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ABSTRACT 

 

 

 

INTERLEAVED IMMERSION COOLED HIGH BRIGHTNESS LASER DIODES FOR NEXT 

GENERATION LASER SYSTEMS 

 

 

 

High-power semiconductor laser diode arrays are increasingly required to deliver higher 

brightness while maintaining compact size, efficiency, and reliability. Meeting these demands 

places stringent requirements on thermal management, particularly as optical components such as 

fast-axis collimating lenses are integrated into interleaved-immersion-cooled (IIC) laser diode 

architectures, which combine microchannel heat sinks with immersion cooling to enable compact, 

high brightness operation. Although flow nonuniformity in microchannel cooling has been widely 

studied, the coupled effects of optical lensing, inlet flow modification, and emitter-resolved 

thermal and spectral behavior in high-power laser diode bars have not been previously quantified. 

This work presents a combined experimental and modeling investigation of plenum-fed 

microchannel cooling for high-power laser diode bars with and without optical lensing. Two inlet 

geometries, a cutback and a no-cutback configuration, are examined to evaluate tradeoffs between 

pressure drop, thermal resistance, and wavelength uniformity. Experimental measurements include 

bulk temperature, pressure drop, emitter-resolved centroid wavelength, and spectral full width at 

half maximum (FWHM) over a range of coolant flow rates. These data are integrated with a 

thermal resistance network and a CFD-based porous-media and three-dimensional heat-transfer 

modeling framework to relate inlet flow structure to both bulk and emitter-level thermal behavior. 

Results show that adding a lens does not significantly change the overall thermal resistance 

of the system, with bulk temperature differences typically remaining below 4°C. However, emitter-



iii 

resolved measurements reveal that lensing modifies local cooling near the bar edges, increasing 

wavelength nonuniformity at low flow rates (0.175–0.275 kg/min), with a lens-induced increase 

in peak-to-peak centroid wavelength spread of approximately 0.52–0.91 nm. Modeling indicates 

that uniform-flow thermal gradients account for approximately half of the measured wavelength 

spread, while inlet-driven flow redistribution and non-thermal effects, such as packaging-induced 

stress and electro-thermal current redistribution, contribute to the remaining variation. As flow rate 

increases, enhanced mixing reduces sensitivity to inlet topology, leading to improved wavelength 

uniformity. 

Overall, this study clarifies the relative roles of channel maldistribution, inlet-plenum 

dynamics, and non-thermal effects in governing emitter-level temperature and spectral behavior 

in lensed IIC architectures. The results demonstrate that high brightness (>2 × SOA) can be 

maintained in compact, optically integrated microchannel-cooled laser diode bars when both 

hydraulic constraints and localized inlet effects are properly managed. 
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Chapter 1: Introduction 

1.1 Thermal Management Challenges in High Power Laser Diodes  

High power semiconductor laser diode arrays (HPLDA’s) have become increasingly 

popular due to their wide range of applications including pumps for solid state lasers, defense, 

material science, medical technologies, and manufacturing [1]-[3]. The demand for higher power 

devices is continuously increasing, as is the demand for more compact devices to satisfy the size, 

weight, and power requirements (SWaP) of emerging technology. However, these higher power 

density requirements in many applications pose thermal management challenges [4]-[6]. As power 

increases, and packaging size decreases, the consequence is an undesirable amount of heat 

generation that can affect the device’s lifetime and performance [5], [6]. Edge emitting laser diodes 

(Figure 1-2), where light is emitted from the edge of the semiconductor plane, can reach heat fluxes 

greater than 1 kW/cm2 [7], [8]. State of the art thermal packages of HPLDA’s, such as conduction 

cooled arrays and microchannel cooled arrays, cannot support increased power density without a 

degradation in lifetime and reliability [6]. Therefore, this work will investigate methods of single-

phase microchannel cooling to enhance the state-of-the-art of laser diode thermal management. 

Figure 1-1 shows a diagram of a typical microchannel cooled laser diode stack. In this type 

of package the Gallium Arsenide (GaAs) laser diode bars are separated by copper tungsten (CuW) 

submounts which act as heat spreaders [9]-[11]. The heat flows from the laser bar cavity into the 

CuW submounts then to the backplane of the array where there is a microchannel cooler. The stack 

and microchannels are separated by an electrical insulation layer of aluminum nitride (AlN) [9], 

[12]. Multiple stacks are subsequently arranged side by side to form a two-dimensional assembly, 

commonly referred to as a laser diode array [13]. 
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Figure 1-1 Backplane cooled laser diode stack 

High power density in laser diodes, defined as increased optical power per unit emitting 

area, can be achieved by increasing power per bar or by reducing the spacing between bars, 

commonly referred to as the bar-to-bar pitch. Both approaches directly affect a key performance 

metric known as brightness [14]-[16]. Brightness describes not only the total emitted optical 

power, but also how effectively that power can be spatially confined and directed and is therefore 

a measure of power per unit area per unit solid angle [17]. Achieving higher brightness in laser 

diode arrays is primarily limited by both material properties and thermal management [1], [4], 

[18]. Increasing the output power of individual laser bars is ultimately constrained by material 

properties that govern efficiency, reliability, and device lifetime [1], [4]. In contrast, reducing the 

bar-to-bar pitch is not fundamentally limited by the laser material itself, but instead becomes a 

thermal management and packaging challenge. As bars are placed closer together, heat removal 

becomes increasingly constrained, leading to higher thermal resistance and elevated junction 

temperatures unless advanced cooling and packaging strategies are employed [19]. Therefore, 

overcoming the limitation of decreasing the bar-to-bar pitch requires novel thermal management 
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techniques, in typical state-of-the-art (SOA) package designs the bar-to-bar pitch of backplane 

cooled devices are directly tied to the total heat transfer area, which can be represented in Figure 

1-2 as the AlN plane. If the pitch is decreased by reducing the thickness of the CuW submounts, 

the total heat transfer area is also reduced causing less efficient heat dissipation, which results in 

low reliability and poor performance. Therefore, typical SOA devices are limited to a 1 mm bar-

to-bar pitch with a concurrent brightness of 1 kW/cm2 [10]-[20]. To achieve a brighter stack, the 

tie between bar-to-bar pitch and heat transfer area must be unlinked.  

Previous work at Lawrence Livermore National Laboratory (LLNL) and Colorado State 

University has demonstrated a novel thermal package that allows for reduced pitch and increased 

brightness, by decoupling heat transfer area to pitch. This method has been termed “interleaved 

immersion cooling” (IIC) due to the combination of microchannel cooling and immersion cooling 

of the laser diode stack. The interleaved immersion cooled package is shown in Figure 1-3. In this 

thermal package the microchannel heat sinks are made from a 10 vol% copper/90 vol% tungsten 

alloy (10/90 CuW) and they are interleaved between each laser diode bar which is fully immersed 

in a dielectric fluid. This minimizes the total heat transfer pathway while maintaining heat transfer 

area, lowering the overall thermal resistance. The thickness of the CuW submounts can be reduced 

significantly in this type of package, which allows for an increase in brightness of the stack. LLNL 

has demonstrated a greater than threefold increase in brightness over the state of the art using the 

IIC package by reducing the bar-to-bar pitch to 0.390 mm while simultaneously decreasing thermal 

resistance. 
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Figure 1-2 Interleaved immersion cooled laser diode stack 

1.2 Challenges of Interleaved Immersion Cooling in High Power 

Laser Diodes  

To implement the IIC method in a practical system (such as the high-power pump module 

for solid state laser systems) the primary challenge arises from integrating optical lensing within 

an ultra-compact cooling architecture. While additional challenges related to modularity and 

scalability of individual bars into two-dimensional laser diode arrays must ultimately be addressed, 

resolving the lensing-induced fluidic constraints represents the first and most critical step toward 

realizing a fully integrated system [1], [10], [12]. 

1.2.1 The Challenge of Lensing IIC Laser Diodes  

Laser light from semiconductor laser diodes is typically very divergent (~40° in the fast 

axis direction [21]). Therefore, small aspherical lenses, or fast axis collimators (FAC’s) are 

typically mounted within 80-100 um of the front facet to collimate the light [3], [9], [22]. In the 

IIC design, the reduced bar-to-bar pitch necessitates a corresponding reduction in both the spacing 

between adjacent lenses and the distance from the emitter facet to the lens, commonly referred to 

as the back focal length (BFL) [22]. These geometric constraints introduce a localized fluidic 
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restriction at the entrance to the microchannel coolers. Therefore, the fluid will have to enter the 

small gap between the facet and lens to get to the microchannel inlets shown in Figure 1-3. 

 

Figure 1-3 Interleaved immersion cooled laser diode array with lensing 

The limited inlet area increases pressure drop, requiring higher pumping power and 

potentially reduced overall mass flow rates. At the channel entrances, the locally increased 

velocities raise Reynolds numbers and may promote turbulence and recirculation within the inlet 

manifold, introducing complex flow structures whose influence on heat transfer and temperature 

uniformity is not immediately clear. Because the inlet plenum is relatively small and fluid must 

turn sharply to enter the channels, some channels may receive more flow than others despite the 

dominant channel resistance. This flow maldistribution can cause temperature and spectral 

gradients along the laser bars, which should be minimized for optimal performance [6], [23]-[25]. 

Flow distribution at the microchannel inlet is important not only because it influences the 

required pressure drop and pumping power, but also because nonuniform flow delivery can lead 

to localized temperature variations across the laser bar [26]-[28]. Even when the overall thermal 

resistance of the system remains low, uneven coolant distribution can produce lateral temperature 
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nonuniformity, resulting in localized hot spots or cooler regions along the bar [28], [29]. This is 

particularly significant for laser diode bars because the emission wavelength of each individual 

emitter is strongly temperature dependent. As a result, temperature gradients across the bar 

translate directly into emitter-to-emitter wavelength shifts, increasing the overall spectral spread 

of the device [3]. 

In many high-power applications, laser diode bars are used as pump sources for solid-state 

laser systems, where efficient energy transfer requires the pump spectrum to closely match the 

absorption bandwidth of the gain medium [12]. Excessive spectral broadening reduces the fraction 

of emitted power that can be absorbed, lowering pumping efficiency, and increasing thermal 

loading elsewhere in the system [3], [30]. Consequently, maintaining temperature and wavelength 

uniformity across the laser bar is as important as minimizing average temperature rise [3], [28], 

[30]. Understanding how inlet flow structures and potential flow maldistribution influence emitter-

resolved temperature behavior is therefore critical to evaluating the practical viability of compact, 

lensed IIC laser architectures. 

1.3 Research Objectives  

This study investigates the thermal performance of IIC laser diode devices incorporating 

optical lensing, with particular emphasis on the interaction between cooling architecture and 

emitter-level temperature nonuniformity. The primary objectives are to compare the thermal 

behavior of lensed and unlensed laser diode bars and to evaluate how lens-induced flow 

modification influences temperature distribution in two distinct plenum geometries, along with the 

associated design tradeoffs. Although flow nonuniformity in microchannel cooling is often 

assumed to degrade thermal performance, its direct impact on spatial temperature gradients and 
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wavelength uniformity in laser diode arrays has not been systematically quantified. Addressing 

this gap is a central motivation of the present work. The contributions of this study include: 

• Conduct a combined experimental and modeling investigation of plenum-fed microchannel 

cooling for high-power laser diode bars. 

• Integrate experimental measurements with a validated hydraulic resistance network or 

computational fluid dynamics (CFD)-based porous-media model, and conjugate heat-

transfer framework to relate flow distribution to thermal performance. 

• Develop new insights into how inlet restrictions and plenum geometry, including those 

introduced by optical components, influence flow uniformity and emitter-resolved spectral 

behavior, with the aim of assessing the feasibility of lensing IIC laser bars. 

Together, these contributions enable a quantitative assessment of how the inlet and flow 

structure translates into temperature nonuniformity, thereby clarifying when, and to what extent, 

flow uniformity meaningfully impacts laser diode thermal performance. 

1.4 Dissertation Organization 

This dissertation is organized to systematically investigate the thermal and fluid behavior 

of immersion-cooled laser diode systems through a combination of experimental measurements 

and modeling approaches. Chapter 2 reviews relevant literature on laser diode operation, failure 

mechanisms, and thermal management strategies, with a focus on microchannel cooling and 

alternative cooling approaches. Chapter 3 describes current work and experimental development 

of immersion-cooled microchannel systems, including device fabrication, testing procedures, and 

key experimental observations that motivate this study. Chapter 4 presents the experimental 

methods and modeling framework, including the one-dimensional resistance network, porous-

media modeling approach, unit-cell and three-dimensional heat transfer models. Chapter 5 presents 
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experimental results, including pressure drop results and heat transfer results. Heat transfer results 

include bulk temperature, thermal resistance, and emitter-resolved measurements across a range 

of operating conditions. Chapter 6 presents modeling results, including porous-media predictions 

of flow distribution, unit-cell heat transfer analysis, and full three-dimensional thermal modeling, 

with comparisons to experimental data. Chapter 7 discusses the combined effects of thermal 

behavior, packaging, and current redistribution, including emitter-level nonuniformities and 

spectral behavior. Chapter 8 outlines recommendations for future work, including improvements 

to modeling approaches, experimental diagnostics, and system scalability. Chapter 9 summarizes 

the key findings and contributions of this work. 
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Chapter 2: Background and Literature Review  

2.1 Laser Diodes  

Semiconductor laser diodes are electrically pumped lasers typically consisting of a GaAs 

chip where the laser structure is epitaxially grown [18]. GaAs is a common laser diode material 

for wavelengths ranging from 635-1100 nm [31]. A laser emitter is the region of the device where 

electrical energy is converted into optical output through stimulated emission, and where the 

majority of heat generation also occurs [18]. The cavity length, or axial length of the emitter, is 

known as the lasing axis and light is emitted from a facet, a partially reflective and transparent 

mirror, at the end of the cavity [6], [18]. A laser bar is typically 1 cm in length and consists of 

multiple emitters that are evenly spaced along the bar [18]. The fill factor is the ratio of total emitter 

area to the bar area and can vary depending on the type of application [18]. Higher power bars will 

have higher fill factors (~70-80%); however, typically, off the shelf fill factors are around 50% 

[11], [31], [32]. Multiple laser diode bars stacked together form a laser diode stack and a 2D 

arrangement of the laser stacks form a laser diode array [13]. CuW spacers are typically placed in 

between bars to carry away heat produced during operation as well as act as electrical connections 

between bars [9], [18]. The thermal expansion coefficient (𝛼𝐶𝑇𝐸) of CuW (𝛼𝐶𝑇𝐸 = 6.5𝑥10−6/𝐾) 

is closely matched to that of GaAs (𝛼𝐶𝑇𝐸 = 5.8 − 6.9𝑥10−6/𝐾 ) in order to minimize the effects 

of thermal strain [18]. 



10 

 

Figure 2-1 Diagram of a laser diode bar  

Laser diodes are becoming increasingly preferred as pumps for solid state laser systems 

due to the high efficiency in converting electrical energy into optical energy while also being 

compact and scalable [3], [6], [18], [29]. Traditional high power laser pumping mechanisms 

consist of flashlamps or gas discharge lamps that produce pulses of an intense broad spectrum of 

white light. Due to this broad spectral output of white light, flashlamps are less efficient (1% 

efficiency [33]) since only a small part of the output wavelength can be accepted by the laser gain 

medium for pumping , and the rest of the energy becomes waste heat [34]. Laser diodes produce a 

very narrow spectral bandwidth of around 2-3 nm making them the preferred mechanism for 

pumping high-power solid-state lasers [9], [18]. These lasers can be operated in continuous wave 

(CW), where the device emits continuously, or pulsed operation, where emission occurs in discrete 

time intervals (Figure 2-2),  depending on the application [18]. Pulsed lasers are preferred over 

CW in many applications since they generate less heat due to lower average power use than CW[9], 

[18], [35]. Although pulsed lasers have lower average powers, they have much higher peak powers 

than CW lasers which can result in much greater power densities [9]. High power CW lasers 

devices must be actively cooled by fluid flow through a microchannel or microchannel heat sink 
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attached to the backplane of the array [6], [28]. Pulsed bars can run with both active and passive 

cooling (conduction cooled) depending on power output [3], [18].  

 

Figure 2-2 Pulsed Laser operation allows for low average power while maintaining high peak 

power, adapted from [36] 

2.1.1 Failure Modes in Laser Diodes  

Failure modes in laser diodes are mostly attributed to high temperature and poor thermal 

management [3], [25]. The facet, or region where light escapes the bar, is the most prone to damage 

since it absorbs part of the light emitted leading to higher temperatures [3], [25]. The emitting 

region is typically a few microns in thickness and can reach optical power densities over 1 kW/cm2 

[18], [25]. High current spikes or electrostatic discharge also can cause instantaneous facet damage 

resulting in diode failure [37]. Therefore, when operating laser diodes, it is important to set current 

limitations, so the specified maximum current is not surpassed if there are any transients. Another 

failure that can occur is known as thermal runaway [38]. Thermal runaway is when temperature 

builds up at higher power density and increases light absorption in the facet, which in turn increases 

temperature. Thermal runway can lead to catastrophic optical mirror damage (COMD) causing the 

facets to essentially melt away [38], [39] .  
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Figure 2-3 An example of severe laser diode bar failure includes cracking and fracture of the 

GaAs bar. 

2.1.2 Laser Diode Lifetime and Efficiency 

The efficiency of laser diodes is typically around 50-70% and will always produce some 

amount of waste heat [39], [40]. Efficiency can also decrease with high junction temperatures at 

high pump powers [18]. The high junction temperatures can lead to a decrease in optical output 

power as current increases. Therefore, the additional current cannot be converted into light, and 

generates more waste heat, known as thermal rollover [18], [29], [41]. Temperature increases 

above the optimum operating temperature affect the lifetime of the lasers [3], [18], [42]. Lasers 

can operate in the 100,000 hours range, however operating even at 10°C higher the specified 

temperatures can cut lifetime in half [40], [43]. Laser diodes can also be damaged through back 

reflection [41]. Since the facet is a partially transparent and a partially reflective mirror, the output 

light can be reflected into the facet and gain medium causing damage [18]. Anti Reflective (AR) 

coatings can be applied to the optical surface to reduce the amount of light reflected into the diode 

[44], [45].  
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2.2 Laser Diode Systems (HAPLS) 

High power laser diodes are increasingly replacing traditional flashlamps in advanced laser 

systems [3], [6], [18], [29]. Flashlamps are inefficient and generate a lot of heat, which limits their 

repetition rates to about 1 Hz [46], [47]. This is too slow for demanding applications like inertial 

confinement fusion, which require orders of magnitude higher repetition rates [35], [48]. Many 

key applications for laser diodes rely on pulsed power, where short, intense bursts of energy are 

needed. Laser diodes are more efficient and compact, making them essential for next-generation 

systems that need both high power and fast pulsed operation [9]. A prime example is the High-

Repetition-Rate Advanced Petawatt Laser System (HAPLS) developed at LLNL [46]. HAPLS 

uses diode-pumped technology to deliver over 30 J per pulse at pulse widths under 30 

femtoseconds, operating at 10 Hz, corresponding to peak powers approaching 1 petawatt (≈10¹⁵ 

W) [13]. Achieving these high peak powers requires laser diode bars with high brightness and 

electrical-to-optical efficiency [9], [18]. However, increasing brightness by packing laser diode 

bars closer together can lead to higher operating temperatures and reduced efficiency [3], [6]. 

HAPLS addresses this challenge by employing backplane-cooled laser diode arrays composed of 

multiple modules, each containing nine submodules with five closely spaced stacks of 40 bars per 

stack [9], [13]. By reducing the bar-to-bar pitch to approximately 380 µm, this architecture 

achieves peak output powers of 940 kW and optical power densities exceeding 11 kW/cm² [9]. 

Even so, thermal limits of backplane cooling still restrict peak pulse energy [6], [18]. Newer 

cooling technologies, like interleaved immersion cooling, could allow even higher energy without 

increasing bar spacing. 
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2.3 Spectral Spread and Thermal Resistance 

The operating temperature and temperature distribution across a laser diode bar play a 

critical role in determining its spectral uniformity and overall wavelength spread [18], [49]. 

Spectral width is commonly quantified using the full width at half maximum (FWHM), which 

represents the wavelength range over which the emitted intensity exceeds half of the peak value 

[18]. Because the lasing wavelength of semiconductor diodes is strongly temperature dependent, 

even modest temperature changes can produce measurable wavelength shifts [18], [29], [41]. 

Increasing temperature causes a red shift toward longer wavelengths, while decreasing temperature 

results in a blue shift [49]. Effective thermal management is therefore essential for maintaining 

narrow spectral width and high spectral uniformity [6], [18], [29]. Cooling packages must be 

designed to minimize temperature gradients across the bar and prevent any hotspot formation [18], 

[28]. When microchannel coolers are employed, maintaining uniform coolant flow is especially 

important, as flow maldistribution can introduce transverse temperature nonuniformities that 

directly translate into increased wavelength spread [6], [18], [28], [41], [42]. 

