math for finding the optical power from the fast and slow axes. The area of the
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output beam at a certain distance away from the exit of the active region is an important value,
but optical lenses and other components help to properly direct and collimate the laser light as
soon as it comes out of the laser diode. Hence, from a mechanical-thermal engineering
perspective, the optical power contained in the laser beam is the most important value. Laser
diodes do generate significant heat, and the effects of this heat will be looked at and defined

next.

Laser Diodes - Optical Power Temperature Dependence:

Laser diode optical power is temperature dependent. When diode temperature increases due to
self-heating from normal operation, the electro-optical efficiency decreases. The temperature of
interest in a laser diode is called the junction temperature, defined as the active region of the

laser diode (where the laser light is actually being produced, called the p-n junction).

For CW (continuous wave) operation, the steady state junction temperature is given by equation

68.

Tj = Ths + AT (68)

Here, T; is junction temperature, Ty is heat sink temperature, and AT is the difference between
the heat sink and junction temperature. The next question to ask if how to find AT This
temperature difference is caused by the waste heat generated in the laser diode. If the laser
diode is said to have a certain total thermal resistance R, from the junction through the varying

diode materials to the heat sink, AT can represented by equation 69.

AT = Rt Qpioae (69)
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Here, Qpiode is the waste heat generated in the laser diode that must be removed. This value

Qpiode can be further defined as shown in equation 70.

Qpiode = Prlec — POpt (70)

Here, Pyp¢ is the optical power out of the laser diode and P, is the electrical power into the
laser diode. It makes sense that the waste heat is the electrical power in minus the optical

power out. The value Pg;.. can be further defined as shown in equation 71.

Pgiec = IopVop (71)

Here, I,y is the operating current sent to the diode and V,,, is the operating voltage for the

diode. The equations 68-71 are taken from Liu et al.*®.

The optical power Py, is more complicated to define. The optical power out of a laser diode
decreases as its junction temperature increases. Two laser characteristics, threshold current I,
and slope efficiency 75ope (normally units of W/A), determine the optical power out a laser
diode. The value I;, is defined as the current required before coherent emission takes place
from the laser. When a current value lower than I, is sent to the laser, that electrical power is
all turned into heat. Refer back to Figure 98 and see how slope efficiency is the slope of the

curve from Iy, to Iy, hence the units of W/A.

The effect of junction temperature on both laser characteristics is generalized in Figure 101.
Notice how as junction temperature increases, threshold current increases and slope efficiency

decreases.
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Figure 101: Generalized graph of optical output power vs. forward current showing the effects

of junction temperature on threshold current and slope efficiency®

1.°° verifies the trends described above, shown in Figure 102. Again,

Research by Bacchin et a
notice how the threshold current increases and slope efficiency decreases as junction
temperature increases. The trends are still the same whether the optical power out is on the
order of mW or W. Bacchin et al.>° do several other tests with laser diode stacks yielding output

powers on the order of kW that show threshold current and slope efficiency respond to junction

temperature change in the same manner.
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Figure 102: Experimental research showing the trend of increasing threshold current and

decreasing slope efficiency due to increasing junction temperature (mW of optical power)>®

Another reference by Zhang®! considering research on laser diode threshold current and slope
efficiency explains how the placement of the heat sink on the p side of the diode versus the n
side of the diode can have a significant impact on the observed junction temperature. This
means there is an optimal way to orient/mount the laser diode on a given heat sink to achieve
the best performance. The values of I, and 15,y characteristics are both junction

temperature dependent as shown in their respective equations 72 and 73 below?®,

(7

In(T;) = Lepe\ To (72)
(Tj~Tref

nslope(Tj) = Nyef€ ( 1 ) (73)
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Here, I,.of is the threshold current at some laser diode operating reference temperature T.f
and 1 is the slope efficiency at that same reference temperature. They are normally specified
by the laser diode manufacturer on a specification sheet. The value Ty is called the threshold
characteristic temperature, and T; is called the slope characteristic temperature. These values
are found through experiments and are particular to a specific laser diode. They are not
normally found on the specification sheets. A more in-depth explanation of laser characteristic
temperatures is given at a later point. Equations 72 and 73 are empirical equations and come
from Liu et al.*®. They are further defined and explained by Saini et al.>%. This source
supplements Liu et al.*® and dives deeper into the actual development of the equations shown

here that determine laser diode optical power efficiency.

The Py, value for a laser diode is given in equation 74 below*.