This strong coupling between temperature and spectral behavior originates from the 

temperature dependence of the semiconductor bandgap [29], [40]. As temperature increases, the 

bandgap energy decreases, resulting in a shift of the emitted wavelength toward longer values, 

with the magnitude of this shift depending on the specific laser material system [18], [40]. For 

example, the wavelength temperature coefficient of ~0.24 nm/°C was measured at LLNL for a 780 

nm bar provided by Lasertel. This wavelength-temperature coefficient can be used to determine 

the temperature of the laser diode bar attached to a microchannel device during operation utilizing 

the following equation [18]. 𝑇bulk = 𝑇in + (𝜆centroid − 𝜆ZH)/0.24 (𝑛𝑚/°𝐶) 2-1 
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Where 𝑇bulk is the bulk, or average, temperature of the device, 𝑇in is the fluid inlet 

temperature, 𝜆centroid is the centroid wavelength, and 𝜆ZH is the zero heat wavelength. The 

centroid wavelength is calculated as the weighted average of a spectral distribution [18]. The zero-

heat wavelength is the emitted wavelength of the laser diode bar under zero waste-heat conditions. 

The zero-heat wavelength can be calculated by plotting the centroid wavelength versus waste heat 

shown in Figure 2-6 [18].  

 

 

Figure 2-4 Example of centroid wavelength vs waste heat for a laser diode bar with zero heat 

wavelengths as the y-intercept and thermal resistance as the slope 

The zero-heat wavelength is determined by extrapolating to the y-intercept of the centroid 

wavelength versus waste heat relationship. This relationship is obtained from a Power–Current–

Voltage (PIV) test, in which the drive current is increased from zero to the operating current while 

the optical power, voltage, and current are measured and recorded [18]. The waste heat generated 

by the laser diode bar is then calculated using equation 2-2 [18]. 𝑄waste = 𝑃elec − 𝑃optical 2-2 
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Where 𝑄 is waste heat, 𝑃elec is electrical power input determined from voltage and current 

supply, and 𝑃optical is the optical power of the beam collected from a power meter. Additionally, 

the electrical-to-optical efficiency, which is the ratio of optical power to electrical supply power, 

can be obtained by equation 2-3 [18]. 

𝜂 = 𝑃optical𝑃supply = 𝑃optical𝑃optical + 𝑄 2-3 

The bulk temperature can then be determined based off the centroid wavelength and waste 

heat. Figure 2-5 shows the bulk temperature of a laser bar versus the waste heat.  

 

Figure 2-5 Example of junction temperature vs waste heat for a laser diode bar 

To enable direct comparison between different thermal management packages, thermal resistance 

is commonly used as a quantitative metric relating junction temperature rise to waste heat [18], 

[23]. The thermal resistance of a laser diode package can be predicted based off the slope of 

junction temperature versus waste heat. Thermal resistance is given by equation 2-4 [18]. 

𝑅th = ∆𝑇𝑄waste 2-4 
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Where 𝑅𝑡ℎ  is the thermal resistance and ∆𝑇 is the temperature difference between the heat 

sink and junction temperature. Thermal resistance can also be calculated from knowledge of the 

wavelength versus power without having to calculate the junction temperature as shown in 

equation 2-5 [18]. 

𝜆centroid = 𝜆ZH + (𝐼𝑉 − 𝑃optical)𝑅th Δ𝜆Δ𝑇 2-5 

Where 
Δ𝜆Δ𝑇 is the wavelength temperature coefficient (𝛼λ). Typically, thermal resistance is 

normalized over the total heat transfer area to compare cooling techniques. However, this method 

is not always ideal for comparing different types of thermal packages including a backplane cooled 

design, where heat transfer area is equivalent to the pitch, and a microchannel cooled design, where 

heat transfer area is equivalent to the cavity length. Therefore, a more effective and consistent 

approach is to normalize the thermal resistance to the cross-sectional area of the optically emitting 

region.   

2.4 Brightness  

Another metric to compare thermal packages is through brightness. High brightness is 

desired in many applications such as pumps for solid state lasers, inertial confinement fusion, and 

manufacturing [18]. In simplified terms brightness is defined as optical power per emitting area 

shown in equation 2-6 . 

𝐵𝑟𝑖𝑔ℎ𝑡𝑛𝑒𝑠𝑠 = 𝑃optical𝐴  2-6 

Brightness can be increased by either packing more emitters on a single diode bar or by 

decreasing the bar-to-bar pitch [18]. A typical 10 mm wide CW SOA bar will have an optical 

power output of 100 W/bar on a 1 mm pitch. This correlates to a brightness of 1 kW/cm2 [10], 

[11].  
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2.5 Lensing  

Because laser diode arrays inherently emit highly divergent beams, optical lensing is 

required to shape and control the output. Beam divergence is a measure of the expansion of a beam 

from its focus. Edge emitting laser diodes produces an elliptical beam that is highly divergent in 

the vertical direction, or fast axis, and less divergent in the horizontal direction, or slow axis shown 

in Figure 2-6 [6], [18]. 

 

Figure 2-6 Laser diode beam properties [50] 

Collimation devices are required due to the high divergence in the beams [6], [18]. FAC’s 

are a type of aspheric cylindrical lens with high numerical apertures, or resolution to help produce 

a high beam quality [51]. The FAC’s are the first step in beam collimation and are the most 

important [46]. Figure 2-10 shows a laser bar array with fast axis collimation. As shown in Figure 

2-7, FAC’s are typically mounted to each individual bar in an array [9], [18], [52]. Each lens is 

aligned and attached to a small frame which is glued to the sides of the laser bar [18]. Lenses are 

fragile and may cause poor beam collimation due to misalignment, vibration, or thermal 

environments [6], [34].  Additionally, due to the decrease in bar-to-bar pitch for high brightness 
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laser diodes, this method of lensing is not sufficient due to the density limitations on the mounting 

frame [46].   

 

Figure 2-7 Diagram of laser bar with fast axis collimation 

To overcome the challenges of individual FAC’s, monolithic lens arrays have recently been 

developed. Custom optics can be fabricated from a single piece of fused silica that can collimate 

the output beams of all bars in a stack with one lens [46]. This type of lens can accommodate the 

reduced pitch required by higher brightness laser diode arrays as well as reduce the complexity of 

the alignment process and simplicity of the device package [53]. A monolithic lens array is pictured 

in Figure 2-8. 
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Figure 2-8 Single FAC compared to a Monolithic FAC array [54] 

2.6 Traditional Cooling Methods of Laser Diodes  

Thermal management has been a fundamental requirement in laser diode packaging since 

the earliest high-power devices, as only a fraction of the electrical input power is converted into 

useful optical output while the remainder is dissipated as waste heat [18]. Effective heat removal 

is necessary to control junction temperature, maintain spectral performance, and ensure long-term 

reliability [6], [18], [20]. Although increasing power densities in next-generation systems place 

even greater demands on cooling performance, the need for robust thermal management has 

always been central to laser diode design [6], [18], [19]. The evolution of laser diode packaging 

has therefore led to several established cooling strategies, including conduction cooling, copper-

plated microchannel cooling, and backplane cooling [18]. These approaches represent the primary 

conventional methods for managing heat in high-power diode arrays. 

2.6.1 Conduction Cooling  

Traditional thermal management for diode lasers often starts with conduction-cooled 

packaging, which represents the simplest and most established approach [18]. This approach 



21 

involves bonding the diode bar to a high–thermal conductivity material, typically metal, which 

acts as a heat spreader to increase the effective heat transfer area and conduct heat away from the 

junction [18]. Copper is commonly used as the heat sink material due to its high thermal 

conductivity (~400 𝑊/𝑚2𝐾) [18]. This method is cost effective and mechanically simple 

compared to other cooling methods [18]. Because laser diodes are compact devices and only a 

fraction of the electrical input power is converted to optical output, a significant amount of heat 

must be dissipated to maintain stable operating temperatures [18], [20]. Even relatively low-power 

emitters therefore require careful thermal design to prevent excessive temperature rise [18]. While 

conduction cooling remains effective for moderate power levels, its performance is ultimately 

limited by the ability of solid materials to spread heat to a remote heat sink [6], [18], [20]. As 

power density and duty cycle increase, larger temperature gradients develop within the package, 

constraining allowable heat flux and packaging density [18]. For this reason, conduction cooling 

is generally employed for lower-power semiconductor lasers (≲50 W) or pulsed lasers where the 

average thermal load is reduced [20]. To extend the usable power range, conduction-based 

packages are often combined with active liquid cooling, where the heat sink incorporates internal 

channels for water flow [6]. Forced convection increases heat removal capability compared to 

natural convection alone and allows higher continuous-wave power operation [6]. However, even 

with active liquid cooling, limitations associated with heat spreading, footprint size, and packaging 

density remain, motivating the development of more advanced cooling architectures [6], [18], [20]. 

2.6.2 Copper Plated Microchannel Cooling  

Microchannel cooling involves integrating fluid channels directly beneath the laser diode 

bar, allowing coolant to flow in close proximity to the heat-generating junction [18], [55], [56]. 

This configuration enables significantly higher heat transfer coefficients compared to conventional 
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conduction-cooled designs, resulting in improved thermal management and reduced junction 

temperatures [18], [56]. As a result, microchannel-cooled packages outperform conduction-cooled 

bars in thermal capability and can support operation in both pulsed and continuous-wave (CW) 

regimes at higher average power levels [18]. However, despite its superior thermal performance, 

microchannel cooling is less widely adopted due to increased fabrication complexity, higher cost, 

and packaging challenges [6], [18]. A microchannel cooler is typically fabricated by stacking 

multiple copper layers, each patterned with specific channel geometries, and bonding them 

together to form an internal network of fluid passages [57]. Deionized (DI) water is circulated 

through sealed copper microchannel coolers positioned directly beneath each diode bar, enabling 

efficient removal of waste heat at the source [18]. The microchannel structure serves as a thermal 

conduction path but is electrically isolated from the diode drive circuit, ensuring that the coolant 

does not interfere with device operation [6], [18], [56]. Due to the minimum copper thickness 

required for structural integrity and channel formation, the achievable bar pitch in microchannel-

cooled assemblies is typically limited to approximately 1.2 mm [58]. Additionally, due to copper 

material and water, the channels are more likely to experience corrosion which limits the lifetime 

[46]. Protective coatings are used, such as gold plating to help with corrosion and enhance thermal 

conductivity, solderability, and electrical conductivity [6], [18]. Additionally, copper has a higher 

thermal expansion coefficient than the laser diode substrate material which can result in unwanted 

thermal stresses [6], [18].  

Although microchannel cooling enables high heat flux removal, the associated challenges 

related to corrosion, thermal expansion mismatch, fabrication complexity, cost, and packaging 

constraints introduce tradeoffs that must be carefully managed. These considerations motivate 

continued development of alternative cooling strategies for high-power laser diode arrays. 
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2.6.3 Backplane Cooling  

Backplane cooling is a widely used thermal management approach for high-power laser 

diode arrays, particularly in stacked bar configurations. In this architecture, the diode bars are 

mounted to a conductive intermediate layer that serves as a heat spreader, and cooling is provided 

through a microchannel or fluid-cooled heat sink located on the backside (backplane) of the 

assembly [18]. Heat generated at the junction is conducted through the intermediate layer to the 

backplane cooler, where it is removed via forced convection. In backplane-cooled configurations, 

the pitch between adjacent laser bars can be reduced by decreasing the thickness of the conductive 

intermediate layer. Minimum pitch values of approximately 1 mm for continuous-wave (CW) 

operation and 0.4 mm for pulsed bars have been reported [46]. However, decreasing the pitch 

reduces the heat transfer area available for each bar, resulting in higher thermal loading and 

diminished cooling performance [18]. Additionally, in backplane-cooled architectures, the thermal 

pathway from the laser junction to the coolant is longer than in configurations where cooling is 

applied directly beneath the bar. As a result, the overall thermal resistance is typically higher, with 

reported values on the order of ~1 K/W [6], [18]. Thermal resistance in this configuration is also 

influenced by the laser cavity length, which generally ranges from 1–5 mm [18]. Longer cavity 

lengths can improve electrical-to-optical efficiency by providing greater optical gain volume and 

may enhance lateral heat spreading due to the increased footprint [18], [59]. However, in a 

backplane-cooled package, increasing cavity length also extends the conduction path to the heat 

sink, leading to increased thermal resistance and potentially larger axial temperature gradients 

across the device [59]. These effects can influence junction temperature and overall laser 

performance [6], [18]. Overall, backplane cooling provides a practical compromise between 

thermal performance, packaging density, and mechanical simplicity, which has made it one of the 

most widely adopted architectures for high-power laser diode arrays. However, its indirect heat 
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removal pathway and pitch-dependent thermal constraints introduce inherent limits to achievable 

power density and brightness. 

The above-mentioned traditional cooling methods are widely used in commercially 

available, off-the-shelf laser diode packages; however, they present significant limitations as 

power density and brightness requirements increase [6], [18]. Among these approaches, backplane 

cooling has become one of the most commonly implemented architectures for stacked laser bar 

assemblies because it provides a balance between thermal performance, mechanical robustness, 

and achievable packaging density [6], [9], [18], [34]. Compared to conduction-cooled designs, 

backplane cooling supports higher heat removal capability and closer bar spacing [6], [18], [34], 

[56]. Relative to microchannel cooling integrated beneath each bar, it reduces fabrication 

complexity, cost, and alleviates some structural constraints associated with copper channel 

thickness [6], [9], [18]. 

Despite these advantages, a fundamental limitation shared by conduction, microchannel, 

and backplane cooling architecture is the achievable bar pitch [9], [18], [35]. As pitch decreases, 

the available heat transfer area per bar is reduced and the effective heat flux increases, constraining 

thermal performance. Consequently, these conventional configurations are typically limited to 

brightness levels on the order of ~1 kW/cm² [9], [10], [18], [35]. Overcoming this packaging-

density limitation requires the development of alternative cooling strategies capable of supporting 

higher heat flux while maintaining reduced bar spacing. 

Many cooling strategies depend on microchannel heat transfer to boost convective 

performance by increasing surface area and reducing thermal resistance [84], [85]. While 

microchannels are used in some conventional designs, their strongest advantages are realized in 
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advanced cooling architectures purpose-built for high heat flux operation [9], [18], [36], [24], [65]. 

The following section focuses on microchannel fundamentals and their advantages 

2.7 Microchannels  

2.7.1 Microchannel Fundamentals  

Microchannels are typically defined as channels with hydraulic diameters ranging from a 

few micrometers to several hundred micrometers (<200 µm) [61]. Since their introduction by 

Tuckerman and Pease [60], microchannel heat sinks (MCHS) have received significant attention 

due to their high heat transfer coefficients, large surface area-to-volume ratios, and compact 

cooling volume requirements [62]. In a typical MCHS, a set of parallel microchannels is connected 

by inlet and outlet plenums, and these systems are widely used for cooling laser diodes, 

microelectronic devices, and other high heat flux applications [24], [63].  

2.7.2 Flow Regimes  

The internal flow regime within a microchannel strongly influences heat transfer 

performance, pressure drop, and temperature uniformity [28], [64], [65]. As a result, understanding 

laminar, transitional, and turbulent flow behavior is critical in the design of high-heat-flux cooling 

systems for laser diode applications [28], [66]-[68]. 

Flow regimes in single-phase microchannels include laminar, transitional, and turbulent 

flow [18], [66]. Although turbulent flow can provide higher convective heat transfer coefficients 

due to enhanced mixing, laminar flow is often preferred in microchannel cooling applications [69]. 

Laminar flow offers greater predictability, lower pressure drop, reduced mechanical stress on 

channel structures, and more stable long-term operation [60]. In contrast, transitional and turbulent 

regimes occur at higher Reynolds numbers (Re > 2300) and are more sensitive to surface 
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roughness, geometric imperfections, and channel obstructions, which can prematurely trigger 

transition or alter local flow behavior [70].  

Turbulent flow generally produces higher frictional losses due to increased mixing and 

energy dissipation, resulting in greater pressure drop and increased pumping power requirements 

[71]. Furthermore, accurate modeling of turbulent microchannel flow requires turbulence models 

and fine spatial resolution, increasing computational complexity and potential uncertainty [72]. 

One complication with turbulent flow in immersion cooling architectures is that turbulent flow in 

optical systems is undesirable because local refractive index fluctuations can distort the beam, 

complicating beam delivery and resulting in spectral broadening [73]-[75]. Laminar flow, by 

comparison, can be described using well-established analytical correlations and is typically more 

straightforward to validate experimentally [71], [76], [77]. Additionally, the reduced mixing and 

smaller refractive index fluctuations associated with laminar flow make it more favorable for 

optical beam propagation. 

2.7.3 Effects of inlet design, plenum design, and channel design  

In microchannel heat sink (MCHS) architectures, overall thermal performance is not 

governed solely by individual channel heat transfer characteristics, but also by the uniform 

distribution of coolant across all parallel channels [61], [78]. For high-power laser diode arrays, 

temperature uniformity is critical, as localized temperature variations directly translate into 

wavelength shifts and spectral broadening [18]. Consequently, maintaining uniform mass flow 

through each channel is essential to ensure consistent heat removal and minimize thermal gradients 

across the device [18], [68], [69], [79], [80]. Flow uniformity is strongly influenced by inlet plenum 

design, channel geometry, hydraulic resistance, and manufacturing tolerances [60], [62], [64], 

[78], [80]-[88]. Improper plenum sizing or channel-to-channel resistance variation can lead to 
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uneven flow distribution, resulting in localized overheating and degraded device performance [41], 

[42], [89]. 

Flow maldistribution refers to this unequal mass flow among parallel microchannels. It 

represents a critical design challenge in MCHS architectures, as preferential flow through certain 

channels can cause localized overheating and performance degradation in temperature-sensitive 

laser diode systems [42], [89]. Tuckerman and Pease [60] pioneered the use of parallel MCHS for 

electronic cooling, demonstrating their significant thermal advantages. Since then, numerous 

studies ([60], [62], [64], [78], [80]-[88]) have investigated how channel geometry, plenum 

configuration, and flow arrangement influence coolant distribution and thermal performance.  

For instance, Lu and Wang [81] examined the influence of inlet location and channel 

configuration on flow maldistribution and temperature nonuniformity. Their results showed that 

U-type microchannels exhibited the lowest degree of flow maldistribution, attributed to reduced 

recirculation and more favorable pressure distribution within the inlet plenum. In U-type 

configurations, the coolant enters and exits on the same side of the heat sink, creating a return flow 

path that promotes more uniform channel loading. In contrast, Z-type configurations, where the 

inlet and outlet are positioned on opposite sides, were found to exhibit stronger recirculation effects 

and greater flow imbalance among channels.  

Similarly, Chein and Chen [82] reported that vertically fed MCHS achieved more uniform 

liquid distribution compared to horizontally fed configurations. Their study also indicated that the 

highest local heat transfer coefficients occurred near the channel entrance, emphasizing the 

importance of flow development and plenum design in overall thermal performance. 

Channel geometry also plays a significant role in determining flow distribution within 

parallel microchannel arrays. Minqiang et al. [78] demonstrated that tall, narrow, and longer 
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channels promote more uniform velocity distribution due to increased hydraulic resistance, which 

helps balance flow among adjacent channels. Similarly, Kumaraguruparan et al. [83]  investigated 

the influence of channel width, length, and channel count, and found that increasing channel 

hydraulic resistance, by reducing width or depth, or increasing length, can improve flow 

uniformity by suppressing preferential flow paths. However, they also reported that flow 

maldistribution can be amplified by practical factors such as manufacturing tolerances, variations 

in fluid viscosity, and suboptimal manifold design.  

Beyond inlet header design, modifying the microchannel geometry itself can also mitigate 

flow maldistribution and improve thermal performance. Kumar et al. [62] demonstrated that 

varying channel width along the flow direction can balance hydraulic resistance, reducing flow 

maldistribution by up to 93.7% compared to conventional uniform channel designs. By tailoring 

channel dimensions, preferential flow paths can be suppressed and more uniform coolant 

distribution achieved. 

Other studies have focused on enhancing heat transfer within individual channels. 

Gunnasegaran et al. [86] reported that reducing hydraulic diameter increases the convective heat 

transfer coefficient (ℎ𝑡𝑐) due to higher surface-area-to-volume ratios and intensified fluid–wall 

interaction. Consistent with the Nusselt-number relation ℎ𝑡𝑐 = 𝑁𝑢 𝐾𝐷h  smaller hydraulic diameters 

generally correspond to higher heat transfer coefficients for a given fluid and flow regime, 

although this improvement is accompanied by increased pressure drop and frictional losses [90]. 

Similarly, Manoj et al. [87] found that incorporating microplates within microchannels enhances 

local heat transfer performance by promoting mixing and boundary layer disruption, though this 

also results in higher hydraulic resistance and therefore pressure drop.  
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Introducing inlet restrictions upstream of the plenum has also been shown to improve flow 

uniformity, particularly at higher Reynolds numbers where inertial effects become more 

significant. Wang et al. [88] proposed incorporating flow restrictors at the entrances of 

microchannels in Z-type manifold microchannel heat sinks to mitigate flow maldistribution. By 

intentionally increasing the local pressure drop at each channel inlet, the relative influence of 

downstream pressure variations is reduced, thereby suppressing mass flux discrepancies among 

parallel channels. This hydraulic balancing strategy leads to more uniform coolant distribution, 

reduced temperature gradients, and improved overall thermal performance. 