POpt = 77slope(lop - Ith) (74)

By observation, it is seen that either a decrease in 15,y OF an increase in Iy, yields an overall
decrease in the Py, value, as I,y is kept constant. By equations 72 and 73, it is clear that when
T; increases, 150pe decreases and Iy, increases. Hence, the Py, value is affected by two
variables when Tj increases, not just by one variable. Plugging equations 72 and 73 into

equation 74 yields equation 75 below?,
_(Tj_Tref) (Tj_Tref)
POpt = Nrer€ 1 (Iop - Irefe To ) (75)

By combining equations 69, 70, 71, and 75 into equation 68 yields the final form of the steady

state Tj relation, equation 76 below*.
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ey (e
Tj = Ths + Ren IopVop — Nrer€ T1 Iop - Irefe To (76)

For steady state operating conditions, T; must be known in order to find T;. This simply means
solve for Tj iteratively. However, the transient conditions are more useful. It is interesting to see
what happens to the optical power output in the time from initial laser activation until it reaches
steady state operation. What is the time constant for junction temperature to settle out? This
requires a deeper look at the laser diode, carrier, sub mount, and heat sink, possibly as complex
as a transient 3D heat conduction problem where the energy into and out of the junction

control volume can be used to estimate the junction temperature.

Laser Diodes - Characteristic Temperatures:
The following is a discussion on the concept of laser diode characteristic temperature. There are
two characteristic temperatures, T, for threshold current, and T; for slope efficiency. The

relations for Ty and T; are shown in equations 77 and 78.

oT
To = an(In) (77)
aT
T1 T <aln(nslope)> (78)

Equations 77 and 78 are created from the following relationship (equation 79) provided by

Asryan et al.>3 . The basic equation given is

1= () z

Here, jw is the current density. This is a rather diffiuclt value to use without diving deep into

laser diode theory. Hence, for experimental purposes, ji is replaced with the threshold current
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I, yielding equation 77. The concept can be applied to slope efficiency as well, yielding
equation 78. Changing equation 79 in this manner has been utilized successfully in experimental

research by Bacchin et al.*.

The characteristic temperatures can be found experimentally by plotting the threshold current
and slope efficiency points as a function of temperature on a logarithmic scale and then
measuring the slope of the linear fit line. With this technique, Bacchin et al.*® utilized the data in

Figure 103 to find To and T, for a specific laser diode with a nominal center wavelength of 808

nm.
BSRL results
T (°C) Ith (mA) Slope efficiency (W/A)
23 222 1.05
45 247 1.02
70 290 0.98
Figure 103: Laser diode threshold current and slope efficiency experimental values>®
For To,
T = aT _ 70 — 23 -
7 dain(l,) ~ In(290) — In(222) —
For T,

_— ( oT >_ < 70 — 23 )~681K
YT \oin(ngepe))  \In(0.98) — In(1.05)/ ~
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These are the same values Bacchin et al.>® provide in their research. Several other sources

.46 gives values for To based on the laser diode

discuss finding these Tp and T; values. Liu et a
nominal center wavelength. To is ~ 200K for wavelength at 980 nm, ~140K for wavelength at 800
nm, and below 100K for shorter wavelengths (630-760 nm). Cooke et al.>* describes work done
by researchers at Georgia Tech who found the T, value experimentally for several different
structures of an InGaN-based violet-blue laser diode. Their value of 180K was comparable to
typical values reported for other InGaN-based violet-blue laser diodes (range 140-190K). Cooke

et al.>* goes on to say how a high value of Ty indicates less shift in the threshold current with a

given change in temperature.

Akahane et al.>® discuss how a conventional 1550 nm center wavelength laser has a To value of
around 100K. Through experimentation, they were able to fabricate a 1529 nm
centerwavelength quantum dot laser diode to operate with To = 113K within an operating

temperature range of 293K to 353K. Figure 104 shows data from their experiments.
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Figure 104: Temperature dependence of L-I characteristic curves and relationship between

threshold current density and operating temperature with To = 113K>

Akahane et al.>® also fabricated another laser in the 1550 nm range. This one had a wavelength
of 1520 nm with a To = 102K. It was of similar quantum dot design as in Akahane et al.>® and had
lower threshold current values with similar optical power output values. The data is shown in

Figure 105.
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Figure 105: Temperature dependence of L-I characteristic curves and relationship between

threshold current and operating temperature with To = 102K>®

Another area of research by Akahane et al.>” experimented on the threshold current for a
guantum dot laser diode with a varying number of quantum-dot layers in the active region
(junction). They experimented with number of layers N equal to 5, 10, 15, and 20. The highly
stacked InAs quantum dot structure was fabricated using a strain compensation technique on a
InP(311)B substrate. Strain compensation is a technique used in the manufacturing of
semiconductor structures that allows for the fabrication of a high number of stacked quantum

dot layers (larger N value). Figure 106 shows the pertinent results from the work.
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Figure 106: Relationship between threshold current and operating temperature with a varying

number of quantum dot layers. The Ty values for each sample were 51K for N =5, 91K for N = 10,