Collectively, the literature demonstrates that flow maldistribution in parallel microchannel 

arrays is governed by the interplay between plenum geometry, channel hydraulic resistance, and 

operating conditions [60], [62], [64], [78], [80]-[88]. Uniform coolant distribution is essential to 

minimize temperature gradients, which is particularly critical in laser diode cooling where junction 

temperature directly influences emission wavelength and spectral width [18], [29]. Prior studies 

have shown that plenum configuration, inlet orientation, channel aspect ratio, and localized flow 

restrictions can all be leveraged to balance hydraulic resistance and suppress preferential flow 

paths [60], [62], [64], [78], [80]-[88]. 

In laser diode immersion-cooled architectures, however, plenum design flexibility may be 

limited. The inlet and manifold geometry are often constrained by the integration of FACs, which 

are precision optical components positioned within close proximity to the laser facet. Because FAC 

alignment and optical performance requirements restrict geometric modification of this region, the 

plenum configuration cannot be freely optimized solely for hydraulic performance. Consequently, 

in immersion-cooled laser diode systems, mitigating flow maldistribution may require adjusting 
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channel hydraulic resistance, geometry, or flow conditioning strategies to accommodate a fixed 

plenum design while still achieving uniform coolant distribution. 

2.7.4 Modeling Approaches to Microchannel Coolers  

Given the complexity of flow maldistribution in parallel microchannel arrays, predictive 

modeling plays a critical role in the design and optimization of these systems [27], [72], [78], [87]. 

Experimental testing alone can be time-consuming, costly, and limited in its ability to isolate 

individual geometric or boundary-condition effects. Developing validated computational models 

enables systematic evaluation of channel geometry, plenum configuration, and operating 

conditions, allowing parametric studies to be performed efficiently without the need for extensive 

fabrication and testing [72]. Once validated against experimental data, these models can be used 

to explore design trade-offs, evaluate boundary conditions beyond those easily achievable in 

laboratory settings, and guide subsequent experimental efforts. 

To efficiently analyze and predict fluid behavior in microchannel arrays, researchers have 

developed simplified modeling approaches that balance accuracy and computational cost. Two 

widely adopted frameworks are the one-dimensional (1-D) pressure drop resistance network and 

the computation fluid dynamics (CFD) porous media model. 

2.7.4.1 1D Resistance Network 

1-D pressure drop resistance networks are commonly used to model and analyze fluid flow 

in microchannel and porous structures when the geometry allows a simplified representation of 

flow paths. This approach treats the network as a series of interconnected resistances, analogous 

to electrical circuits, where each segment’s resistance depends on channel dimensions and fluid 

properties [91], [92]. Squires and Quake [91] discussed the utility of resistance network models in 

microfluidic design. Oh et al. [92] provided a comprehensive review of designing pressure-driven 
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microfluidic networks using electrical circuit analogies, demonstrating how 1-D resistance models 

can predict pressure drops and flow distribution without full 3-D simulations. Recent studies have 

extended these models to complex microchannel networks with branching and parallel 

arrangements [92]. The 1-D resistance network approach is particularly valuable for rapid 

prototyping and preliminary design, providing accurate estimates of pressure drops and flow rates 

with minimal computational effort.  

To simplify analysis of flow distribution in parallel microchannel arrays, a one-

dimensional (1-D) hydraulic resistance network may be employed. This approach assumes fully 

developed laminar flow in each channel, with negligible inertial and momentum-coupling effects, 

such that pressure drop can be represented using linear resistance relations. Under these conditions, 

channel-to-channel flow distribution is governed primarily by relative hydraulic resistances. 

However, when inlet plenum effects introduce significant flow acceleration, nonuniform pressure 

fields, or inertial contributions at moderate Reynolds numbers, the assumptions underlying the 1-

D network become less valid. In such cases, momentum interactions between the plenum and 

channel entrances cannot be captured using purely linear resistance models. A porous media 

formulation, which incorporates distributed momentum loss terms and can account for moderate 

inertial effects, provides a more appropriate framework for representing the coupled plenum–

channel behavior. 

2.7.4.2 CFD porous media 

Modeling microchannels as porous media has become a standard approach for simplifying 

the analysis of fluid flow and transport phenomena in microscale systems [79], [93]-[95]. In this 

framework, an array of discrete microchannels is treated as a homogenized continuum 

characterized by bulk properties such as permeability and porosity, rather than explicitly resolving 

each individual channel [26], [93]. This approach assumes the existence of a Representative 
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Elementary Volume (REV), defined as the smallest control volume over which spatial averaging 

yields effective properties that are independent of the averaging size. For a periodic microchannel 

array, the REV typically corresponds to several repeating channel–rib unit cells [96]. When 

averaged over this scale, the discrete channel geometry can be represented by effective parameters 

such as porosity and permeability, enabling the use of Darcy–Brinkman or Forchheimer 

formulations to describe momentum losses without resolving individual channels [97]. This 

homogenization is appropriate when the characteristic channel pitch is small relative to the overall 

device dimensions, allowing the microstructure to be treated as a distributed resistance [96], [97]. 

For example, in the present geometry in this study, the channel pitch is approximately 143 µm, 

while the overall array length is approximately 10 mm, resulting in a scale separation ratio of 

approximately 1.4%. This indicates that the characteristic microscale is more than an order of 

magnitude smaller than the device scale, supporting the applicability of a homogenized porous 

media representation.  

Early theoretical work by Nield et al. [94] established the foundation for treating complex 

channel networks using porous medium assumptions, enabling the application of Darcy’s law and 

effective permeability parameters to capture hydraulic resistance. A subsequent study extended 

these concepts to coupled heat and mass transfer in microstructured systems, demonstrating that 

homogenization can preserve key transport characteristics while significantly reducing 

computational cost [95]. Overall, the literature indicates that porous media modeling provides a 

practical and reliable framework for analyzing microchannel systems, balancing computational 

efficiency with sufficient physical fidelity for system-level design studies. 

Despite its computational efficiency, porous media modeling relies on homogenization 

over a representative elementary volume (REV), to obtain meaningful macroscopic properties. In 
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this approach, discrete microchannel geometries are replaced with an equivalent continuum 

representation characterized by effective parameters such as permeability. As discussed in 

multiscale modeling literature [27], such averaging procedures inherently reduce geometric 

resolution and may obscure localized microscale interactions. In the context of microchannel heat 

sinks, Xue et al. [26] demonstrated that porous media models approximate fully resolved 

microchannel simulations but require calibration of permeability parameters and aspect-ratio 

correction factors to achieve agreement. Even after calibration, deviations in predicted pressure 

drop of up to approximately 15% were observed. These findings indicate that porous media models 

capture bulk hydraulic behavior but do not explicitly resolve channel-scale geometric effects, 

necessitating validation against detailed simulations or experimental measurements. 

While modeling approaches provide valuable tools for analyzing and optimizing 

microchannel heat sinks, they remain fundamentally focused on component-level behavior. In 

practical laser diode systems, thermal management performance is determined not only by 

microchannel design, but also by how these cooling structures are integrated within broader 

system-level architectures, including fluid delivery, packaging constraints, and heat removal 

pathways [9], [18], [36], [24], [65]. Consequently, a range of advanced cooling strategies have 

been developed to address these challenges, often leveraging microchannel-based heat transfer 

either directly or in combination with other mechanisms such as phase change and jet 

impingement. The following section reviews these novel cooling approaches, including embedded 

cooling, two-phase flow, jet impingement, and immersion cooling [8], [55], [98], [99]. 

2.8 Novel Laser Diode Cooling Methods  

To overcome the geometric and thermal limitations imposed by conventional cooling 

architectures, novel thermal management strategies have been developed to enable higher heat flux 
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removal and increased packaging density [6], [8], [55], [56], [63], [68], [98], [99]-[102]. These 

approaches seek to reduce thermal pathway length, enhance convective heat transfer coefficients, 

or fundamentally alter the mode of heat removal from the laser junction. By increasing heat 

extraction efficiency and, in some cases, alleviating pitch-related geometric constraints, these 

advanced cooling techniques aim to support brightness levels beyond those achievable with 

traditional conduction, microchannel, and backplane-cooled configurations. Prominent examples 

include embedded cooling architectures, two-phase cooling systems, jet impingement cooling, and 

immersion cooling [8], [55], [98], [99]. 

2.8.1 Embedded Cooling  

Single phase microchannel cooling has proven to be a promising cooling method when it 

comes to dissipating high heat fluxes in electronic devices [24], [65], [67]. In embedded cooling 

architectures, microfluidic cooling channels are fabricated directly into the submount or substrate 

beneath the device, rather than being formed from stacked and bonded copper plates as in 

conventional copper-plated microchannel coolers [103]. Integrating the channels within a single 

substrate eliminates intermediate metallic layers and shortens the thermal pathway between the 

junction and the coolant, thereby reducing conduction resistance [63]. 

Microchannels typically feature hydraulic diameters below (<200 um) resulting in high 

surface-area-to-volume ratios and elevated convective heat transfer coefficients [66]. These 

characteristics enable efficient heat dissipation within a compact footprint, supporting lightweight 

and high-performance thermal management solutions. Additionally, high aspect ratio channels 

help to further enhance cooling by increasing the convective heat transfer surface area while also 

decreasing pressure drop through the channels [104].  
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For high power electronic applications, microchannel coolers are typically fabricated in 

silicon or copper due to good thermal properties, low cost, and ease of machining [18]. Silicon-

based heat sinks have also been demonstrated for laser diode cooling [105]. Skidmore et al. [8] 

demonstrated a silicon monolithic microchannel cooled CW laser diode array. In this design 

multiple bars were mounted to a “v-grooved” silicon microchannel cooler which was anodically 

bonded to a glass manifold. The pitch between each bar was 0.98 mm on the optical axis and the 

maximum heat dissipated was 1 kW/cm2 [7], [8]. At approximately 50% electrical-to-optical 

efficiency, this corresponded to a brightness exceeding 1 kW/cm2. 

Two forms of normalized thermal resistance are commonly reported in the literature. The 

first is normalization to the heater or device footprint area, which reflects the cooling capability of 

the microchannel structure itself. The second is normalization to the optical emitting area of the 

laser bar, which is more directly related to device brightness and system-level performance. 

Because these reference areas differ significantly, normalized thermal resistance values reported 

using these definitions are not directly comparable without additional geometric assumptions. 

Accordingly, footprint-normalized values are used to assess heat sink performance, while emitting-

area-normalized values are used to evaluate device-level thermal behavior. 

The study performed by Skidmore et al. [8] demonstrated thermal resistance between the 

coolant inlet and the junction temperature for a single bar was experimentally measured to be 0.32 

°C/W. This resistance was normalized over the 0.98 cm2 emitting aperture of the 10-bar laser diode 

array resulting in a normalized thermal resistance of 0.031 cm2 °C/W. For comparison, a 

conventional package with a reported thermal resistance of approximately 1 K/W and an emitting 

area of 1 cm × 1 mm (0.1 cm²) corresponds to a normalized thermal resistance of approximately 

0.1 cm² °C/W [18]. This is roughly three times higher than the 0.031 cm² K/W demonstrated in 
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the configuration produced by Skidmore et al. [8], highlighting the improved heat removal 

capability of the integrated cooling architecture.  

While silicon has been widely used for microchannel fabrication due to its compatibility 

with established semiconductor processing techniques and ease of micromachining, its thermal 

conductivity and coefficient of thermal expansion (CTE) can impose limitations in high-power 

laser applications [5], [6], [20]. The thermal conductivity of silicon (~130–150 W/m-K) is 

significantly lower than that of several alternative substrate materials, which can restrict heat 

spreading at elevated heat fluxes [4], [20]. Additionally, CTE mismatch between silicon and 

common laser materials may introduce thermomechanical stress during operation [20], [106]. As 

brightness and power density increase, these material constraints motivate the exploration of 

alternative substrates with improved thermal and mechanical properties. 

Materials such as silicon carbide (SiC) and copper tungsten (CuW) have been explored as 

alternative heat sink materials [24], [103]. Silicon carbide is used in many electronics applications 

and offers improved capabilities over silicon including high thermal conductivity (300-400 W/m-

K), durability, and mechanical strength [18], [20], [107]. Silicon carbide (SiC) microchannel heat 

sinks, similar to the configuration shown in Figure 2-13, have demonstrated the ability to dissipate 

heat fluxes of 1 kW/cm2 with normalized thermal resistances as low as 0.024 cm2 °C/W 

(normalized over the heater footprint area) [63]. Compared to silicon, SiC offers substantially 

higher thermal conductivity and a coefficient of thermal expansion (𝛼𝐶𝑇𝐸  = 4.7𝑥10−6/𝐾) that is 

more closely matched to common laser diode materials such as gallium arsenide (GaAs) (𝛼𝐶𝑇𝐸  = 5.8 − 6.9𝑥10−6/𝐾) [18]. In contrast, silicon has a lower CTE (Si 𝛼𝐶𝑇𝐸  = 2.6𝑥10−6/𝐾, which can 

introduce greater thermomechanical stress when bonded to laser diode substrates such as GaAs 

[106]. Despite these advantages, SiC presents fabrication challenges due to its brittleness and 



37 

hardness, which complicate machining and microfabrication [108]. Additionally, SiC may exhibit 

limited electrical conductivity at room temperature, which can introduce integration challenges in 

certain packaging configurations [5], [63], [103]. Therefore, materials such as copper tungsten 

(CuW) are often considered well suited for laser diode applications due to their electrical 

conductivity and coefficient of thermal expansion (~ 𝛼𝐶𝑇𝐸 = 6.5𝑥10−6/𝐾), which is closely 

matched to GaAs [18]. Although CuW typically exhibits lower thermal conductivity (~180–200 

W/m-K) than silicon carbide, it provides a favorable balance between heat spreading capability 

and thermomechanical compatibility. In addition, CuW is already widely used in laser diode 

packaging as a submount material, demonstrating its reliability and manufacturability in high-

power applications [9], [18]. 

 

Figure 2-9 SiC microchannel coolers with pt heater and contact pads for a single phase high heat 

flux dissipation experiments from Cassada et al. [63], Reprinted, with permission. 

Beyond its use as a conventional submount material, CuW has also been investigated as a 

structural material for embedded microchannel cooling architectures [63]. By fabricating 

microfluidic passages directly within a CuW substrate, it is possible to combine favorable 

thermomechanical properties with integrated fluid cooling. This approach leverages the CTE 
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compatibility and electrical conductivity of CuW while reducing the thermal pathway between the 

heat source and coolant, enabling higher heat flux dissipation in compact configurations [63]. 

CuW microchannel heat sinks utilizing a dielectric fluid (FC-3283) as the cooling medium 

have been explored by Amyx et al. [24] for laser diode applications. In this embedded 

configuration, microchannels were fabricated from 10/90 CuW and bonded directly to the backside 

of a platinum heater designed to simulate laser diode operation.  The heater incorporated surrogate 

emitters by segmenting the platinum layer into 12 or 24 sections using gold isolation strips, where 

the exposed platinum regions functioned as discrete heat sources representative of laser emitters.  

Unlike conventional copper-plated microchannel coolers used in many laser systems, where the 

coolant is electrically isolated from the drive path and deionized water can be employed, embedded 

CuW architectures may place the cooling structure in closer electrical proximity to the device [18], 

[63], [68]. As a result, an electrically insulating (dielectric) fluid such as FC-3283 is required to 

prevent unintended current paths. While dielectric fluids generally possess lower thermal 

conductivity and specific heat capacity than water, the reduced thermal pathway and direct 

integration of the cooling structure help compensate for these limitations [24]. 

The lowest normalized thermal resistance achieved in the study done by Amyx et al. [24] 

at a heat load of 150 W was 0.15 cm2 °C/W (normalized heater footprint area) for a broad-area 

heater (without discrete emitters), compared to 0.26 cm2 °C/W for the 12-emitter surrogate 

configuration. The higher resistance observed in the discrete-emitter case is attributed to the 

increased local heat flux associated with the reduced emitter area, conditions similar to those 

encountered in practical laser diode bars. These values are normalized to heater footprint area and 

therefore represent the thermal performance of the cooling structure itself rather than device-level 

performance based on emitting area.  
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It should be emphasized that the normalized thermal resistance values reported for the 

embedded cooling studies [24], [63] are referenced to the heater footprint area of the surrogate test 

structure rather than the optical emitting area of a bonded laser diode bar like the study done by 

Skidmore et al [8]. Because these measurements were performed on a heater designed to simulate 

emitter behavior, the reported values reflect the cooling capability of the embedded microchannel 

structure itself, not the full package-level thermal resistance of an integrated laser diode assembly. 

Package-level thermal resistance would additionally include interfacial resistances and device-

specific geometry. 

2.8.2 Two Phase Cooling  

Flow boiling has been shown to improve heat transfer capabilities beyond single phase 

microchannel cooling [109]. Flow boiling uses liquid-vapor phase change which can achieve very 

high heat transfer rates at minimal required pressure drop and flow rates compared to single phase 

cooling [110]. However, there have been many challenges associated with flow boiling including 

complexity, predictability, and flow instabilities. Bevis et al. [7], [109] studied the effects of two-

phase cooling in a silicon microchannel U-turn heat sink for high heat flux dissipation in laser 

diodes. The working fluid in this study was refrigerant 134a. Channels were etched in silicon with 

hydraulic diameter <100 µm and waste heat was supplied through a surrogate heater to act as the 

laser diode bar. The lowest resulting thermal resistance between the junction temperature and the 

inlet temperature was 0.39 K/W while maintaining heater temperature <60 °C. By assuming a 

thickness of 150 µm and a heat sink thickness of 600 µm, they were able to calculate a theoretical 

bar-to-bar pitch of 0.75 mm. The normalized thermal resistance for a 10 mm wide bar would then 

be 0.029 cm2 °C/W. Additionally, assuming a 50% bar and at a maximum heat duty of 82.4 W 

with this design a brightness of 1.1 kW/cm2 could be achieved. Additionally, the data acquired was 
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used to produce empirical correlations that were able to predict a potential brightness increase of 

>2.8× over state of the art utilizing different heat sink materials and fluids such as silicon carbide 

and ammonia [99]. This work is part of a broader body of research by Colorado State University 

investigating two-phase microchannel cooling for high heat flux power electronics and laser diode 

applications [111]-[115], including both experimental and computational studies examining heat 

transfer enhancement techniques, flow boiling correlations, and geometric modifications to 

improve thermal performance. 

2.8.3 Jet Impingement Cooling  

Jet impingement cooling utilizing microchannel coolers has also been studied in literature 

for heat dissipation of high-power laser diode arrays [102]. Jet impingement cooling is where 

coolant is focused on the diode via high velocity jets to reduce thermal resistance and manage heat 

generation. A study by Zeng et al. [101] experimentally investigated a hybrid heat sink which 

combined a copper plated microchannel cooler with jet impingement for high heat flux removal 

from HPLDA’s. A commercial off the shelf laser diode bar was mounted on a heat sink which 

consisted of 5 diffusion bonded copper plates that included etched microchannels and slots. The 

total heat sink thickness was 1.5 mm. In this design the coolant impacts the plate directly under 

the diode bar through slot jets and then exits out through the microchannel to the outlet. A thermal 

resistance of 0.23 K/W was reported at a flow rate of 0.8L/min using water as the cooling fluid. 

Additionally, an electrical-to-optical efficiency of 64.2% was achieved allowing for optical powers 

up to 135.5 W. The thermal resistance achieved was 48% lower than standard microchannel 

coolers [55], [101]. The study assumed a laser bar thickness of 100 µm and the total pitch of the 

laser bar and heat sink in this case is 1.6 mm. Therefore, the normalized thermal resistance for a 1 

cm wide bar is 0.036 cm2 °C/W and the brightness at 135.5 W of optical power at this pitch is 
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~850 W/cm2.  One challenge with jet impingement cooling is that it requires high jet speeds to 

dissipate the required heat fluxes which results in very high-power consumption and pressure drops 

[6], [7]. Additionally, it may be difficult to achieve uniform cooling across the laser diode bar due 

to concentrated localized cooling. Although thermal resistance is low, utilizing microchannel 

cooling can limit the bar-to-bar pitch of the lasers due to copper plate thickness as well as 

additional challenges such as complexity, CTE mismatch, and corrosion [18], [63], [68].  

2.8.4 Immersion Cooling  

Immersion cooling is used in many electronics applications, where electrical components 

are placed in direct contact with a cooling medium that has essentially no electrical conductivity 

but high thermal conductivity. Direct contact with the cooling fluid lowers thermal resistance and 

increases cooling performance. Typically, immersion cooling is used in data centers and servers 

but has also been demonstrated to cool power electronic devices [116]. 

Immersion cooling of a semiconductor laser diode may offer a means to drastic reduction 

in the thermal resistance of diode packages, which may in turn improve electrical-to-optical 

efficiency, lifetime, or brightness of laser diode bars. One of the main concerns of immersion 

cooling is insuring the safe and reliable operation of a device immersed in a refrigerant. Swertfeger, 

et al. [117] demonstrated that a semiconductor laser diode can operate while fully immersed in an 

optically transparent dielectric refrigerant without significant degradation in device performance. 