116K for N = 15, and 148K for N= 20 dot layers®’

It it interesting to note how the Ty values found in the experiment were different with the
number of quantum dot layers. Specfically, To increased with an increasing number of quantun
dot layers. The strain compensation techngiue which allowed the adding of 10 or more quantum
dot layers to a laser diode was found to yield both significant gain and better temperature

stability (higher To) in the semiconductor device.

Arsenijevi¢ et al.>®

investigated the temperature dependent characteristics of a transverse
single-mode GaAs-based InAs submonolayer (SML) quantum dot laser with a nominal center
wavelength of 980 nm. While operating the laser in continuous wave (cw) conditions from

operating temperatures of 15°C to 60°C, they found a Ty value of 101K. The pertinent results of

their work are shown in Figure 107.
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Figure 107: Operating temperature versus the natural log of threshold current and lasing

wavelength showing To = to 101K and wavelength temperature coefficient dA/dT = 0.367 nm/K>®

The To value found by Arsenijevi¢ et al. can be confirmed using equation 77 and estimations

from the figure above as shown here.

oT 60 — 20

- - = 100K = 101K
oin(l,) 3.4—3.0

To

This is yet more research where the To value is found experimentally and shows equation 77 is

commonly used amoung researchers to determine To.

Li et al.>® conducted research on creating an InAs quantum dot laser on GaAs-based materials to
push emission wavelength towards the 1.55 um range. They said this is difficult because the
dots must be significantly larger and may suffer strain relaxation. The goal was to study the
thermal stability of a laser using these materials with p-doped quantum dots and undoped

guantum dots. The results are shown in Figure 108.

237



LIBLINLI L L L L L LB L LB

500 m p-doped

O undoped

400

300

Threshold current (mA)

200

300 320 340 360

Temperature (K)

Figure 108: Characteristic temperature T, for P-doped and undoped quantum dot lasers emitting

in the 1.55 pm regime®®

For the undoped laser, the Tp is 68K in the range from 290K to 370K, which is a typical value for
QD lasers grown on an InP (001) substrate. For the p-doped laser, To is greatly improved in the
temperature region from 280K to 330K, the TO reaches a high value of 210K. But, the To drops to

52K from 330K to 370K.

Fathpour et al.®® conducted research with a 1.3 pm quantum dot laser and were able to achieve
operation in the 278 to 348K temperature range with a temperature invariant threshold current.
This means To approaches infinity. The observation of an invariant threshold current in their
experiments can only be explaiend by a process called Auger recombination and they explain it

further in the complete journal article. The results are shown in Figure 109.
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Figure 109: Graph showing invariant threshold current (To = =) in the range of 278 to 348K®°

A To of infinity indicates a very high laser thermal stability, which is ideal from a thermal
management perspective. Fathpour et al.%° report an abrupt drop in To at around 340K, and this

is similar to the laser performance observed in the research done by Li et al.>°.

Chen et al.®! studied a InGaAsP/InP multi-quantum-well (MQW) laser diode emitting at about
1.47 um. Their goal was to obtain a laser with high temperature characteristics. To achieve this,

they created a laser diode as seen in Figure 110.

n-InP InP P-InP
Tunnel barrier
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1.41Q
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wells

Figure 110: Schematic of InGaAsP/InP MQW laser with tunnel layer®!

The goal was to see if they could take the typical characteristic temperature of To = 80K at room
temperatures for InGaAsP lasers, which are normally plagued by Auger recombination issues,

and increase T through the use of a tunnel layer. This layer would function as a barrier and help
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with Auger recombination and current leakage, as both affect the value of To. Their results are

shown in Figure 111.
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Figure 111: Laser characteristic temperature To as a function of junction temperature comparing

the performance of an InGaAsP laser diode with and without a tunnel barrier®?

Notice the significant increase in characteristic temperature with the use of a tunnel barrier.

Instead of To = 98K at room temperature, it is now To = 126K.

.52 created and operated a 1.3 um InGaAs laser diode with low Indium composition

Araiet a
under pulsed conditions for research into whether or not a certain substrate growing method
(traveling liquidus-zone) along with the lower composition of Indium in the substrate could be
used to increase the characteristic temperature To when compared to laser diodes with
conventional InGaAs substrate (In:0.2-0.3). They achieved a T of 130K for the temperature

range of 25 to 90°C and a To of 95K from 95 to 155°C. The lasing wavelengths at at 25 and 85°C

were 1.28 um and 1.31 um respectively. Their results are shown in Figure 112.
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Figure 112: L-I curves at various operating temperatures and operating temperature vs.

threshold current density plots®?

Zubov et al.%® reported on an InAs/GaAs/InGaAsP laser with an emitting wavelength of 1.5 um.
They found values for To = 235K and T; = 205K with in an operating temperature range of 20 —
70°C. This is significant because much less literature exists on finding T1 (slope efficiency
characteristic temperature). They also looked at the laser diode cavity lengh L of the laser diode
and the effects it has on characteristic temperature To. It shows the physical geometry of the

laser diode plays a role in determining this parameter. Figure 113 below shows their results.
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Figure 113: L-I curve at various operating temperatures, both characteristic temperature graphs,

and T variation with cavity length L%

Chackrabarti et al.®* studied the temperature dependent aspects of a 670 nm laser diode’s
operation to a very in-depth level. Part of this research was finding the characteristic
temperature To. For this particular laser, they found a value for Ty of 114K. Their results are

shown in Figure 114.

242



39 =
18 7
3.7 e

3.6 e

3.5 ; Ve
3.4 4 /
3.3 5 /

In [T'h}
\\'\
=
I
=
b

31 v . : . . : ‘ : .
0 10 20 30 40 50
Case Temperature (C)

Figure 114: Threshold current vs. operating temperature, slope of curve is To = 114K

Ryu® studied the temperature performance characteristics of a blue GaN laser emitting at at
around 400 nm with two different levels of doping. The results in Figure 115 actually predict a
negative To = -360K for the more heavily doped region of 1.5*10% cm™, For the lower doping

level of 1*10Y cm™3, To = 129K.
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Figure 115: Threshold current vs. operating temperature for 2 n-doping levels®

Clearly, the laser characteristic temperatures can vary widely based on aspects of a laser diode’s
physical design. Since they are diode specific, it is difficult to decide what values of them to use
in a generic laser system model analysis. These characteristic temperatures are essentially a
measure of a laser diode’s thermal stability. Larger characteristic temperatures mean a certain
AT from junction temperature to reference temperature will have a smaller effect on the optical
power. This is clearly seen in equation 76. If given e* and x gets closer to 0, e* trends towards a
value of 1. This is why laser diodes operating at cryogenic temperatures are more thermally
stable than laser diodes operating at room temperature, as their charactertistic temperatures
are naturally larger. This increase in characteristic temperature with a decrease in diode junction

temperature is shown in Figure 116 from research by Asryan et al.>3.
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Figure 116: Experimental results of characteristic temperature To as a function of laser

diode operating temperature3

The research by Asryan et al.>® is very complicated to read and comprehend, as it is written at a
very high technical level. The values Nsand b in Figure 5 are design parameters of the diodes
being tested. The main thing to take away from this graph is that the characteristic temperature
of a laser depends strongly on the operating temperature T, as To drops profoundly with
increasing T. This is because Ty is found from the slope of this curve, and the T, for any operating
temperature T is found by calculating the derivative of the To curve at the point T. Although it is
difficult reading, Asryan et al.>® is a very good source for understanding the absolute

fundamentals of laser diode physics.

Laser Diodes - Wavelength Shift Temperature Dependence:

The spectrum wavelength of laser diode output is also temperature dependent. Wavelength
shift in laser diode optical power is an important phenomenon to capture. Laser diode output

can be modeled with reasonable accuracy as a Gaussian curve®”384>49 (see Figure 100).
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Manufacturers will specify a diode’s nominal center wavelength and full width half maximum
(fwhm). A wavelength shift simply refers to the center wavelength increasing/decreasing by a
certain amount. If junction temperature increases, diode output experiences a red shift in its
spectrum. If junction temperature decreases, diode output experiences a blue shift in its
spectrum. The junction temperature actually changes the semiconductor band gap distance.
This phenonenon is well approximated in a linear manner (see equation 32), and manufacturers

give this wavelength shift value on spec sheets in units of nm/K.