In their study, a C-mount laser diode bar was submerged in a tank filled with FC-770. The device 

was characterized under three conditions: operated dry, operated while immersed, and operated 

dry again following immersion. The results showed minimal change in output power during 

immersed operation, indicating that direct immersion in a dielectric fluid can be achieved with 

negligible optical loss. 
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Building on the results of Swertfeger et al. [117], Lawrence Livermore National Laboratory 

(LLNL) demonstrated a single-phase, interleaved immersion-cooled thermal package for high-

power laser diode arrays. The design developed by Ktovsky et al. [98] incorporated laser diode 

bars bonded between microchannel coolers and fully immersed in a dielectric fluid circulated 

through a closed flow loop. The use of a thin CuW submount enabled a significant reduction in 

bar pitch to approximately 390 µm, substantially increasing achievable packaging density. The 

lowest thermal resistance achieved was 0.44 K/W resulting in a normalized thermal resistance of 

0.017 cm2 °C/W and an overall brightness of 2.1 kW/cm2.  

Despite these promising results, immersion cooling introduces several technical 

challenges. One primary concern is optical lensing. FACs are typically positioned within a few 

hundred microns of the laser facet, which restricts available space for fluid flow near the emitting 

surface and complicates inlet design [6], [9], [13], [18], [53]. Additional considerations include 

material compatibility with the dielectric fluid, long-term sealing reliability, and the risk of fluid 

leakage. Furthermore, because the laser diode facets are directly exposed to the coolant, 

contamination control is critical. Particulates or chemical impurities in the fluid can damage the 

optical facets, requiring stringent cleanliness and fluid management protocols to ensure reliable 

operation [18], [29], [42].  

2.9 Summary of Thermal Management Techniques 

To further increase the brightness of high-power laser diode arrays (HPLDAs), existing 

thermal management constraints must be addressed [6], [107]. As packaging density increases and 

output power scales upward, heat flux levels exceeding 1 kW/cm² become common, requiring 

efficient heat removal to maintain device reliability, performance, and lifetime [6], [9], [18], [35]. 
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The most widely implemented cooling architecture in commercial packages is backplane 

cooling, primarily due to its relative simplicity and mechanical robustness [18]. In a backplane-

cooled array, individual bars are separated by CuW spacer layers, and a macro- or microchannel 

heat sink is positioned on the backside of the stack. Heat generated at the junction must conduct 

through intermediate layers before reaching the coolant [18]. In this configuration, the effective 

heat transfer area per bar scales with the bar-to-bar pitch. As pitch is reduced to increase packaging 

density and brightness, the available heat transfer area per bar correspondingly decreases, 

increasing thermal loading. Consequently, practical backplane-cooled designs are typically limited 

to bar pitches of approximately 1 mm for continuous-wave operation, resulting in brightness levels 

on the order of 1 kW/cm² [18], [35], [55]. Further scaling of brightness therefore requires 

alternative cooling architectures capable of sustaining higher heat fluxes while maintaining 

reduced pitch. 

Microchannel cooling has demonstrated significantly lower junction-to-coolant thermal 

resistance compared to conventional backplane-cooled designs [18]. However, typical 

commercially available microchannel coolers are still constrained to bar-to-bar pitches greater than 

approximately 1 mm due to structural thickness requirements, and they introduce additional 

complexity and corrosion-related reliability concerns [55], [56]. As a result, further increases in 

packaging density and brightness require the exploration of alternative cooling architectures 

capable of sustaining higher heat flux while enabling reduced pitch. 

Types of novel cooling techniques that have been explored in literature include single phase 

microchannels, two phase cooling, jet impingement, and immersion cooling [7], [8], [55], [98], 

[99], [109], [111]-[114], [117], [118]. Comparison of brightness and thermal resistance for each 

cooling method is presented in Table 2-1.  
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Table 2-1 Summary of cooling method performance and remaining challenges 

 Study 
Rth normalized 

over emitted area 
Brightness 

Single Phase 

Microchannel  
Skidmore [8]  0.031 cm2 °C/W 1 kW/cm2 

Two Phase 

Microchannel 

Bevis et al., Burk et al., 

Hoke et al. [7], [109], 

[112], [113], [114], [118] 

0.029 cm2 °C/W 1.1 kW/cm2 

Jet Impingement Zeng [55] 0.036 cm2 °C/W 0.85 kW/cm2 

Immersion (This work) Cassada/LLNL [63] 0.017 cm2 °C/W 2.1 kW/cm2 

 

Single phase microchannel cooling utilizing water has shown many benefits due to high 

surface area and heat transfer efficiency [8], [63]. However, although water has good heat transfer 

properties, it is not dielectric and there must be an insulation layer between the fluid and the actual 

device, which will ultimately limit the thermal resistance. 

 Two-phase cooling has demonstrated exceptional performance in high-heat-flux 

electronic applications due to the latent heat associated with phase change, which enables very 

high effective heat transfer coefficients [7], [99], [109]. By leveraging boiling or evaporation, 

significant amounts of heat can be removed with relatively low mass flow rates compared to single-

phase systems. However, two-phase cooling introduces substantial complexity, including flow 

instabilities, pressure oscillations, and sensitivity to operating conditions. Precise control of flow 

regime, vapor quality, and pressure is required to ensure stable operation, making implementation 

more challenging than single-phase cooling architectures [109], [110].  

Jet impingement cooling offers several advantages, including very high local heat transfer 

coefficients and efficient removal of concentrated heat fluxes [55], [101], [102]. By directing high-

velocity fluid jets toward the heat-generating surface, significant enhancement in convective heat 

transfer can be achieved [18], [101]. However, this approach introduces increased system 

complexity and can result in substantial pressure drops, requiring higher pumping power [18]. 
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Additionally, because cooling is highly localized at the impingement sites, nonuniform 

temperature distributions may develop across the device [6]. For laser diode applications, such 

temperature gradients are undesirable, as they can contribute to wavelength shift and spectral 

broadening [18], [29], [41]. Maintaining low temperature gradients is therefore critical to 

preserving spectral uniformity and overall device performance [18].  

Immersion cooling has demonstrated significant potential for thermal management of high-

power laser diodes based on prior work. By allowing the cooling fluid to be in direct contact with 

the device, immersion architectures minimize the thermal pathway between the junction and the 

coolant, enabling very low junction-to-coolant thermal resistance [116]. Furthermore, replacing 

conventional CuW spacer layers with interleaved microchannel structures decouples the effective 

heat transfer area from the bar-to-bar pitch, allowing packaging density and brightness to increase 

without proportionally reducing cooling capability. 

Despite these advantages, immersion cooling of laser diode bars introduces several 

technical challenges. Direct submersion of the device requires careful consideration of material 

compatibility, long-term chemical stability, and sealing integrity. Contamination of the laser facets 

by particulates or dissolved species in the fluid presents additional reliability risks, and optical 

absorption within the coolant can introduce parasitic losses [18], [42]. Nevertheless, prior studies 

have addressed these concerns and demonstrated immersion-cooled laser diode bars achieving 

brightness levels exceedingly twice those of conventional safe operating area (SOA) limits. 

As summarized in Table 2-1, while single-phase microchannel, two-phase cooling, and jet 

impingement architectures each offer improved heat transfer capability over conventional 

backplane designs, their normalized thermal resistances and achievable brightness remain 

constrained by geometric, material, or operational complexities [8], [55], [98]-[102]. As previously 
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discussed, backplane-cooled laser diode packages exhibit normalized thermal resistances on the 

order of ~0.1 cm²°C/W, with brightness limits near 1 kW/cm² [18]. Although the advanced cooling 

methods reviewed reduce thermal resistance relative to this baseline, they remain subject to 

dielectric isolation constraints, flow instabilities, pitch constraints, or temperature nonuniformities 

[8], [55], [98]-[102]. In contrast, immersion cooling demonstrates the lowest normalized thermal 

resistance and highest reported brightness among the approaches reviewed, primarily due to its 

ability to minimize thermal pathway length and decouple heat transfer area from bar-to-bar pitch. 

These characteristics directly address the primary limitations restricting brightness scaling in high-

power laser diode arrays. Therefore, this work focuses on immersion cooling as a promising 

pathway toward achieving higher power density and brightness while maintaining thermal 

uniformity and device reliability. 

As previously described, the immersion-cooled architecture investigated in this work 

incorporates integrated microchannel coolers within the package. While immersion cooling 

provides direct fluid contact and reduces thermal pathway length, the overall thermal performance 

is strongly governed by the geometry and flow characteristics of the microchannels themselves. 

Channel dimensions, hydraulic diameter, aspect ratio, and flow distribution directly influence 

convective heat transfer and pressure drop [61], [78], [86], [119], [120]. Accordingly, prior 

collaborative work between Lawrence Livermore National Laboratory and Colorado State 

University has progressively explored a range of cooling strategies that move toward immersion-

based architectures for laser diode bars. The next section reviews these efforts, highlighting key 

advances and remaining limitations that motivate the immersion-cooled configuration examined 

in this study. 
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Chapter 3: Immersion Cooled Laser Diodes  

As discussed in the preceding literature review, prior work at LLNL demonstrated an 

immersion-cooled laser diode architecture achieving brightness levels exceeding twice the 

conventional safe operating area (SOA) limit. The present dissertation builds upon that effort. This 

chapter summarizes the foundational body of work involving the development of the immersion-

cooled prototype, proof-of-concept validation, and early-stage experimental studies that enabled 

its performance. These efforts establish the framework for the main body of work presented in 

Chapter 4 onward, where the fast-axis collimator (FAC) is integrated into the test system. Chapter 

4 describes the experimental methods and modeling approaches, Chapter 5 presents pressure drop 

and heat transfer experimental results, Chapter 6 details modeling results for pressure drop and 

heat transfer, Chapter 7 provides discussion, Chapter 8 outlines future work, and Chapter 9 

presents the conclusions. The results of the foundational studies presented in this chapter provided 

the framework within which the modeling, design refinements, and experimental investigations in 

the subsequent chapters were conducted. 

The overarching objective of the initial immersion-cooled development effort was to 

achieve a threefold increase in state-of-the-art brightness for high-power laser diode arrays while 

maintaining junction temperatures below 60°C. To achieve this, three foundational studies were 

conducted that collectively established the basis for the work presented in the remainder of this 

dissertation. The first study involved heater-based microchannel cooling using silicon carbide 

(SiC) to demonstrate a thermal package capable of high heat flux dissipation and low thermal 

resistance through coupled experimental and modeling efforts. The second study extended this 

approach to materials and fluids more representative of practical laser diode systems, including 

copper–tungsten (CuW) heat sinks and the dielectric coolant FC-3283, while incorporating 
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discrete heater “emitters” to better approximate the spatial heating characteristics of a laser diode 

bar. The third study involved the operation of an interleaved immersion-cooled laser diode system 

using CuW microchannels and FC-3283, where both continuous wave (CW) and pulsed operation 

were evaluated. Together, these studies transition from surrogate thermal validation to device-level 

demonstration and establish the foundation for the integrated FAC experimental testing 

investigated in later chapters. This chapter concludes with a summary of the key research gaps 

identified through these studies, which are directly addressed in the remainder of this dissertation.  

3.1 Heater based microchannel cooling with SiC 

This chapter is adapted from previously published work by Cassada et al. [63], and includes 

figures and tables that are reprinted, with permission1. This work was led by the author, with all 

experimental design, setup, testing, and data acquisition conducted as part of this dissertation, 

while modeling contributions were performed in collaboration. As an initial step in developing the 

immersion-cooled laser diode architecture, single-phase water-cooled silicon carbide (SiC) 

microchannel heat sinks were experimentally investigated to establish a thermal performance 

baseline. These experiments were conducted to evaluate the feasibility of dissipating high heat 

fluxes over laser-relevant footprint areas using SiC, which offers improved thermal and 

thermomechanical properties compared to conventional silicon-based microchannel heat sinks. A 

literature review of single-phase microchannel heat sinks is given in Table 3-1.  

 

 

 

 
1 Adapted from N. Cassada et al., “SiC Microchannel Heat Sinks for High Heat Flux Dissipation of 1 

kW/cm²,” IEEE Transactions on Components, Packaging, and Manufacturing Technology, May 31, 2023. 
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Table 3-1 Literature Review of Single-Phase Microchannel Heat Sinks. © 2023 IEEE. Reprinted, 

with permission, from Cassada et al., “SiC Microchannel Heat Sinks for High Heat Flux 

Dissipation of 1 kW/cm2,” IEEE Transactions on Components, Packaging, and Manufacturing 

Technology, 31 May 2023. 

Authors 
𝑫𝑯 

 (µm) 
AR 

𝑾𝒄𝒉 

(µm

) 

 𝑾𝒇 

(µm) 

 𝒒" 

(W/cm2) 

𝑸𝒘𝒂𝒔𝒕𝒆 

(W) 
Material 

 𝑹𝒕𝒉 

(cm2 

°C/W) 

Fluid  
Experiment/ 

Simulation 

Tuckerman 

and Pease 

[60] 

85.7 6.0 50 50 790 790 Si 0.090 water Experiment 

Missaggia et 

al. [28] 
160 4  100 100 500 20 Si 0.040 water  Experiment  

R. Zhang et 

al. [121] 
76 6.9 44 20 1000 963 Si 0.071 water Experiment 

Buja et al. 

[100] 
50 11.6 30 30 600 150 Si 0.097 water Experiment 

L. Zhang et 

al. [122] 
53 5 30 30 200 50 Si 0.090 water 

Experiment/ 

CFD 

Weaver et 

al. [122] 
54.5 0.833 60 N/S 2000 40 SiC ~0.040 water 

Experiment/ 

CFD 

Cassada et 

al.  

90.5 8.0 51 59 1000 250 SiC 0.026 water 
Experiment/ 

CFD 

54.3 14.3 29 59 1000 250 SiC 0.022 water 
Experiment/ 

CFD 

As summarized in Table 3-1, the majority of prior single-phase water-cooled microchannel 

heat sink studies utilized silicon substrates and focused on either localized hotspot cooling or 

smaller footprint devices. Reported normalized thermal resistances (over the heated footprint area) 

typically ranged from 0.04–0.10 cm² °C/W for heat fluxes up to approximately 1 kW/cm2, values 

comparable to those generated in high-power laser diode packages under continuous-wave 

operation. While silicon remains widely used due to its manufacturability and compatibility with 

integrated circuits, silicon carbide (SiC) offers higher thermal conductivity and improved 

coefficient of thermal expansion matching to GaN and GaAs devices. 
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To address this gap, a series of controlled surrogate experiments were performed to 

quantify thermal performance over a laser-relevant footprint prior to device integration. Initial 

experiments were conducted using microchannel heat sinks fabricated from 4H vanadium-doped 

silicon carbide (SiC) integrated with 2.5 × 10 mm thin-film platinum heaters. The platinum heater 

was designed to emulate the waste heat generated by a laser diode bar and was positioned 1 mm 

downstream of the channel inlet to capture developing flow effects near the entrance region. 

The microchannel device was previously presented in Chapter 2 as Figure 2-9. The 

dimensions of the microchannel heat sink (L x W x H) are 6.1 mm x 12 mm x 0.5 mm. 

Additionally, a 10 mm wide rectangular channel array extends across the width of the test section. 

This channel array is aligned with the heater footprint to guarantee uniform thermal loading across 

the channels. 

3.1.1 Microchannel Heat Sinks  

Electrical contact to the thin-film heater was provided through 1 mm wide pads located on each 

side of the heater, allowing for pogo pin connections. The microchannels were fabricated with 

widths ranging from 29 μm to 51 μm corresponding to hydraulic diameters of 54.3 µm to 90.5 µm, 

and depths of roughly 400 µm. The full channel dimensions are summarized in Table 3-2. These 

geometries yield a high surface-area-to-volume ratio of up to approximately ~27,700 m2/m3. 

promoting enhanced convective heat transfer. A 100 µm thick floor beneath the channels provides 

structural integrity, facilitates lateral heat spreading, and electrically isolates the heater from the 

coolant.  

Table 3-2 Test section geometries from Cassada et al. [63], Reprinted, with permission 

Geometry 

𝑾ch 

(µm) 

𝑾f 

(µm) 

L 

(mm) 

𝑯ch 

(µm) 

𝑵ch 

 

AR 

Dch 

(µm) 
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1 51 59 6.12 406 92 8.0 91 

2 29 59 6.25 416 118 14.3 54.3 

 

 

 

Figure 3-1 schematic of SiC microchannel cooler with pt heater and electrical contact pads 

from Cassada et al. [63], Reprinted, with permission. 

Silicon carbide (SiC) was selected for the microchannel substrate due to its high thermal 

conductivity (~292 W/m·K) and favorable coefficient of thermal expansion (CTE) compatibility 

with GaAs-based devices. The closer CTE match reduces thermomechanical stress during high-

heat-flux operation [63].  

Deionized (DI) water was selected as the working fluid due to its high specific heat 

capacity, low viscosity, and ease of implementation in single-phase cooling experiments. 

However, DI water is not suitable for direct-contact immersion cooling of electrically active laser 

diode devices. Integration into an immersion architecture would require additional electrical 

insulation layers between the device and the coolant, thereby introducing additional thermal 

resistance. Figure 3-2 shows a Scanning Electron Micrograph (SEM) image of the finned SiC 

microchannels  



52 

 

Figure 3-2 Scanning electron micrograph image of SiC channels from Cassada et al. [63], 

Reprinted, with permission. 

3.1.2 Fluidic Manifold  

A manifold used to connect the test section to the cooling loop is shown in Figure 3-4 and 

Figure 3-5.  The test section is seated in the lower PEEK plate (1), which provides the inlet and 

outlet fluid ports. The upper PEEK plate (2) is machined with thermocouple and pressure-port 

holes, and the assembly is clamped with socket-head screws to a 6061 aluminum mounting plate 

(6). An O-ring between the two PEEK plates seals the interface to prevent leakage. Inlet and outlet 

measurements are obtained using two T-type thermocouples (Omega SCPSS-062G-6) and 

pressure transducers (Omega PX319-100GI, absolute, and Dwyer 7808493, 0 to 100 psi, 

differential) installed in the corresponding ports. Electrical power is supplied through pogo pins 

(039-25 Series, QA Technology Company) press-fit into a G10 fiberglass probe harness (5) that is 

clamped to the test section. The pogo pins compress against gold-plated contact pads to power the 

heater.  
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Figure 3-3 Exploded view of test section manifold. (1) PEEK bottom plate with fluid inlet and 

outlet ports and test section, (2) PEEK top plate with pressure and thermocouple ports, (3) 

Aluminum clamping plate, (4) Pogo pin, (5) G10 electrical harness, (6) Aluminum backing plate 

from Cassada et al. [63], Reprinted, with permission. 

To measure the heater temperature, an infrared (IR) viewing window is machined into the 

manifold directly above the heater. A fluorosilicone gasket seals around the pogo pins and the 

heater to prevent leakage through the IR window opening. 

 

Figure 3-4 Assembled test section manifold for flow loop. from Cassada et al. [63], Reprinted, 

with permission. 
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3.1.3 Test Facility  

A schematic of the experimental set up is shown in Figure 3-6. Deionized water is supplied 

by an OptiTemp portable air-cooled chiller, which maintains the coolant at the desired setpoint. 

Flow through the test section is adjusted with a bypass branch using ball and needle valves, and 

the resulting mass flow rate is recorded with a Coriolis meter (RHM 02L(GNT)P). The coolant 

enters the manifold at approximately 10 ⁰C. Thermocouples installed just before and just after the 

test section are used to measure the inlet and outlet fluid temperatures.  

 

Figure 3-5 Test facility flow loop schematic. Chiller provides cooling and pumping of the fluid. 

A series of bypass valves allow for a flow rate adjustment, which is measured by a flowmeter 

downstream. Flow enters the manifold with the test section and is recirculated through the facility. 

from Cassada et al. [63], Reprinted, with permission. 

Electrical power to the heater is provided by a Keysight N8735A supply. The heater 

operating point is verified by measuring current and voltage across the pogo-pin leads with digital 

multimeters (Keysight 34465A for current and Agilent 34401A for voltage). Heater temperature 

is obtained from infrared thermography using an Optris Xi 400 camera. The pressure loss across 
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each test section is recorded with a differential pressure transducer. Signals from the instruments 

are routed to a National Instruments cDAQ 9174 and logged in a custom LabVIEW interface at 1 

Hz. Tests were performed at the coolant flow conditions listed in Table 3-3. For each flow setting, 

heater input was increased in 25 W steps up to a maximum of 250 W. The IR images and 

corresponding temperature data at each flow rate and power level were saved using the TIM 

Connect software.  

Table 3-3 Test section flow ratesfrom Cassada et al. [63], Reprinted, with permission. 

Geometry Tested Flow Rates (kg/min) 

1 0.150 0.300 0.450  

2 0.150 0.300 0.450 0.750 

 

3.1.4 Experimental Testing  

Before testing, the heater surface was coated with a high-temperature, low-gloss black 

paint to establish a known emissivity of ε = 0.9.  Because the IR camera calibration is based on an 

area-averaged response, the analysis in this work uses the spatially averaged heater temperature. 

After calibration, the IR system exhibited a bias error of 0.59 °C. Measurements were taken at 

fixed mass flow rates between 0.150 and 0.750 kg/min. At each flow condition, heater input power 

was increased in 25 W steps up to 250 W, corresponding to a peak heat flux of 1 kW/cm2. For 

each flow rate and heat load, the IR-derived temperature data were captured with the TIM Connect 

software shown in Figure 3-6. 
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Figure 3-6 IR image of test section for geometry 1 at a flow rate of 0.300 kg/min at heat duty of 

250 W (1 kW/cm2) from Cassada et al. [63], Reprinted, with permission. 

Uncertainty for both measured quantities and derived results was evaluated using the root-

sum-square (RSS) approach described by Coleman and Steele [123]. Bias error (BE) was taken 

from the manufacturers’ specifications for directly measured parameters and was propagated as 

needed for calculated terms. Precision error (PE) was obtained by forming 95% confidence 

intervals based on the standard error and the appropriate two-tailed 𝑡 value for each mean inlet 

temperature, heater temperature, voltage, current, and pressure-drop measurement. The largest 

uncertainty associated with each variable is summarized in Table 3-4.  
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Table 3-4 Maximum uncertainty in measured parameters from Cassada et al. [63], Reprinted, 

with permission. 

Parameters Maximum Uncertainty 

Qwaste (W) +/- 0.291 

∆T (⁰C) +/- 0.663 𝑚̇ (kg/min) +/- 0.004 

∆P (Psi) +/- 0.477 

Tin (⁰C) +/- 0.300 

Tout (⁰C) +/- 0.302 

Theater (⁰C) +/- 0.592 

 

3.1.5 Computational Domain  

The experimental measurements were evaluated against a COMSOL Multiphysics v5.6 

model to increase confidence in its ability to predict performance in future work. Each full cold 

plate contains either 92 or 118 channels. To limit computational expense, the heat sink geometry 

was reduced to a repeating symmetric unit consisting of half a channel and half a fin, and only one 

such unit was simulated. This reduction is supported by planar symmetry at the fin midplane and 

at the channel midplane. It is also consistent with the IR thermography of the heated section shown 

in Figure 3-6,  which indicates the heater temperature is largely uniform in the direction normal to 

the flow, with variations below 2 °C. The resulting symmetry-based unit cell is shown in Figure 

3-7. 



58 

 

Figure 3-7  Symmetry unit cell model of half channel and half fin with boundary conditions. A 

symmetry boundary condition was applied on outer sides of the channel and fin from Cassada et 

al. [63], Reprinted, with permission. 

A fully coupled three-dimensional conjugate heat transfer model, combining solid heat 

conduction with CFD in the fluid region, was implemented over the computational domain. The 

flow was treated as steady, incompressible, and laminar, based on the stable operating conditions, 

Reynolds numbers below 500, and the use of a liquid with negligible compressibility. Under these 

assumptions, the COMSOL solution is governed by the continuity equation, the laminar form of 

the momentum equations, and the energy equation. ∇ ∙ 𝑢⃑ = 0 3-1 

ρ(∇ ∙ 𝑢⃑ ) = ∇ ∙ [−𝑃𝐼 + 𝜇∇⃑⃑ 𝑢] 3-2 ρ𝑐𝑝𝑢⃑ ∙ ∇𝑇⃑⃑⃑⃑  ⃑ = ∇ ∙ (𝑘∇𝑇⃑⃑⃑⃑  ⃑) 3-3 

To improve accuracy, the fluid material properties were treated as temperature dependent 

through COMSOL’s Nonisothermal Flow coupling, whereas the SiC region was assigned a fixed 

thermal conductivity of 292 W/m-K.  
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At the channel entrance, the inlet velocity and inlet temperature were prescribed from the 

experimental measurements. The downstream boundary was defined as an outflow with zero gauge 

pressure. Because the heater layer is very thin (about 200 nm), it was modeled as an applied surface 

heat flux. Heat exchange from the heater to the surroundings was included by applying radiation 

and natural convection conditions on the heater surface. Radiative losses were intentionally 

bounded on the high side by setting the emissivity to 1, with the ambient held at 21 °C. Natural 

convection and radiation to a large surrounding enclosure were computed using COMSOL’s built-

in formulations. For geometry 1 at 250 W and 0.150 kg/min, the estimated maximum heat loss 

from the heater to the ambient was 0.02 W. All other model boundaries were treated as adiabatic, 

either by symmetry or because they were covered by PEEK and rubber foam.  

3.1.6 Mesh Sensitivity Study  

A mesh sensitivity study was performed to quantify the influence of mesh resolution on 

the numerical predictions and to select an appropriate balance between accuracy and runtime. The 

study was executed under the most demanding conditions for each geometry, namely the lowest 

mass flow rate combined with the highest heat input, since these cases produce the steepest 

temperature gradients. Two outputs were monitored: the mean heater temperature and the pressure 

drop across the channel. Figure 3-8 summarizes the results for both geometries as the mesh was 

progressively refined. In both cases, the change in average heater temperature from the coarsest to 

the finest mesh was below 0.003%, and the corresponding change in pressure drop was under 

0.2%. Given the large number of simulations required and the substantial reduction in 

computational expense, the coarsest mesh was adopted because it introduced only negligible 

error.   
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Figure 3-8 (a) Mesh sensitivity for 118 channel geometry with average heater temperature and 

pressure drop simulation data for different numbers of mesh elements.  (b) Mesh sensitivity plot 

for 92 channel geometry with average heater temperature and pressure drop simulation data for 

different numbers of mesh elements from Cassada et al. [63], Reprinted, with permission. 

3.1.7 Experimental Results  

Figure 3-6 presents an infrared thermography image for geometry 1 operating at 0.3 kg/min 

with a 200 W heat input. Figure 3-9 shows the corresponding unit-cell representation along with 

the simulated temperature field for the same case. The simulation predicted an average heater 

temperature of 45 °C, compared to 43 °C from the IR measurements, indicating close agreement, 

with the discrepancy below 5%. Across all tests, the heater temperature stayed below 60 °C. To 

evaluate thermal performance, the difference between the mean heater temperature and the inlet 

fluid temperature was computed and then plotted versus heat flux for multiple flow rates in Figure 

3-10 and Figure 3-11.  
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Figure 3-9 COMSOL unit cell model and simulation results for geometry 1 at a flow rate of 

0.300 kg/min at 250 W heat duty (1 kW/cm2) from Cassada et al. [63], Reprinted, with 

permission. 

It is well observed in Figure 3-10  the measurements for geometry 1 track the numerical 

predictions closely. In contrast, Figure 3-11 indicates that geometry 2 exhibits a noticeably larger 

mismatch between experiment and simulation at the highest flow rate of 0.450 kg/min. The most 

plausible explanation is damage in the test section, such as cracked or obstructed channels, that 

likely occurred before the final high-flow run and altered the flow distribution relative to the 

modeled condition.  
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Figure 3-10 Experiment and simulation comparison of temperature rise versus heat flux of 

geometry 1 for flow rates of 0.150, 0.300, 0.450, and 0.750 kg/min from Cassada et al. [63], 

Reprinted, with permission. 

 

Figure 3-11 Experiment and simulation comparison of temperature rise versus heat flux of 

geometry 2 for flow rates of 0.150, 0.300, and 0.450 kg/min from Cassada et al. [63], Reprinted, 

with permission. 
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At 0.450 kg/min for geometry 2, the modeled pressure drop substantially exceeded the 

measured value. The simulation reached 97.86 psi, while the experiment reported 71.50 psi. Since 

a reduced pressure drop generally corresponds to a larger effective hydraulic diameter, damage in 

the test section, such as fractured or opened channels, would be consistent with the lower 

experimental pressure losses The remaining mismatch between simulated and measured heater 

temperatures can also be attributed to experimental factors. The pogo pins downstream of the 

heater are highly reflective and run much hotter than the heater itself (Figure 3-6), which can bias 

the apparent heater temperature from the IR images toward a lower value. Variations in the paint 

layer on the heater may further introduce spatial changes in emissivity relative to the assumed 

value. That said, adjusting the assumed emissivity from ε=1 to ε=0.9 produces only a minor 

change in the inferred temperature. On the modeling side, additional differences could arise 

because the SiC is treated as isotropic with a temperature-independent conductivity, while the real 

substrate may be anisotropic and its conductivity may vary with temperature. Taken together, these 

effects, along with inherent IR camera uncertainty, reasonably account for the small offsets in 

measured surface temperature.  

3.1.8 Thermal Resistance and Pressure Drop 

Figure 3-12 reports the thermal resistances obtained from the experiments. The minimum 

value measured was 0.024 cm2 W/°C occurring at a heat flux of 1 kW/cm2 with a flow rate of 

0.450 kg/min for geometry 2. This configuration used higher aspect-ratio channels and a smaller 

hydraulic diameter. Under the same heat flux, geometry 1 yielded a thermal resistance of 0.026 

cm2 W/°C at a flow rate of 0.750 kg/min. 
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Figure 3--12 Thermal resistance versus Re for each tested geometry from Cassada et al. [63], 

Reprinted, with permission. 

At a heat flux of 1 kW/cm2, geometry 1 exhibited a much smaller pressure drop than 

geometry 2, about 38.2 psig versus 72.13 psig for the smaller hydraulic diameter channels This 

indicates that comparable thermal resistance can be attained with larger hydraulic diameter 

passages by operating at higher flow rates, while avoiding the penalty of large channel pressure 

losses. Elevated pressure drop translates directly to increased pumping power, which can be a 

drawback for SWaP-constrained systems. Figure 3-12 also shows that thermal resistance 

approaches an asymptote as Reynolds number increases. This behavior reflects the reduction of 

convective resistance at higher flow rates. With increasing velocity, the thermal boundary layer 

becomes thinner and the wall temperature gradient strengthens. In laminar flow, the effect is also 

tied to the growth of the thermal entrance region, since the thermal entry length scales with 𝑥fd =𝑃𝑟𝑅𝑒 [124]. Larger wall temperature gradients correspond to higher heat transfer coefficients, 

which further lowers the convective component of thermal resistance. Once convection is no 
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longer limiting, conduction through the substrate and fins becomes the primary resistance. 

Consequently, the benefit of using a high conductivity material such as SiC is more pronounced at 

high flow rates. Overall, strong convective performance is important, but highly conductive solids 

that minimize the conduction path between the device and coolant are also critical for improved 

cooling capability. 

3.1.9 SiC Results 

These experiments demonstrated that utilizing a high-thermal-conductivity material such 

as SiC in combination with high–aspect ratio microchannels enables extremely low normalized 

thermal resistances compared to conventional single-phase microchannel configurations. It was 

also shown that comparable thermal performance can be achieved using larger channel widths 

operated at higher flow rates, thereby reducing pressure drop penalties associated with very small 

hydraulic diameters. 

Despite these promising thermal results, significant challenges arise when considering SiC 

and water for immersion-cooled laser diode applications. First, SiC is electrically insulating and 

brittle. In stacked laser diode arrays, CuW is typically used as an inter-bar spacer because it 

provides both thermomechanical compatibility and electrical conductivity, allowing current to 

pass between adjacent bars. Replacing CuW with SiC would introduce additional packaging 

complexity to enable electrical interconnections, while also increasing the risk of mechanical 

failure due to the material’s brittleness at small scales. 

In addition, although water possesses excellent thermal properties, it is not suitable for 

immersion cooling of laser diodes. Water has relatively low dielectric strength and high optical 

absorptivity, meaning it cannot be placed in direct contact with electrically active devices and 
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would absorb a significant fraction of emitted laser light. Direct fluid–device contact could 

therefore result in electrical shorting and optical losses. 

For these reasons, immersion-cooled laser diode architectures are better suited to 

electrically conductive submount materials such as CuW combined with dielectric fluids that 

exhibit low optical absorption, enabling direct-contact cooling without compromising electrical 

isolation or optical performance. 

3.2 CuW and FC3283 Microchannel Cooling  

Following the SiC surrogate investigations, attention shifted toward CuW-based 

microchannel architectures compatible with immersion cooling. As part of this development effort, 

this work contributed to the design, fabrication, and early-stage testing of a CuW microchannel 

test platform and microchannel coolers, with detailed design and analysis reported by Amyx et al. 

[68]. The platform was developed to mimic the thermal boundary conditions of a high-power laser 

diode bar. Their device incorporated a broad-area heater and two discretized heater designs 

containing 12 and 24 gold “emitter” segments intended to surrogate the heating pattern of a laser 

bar. Despite the segmentation, the horizontal temperature distributions remained highly uniform 

and periodic. Each emitter exhibited nearly identical peak temperature and spacing because the 

resistive heater delivers a fixed and externally controlled heat flux to each segment, while the 

microchannel array provides consistent convective cooling along the channel length. As a result, 

the heating is linear, uniform, and repeatable across all segments.  

Most importantly, this CuW microchannel platform demonstrated the ability to dissipate 

heat fluxes up to 600 W/cm² over a 0.25 cm² footprint using a dielectric working fluid, validated 

through both numerical modeling and experimental measurements. These results established the 

feasibility of combining electrically conductive CuW microchannel structures with dielectric 
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coolants, providing a critical foundation for subsequent immersion-cooled laser diode integration. 

Early-stage development of this platform, including CuW submount preparation, experimental 

setup development, and execution of initial experiments, was conducted as part of this work and 

directly informed the design and operation of the experimental test facility used in the remainder 

of this dissertation, while detailed results and analysis are reported by Amyx et al. [68]. 

3.3 Laser diode bar testing with CuW and FC3283 un-lensed  

Following the surrogate SiC–water [63] and CuW–dielectric [24] heater investigations, the 

next stage in demonstrating IIC laser diode arrays was to integrate and operate an actual laser diode 

bar within a dielectric fluid environment. While this work was conducted as part of a larger 

collaborative effort, the experimental testing, data acquisition, and preliminary modeling presented 

in this section were conducted as part of this dissertation. As previously demonstrated by 

Swertfeger et al. [117], semiconductor laser diodes can operate while immersed in optically 

transparent dielectric fluids without significant power degradation. Building upon this foundation, 

the subsequent development effort focused on enabling active, integrated immersion cooling of a 

laser bar. The work presented in this section represents largely unpublished experimental and 

modeling efforts conducted as part of this dissertation, building upon prior immersion-cooled laser 

diode studies at LLNL, including unpublished pulsed power investigations. 

This required several coordinated steps, including fabrication of CuW microchannel arrays 

compatible with direct-contact immersion, laser bar selection consistent with target operating 

conditions, and dielectric fluid selection based on optical absorption and transparency. The 

objective was to transition from surrogate heater validation to experimental demonstration of a 

laser diode bar operating within an actively cooled, integrated immersion architecture. 
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3.3.1 Preliminary Modeling  

Preliminary unit-cell thermal modeling of an immersion-cooled laser diode architecture 

was conducted as part of this work to assess feasibility. Heat transfer simulations were performed 

using Novec 7200, a high-transparency dielectric fluid suitable for direct-contact cooling, as 

shown in Figure 3-13. At the time these preliminary simulations were conducted, fluid selection 

for the immersion-cooled architecture was still under evaluation. Both FC-3283 and Novec 

dielectric fluids were being considered as potential candidates for direct-contact cooling. Novec 

7200 was selected for the initial modeling phase due to its high optical transparency, suitable 

dielectric properties, and availability of well-characterized thermophysical data for simulation. 

These early simulations were therefore performed with Novec 7200 to assess feasibility prior to 

final coolant selection and experimental implementation. 

 

Figure 3-13 Unit cell model of laser diode array showing a 3x increase in brightness 

These simulations were performed to gain confidence that the approach would show a 

meaningful signal and improve performance. A rectangular 10/90 CuW microchannel cooler was 

modeled to represent a laser diode system targeting a threefold increase in brightness compared to 
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conventional architectures. The model assumed a maintained junction temperature of 60 °C, 60% 

electro-optical efficiency, and a reduced bar-to-bar pitch of 0.65 mm. For comparison, a state-of-

the-art configuration operating at 100 W optical output, 50% electrical-to-optical efficiency, and 

a 1.1 mm pitch produces approximately 100 W of waste heat per bar. Under the proposed 

immersion-cooled configuration, a minimum heat load of 118 W per bar would be required to 

achieve the targeted brightness increase. The simulations with Novec 7200 demonstrated the 

ability to dissipate up to 150 W per bar while maintaining an average emitter temperature of 60°C. 

These results provided confidence that immersion cooling with a CuW microchannel architecture 

could enable significant brightness scaling while preserving acceptable thermal limits, thereby 

motivating experimental validation with laser diode devices. 

3.3.2 Microchannel Fabrication and Characterization  

Following the initial simulations and prior experimental results from the SiC–water and 

CuW–FC-3283 studies, CuW microchannel coolers were fabricated at LLNL as part of a 

collaborative development effort, with design contributions from this work for integration with 

laser diode devices, as shown in Figure 3-16. The CuW microchannel coolers were bonded to the 

laser diode bar using ½ mil thick eutectic 80Au/20Sn solder. The laser bar was provided by LEI 

and were 780 nm, 24 emitter continuous wave laser diodes. The specified operating current was 

90 A, and the specified electrical-to-optical efficiency was 58%. The emitter pitch was 200 µm.   

The device was joined in a reflow oven with forming gas to allow for a clean bond. Prior 

to bonding, the CuW submount surfaces were flattened to ensure planarity below the nominal 

AuSn solder thickness, promoting uniform bondline formation and minimizing void formation 

during reflow. Post-bond characterization was conducted to verify geometry and surface flatness. 

Channel and fin dimensions, as well as submount planarity, were characterized using a VKX-3000 
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Keyence laser confocal microscope. The CuW submount thickness was 259 µm with a 12.5 µm 

solder layer. The microchannel consisted of channels with widths of 60 µm and fin widths of 40 

µm with a channel height of 159 um. The number of channels (98) were chosen based on the 

number of emitters per bar and through fin placement below each emitter, enabling localized heat 

conduction from each active region into adjacent microchannels for enhanced thermal extraction.  

 

Figure 3-14 CuW microchannel heat sink fabricated at LLNL 

3.3.3 Fluid Selection 

With the mechanical and thermal architecture established, attention then shifted to coolant 

selection, which was evaluated as part of this work to identify a fluid that is not only thermally 

effective but also optically transparent and electrically insulating. Fluid selection therefore 

involved evaluating the wavelength-dependent absorption characteristics of several candidate 

dielectric fluids. The absorptivity versus wavelength for four candidate fluids is shown in Figure 

3-15. 
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Figure 3-15 Absorptivity versus wavelength for four candidate fluids 

Fluid selection for immersion-cooled laser diode operation required consideration of both 

thermal performance and optical transparency across the emission wavelengths of interest. The 

laser bars evaluated in this study operated at center wavelengths of 780–808 nm and 940 nm. The 

780–808 nm range is commonly used for pumping solid-state lasers, while 940 nm devices are 

widely employed in industrial laser systems and additional pumping applications. Because 

immersion cooling places the fluid directly in the optical path, minimizing absorption at these 

wavelengths is critical to prevent parasitic optical losses and localized fluid heating. 

The absorption characteristics of several candidate fluids were evaluated across the 

relevant wavelength range. Figure 3-15 compares the absorptivity of water, Novec 7200, 

Paratherm, and FC-770 as a function of wavelength. While water exhibits strong absorption in the 

near-infrared region and is therefore unsuitable for immersion cooling, fluorinated dielectric fluids 

demonstrated significantly lower absorption. Among the fluids evaluated, Novec 7200 and FC-

3283 exhibited the lowest absorption at 780–808 nm and 940 nm. In particular, FC-3283 
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demonstrated absorptivity below the measurement noise floor across the wavelengths of interest, 

indicating negligible optical attenuation. 

From a thermal standpoint, Novec 7200 offers lower viscosity and improved heat transfer 

characteristics compared to FC-3283, as summarized in Table 3-5 [125], [126]. However, because 

optical transparency is a primary constraint in direct-contact immersion cooling of laser diodes, 

FC-3283 was ultimately selected as the working fluid for experimental testing. It has extremely 

low absorption at the relevant wavelengths which ensure minimal optical losses while maintaining 

acceptable dielectric and thermophysical properties for single-phase cooling. In addition, FC-3283 

demonstrated favorable material compatibility with sealing materials used in the test platform, 

supporting reliable long-term operation.  

Table 3-5 Material Properties  

Material   𝛼CTE  𝑘 (W/m-K)  𝜌(kg/m3)  𝑐𝑝 (J/kg-K)  

GaAs  5.7e-6  33  5316  550  

90CuW10  6.5e-6  180  17000  160  

Au Sn Solder   16e-6  57  1470  150  

FC-3283  0.0014  0.066  1820  1100  

Novec 7200 0.0016 0.075 1420 1220 

 

3.3.4 Test Facility 

Following coolant selection and device assembly, the immersion test platform was 

configured for operation, including implementation of the experimental test facility used in this 

work, requiring the design and implementation of a flow manifold to deliver and regulate dielectric 

coolant through the integrated microchannel structure. 