Research by Kim et al.»* showed how to predict the junction temperature of a high-power laser
diode bar and that a change in this junction temperature corresponds to a wavelength shift in
the laser diode optical power output, relative to the nominal center wavelength value. They
made serious exploration into the area of estimating junction temperature in order to find the
relationship of how laser diode output center wavelength changes with junction temperature.
They found an approximate dA/dT of ~0.3 nm/K. This value agrees with the d\/dT value of ~0.28
nm/K for 808 nm laser diodes from research by Fan et al.®” and ~0.32 nm/K for 980 nm laser
diodes from research by Hu et al.%®. Research by Kondow et al.®® showed a dA/dT of ~0.42 nm/K

for a 1.3 pm GalnNAs laser diode. Some results from Kim et al.1* are provided in Figure 117.
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Figure 117: Results showing average junction temperature as a function of forward current and
the wavelength shift/spectral broadening due to higher junction temperatures from increased

forward current levels'*

The research by Fan et al.®” also displayed the wavelength shift using an 808 nm laser diode, as

provided in Figure 118.
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Figure 118: Wavelength shift due to higher junction temperatures from increased forward

current in an 808 nm laser diode®’

Notice how not only is the center wavelength changing with junction temperature, but the
width of the power curve is changing as well. This is a value called spectral width, and it is given
on laser diode spec sheets with the units of nm. It is described as the full width half maximum
(FWHM) value of the power curve (Figure 18). An increasing spectral width (called spectral
broadening) means the laser diode output is now more spreadout over a larger range of
wavelength. Both phenomena described here contribute to optical power absorption problems
in the gain media because the gain media are set to absorb optical power at a specific center

wavelength and spectral width.
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Chackrabarti et al.% studied the temperature dependent aspects of a 670 nm laser diode’s
operation to a very in-depth level. Their research agreed with that of Kim et al.}* in that both the
center wavelength and spectral width of laser diode output are functions of junction
temperature. However, because junction temperature is difficult to measure, Chackrabarti et
al.% based it on the heat sink temperature. A change in heat sink temperature is representative
of the same corresponding change in junction temperature. Therefore, the equations can be
modified to use a change in heat sink temperature from reference temperature in order to
predict the change in junction temperature. They also explain how the intensity of laser diode
output changes with junction temperature, and this is directly tied to the laser’s optical power

output. This intensity change with wavelength shift is shown in Figure 119.
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Figure 119: Laser diode output intensity changing with wavelength shift due to shifting heat sink

temperature®

The peak shifted from 669.4 nm at 10 °C to 673.6 nm at 37 °C, yielding a d\/dT = 0.155 nm/K. In

addition, the emission intensity decreased to 8.7, 7.6, and 6.7 at a heat sink temperature of 19,
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28, and 37 °C, respectively, from 9.7 at 10 °C. This is expected because it is known that as the
junction temperature strays from the reference temperature, optical power out decreases (see
equation 75) . Optical power can be thought of as the area under the curves in the figure above.
Since an increase in heat sink temperature yields a decrease in emission intensity, the area
under the curve also decreases. Clearly the area under each curve is decreasing as heat sink
temperature changes. Another aspect of temperature dependent operation observed by

Chackrabarti et al.®* is the FWHM spectral broadening, seen in Figure 120.

044 1 "—a— GalnP/AIGaInP

0.42 -  N~3.083X10%m’ Wy
040 - //

0.38 e

0.36 P

0.34 /‘/

FWHM (nm)
]

0.32 -
0.30

0.28 < m

0?6 T T T T T T
10 15 20 25 30 35 40

T
Figure 120: Spectral width changing with heat sink temperature, 0.28, 0.32, 0.37, and 0.43 nm
for 10, 19, 28, and 37 °C, respectively®®. If FWHM is represented by B, then the slope of the line

is dB/dT = 0.0056 nm/K®*

The spectral broadening equation is shown below. It is very similar in form to the wavelength
shift equation. Both are considered linear and use a nominal value plus the quantity of a
temperature coefficient multiplied by a change in temperature yielding a change in distance

based on temperature.
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FWHM,,(t) = FWHM,p + ((Tj(t) — Tyer) * dB/dT) (80)

Schlenker studied and observed a wavelength shift during pulse operation using the Golden
Bullet Laser Diode Submodule by Northrop Grumman (center wavelength of 808 nm). The laser
diodes were cooled with a flash boiling technique using methanol. The goal was to see if the
laser diode temperature was properly controlled by judging the diode’s optical power profile
and center wavelength. The results show a shift in operating wavelength from 808 nm as the
current is increased from 20 to 100 amps. See Figure 13. Note that the different curves in each
plot are taken at varying instances in time during the pulse. Notice how the center wavelength is
different at 60A case versus the 100 A case. However, due to the thermal management
techniques, there is not much change in the center wavelength from initial pulse activation to 5

seconds into pulse activation.