73 

The bonded laser diode bars and CuW microchannel heat sinks were integrated into a 

fluidic manifold, shown in Figure 3-16. The laser assembly was clamped between two copper 

current bars that provided both mechanical support and electrical conduction. Electrical power was 

delivered to the diode through an array of ten pogo pins (Atech Socket: 125-SDH250S; Pin: 125-

PRS2540S-N) connected to a TDK-Lambda GEN 125-120 programmable power supply (0–125 

V, 0–120 A). 

The working fluid, FC-3283, was circulated using a Micropump GC-M25.JF5S.E gear 

pump. Fluid temperature was regulated to 10 °C using a liquid-cooled chiller before passing 

through the heat exchanger return (HXR) and a CAT Pumps 701522 pulsation damper 

accumulator, which maintained system pressurization and suppressed flow oscillations. The fluid 

then flowed through a Clean Liquid Systems 30 nm pore-size nylon filter prior to entering the 

manifold from the facet side of the device. 

Within the manifold, the coolant entered through two inlet ports located on either side of 

the laser bar, executed a U-turn within the plenum, and flowed through the microchannels 

positioned directly beneath the active region before exiting through a single outlet port. Fluid 

pressure upstream and downstream of the microchannels was monitored using Omega PX409-

100GI pressure transducers, and the pressure drop across the microchannel array was measured 

directly using a Dwyer 645-6 differential pressure gauge. Fluid temperatures at the manifold inlet 

and outlet were measured using OMEGA SCPSS-125G-6 thermocouples. The mass flow rate 

downstream of the manifold outlet was measured using a RHEONIK RHM06GNT(P) Coriolis 

flow meter. 

The front face of the manifold incorporated two plano-convex lenses (Newport 

KPX178AR-16), oriented with their flat surfaces facing the emitter. The first lens featured a fluid-
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matched anti-reflective coating on the immersed surface. After emission from the diode facet, the 

beam propagated approximately 10 mm through the dielectric fluid before passing through the first 

lens. The two lenses were separated by 16 mm (flat-to-flat), resulting in a 0.779 mm air gap 

between the curved vertex of the first lens and the flat surface of the second. A third plano-convex 

lens (LA1238-B) was positioned 86 mm from the diode facet to further condition the beam.

 

Figure 3-16 (a) immersion cooled laser diode manifolding. (b) experimental test facility 

Prior to reaching a Gentec-EO CW thermal power meter (UP55M-500W-H12-D0) located 

261 mm from the diode facet, the beam was sampled using a 3° wedge to enable near-field 

visualization on an opalescent screen. Back reflections were directed to a Thorlabs TPS13 beam 

block. Spectral measurements were acquired using an Ocean Optics HR4000 spectrometer. 

Data acquisition was performed using a National Instruments CompactRIO-9065 chassis 

equipped with multiple I/O modules. An NI-9207 analog input module was used to acquire voltage 

and current signals from the pressure transducers and Coriolis flow meter, while temperature 

measurements were obtained using an NI-9212 thermocouple module. Devices providing RS-232 

output were interfaced through an NI-9870 serial communication module. An Allied Vision 

ProSilica GT1920 camera was used for image acquisition. All sensor data were synchronized and 
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processed using LabVIEW. Figure 3-17 shows a five-bar laser diode array compared to the near 

field image during operation.  

 

Figure 3-17 (a) Zoomed in image of a 5 bar stack of laser diodes with interleaved microchannel 

coolers (b) Near field image of the emitters on the 5 bar stack during operation 

3.3.5 Experimental Testing  

All experimental testing and data acquisition presented in this section were conducted as 

part of this work. Initial laser testing was conducted at a constant pressure drop of 40 psig (275 

kPa) and an inlet temperature of 25 °C. During this initial evaluation, the drive current was 

increased in 5 A increments up to the specified operating current of 90 A while monitoring optical 

power, spectral response, and device stability. Upon reaching 90 A, the device was held at constant 

current for two hours to assess bond integrity and ensure no premature failure occurred due to 

microchannel heat sink (MCHS) joining defects or thermal overstress. 

Following successful completion of the hold test, a series of Power–Current–Voltage (PIV) 

measurements were conducted over a range of pressure drops from 20 psig to 80 psig (138–552 
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kPa) and at inlet temperatures of 20 °C. Optical output power and emission spectra were recorded 

using a thermal power meter and spectrometer, respectively. The resulting performance data for 

are shown in Figure 3-19. 

 

Figure 3-18 Rth plotted against pressure drop for 20 °C inlet temperature case  

The results indicate that increasing pressure drop (and corresponding mass flow 

rate/Reynolds number) reduces junction temperature; however, the reduction becomes asymptotic 

at higher flow rates, demonstrating diminishing returns in convective heat transfer enhancement. 

This behavior is consistent with previous observations in SiC–water microchannel heat sink 

studies, where increases in flow rate beyond a certain threshold yielded progressively smaller 

reductions in thermal resistance. 

When compared to conventional backplane-cooled laser diode packages, which typically 

exhibit thermal resistances on the order of 1 K/W, the immersion-cooled architecture demonstrated 
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further reductions in junction-to-coolant thermal resistance while simultaneously enabling 

increased brightness. 

As mentioned in the literature review, for more meaningful comparison across thermal 

packaging approaches, thermal resistance can be normalized to the emitting area. In a state-of-the-

art backplane-cooled configuration with a 1 mm bar-to-bar pitch (corresponding to an emitting 

footprint of approximately 0.1 cm²), the normalized thermal resistance is approximately 0.1 cm² 

°C/W [11]. In contrast, the lowest thermal resistance achieved in the immersion-cooled 

experiments was 0.44 °C/W. When normalized over the 0.039 cm² emitting region, this 

corresponds to a normalized thermal resistance of 0.017 cm² °C/W 

The laser spectrum was analyzed in MATLAB and shown in Figure 3-19 for two separate 

cases on the same laser bar In Case (a), the device was operated at 40 psig and low drive current, 

producing a narrow spectral profile with a full width at half maximum (FWHM) of less than 2 nm, 

indicative of uniform emitter temperature and stable operation. In contrast, Figure 3-19b, shows 

the spectrum at full operating current. Under this condition, the spectrum broadened significantly 

and exhibited multiple peaks. This behavior is undesirable and is typically associated with 

temperature nonuniformity across the bar. In this particular case, several emitters were observed 

to fail during operation, resulting in localized cooling regions and nonuniform heat generation 

along the bar. The resulting spatial temperature variation produced a broadened and multi-peaked 

spectral distribution. This example is provided to illustrate the sensitivity of laser spectral behavior 

to temperature uniformity and emitter integrity.  
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Figure 3-19 (a) Laser spectra at 40 psig with narrow spectrum (B) laser spectra for the same bar 

at 20 psig pressure drop, shows a broad spectrum 

Brightness is defined as optical power per unit emitting area. As discussed previously, 

brightness can be increased by reducing bar-to-bar pitch (thereby increasing packing density), 

increasing optical output power, or increasing the number of emitters per bar. In this work, the bar-

to-bar pitch was reduced from the state-of-the-art value of approximately 1 mm to 0.39 mm using 

the interleaved immersion-cooled architecture. Figure 3-20 presents optical power versus 

brightness for 780 nm laser diode bars operating under interleaved immersion cooling compared 

to conventional state-of-the-art (SOA) backplane-cooled configurations. The reduced pitch 

combined with improved thermal performance enables substantially higher brightness at 

comparable optical power levels. 
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Figure 3-20 optical power versus brightness for the 780 nm bars operating with interleaved 

immersion cooling compared to traditional heat sinking 

The dashed “Immersion” curve exhibits a significantly steeper slope compared to the SOA 

curve, indicating that brightness increases more rapidly with optical power under immersion-

cooled operation. This improvement arises from two factors: reduced thermal resistance, which 

allows higher current operation without exceeding junction temperature limits, and decreased bar-

to-bar pitch enabled by the immersion architecture. Across the measured operating range 

(approximately 30–90 W optical power), the immersion-cooled bars achieve brightness values 

approaching 2.2 kW/cm², more than double the SOA configuration at comparable optical output. 

The nearly linear trend of the immersion curve demonstrates stable thermal behavior and confirms 

that brightness scaling is not limited by excessive junction heating within the tested regime. The 

separation between the two curves represents the effective performance margin enabled by the 

immersion-cooled design, highlighting its potential to surpass conventional thermal packaging 

limits while maintaining safe operating temperatures. 

Brightness results for coolant inlet temperatures of 10 °C and 20 °C are summarized in  

Table 3-6. At 10 °C inlet temperature, most junction temperatures remained below the 60 °C design 



80 

threshold. For comparison, a 780 nm state-of-the-art backplane-cooled bar operating at 171 W 

electrical input with 58% electro-optical efficiency produces approximately 100 W optical output, 

corresponding to a brightness of ~1 kW/cm² at a 1 mm pitch. Using the same diode bar in the 

immersion-cooled configuration with a reduced 0.390 mm pitch, a brightness of 2.14 kW/cm² was 

achieved at a pressure drop of 20 psig, representing a brightness ratio of approximately 2.2× 

relative to the state of the art. Table 4 shows the results for a 10 °C and 20 °C inlet case.  

Table 3-6 Experimental Test Results at Tinlet = 10 °C  

∆𝑷 (psi) 𝑷𝒐𝒑𝒕𝒊𝒄𝒂𝒍  (W) 𝑸𝒘𝒂𝒔𝒕𝒆 (W) 

Brightness  

(kW/cm2) 

𝒎̇  

(kg/min) 

𝑻𝒃𝒖𝒍𝒌 (°C) 
Brightness 

Ratio  𝑻𝒊𝒏 = 10 °C  

20 81 89 2.14 0.5 65.5 2.2 

40 84 86 2.22 0.8 57.0 2.2 

60 86 86 2.27 1.0 49.0 2.3 

80 85 87 2.24 1.2 47.0 2.3 𝑻𝒊𝒏 = 20 °C 

20 77 90 1.97 0.5 76.7 2.0 

40 79 90 2.03 0.8 69.0 2.0 

60 82 88 2.10 1.0 63.4 2.1 

80 83 87 2.13 1.1 61.8 2.1 

 

The best performance was obtained at a 10 °C inlet temperature, as the lower coolant 

temperature maintained junction temperatures below 60 °C at pressure drops exceeding 20 psig. It 

is important to note that these laser bars were operated without FAC, which likely introduced 

additional optical losses due to beam divergence prior to the first lens located approximately 10 

mm from the facet. Consequently, the reported brightness values may be conservative. 

Further reductions in junction temperature could be achieved through lower inlet 

temperatures or exploration of alternative dielectric fluids such as Nove 7200. Novec 7200 exhibits 
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lower viscosity and improved heat transfer characteristics compared to FC-3283, which may 

reduce pressure drop and enhance convective performance in future designs. 

3.4 Uncertainty Analysis 

The maximum absolute uncertainties associated with the measured and derived quantities 

are summarized in Table 3-7. A detailed description of the uncertainty analysis, including 

propagation of error using standard root-sum-square (RSS) methods, is provided in Appendix A. 

Table 3-7 Maximum reported uncertainties from the 780 nm laser diode testing  

Parameter  Max Uncertainty  

Current (A) ±0.519 

Voltage (V) ±0.011 

ΔP (psi) ±0.697 

ΔT (°C) ±1.80 

Laser Centroid (nm) ±1.0 

Laser FWHM (nm) ±1.0 

Bulk Temp (°C) ±4.53 

Mass Flow Rate (kg/min) ±0.009 

Electrical Power (W) ±1.41 

Optical Power (W) ±1.51 

Waste Heat (W) ±2.06 

Rth (K/W) ±0.03 

Inlet Temp (°C) ±1.27 

Outlet Temp (°C) ±1.27 

The reported values represent conservative combined standard uncertainties (1σ) that 

account for both random measurement repeatability and instrument accuracy limits. In comparison 
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to the earlier SiC test campaign, the uncertainty bounds reported here are larger. This increase 

reflects the use of conservative instrument specifications and facility-level calibration limits rather 

than performing dedicated recalibration immediately prior to testing. All assumptions and 

calculation methods are documented in Appendix A. 

3.5 Pulsed Power Experiments 

The modeling of pulsed laser operation was conducted as part of this work, while 

experimental pulsed testing builds upon prior efforts. The previous experiments were conducted 

under continuous-wave (CW) operation. However, pulsed operation is desirable for many 

applications due to the high peak power that can be achieved while maintaining lower average 

thermal loading. In pulsed operation, laser diodes emit light in short bursts rather than 

continuously, with pulse duration and repetition rate determined by application requirements. The 

peak power is the maximum power output that is achieved during a single pulse and is defined in 

equation 3-4 [127].  

𝑃𝑒𝑎𝑘 𝑃𝑜𝑤𝑒𝑟 = 𝑃𝑢𝑙𝑠𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦𝑃𝑢𝑙𝑠𝑒 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 3-5 

In pulsed laser operation, dynamic thermal effects can influence spectral behavior. One 

such phenomenon is chirp, defined as a time-dependent shift in emission wavelength during a 

pulse. Chirp is strongly influenced by transient temperature changes within the active region, as 

increases in junction temperature produce red-shifting of the emission wavelength. Effective 

thermal management is therefore critical not only for maintaining average temperature limits, but 

also for minimizing wavelength instability during pulsed operation. 

Following the immersion-cooled CW testing of the 780 nm laser diode, a pulsed 933 nm 

laser bar was evaluated under immersion-cooled conditions. Figure 3-21 presents the centroid 
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wavelength as a function of pulse number for a 933 nm device operating at 8 Hz, illustrating the 

spectral stability of the laser during repeated pulsed operation.  

 

Figure 3-21 Centroid wavelength as a function of laser pulses 

Laser chirp is observed as a shift in centroid wavelength during pulsed operation and is 

directly correlated with transient changes in junction temperature. At a pulse duration of 1 ms with 

no flowing coolant, the centroid wavelength increased progressively with pulse number, indicating 

cumulative heating of the active region. In contrast, when coolant was flowing at a 10 psig pressure 

drop, the 1 ms pulse condition exhibited minimal chirp and reached a steady-state wavelength 

rapidly. This demonstrates that immersion cooling effectively mitigates transient temperature rise 

between pulses. 

Increasing the pulse duration from 1 ms to 2 ms resulted in a higher centroid wavelength 

due to increased energy deposition per pulse. However, even at the longer pulse duration, chirp 

remained minimal under flowing conditions and steady state was reached quickly. These results 

indicate that an immersion-cooled pulsed laser diode can thermally behave similarly to a 



84 

continuous-wave (CW) diode operating at the same average power level. The average power of a 

pulsed laser is defined as 

𝑃avg = 𝑇𝑜𝑡𝑎𝑙 𝑃𝑢𝑙𝑠𝑒 𝐸𝑛𝑒𝑟𝑔𝑦𝑇𝑖𝑚𝑒 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙  3-6 

While pulsed lasers deliver energy intermittently at high peak power, their average power 

represents the sustained energy deposition over time. When thermal steady state is achieved 

rapidly and chirp is minimized, the junction temperature approaches that of a CW device operating 

at the same average power. Furthermore, immersion cooling significantly reduces the junction-to-

fluid temperature rise in pulsed operation compared to conduction-cooled and backplane-cooled 

configurations, as shown in Figure 3-22.    

 

Figure 3-22 Comparison of cooling techniques for pulsed laser diodes at 100 Hz, 1 ms pulse at 

200 W heat load (20 W avg power) 

This reduced thermal excursion limits wavelength instability and enhances spectral 

stability during high-peak-power operation. Because continuous-wave (CW) operation represents 

sustained, worst-case thermal loading, successful CW performance provides a conservative 

benchmark for pulsed applications operating at equivalent average power. If the device maintains 

acceptable junction temperatures and spectral stability under CW conditions, pulsed operation, 
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characterized by intermittent heating and recovery periods, will generally exhibit equal or 

improved thermal behavior. For this reason, CW testing was selected as a primary evaluation 

method for future research, as it provides a stringent thermal assessment while simplifying 

experimental control relative to high-peak-power pulsed operation. 

3.6 Limitations for a practical IIC high power laser system  

Previous work has shown that immersion-cooled laser diode bars can operate below 60 °C 

while achieving more than a twofold increase in brightness relative to the state of the art by 

reducing the SOA bar-to-bar pitch from 1 mm to 0.390 mm. In this architecture, microchannel 

coolers are interleaved between individual laser diode bars and immersed in a transparent, 

dielectric fluid circulating in a closed-loop system. Unlike conventional backplane-cooled arrays, 

where the available heat transfer area is intrinsically tied to bar spacing, this interleaved immersion 

approach decouples bar-to-bar pitch from heat transfer area, enabling enhanced thermal 

performance at substantially reduced spacing. 

3.6.1 Challenges  

Despite this demonstrated potential, several challenges must be addressed to enable 

commercially viable immersion-cooled laser diode arrays. The primary challenge is optical 

integration. Owing to the highly divergent emission of edge-emitting laser diodes, FACs must be 

positioned within a few hundred microns of the emitting facet. In densely packed, immersion-

cooled arrays, these optical elements necessarily occupy the fluid entrance region to the interleaved 

microchannels. As bar-to-bar pitch decreases, this geometric constraint can significantly restrict 

inlet flow area, resulting in elevated pressure drop and flow maldistribution within the cooling 

channels. 
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Scalability introduces an additional challenge. Practical laser systems typically incorporate 

multiple laser diode arrays within a single module, requiring robust fluidic routing and sealing 

between inlet and outlet regions while maintaining uniform cooling across all bars. Although 

immersion cooling has demonstrated promise at the single-bar and multi-bar level, the coupled 

effects of optical integration, inlet flow restriction, and plenum geometry on thermal performance 

have not been systematically evaluated. 

3.7 Specific Aims of this Study 

This study investigates the thermal performance of IIC laser diode devices incorporating 

optical lensing, with particular emphasis on the interaction between cooling architecture and 

emitter-level temperature nonuniformity. The primary objectives are to compare the thermal 

behavior of lensed and unlensed laser diode bars and to evaluate how lens-induced flow 

modification influences temperature distribution in distinct plenum geometries, along with the 

associated design tradeoffs. 

Although flow nonuniformity in microchannel cooling is often assumed to degrade 

performance, its direct impact on spatial temperature gradients and wavelength uniformity in 

immersion-cooled laser diode arrays has not been systematically quantified. In particular, while 

prior work have demonstrated high brightness in immersion-cooled architectures, there is currently 

a lack of peer-reviewed experimental data evaluating these systems under realistic optical 

integration constraints. No published work has quantified the thermal impact of FAC structures on 

plenum-fed microchannel flow distribution, nor directly compared lensed and unlensed 

configurations in immersion-cooled laser diode systems. Consequently, the relationship between 

plenum-induced flow modification, emitter-resolved temperature nonuniformity, and resulting 
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spectral behavior remains poorly understood. Addressing this knowledge gap is the central 

motivation of the present work.  

The central hypothesis of this work is that lens-induced flow modification in IIC 

architectures produces measurable, emitter-resolved temperature nonuniformity that can be 

quantified through spectral shifts and accurately captured using reduced-order thermal models. 

To test this hypothesis, this work combines experimental characterization and modeling of lensed 

and unlensed laser diode bars under controlled flow conditions. The specific aims of this study 

are provided in the following sections.  

• Specific Aim 1: Quantify the thermal and spectral differences between lensed and 

unlensed IIC laser diode bars under controlled operating conditions. This aim 

establishes a baseline understanding of how FAC optics influence device thermal 

behavior. Lensed and unlensed 940 nm QCW laser diode bars will be 

experimentally evaluated under laminar flow and low-power conditions to isolate 

flow-induced effects. Bulk temperature, spectral full-width at half maximum 

(FWHM), optical output power, and waste heat will be measured and compared. 

These results will provide the first direct experimental comparison of lensed and 

unlensed immersion-cooled laser diode systems. The outcome of this aim will 

include the identification of lens-induced changes in bulk thermal performance and 

spectral characteristics, enabling controlled comparison for model development 

• Specific Aim 2: Resolve emitter-level temperature nonuniformity via spatially 

resolved spectral measurements. To directly correlate flow behavior to thermal 

gradients, emitter-resolved spectra will be collected across the laser bar for both 

lensed and unlensed configurations. The centroid wavelength of each emitter will 
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be mapped and used as a proxy for local temperature. By comparing unlensed and 

lensed conditions, this aim isolates the thermal impact of flow redistribution caused 

by FAC integration. The outcome of this aim will include quantitative maps of 

emitter-level temperature wavelength spread, establishing a direct relationship 

between flow nonuniformity and spectral behavior. 

• Specific Aim 3: Develop and validate reduced-order thermal models capturing 

flow-induced temperature nonuniformity in IIC architectures. Reduced-order 

models will be developed to capture the coupled thermal–fluid behavior with 

minimal computational cost, incorporating experimentally observed flow 

nonuniformities and evaluated against measurements of bulk temperature and 

emitter-level wavelength distributions. Model performance will be assessed with 

particular attention to their ability to capture FAC-induced flow perturbations. The 

outcome of this aim is to validate the reduced-order modeling approach for 

predicting temperature nonuniformity and spectral spread in immersion-cooled 

laser diode arrays, and to identify any limitations that would necessitate higher-

fidelity modeling in future work. 