The research by Schlenker’® makes reference to research in laser diode wavelength shift and
spectral broadening by Liu et al.”. The research explains how in high power semiconductor
lasers, a laser array (laser bar) is made up of several emittiers. In Figure 121 below, these
emitters are placed on a bar with a certain fill factor (how close the emitters are located to each

other), which is attached to a heat sink.

Laser Diode Bar Heatsink
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Figure 121: Packaging of a high power semicinductor laser array showing laser output (“fast”

divergence axis in vertical direction and “slow” divergence axis in the horizontal direction)’®

The phenomenon of spectral broadening shown by Kim et al.}* occurs because of the orientation
in which high power semiconductor lasers are arranged. Liu et al.”* talks about the “smile” of a
laser array. This is simply the spectral mapping of the output of each individual emitter on the

laser bar, as seen in Figure 122.

Figure 122: Laser bar “smile” showing a good spectrum vs. a bad spectrum”. A laser bar is

operating optimally when the spectrums of all emitters are the same”

Smile occurs because of uneven heating in the emitters. If they are not cooled properly, emitters
in the center can become hotter than emitters on the edges. This means the junction
temperatures of the emitters are not the same. Hence, the wavelengths of the emitters are not
the same. If all the laser output is not at the same center wavelength, the laser bar is not
operating at its best possible conditions (the electro-optical efficiency is not as good as it could

be).

Yuan et al.”? (also referenced by Schlenker™) look into the spectral broadening of laser array
output as well as the simulated versus actual thermal resitance of the heat path from the

junction to the heat sink in a 19 emitter CW laser bar (reference Figure 19). They accomplished
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this using a combination of experimentation and finite element methods. For the finite element
method (simulation) approach, the semiconductor laser package used was mounted to a
thermo-electric cooler (TEC) where the bottom surface of the TEC was kept at 25°C. Figure 123

below shows the temperature profile of the quantum wells (junction) as steady state operation.
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Figure 123: Transverse temperature profile of quantum wells at steady state’?

In this 808 nm semiconductor laser, they supplied 120 W of electrical power and got 60 W of
optical power. This means the waste heat produced was 60 W. In the finite element analysis of
the semiconductor laser bar, they found a AT between the bottom TEC surface and the active
region (junction) of 26.8°C. This gave them an overall simulated thermal resistance for the laser
of 0.472 K/W. Yuan et al.”? go on to state how the temperature rise in a semiconductor laser
cannot be easily measured. Hence, measuring the wavelength shift is used as a more practical
way to approximate the temperature in the active region. One semiconductor laser sample was
subjected to wavelength shift testing, and this was done using a spectrum and PIV test system

yielding the results seen in the Figure 124.
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Figure 124: Wavelength of steady state laser bar output for a particular operating current value

and 60% of that value’?

They found a shift of 4.6 nm, which when used with the fact that a typical 808 nm laser shifts at
a rate of 0.27 nm/K yields a device thermal resistance of 0.656 K/W (found by using equations in
the paper). This is larger than the resistance of 0.472 K/W found in the simulation. They
expected this discrepancy and explain by the fact that the simulation finite element analysis
assumed the solder layers in the laser materials are perfect. The simulation also neglects the
effect of nonlinear material molecular makeup, material defects, and contact thermal resistance

for these varying laser bar materials.

Fiber Gain Media - Basics/Background:

Fiber lasers use optical fibers as the gain media component. Optical fibers do not act as a typical
gain media because the amount of signal power out of the fiber can never be more than the
pump power into the fiber. There is no power “gain”. The benefit of using a fiber is it takes high
power, low beam quality pump light from diode lasers and creates slightly lower power, but

much higher beam quality laser light. The geometry of a typical dual-clad fiber consists of an
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active core, an inner cladding layer, and an outer cladding layer to trap and keep light inside the

fiber (see Figure 125).

Double-Clad Fiber Geometry

Singlemode Core

..... RIP axis

Silica Cladding
Depressed index Cladding

| L

Fiber axis

Index Profile

Figure 125: Diagram of fiber geometry with core, inner cladding, and outer cladding. The

refractive index profile (RIP) of each layer is given to show how its magnitude changes’®

Pump light from diode lasers is highly divergent and difficult to couple directly into a single
mode active fiber core, as the numerical aperture (NA) of the single mode active core is too

small. The equation for NA is shown in equation 81 along with a diagram in Figure 126.
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Figure 126: lllustration of relationship between focal length (f) and aperture diameter of lens

(D), where F is the focal point (reprinted from Figure 2.4 in Motes et al. 32).