• Specific Aim 4: Evaluate performance scaling and define design tradeoffs for high-

brightness IIC systems. Building on experimental and modeling insights, higher 

power QCW laser diode bars (940 nm, ~351 W optical output, extended cavity 

length) will be analyzed to assess brightness scaling beyond previously 

demonstrated limits (~2.1 kW/cm²), both with and without FAC integration. In 

contrast to prior low-power, low-flow conditions, these devices will be operated at 

higher power and increased flow rates to demonstrate enhanced brightness 
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performance and more representative operating conditions. The impact of FAC 

structures on thermal performance, flow distribution, and spectral uniformity will 

be evaluated to quantify performance differences and associated tradeoffs. The 

outcome of this aim is to characterize system-level performance at elevated 

operating conditions, identify key limitations, and define pathways for future work 

toward increased technology readiness levels (TRL). 
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Chapter 4: Methods  

To address the unresolved relationship between plenum geometry, flow distribution, and 

emitter-level thermal behavior, a combined experimental and modeling framework was developed. 

This chapter describes the test configurations, plenum geometries, microchannel architectures, and 

optical integration strategies investigated, along with the hydraulic modeling and thermal analysis 

approaches used to interpret the data. By integrating experimental measurements with validated 

flow-network and porous-media models, this work seeks to relate inlet structure and lens-induced 

restrictions to flow uniformity, temperature gradients, and spectral performance in immersion-

cooled laser diode arrays. 

4.1 Experimental Set up  

The experimental setup was designed with scalability in mind, addressing practical 

constraints in manifold architecture, laser diode selection, microchannel geometry, fluid 

compatibility, and test facility integration to ensure relevance to high-power, densely packed laser 

diode arrays. 

4.1.1 Manifold Design  

4.1.1.1 Scalable Architecture Framework 

Prior to fabrication of the experimental manifold, a conceptual design study was conducted 

to evaluate a scalable architecture representative of a commercially viable immersion-cooled laser 

diode package. Establishing this framework was necessary to ensure that the experimental 

configuration reflected realistic electrical, optical, and thermal integration constraints encountered 

in practical high-power systems. 

In commercial applications, laser diode bars are typically arranged in electrically series-

connected stacks, with the number of bars per stack limited by allowable voltage drop, generally 
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on the order of ~2 V per bar. Depending on system requirements, a stack may contain only a few 

bars or more than 40 bars [13]. To achieve higher optical brightness, multiple stacks are then 

arranged and packaged into two-dimensional arrays of stacks. Minimizing the spacing between 

adjacent stacks increases packing density and overall system brightness, but simultaneously 

imposes constraints on cooling access, manifold routing, and plenum design. 

In conventional air-cooled or backplane-cooled architectures, several millimeters of 

spacing are typically required between bar stacks to mitigate the risk of electrical arcing. In 

contrast, immersion-cooled systems employ dielectric fluids with electrical breakdown strengths 

significantly higher than air, enabling reduced stack-to-stack spacing and increased packing 

density. However, even in immersion-cooled configurations, sufficient clearance must be 

maintained to ensure adequate fluid access to the inlet plenum supplying the interleaved 

microchannel coolers. The simultaneous accommodation of electrical isolation, fluid delivery 

pathways, structural support, and optical access within a compact package introduces substantial 

design constraints. These constraints are compounded by material thickness requirements and 

manufacturability considerations. Rather than attempting to isolate each stack within an individual 

compact fluidic module, a more scalable and practical solution is the use of a shared manifold 

capable of housing multiple bar stacks within a unified cooling structure. A conceptual design of 

such a manifold-based architecture is presented in Figure 4-1. 
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Figure 4-1 Conceptual design of manifold for an immersion cooled laser bar array 

This conceptual immersion-cooled package consisting of a 3 × 3 two-dimensional array of 

40-bar stacks incorporating FAC optics. Each vertical stack contains electrically series-connected 

laser diode bars separated by conductive spacers that enable current flow between the positive and 

negative terminals. Vertical structural spacers also provide mechanical support and lens clamping 

capability. Fluid outlet ports are located on the backside of the assembly and are fabricated from 

electrically nonconductive materials. A gasket separates the inlet and outlet regions to prevent 

leakage and maintain electrical isolation. 

On the light-emitting side, the inlet region is fully immersed in dielectric fluid. Coolant 

enters from the front face, flows across the laser facets and FAC optics, and is then directed into 

the interleaved microchannel coolers beneath each bar before exiting through the rear outlet ports. 
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This front-fed configuration is intended to distribute coolant uniformly to each bar while 

preserving electrical isolation and optical access. 

It is important to emphasize that Figure 4-1 represents a conceptual scalability model rather 

than a finalized commercial package. Its purpose is to demonstrate how immersion-cooled stacks 

could be arranged in a dense two-dimensional array while maintaining fluid access, electrical 

connectivity, and optical integration. Under the assumption of periodicity and nominally uniform 

flow, a single bar can be treated as a representative unit cell. This allows experimental 

characterization and modeling to be performed on a single device while capturing the dominant 

thermal and hydraulic behavior of the full array. 

4.1.1.2 Experimental Manifold Implementation 

Based on this scalable architecture, the previously developed experimental manifold 

(Figure 4-2) was adapted with minimal modifications. These updates allowed accommodation of 

higher-power laser bars and incorporation of a lensed inlet restriction. Maintaining identical 

thermocouple locations and pressure measurement ports across configurations ensures that 

observed differences in thermal and hydraulic performance are attributable solely to the presence 

of optical elements and associated inlet restrictions, rather than changes in instrumentation or 

boundary conditions. 
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Figure 4-2 Manifold used for prior testing 

4.1.1.3 Optical Integration and Clamp Redesign  

The laser diode bar is secured within the manifold using a PEEK clamping plate that 

compresses a gasket to prevent fluid bypass. The clamp implemented in this study is a modification 

of the original design. In the previous configuration, the clamp contained only a central opening 

that allowed coolant to flow directly toward the laser facet and into a converging entrance region 

leading into the microchannels. 

To integrate FAC, the clamp was redesigned to accommodate a monolithic FAC array 

fabricated by PowerPhotonic (Figure 4-4). The FAC requires a fixed back focal length (BFL) of 

0.5 mm relative to the laser facet. This optical constraint defines the minimum clearance between 

the emitting surface and the lens and therefore governs the geometry of the inlet cavity formed 

within the clamp. The modified clamp incorporates symmetric side inlet ports upstream of the 

FAC region. Coolant enters through these ports, fills the cavity surrounding the FAC and laser 

facet, and then executes a 90° turn into the microchannel array beneath the bar. As a result, the 

clamp now defines both the optical clearance region and the fluid inlet plenum. 
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Figure 4-3 Monolithic 5 bar lens array designed and build by Powerphotonic in part of the lens 

holder 

The selected BFL of 0.5 mm lies toward the upper end of typical FAC values (commonly 

100–200 µm). This provides greater fluid access than many tightly integrated optical systems 

would permit. Microchannel configurations capable of accommodating more restricted, lensed 

geometries within these few hundred microns are discussed in Section 4.1.2.  To isolate thermal–

fluid behavior from optical alignment complexity, the primary experiments in this dissertation 

were conducted under low-power, low-flow conditions using a surrogate fused-silica (FS) window 

in place of a FAC. Although the planar window introduces back reflections and etalon effects, 

anti-reflective (AR) coatings were applied to both the FS window and the FAC to mitigate them 

(see Appendix F for details). Complementary high-power, high-flow experiments were then 

performed with a FAC in place to achieve brightness enhancement through lensing, demonstrating 

proof-of-concept under application-relevant conditions. 
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Figure 4-4 Cross sectional schematic of the laser diode bar, fluid zones, and lenses 

 

4.1.1.4 Baseline vs Lensed Flow Path  

In the baseline (unrestricted) configuration, coolant enters a large upstream reservoir 

(“fishtank”) before executing a U-turn into the microchannel array. The effective entrance area 

corresponds to the channel array footprint (10 mm × 0.4 mm), resulting in relatively low inlet 

velocity and Reynolds number. Under these conditions, flow maldistribution is not a dominant 

concern. 

The integration of optical elements fundamentally alters this inlet boundary condition. 

With the lens assembly installed, coolant enters through two symmetric side ports (1.5 mm wide), 

travels approximately 1 mm, and then executes a 90° turn into a constrained plenum region before 

entering the microchannels as shown in Figure 4-5. The reduced entrance area and additional 

turning introduce contraction and acceleration effects that may promote nonuniform flow 

distribution. 
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Figure 4-5 Schematic of flow path (a) the laser diode clamp mounted to the fluid inlet port and 

lens holder (b) Top-down view of the fluid pathway into the microchannel coolers after addition 

of lens 

The inlet plenum geometry depends on whether an inlet cutback is present in the 

microchannels. Without a cutback, the plenum width at the entrance is 0.5 mm; with the cutback, 

this increases to 1.0 mm. The inlet port height through the lens assembly is 0.655 mm, while the 

downstream plenum height is approximately 1 mm. To prevent interference between the divergent 

laser beam and the plenum structure, a 35° chamfer was machined into the plenum roof (Figure 

4-6). This optical clearance requirement necessitates a plenum height greater than the vertical pitch 

of the emitters. 
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Figure 4-6 Schematic of the laser diode manifold. Cooling fluid enters through inlet ports on both 

sides, while electrical current is delivered to the bar via pogo pins in the terminals. The laser diode 

bar is clamped between gold-plated copper clamps that also serve as current carriers, and the 

assembly is secured within the manifold by a retainer that holds the lens. The retainer includes two 

flow ports on each side to allow coolant passage. Pressure and thermocouple ports are located 

upstream and downstream, and the manifold front together with the lens form a sealed fluidic 

interface. 

Upstream and downstream instrumentation was preserved from the baseline configuration. 

Coolant enters the upstream reservoir through two 8 mm diameter ports. The inlet pressure tap is 

located within the reservoir upstream of the microchannel entrance, and the outlet pressure tap is 

positioned 85.4 mm downstream of the channel exit. The inlet thermocouple is located 19.48 mm 

downstream of the reservoir inlet port, and the outlet thermocouple is positioned 32 mm 

downstream of the microchannel exit. 

Because the FAC position and clamp geometry are dictated by optical integration 

requirements, the inlet plenum dimensions cannot be independently optimized for fluid 

distribution. To assess hydraulic tradeoffs, the inlet region upstream of the 90° turn was varied 
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between 1 mm, 1.5 mm, and 2 mm in width. These variations enable evaluation of pressure drop, 

fluid access, and spacing constraints between adjacent bars or stacks.  

While future design modifications may further expand inlet accessibility, the present study 

intentionally evaluates flow behavior under realistic optical clearance constraints representative of 

practical laser diode integration. In subsequent sections, modified microchannel geometries are 

introduced to increase effective inlet area without altering the FAC position. Such approaches may 

provide a viable pathway for immersion-cooled architectures incorporating smaller back focal 

length (BFL) optics, where fluid access becomes even more restricted. The implications of these 

geometric modifications on hydraulic and thermal performance are examined in detail later in this 

chapter. 

4.1.1.5 Fluid Selection  

At the operating wavelength near 940 nm, both Novec 7200 and FC-3283 exhibit low 

optical absorption, with the measured absorptivity of FC-3283 remaining below the noise floor 

across the tested wavelength range. Although Novec 7200 offers favorable thermophysical 

properties, including lower viscosity and improved heat transfer performance [125, 126]. FC-3283 

was selected for the present experiments due to its consistently minimal optical absorption and its 

established use in prior immersion-cooled laser diode testing. 

4.1.2 Laser Diode Selection and Microchannel Design  

Two types of microchannel heat sinks were fabricated for this study. Each device consists 

of parallel rectangular microchannels fabricated in 10/90 CuW to a depth of 370 µm, leaving a 130 

µm thick floor beneath the channels. In one test section, a 0.5 mm inlet cutback was introduced, 

such that the front portion of the channels was removed and only the solid floor remained in this 

region. Each microchannel heat sink was bonded to a 938 nm laser diode bar supplied by TRUMPF 
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and rated for operation up to 360 A. Figure 4-7 shows front and side views of the bonded 

assemblies, and the channel geometries are provided in Table 4-1. 

 

Figure 4-7 (a) A 938 nm laser diode bar is bonded to a microchannel heat sink and clamped 

between gold-plated copper for integration into the manifold. (b) Side profile of the laser diode 

bar showing the cutback of the microchannels beneath the facet. 

The inlet cutback was introduced to investigate both hydraulic and thermal effects 

associated with modifying the channel entrance region. First, removing the initial 0.5 mm of 

channel depth reduces the effective flow resistance at the channel entrance and increases the inlet 

plenum area, which is expected to reduce overall pressure drop. A common design heuristic in 

microchannel systems is to maintain comparable inlet plenum area and total channel flow area in 

order to promote balanced flow distribution. By increasing the plenum cross-sectional area relative 

to the channel entrance area, the cutback configuration may reduce entrance losses and improve 

flow uniformity among channels. 
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Second, removing the fin structure beneath the front facet alters the local heat transfer 

pathway. The cutback eliminates one fin directly beneath the leading edge of the emitting region, 

which may influence local heat spreading and axial temperature gradients near the channel 

entrance. This modification allows assessment of whether increased plenum volume improves 

flow distribution sufficiently to offset any potential reduction in local convective surface area. 

In addition to these hydraulic and thermal considerations, the cutback geometry may 

provide a more feasible pathway for immersion-cooled laser systems that require FACs with 

shorter back focal lengths on the order of a few hundred micrometers. In such tightly integrated 

optical configurations, the available inlet clearance becomes even more restricted. Increasing 

plenum accessibility through a cutback design may therefore be necessary to maintain acceptable 

pressure drop and flow distribution under more aggressive optical constraints. Microchannel 

average (AVG) geometries and standard deviations (STD) are presented in Table 4-1. 

Table 4-1 Microchannel Geometries  

 𝑊ch 𝑊f 𝐻ch 𝐻sub 

AVG 55.90 88.38 370.05 503.24 

STD 2.14 3.042 13.62 2.96 

 

For each test section design, microchannels with a nominal width of 60 µm, fin width of 

86 µm, and channel height of 400 µm were selected for the experimental study. Following 

fabrication, the measured channel width was 56 µm with a corresponding fin width of 88 µm, 

while the channel length was 4.5 mm. These deviations from the nominal design dimensions are 

attributed to fabrication tolerances and are accounted for in the subsequent experimental analysis 

and modeling (Appendix A). 

The microchannel geometry was selected based on multiple design considerations. Initial 

thermal–fluid simulations were performed prior to fabrication to determine the required flow rates 



102 

and channel dimensions necessary to dissipate approximately 300 W of heat generated by the 

selected 933 nm laser diode bar. In addition, the channel geometry was informed by considerations 

of flow distribution within the inlet plenum. From first principles, flow uniformity in parallel 

microchannels improves when pressure losses are dominated by the channels rather than the inlet 

region, which is facilitated by providing a sufficiently large inlet cross-sectional area relative to 

the total channel cross-sectional area. This design guideline is commonly applied to promote 

uniform flow distribution in manifold-fed microchannel systems [61]. 

In the present design, optical integration constraints limited the available inlet area, and 

this condition could not be fully satisfied. Channel widths and heights were therefore selected to 

minimize the ratio of total channel cross-sectional area to inlet area while still providing adequate 

heat dissipation. Additionally, the microchannels were designed such that a fin is positioned 

directly beneath each laser emitter to enhance local heat removal, which further constrained the 

allowable channel width, fin width, and pitch. A submount thickness of 500 µm was chosen based 

on initial CFD simulations to enable the fabrication of higher aspect ratio channels, which are more 

effective at dissipating the high heat fluxes generated by the 933 nm bars operating in continuous 

wave (CW) mode. At a 370-400 µm channel height the higher aspect ratio channels, defined by a 

greater channel height relative to their width, increase the surface area available for heat transfer 

between the channel walls and the coolant. This enhanced surface area improves convective heat 

transfer, resulting in lower thermal resistance and more efficient removal of heat from the device.  

Given the back focal length (BFL) of 0.5 mm for the laser diode, which determines the 

plenum entrance length, the ratio of total channel area to inlet area (Ain/Ach) was calculated to be 

approximately 0.25. Since optimal flow distribution is achieved when this ratio approaches unity, 

meaning the total channel area should be less than or equal to the inlet area, a 0.5 mm cutback was 
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introduced beneath the microchannels to increase the inlet area. This modification improved the 

ratio to 0.62.  

A larger cutback length was not implemented due to thermal constraints. Extending the 

cutback beyond 0.5 mm would remove additional fin structures beneath the front facet region, 

which corresponds to one of the highest heat-generation zones of the bar. Eliminating too much 

convective surface area in this region could increase local temperatures and exacerbate axial 

temperature gradients, potentially degrading spectral stability and device reliability. Accordingly, 

a 0.5 mm cutback was selected as a conservative design point that balances improved inlet 

accessibility and reduced pressure drop with sufficient fin support to maintain effective local heat 

extraction. 

4.1.3 Test Facility  

All experiments were conducted in the same fluidic and optical test facility introduced 

previously and shown in Figure 4-9. The experimental manifold was installed within a closed-loop 

fluidic test system designed for immersion-cooled laser diode characterization. 

The working fluid, FC-3283, was circulated using a Micropump GC-M25.JF5S.E gear 

pump, with temperature regulated to 10 °C via a liquid-cooled chiller. Downstream of the heat 

exchanger return (HXR), a CAT Pumps 701522 pulsation damper-maintained system 

pressurization and suppressed flow oscillations. The fluid passed through a 30 nm pore-size nylon 

filter prior to entering the manifold from the facet side of the device. 

Pressure upstream and downstream of the microchannels was monitored using Omega 

PX409-100GI pressure transducers, and the pressure drop across the array was measured using a 

Dwyer 645-6 differential pressure gauge. Inlet and outlet fluid temperatures were measured with 
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OMEGA SCPSS-125G-6 Thermocouples. Mass flow rate was measured using a RHEONIK 

RHM06GNT(P) Coriolis flow sensor. 

For high-current laser operation in this phase of testing, electrical power was supplied using 

a TDK-Lambda Genesys 5 kW programmable power supply (10 V, 500 A), enabling operation of 

high-current continuous-wave laser diode bars. Power was delivered through pogo-pin electrical 

contacts integrated into the manifold assembly. 

 

 

Figure 4-8 Test Facility Diagram from previous laser diode IIC  project includes a flow loop 

with mass flow rate and temperature control as well as power supply, optical train, and power 

meter to obtain laser spectrum data which is collected and analyzed in LabVIEW. 

The optical train configuration remained consistent with that described previously. After 

propagating through approximately 10 mm of dielectric fluid, the emitted beam passed through 

two Newport KPX178AR-16 plano-convex lenses followed by a third plano-convex lens 

(LA1238-B) for beam conditioning. Optical power was measured using a Gentec-EO CW thermal 
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power meter, and spectral measurements were obtained using an Ocean Optics HR4000 

spectrometer. 

Data acquisition was performed using a National Instruments CompactRIO-9065 system. 

Analog signals from pressure, temperature, and flow sensors were recorded using NI-9207 and NI-

9212 modules, while serial devices were interfaced through an NI-9870 communication module. 

All measurements were synchronized and processed in LabVIEW. 

4.2 Experimental Testing  

Flow rates for the experiments were selected based on Reynolds numbers calculated for 

the restricted inlet plenum regions. To facilitate straightforward model validation, the low-power 

experiments were conducted such that flow within the inlet plenum remained within the laminar 

regime, with Reynolds numbers maintained below 2300. The lower bound for the investigated 

flow rates was determined by the minimum achievable pump RPM, resulting in experimental flow 

rates of 0.175 kg/min, 0.225 kg/min, and 0.275 kg/min. The hydraulic diameter of the inlet regions 

of each geometry as well as the microchannels is calculated using the equation 4-1 for hydraulic 

diameter.  

𝐷ch = 4𝐴𝑐𝑃  4-1 

 

Where 𝐴𝑐 is the cross-sectional area of the channels and 𝑃 is the wetted perimeter. The hydraulic 

diameter of the microchannels is 97 µm where as the no-cutback and cutback configurations had 

a hydraulic diameter of 667 µm and 685 µm, respectively. These hydraulic diameters were used 

to calculate the Reynolds number for the microchannels as well as the entry regions in each 

configuration using the equation 4-2.   
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𝑅𝑒 =  𝜌𝑢𝐷ℎ𝜇  

 

4-2 

Where 𝜌 is the fluid density, 𝑢 is the velocity in the microchannels and 𝜇 is the dynamic viscosity 

of the fluid. For Reynolds number calculations, temperature depending on properties of the fluid 

were used at a inlet temperature of 10 °C. For both the cutback and no cutback configurations the 

Reynolds number at the highest flow rate tested in the low power tests remained in the laminar 

flow regime at 0.275 kg/min was approximately 1718. For the microchannel array, based on the 

flow rates tested, mass flow is split between a total of 68 channels and the Reynolds number is 

calculated based on the inlet channel velocities for each flow rate. For the experiments the 

Reynolds number of the channels ranged from 113 to 178. These Reynolds numbers in the channel 

are well within the laminar regime.  