The derivation of the expression for NA is as follows. NA is defined intitally according to

principles of Snell’s Law and using the concept of total internal reflection (TIR)?, as per

nsing;, = ’n% —ni =NA

Here, n is the refractive index of air, n; is the refractive index of the core, n; is the refractive
index of the inner cladding, and 6 is the internal critical angle for TIR. The F-number (F#)
parameter from optics is defined as f/D in Figure 126. If the angle 8 in Figure 126 is less than 6

and significantly small, then
nsinf ~ ntand = nD/2f = n/(2F#)
Taking n=1 for air,

NA = 1/(2F#) (81)

To collect all pump light, the fiber NA needs to be equal to or greater than the NA of the

component used to couple light to the fiber. If not, light will be lost when inserted into the fiber.
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This is simply a fiber design issue, and the NA problem is overcome through the use of dual-clad
fibers. Figure 127 shows a fiber with pump input (Large NA) and signal output (small NA), with

the pump rays having TIR in the inner cladding.
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Figure 127: Pump power is converted to signal power through an optical fiber by doping ions in

the core, turns large NA pump light into small NA signal light”*

The inner cladding is designed to have an index of refraction slightly lower than the core,
providing a low core NA. The outer cladding, however, normally has a much lower index of
refraction than the inner cladding, resulting in a large NA for the inner cladding. Hence, the
inner cladding has a much larger NA relative to the active core, allowing highly divergent pump
light to be more easily injected into the inner cladding®?. Designers use equation 81 to be sure
the pump light in launched properly into the inner cladding. A typical index of refraction for a
dual clad fiber is shown describing how the index of refraction changes at each intersection in
Figure 125. Pump light absorbed in the inner cladding is then eventually converted to signal
power along the fiber length in the active core through the use of rare-earth doping ions. The
dual-clad fiber design is beneficial because it forces total internal reflection (TIR) of all pump
light absorbed in the inner cladding. Hence, the pump light is eventually reflected into the active

core, creating the signal power output of the fiber laser. The ease of launching pump light into
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the inner cladding, coupled with the natural creation of laser light within the active core, are the

main reasons for use of fiber gain media.

To maintain a high pump light absorption, all pump rays must eventually intersect the signal
core (see Figure 127) where pump light is absorbed, exciting the rare-earth doping ions to
higher energy levels. If the fibers are perfectly symmetrical, helical or spherical pump modes will
not be absorbed. To avoid the problem of only typical transverse wave-type modes being
absorbed, the inner cladding can be manufactured in a non-circular geometry. Yet another

method is to simply place the active core off-center relative to the inner cladding.

Signal power out is the laser output of the fiber. Pump light enters the cladding at a certain
wavelength, but the signal power out is at a longer wavelength due to the process of photon
conversion. The ratio of pump wavelength over signal wavelength is the quantum defect. The
incoming pump light excites doping ions in the fiber core. The ions move from their ground
energy level state to an excited upper energy level state. The ions exist at the upper energy level
state for a very short time (the spontaneous lifetime) and then drop to a lower energy level
state, emitting a photon of a very precise wavelength and phase in the process. The photon
emission is happening all along the fiber length as long as adequate pump light is present. Every
photon emitted is of the same wavelength and phase, so they are all monochromatic, coherent,
and highly collimated. Therefore, the signal out of the active core is laser light. Each doping
element has its own particular absorption and emission cross section. A common element used
for doping optical fibers is Ytterbium Yb®* ions. Absorption and emission cross-sections for
Ytterbium are well documented3®7>78, A plot of the energy level diagram and

emission/absorption cross-sections for Ytterbium is given in Figure 128.
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Figure 128: Typical energy level diagram of Yb** ions in silica glass (a) and typical emission and
absorption cross-sections in aluminosilicate (thicker lines) and phosphosilicate (thinner lines)

fibers. The arrow represents the peak of the phosphosilicate emission/absorption®

Yb3** has a wide absorption spectrum spanning from ~850 nm to ~1080 nm, allowing for multi-
wavelength pumping schemes for power scaling to the kilowatt level’. It is common to pump

ytterbium with 976 nm pump light and generate 1064 nm signal light32.

Fiber Gain Media - LP Modes of Fibers:

The refractive index profile of many optical fibers is radially symmetric and only varies with the
radial coordinate’. Since most index profiles exhibit small incident contrast, where the
difference between the refractive indexes of the core and cladding are very small (1% or less),
the fiber is assumed to be weakly guiding®?. This assumption means the linearly polarized (LP)

modes can more simply be obtained. The LP mode/modes actually propagating within a fiber
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are based on the planar waveguide dispersion equation shown in equation 82, derived using ray

optics®2.
(% - 1) = tan (VX - %) (82)
With
_ nysinf
~ NA
V = reoreNA (83)

Here, m is an integer with the number of modes in the waveguide equal to m+1, A is the pump
light wavelength (2m/A is the free-space wavenumber), and 7,,,. is the core radius. Plotting X
versus V yields the dispersion curves shown in Figure 2-7 in Motes et al.®2. Single mode (SM) (m=0)
operation for all values of X in an optical planar waveguide can only occur when V is less than or
equal to /2. Therefore, as per inspection of equation 83, SM operation can only be maintained
if the core radius or core NA is kept small, or the free-space wavelength A is made large. In reality,
fibers are cylindrical, not planar. Hence, Maxwell’s equations are used to derive the cylindrical
waveguide LP modes. In doing so, the cutoff V value for SM operation changes to 2.405%2. Any V
value lower than 2.405 will produce SM operation with only the lowest order (fundamental) mode
LPos, as per Figure 129. The curves of V=2.405 and V=4 are quarter circles in Figure 129. Any modes
contained inside those curves will propagate for the given V value. If V<4, the LPqs, LP11, LP231, and

LPo; modes will all progagate as the various cutoff points are 0, 2.405, 3.823, and 3.823
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respectively (Table 2-1 in Motes et al.3?). Say, for example, V=2. Then, the only propagating mode

would be LPo:. High order modes appear faster as the value of V increases.
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Figure 129: Graphical solution showing V cutoff points for various LP modes. Parameters w and
u come the planar waveguide mode derivation of Maxwell’s equations and are defined such that

V2=u?+w? (reprinted from Figure 2-14 in Motes et al.??).

Larger values of V will result in additional higher order mode propagation within the fiber.
Propagation of higher order modes degrades the beam quality at the fiber output. Hence, SM
operation with the fundamental mode LPo; is desirable because it yields the best beam quality.
The LPo: mode has an intensity profile similar to a Gaussian beam, which is desirable because
the spectrum of a Gaussian beam is focused and gives a high value of irradiance (power per unit

area). The intensity profiles of the first several LP;n, modes for V=11.4 are shown in Figure 130.

Note the respective mode indices | and m.
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Figure 130: Generic intensity profiles for guided LP;n, modes of a fiber with V =11.4. The two

colors indicate positive (red) and negative (blue) signs of the electric field”®
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By Figure 130, high order modes propagating in addition to the fundamental LPo; mode reduce
the beam quality by creating several peaks in the curve having less intensity than a typical single
gaussian beam (just the LPg1). Having the intensity spread out over more area gives a smaller
irradiance, dramatically decreasing the beam quality. A beam with smaller irradiance is simply

less effective.

Sizing the fiber core becomes a question of design application and optimization. A larger fiber
core means the core can handle higher levels of overall optical power. However, along with a
large core comes the potential for multimodal operation due to the definition of V (equation
83). A multimodal (MM) fiber’s beam quality is degraded significantly compared to that of a SM
fiber. The MM fiber may have more optical power, but the SM could give better irradiance even
with its lower optical power. The SM fiber output would be more effective. To maintain SM
operation with larger fiber cores, NA must be reduced. Indeed, there is a limit to how small the
difference between n; and n, can be physically manufactured. SM operation fiber core
maximum diameters are around 30 um32, It is also possible to have SM operation with a large
fiber core if a longer pump wavelength is used. The longer wavelength can allow for higher

levels of optical power while still maintaining the good beam quality of SM operation.

So far, the section here on LP modes has considered the launching of pump light directly into an
SM fiber core. This is very challenging due to the restrictions of equation 83. A double clad fiber,
as defined earlier, is therefore beneficial because now the pump light just has to be launched
into the inner cladding, not directly into the single mode core. The laser power now being
generated in the fiber core as pump light interacts with the doping ions is still of the
fundamental LPo; mode (due to the radius and NA of the fiber core), but it can reach much

higher power levels due to the fiber’s ability to accept high power pump light with higher order
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propagating modes into the inner cladding. Hence, another reason why double clad fiber lasers
are the first choice for high power laser system applications where good beam quality is

paramount.

Fiber Gain Media - Seeding a Fiber:

Due to the nature of fibers, it is sometimes difficult to force fiber output to a desired
wavelength or particular narrow linewidth. Both are important for obtaining high quality fiber
output. If necessary, a fiber can be seeded to help obtain the desired signal properties. A seed
laser is a lower power, high quality laser injected directly into the fiber core®. It is of the desired
signal wavelength and sufficiently narrow linewidth, normally with a power level on the order of

10 WY,
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