For higher-power tests conducted to demonstrate increased brightness operation, the total 

system flow rate was increased to approximately 1 kg/min. At these elevated flow rates, the flow 

within the inlet plenum transitions toward turbulent for both the no-cutback and cutback 

configurations, reaching Reynolds numbers of approximately 4684 and 6246, respectively. 

However, despite the turbulent flow within the inlet plenum, the Reynolds number within each 

microchannel remained below approximately 650, which still lies within the laminar regime due 

to the small hydraulic diameter of the channels.  

Based on these Reynolds numbers and the calculated hydraulic diameter of the channels, 

the hydrodynamic entrance length was calculated using equation 4-3 𝐿h = 0.05𝑅𝑒𝐷h 4-3 
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This entry length was calculated to be in the range of approximately 0.55–0.86 mm, while the 

thermal entrance length ranged from approximately 16–25 mm, which is calculated using the 

following equation 4-4. 𝐿t = 0.05𝑅𝑒𝐷h𝑃𝑟 4-4 

Where the Prandtl number is a dimensionless parameter that represents the ratio of momentum to 

thermal diffusivity and is defined in equation 4-5.  

𝑃𝑟 = 𝜇𝑐𝑝𝑘  4-5 

Where 𝑐𝑝 is the specific heat capacity of the fluid and 𝑘 is the thermal conductivity.  

Since the channel lengths were several millimeters long, the flow is expected to become 

hydrodynamically developed relatively early in the channel, while remaining thermally developing 

over a significant portion of the channel length. This is important since developing thermal 

boundary layers can produce locally enhanced heat transfer coefficients near the channel inlet 

region, these effects are explored further in section 4.3. 

Two types of experiments were conducted: one set focused on measuring the pressure drop 

across each test section, while the other set was dedicated to collecting heat transfer data. Pressure 

drop measurements were taken at flow rates of 0.175 kg/min, 0.225 kg/min, and 0.275 kg/min, 

each tested at fluid temperatures of 10°C, 15°C, and 20°C, respectively. For the heat transfer 

experiments, the laser was operated starting at its threshold current and incrementally increased up 

to 70 A. At each current increment, by-emitter spectra, total laser spectra, fluid inlet and outlet 

temperatures, flow rates, and pressure drop data were recorded. 

To ensure safe operation and avoid overheating of the laser at these lower flow rates tested, 

the electrical power supplied to the laser was reduced. The maximum current applied was 70 A, 

chosen to maintain the operating centroid wavelength within 10 nm of the nominal 938 nm. This 
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precaution was necessary because an increase in wavelength correlates with a rise in laser 

temperature, which could risk device failure. The minimum current tested was 50 A, which is 

above the threshold current of ~30 A required for lasing. 

For the laser diode testing, by-emitter data was collected at various drive currents ranging 

from 55 A to 70 A, in 5 A increments. At each current, the wavelength of each emitter as well as 

the bulk laser temperatures were recorded. This data enabled the extraction of the full width at half 

maximum (FWHM) and, most importantly, the centroid wavelength of each emitter. By mapping 

the centroid wavelength across all emitters, a relative temperature profile of the device can be 

constructed. The bulk laser temperature was determined from the overall emission spectrum. 

A wavelength temperature coefficient of 0.3°C/nm was assumed to convert centroid 

wavelength shifts to temperature changes, which is a typical value for these devices. Although a 

specific coefficient was not provided by the manufacturer, the value is not expected to deviate 

significantly (potentially as low as 0.26°C/nm); this uncertainty was included in the error analysis 

(Appendix A). Four different geometries were tested: 

1. No cutback, no lens 

2. No cutback, with lens 

3. Cutback, no lens 

4. Cutback, with lens 

For the unrestricted cases, the Reynolds number entering the microchannels at the low flow 

rates used is estimated to be <200 given in Table 4-2. Under these conditions, it is reasonable to 

assume that the mass flow rate is evenly distributed among the channels, resulting in uniform 

emitter temperature profiles. Furthermore, CFD simulations were performed to examine inlet flow 

behavior upstream of the porous-media channel region within the manifold (“fishtank”) area. 
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Evaluation of the velocity distribution entering the porous-media section showed variation within 

approximately 1.7% at a flow rate of 0.175 kg/min. This small deviation supports the assumption 

of nearly uniform channel flow at these low flow rates. Based on these assumptions, any centroid 

wavelength profile obtained in these cases reflects the baseline scenario without flow 

maldistribution. 

Table 4-2 Reynolds numbers in inlet plenums of different channel and plenum configurations  

 
No Cutback No 

Lens 
No Cutback Lens Cutback No Lens Cutback Lens 𝑚̇ Re 𝑢in (m/s) Re 𝑢in (m/s) Re 𝑢in (m/s) Re 𝑢in(m/s) 

0.175 194 0.0262 1093 1.574  194 0.393 820 1.149 

0.225 251 0.0338 1405 2.023 251 0.506 1054 1.477 

0.275 306 0.0075 1718 2.473 306 0.619 1288 1.805 

4.2.1 Methods for Analyzing Results 

When the lens is introduced, flow maldistribution may occur due to the added fluidic 

resistance. By comparing the emitter centroid wavelength profiles between restricted and 

unrestricted cases, the effects of flow maldistribution on the thermal and spectral characteristics of 

the device can be assessed. Specifically, the difference (delta) between the emitter centroid 

wavelength profiles with and without restriction quantifies the impact of the restriction on the 

spectral output, which is directly related to flow distribution. 

Additionally, the difference between the highest (middle) and lowest (edge) emitter 

centroid wavelengths within each test condition (restricted and unrestricted) provides an indication 

of the temperature spread across the emitters. This metric serves as a useful indicator of the degree 

of thermal non-uniformity resulting from flow maldistribution. 
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Regarding device reliability, it should be noted that the lasers used in this study were not 

subjected to a traditional burn-in process. Burn-in is a procedure in which a laser diode is operated 

continuously, typically for at least 8 hours, to stabilize its performance and identify early-life 

failures. In this case, the lasers were operated at relatively low power and for short durations (30 

minutes to one hour per test), with ample cooling periods between runs. This limited operation 

time, combined with the low current levels, significantly reduced the thermal and operational stress 

on the devices. The primary reason for omitting burn-in was time constraints. While skipping burn-

in can increase the risk of encountering early-life failures, the conservative operating conditions 

employed in this study mitigate this risk to some extent. Future work should consider including a 

burn-in phase to further ensure device reliability. 

4.3 Modeling Approach  

To balance computational cost with physical fidelity, a hierarchy of models was employed. 

A one-dimensional (1-D) hydraulic resistance network was first used to estimate pressure drop and 

flow distribution trends for the baseline, unlensed configurations under low-inertia conditions. For 

lensed configurations, where inlet contraction and turning effects become more significant, a CFD-

based porous media model was implemented to approximate bulk flow redistribution and evaluate 

potential flow maldistribution. The velocity distributions obtained from the porous media 

simulations were then used to inform a three-dimensional (3-D) unit-cell model to extract effective 

convective heat transfer coefficients. These coefficients were subsequently applied within a full 3-

D conjugate heat transfer model to quantify emitter-level temperature gradients resulting from 

nonuniform flow distribution. This multi-tiered modeling strategy allows progressive 

incorporation of physical detail while maintaining tractable computational requirements. 
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4.3.1 1D Resistance Network Setup 

A reduced-order, one-dimensional hydraulic model was developed to estimate the pressure 

drop across the microchannel heat sinks. The model assumes steady, incompressible, single-phase 

flow of a Newtonian liquid coolant and uniform flow splitting among 𝑁identical parallel channels. 

The total mass flow rate is prescribed from experimental measurements and is divided evenly 

among the channels. 

Temperature-dependent fluid properties were incorporated by evaluating the coolant 

viscosity and density at the measured operating temperature using correlations fit to manufacturer 

datasheet values. This approach ensures that variations in fluid properties with temperature are 

reflected in the predicted pressure drop. 

Each microchannel was modeled as a rectangular duct characterized by its width, height, 

and length. The noncircular geometry was represented using the hydraulic diameter given in 

equation 4-1. Fully developed laminar viscous losses were computed using a Poiseuille-type 

internal flow formulation expressed in terms of the hydraulic diameter and fluid viscosity. The 

laminar friction factor was assumed to follow the classical Poiseuille relation, 

𝑓 = 64𝑅𝑒 4-6 

and the distributed pressure drop was evaluated using the standard internal-flow pressure-drop 

expression. 

In addition to distributed viscous losses, localized pressure losses associated with flow 

development and geometric contraction at the channel entrance were included using conventional 

minor-loss coefficients of the form [76] 

∆𝑃minor = 𝐾total 𝜌𝑢in22  4-7 
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Where 𝑉is the mean channel velocity and 𝐾represents entrance or contraction losses. The 

minor-loss coefficients were calculated from geometry-dependent correlations provided in [76], 

based on the contraction ratio and inlet configuration at each operating condition. These local 

losses were evaluated at each operating condition and added to the distributed channel pressure 

drop to obtain the total pressure drop across the microchannel heat sink. 

Channel pressure drop was modeled using a laminar (Poiseuille-type) viscous term together 

with entrance and contraction minor losses. Minor losses were incorporated as equivalent linear 

resistances evaluated at the nominal per-channel mass flow rate, while viscosity and density were 

treated as temperature-dependent properties, 𝜇(𝑇)and 𝜌(𝑇). This linearized formulation enables 

direct comparison with experimental data while retaining the dominant physical contributions to 

pressure drop. 

Δ𝑃 = 32𝜇(𝑇)𝐿ch𝑚̇𝐷ch2 𝐴ch𝜌(𝑇) + (𝐾e + 𝐾c)𝑚2̇2𝜌(𝑇)𝐴ch2  4-8 

Because the microchannel heat sink is represented as a one-dimensional hydraulic 

resistance network, pressure variations are resolved only along the primary flow direction. The 

model includes per-channel resistances and therefore captures maldistribution arising from 

differences in hydraulic resistance between channels. However, the formulation assumes 

negligible inertial effects and does not resolve multidimensional pressure gradients, flow turning, 

or developing-flow behavior within the inlet plenum. 

Under conditions where Reynolds numbers remain low, this approach provides reasonable 

estimates of overall pressure drop and first-order channel-to-channel flow variation. However, in 

the lensed configurations examined in this work, the constrained inlet geometry increases local 

velocities and Reynolds numbers within the plenum. These inertial effects introduce momentum 

redistribution that cannot be represented within a purely resistive framework. As shown in Figure 
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4-9, the one-dimensional model predicts only minor variation in channel mass flow rate, indicating 

that hydraulic resistance differences alone do not explain the flow behavior observed 

experimentally. Consequently, higher-fidelity modeling approaches are required to capture 

plenum-driven maldistribution. 

 

Figure 4-9 Example of predicted per-channel mass flow rate obtained from the one-dimensional 

hydraulic resistance network including inter-channel gap resistances 

4.3.2 3D CFD Porous Media Model Set Up 

The full microchannel array was modeled using a porous-media formulation in COMSOL 

Multiphysics to efficiently capture the hydraulic resistance of the channels while resolving 

momentum-driven effects in the inlet plenum (Figure 4-10). The Porous media array represents 

the fluid flow pathway when a lens is placed on the device (see Figure 4-5) and the inlet channels 

become blocked from fluid flow. The inlet plenum is modeled as laminar flow and the channels 

are modeled as a porous block.  

 



114 

 

Figure 4-10 (a) Porous media model with boundary conditions (b) Velocity map of porous 

media model showing momentum effects in plenum 

The porous domain represents the ensemble behavior of the parallel microchannels and is 

coupled to a free-fluid Navier–Stokes region describing the inlet and plenum flow. The porosity 

of the porous region, 𝜀𝑝, was defined as the ratio of the open flow area to the total cross-sectional 

area of the porous block. Because the porous domain height corresponds to the channel height and 

no flow occurs through the solid floor beneath the channels, the porosity simplifies to 

𝜀𝑝 = 𝑁ch𝑊ch𝑁ch𝑊ch + (𝑁ch − 1)𝑊f 4-9 

Where 𝑁𝑐ℎis the number of channels, 𝑊𝑐ℎ is the channel width, and 𝑤𝑓is the fin width. The 

permeability was derived from laminar internal flow theory for parallel channels and expressed in 

terms of the hydraulic diameter. Using a Poiseuille-type formulation, the permeability is given by 

𝐾p = 2𝐷ch2𝑃𝑜  4-10 

Where 𝐷ℎis the hydraulic diameter of an individual channel and 𝑃𝑜 is the Poiseuille 

number corresponding to fully developed laminar flow. 
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4.3.2.1 Anisotropy and Governing Equations 

Because transport in microchannels is strongly directional, the porous domain was modeled 

as anisotropic. The streamwise permeability was defined by 4-6, while transverse permeabilities 

were assigned small nonzero values (10⁻¹⁵–10⁻¹⁷ m²) to suppress unphysical lateral flow while 

maintaining numerical stability. Sensitivity studies confirmed negligible impact of transverse 

permeability within this range. This treatment is consistent with established porous-media 

modeling practices [94], [95]. 

Given channel Reynolds numbers on the order of 𝑅𝑒 ∼ 100, the porous region was 

modeled using the Brinkman formulation, which extends Darcy’s law by including viscous 

diffusion. An inertial resistance coefficient 𝐶𝑓was also included to account for moderate non-

Darcian effects. Calibration against experimentally measured pressure drop yielded 𝐶𝑓 = 0.06, 

which was used for all simulations. Importantly, inertial effects associated with inlet turning, 

contraction, and jetting are fully resolved in the upstream free-fluid Navier–Stokes region, while 

the porous model captures the bulk hydraulic resistance and average flow redistribution within the 

channel array. The effective viscosity in the Brinkman diffusion term was set equal to the dynamic 

viscosity of the working fluid. Although some formulations scale viscosity by porosity [113] use 

of the fluid viscosity has been shown to provide improved agreement with experimental pressure-

drop data in channelized porous structures and is commonly adopted in engineering simulations. 

4.3.2.2 Geometric Simplifications  

To improve numerical stability, the inlet plenum and porous region were homogenized to 

a uniform height rather than explicitly resolving the geometric step between plenum and channel 

regions. This preserves the correct channel resistance while avoiding numerical stiffness in the 

Brinkman–free-fluid transition. Although this slightly increases modeled inlet velocity, the overall 
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flow distribution remains governed primarily by microchannel resistance, and the impact on 

predicted maldistribution was minimal. 

4.3.2.3 Post Processing and Velocity Recovery 

Flow redistribution was evaluated on a series of sampling planes located from 

approximately 5 µm to two channel heights downstream of the porous–plenum interface. Very 

near the interface, strong gradients introduced numerical noise, while planes farther downstream 

provided smoother velocity fields but reduced sensitivity to inlet jetting. Multiple planes were 

therefore examined to assess sampling sensitivity. 

The superficial velocity obtained from the porous-domain solution was converted to 

intrinsic channel velocity using equation 4-11. 

𝑢i = 𝑈i𝜀p 4-11 

This corrected channel velocity was subsequently used in a unit-cell heat transfer model to 

extract the effective heat transfer coefficient for use in the three-dimensional thermal simulations.  

4.3.3 3D Unit Cell Model  

The unit-cell model represents an intermediate step in the overall modeling framework. Its 

primary purpose is to extract velocity-dependent convective heat transfer coefficients (ℎ𝑡𝑐) for an 

individual channel–fin pair under controlled flow conditions. These ℎ𝑡𝑐’s are subsequently applied 

within the full three-dimensional heat transfer model of the laser diode assembly. 

The unit-cell model represents a single full microchannel bounded by two adjacent half 

fins, thereby capturing one complete channel–fin pair corresponding to half of an emitter footprint 

under symmetric conditions. FC-3283 was used as the working fluid with temperature-dependent 

properties. Assumptions include:  

1. Flow is steady, laminar, and Newtonian  
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2. Effects of gravity and body forces are neglected   

3. Negligible radiation heat transfer   

4. Symmetry effects are taken into account  

For uniform-flow cases, a single inlet velocity representative of experimental conditions is 

applied. For non-uniform cases, channel-specific velocities obtained from the porous media 

simulations are imposed at the inlet. In this way, the unit-cell model translates hydraulic 

maldistribution into velocity-dependent heat transfer behavior. 

Symmetry boundary conditions were applied on the lateral faces of the computational 

domain, as shown in Figure 4-11. Instead of modeling the copper clamps, a convective heat transfer 

coefficient of 10 𝑊/𝑚2𝐾 was applied to the top and bottom CuW surfaces not directly cooled by 

the channel flow. This boundary condition approximates weak heat transfer to adjacent structures. 

As demonstrated in Appendix B, more than 99.9% of the generated heat is removed by the flowing 

fluid, and sensitivity analysis in Appendix C confirms that variations in this external convection 

coefficient have negligible impact on predicted channel heat transfer.   
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Figure 4-11 Unit cell model with boundary conditions  

The heat-generating region represents the laser diode emitter, with volumetric heating 

determined from experimental data. The following governing equations are used: 

Continuity   ∇ ∙ 𝑢⃑ = 0 4-12 

Laminar Momentum   𝜌(∇ ∙ 𝑢⃑ ) = ∇ ∙ [−𝑃𝐼 + 𝜇∇⃑⃑ 𝑢] 4-13 

 

Energy   𝜌𝑐𝑝𝑢⃑ ∙ ∇⃑⃑ 𝑇 = ∇ ∙ (𝑘∇⃑⃑ 𝑇) 4-14 

 

Inlet boundary conditions 
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𝑢 = 𝑢𝑖𝑛     𝑇 = 𝑇𝑖𝑛 4-15 

 

Outlet boundary conditions 𝑝 = 0 4-16 

 

The convective heat transfer coefficient was extracted from the unit-cell simulations using 

surface-integrated heat flux and temperature fields. At each axial location, the wall heat flux was 

obtained by integrating the normal conductive heat flux over the channel–fluid interface and 

dividing by the corresponding wetted wall area. The local bulk fluid temperature was computed as 

a mass-flow-weighted average across the channel cross-section given in equation 4-17. 

𝑇ref(𝑥) =  ∫ 𝜌𝑈𝑐p𝑇𝑑𝐴∫𝜌𝑈𝑐p𝑑𝐴  4-17 

and the local wall temperature was obtained by area-averaging the channel wall temperature over 

the same axial slice. The axial heat transfer coefficient was then defined as 

ℎ𝑡𝑐(𝑥) =  𝑞′′(𝑥)𝑇w(𝑥) − 𝑇ref(𝑥) 4-18 

From the resulting wall heat flux and temperature fields, axial heat transfer coefficients are 

extracted as functions of channel velocity. These ℎ𝑡𝑐’s are then applied within the full three-

dimensional heat transfer model to compute spatial temperature gradients across the laser diode 

assembly.  

4.3.4 3D Heat Transfer Model  

A three-dimensional heat transfer model was implemented in COMSOL Multiphysics to 

evaluate emitter-level temperature distributions resulting from flow maldistribution within the 

microchannel array (Figure 4-12). The computational domain consists of one-half of the 
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microchannel cooler with a symmetry boundary condition applied along the mid-plane to reduce 

computational cost while preserving geometric fidelity. The model includes the CuW 

microchannel substrate, the AuSn solder layer, the CuW top submount, and the individual laser 

emitters. Volumetric heat generation was applied to each emitter region based on experimentally 

determined waste heat calculated from electrical input power and measured optical output. 

Convective boundary conditions were applied at the channel walls in contact with the coolant. The 

axial heat transfer coefficients used in this model were extracted from the unit-cell simulations as 

functions of channel velocity. For uniform-flow validation cases, a single axial ℎ𝑡𝑐 value was 

applied uniformly across all channels. For non-uniform cases, channel-specific axial ℎ𝑡𝑐 

corresponding to the velocities predicted by the porous media model were applied to represent 

flow maldistribution effects. 

 

Figure 4-12 3D heat transfer model with boundary conditions. The channel axial htc from the unit 

cell model is applied to each individual channels  

A convective boundary condition of 10 W·m⁻²·K⁻¹ was applied to external surfaces not 

directly cooled by the microchannels to approximate weak heat exchange with surrounding 

structures. As shown in Appendix B and Appendix C, this boundary condition has negligible 
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impact on predicted device temperatures because greater than 99.9% of the generated heat is 

removed by the flowing fluid. The resulting temperature distributions across the emitters were 

compared against experimental measurements. Bulk device temperature predictions were 

validated directly against experimental data derived from centroid wavelength shifts. While bulk 

trends can be compared quantitatively, emitter-level temperature comparison is more challenging 

because individual emitter zero-heat reference wavelengths are not independently known. 

Therefore, comparison focuses primarily on spatial temperature variation trends rather than 

absolute emitter temperature values.   

4.4 Mesh Sensitivity  

A mesh sensitivity study was performed to ensure that numerical results were independent 

of grid resolution. Because the model includes thin solder layers, narrow microchannels, and 

localized heat generation within the emitters, adequate mesh refinement is required to accurately 

capture thermal and velocity gradients. Multiple mesh densities were evaluated, and key outputs 

such as peak temperature and pressure drop were compared to confirm solution convergence prior 

to further analysis. 

4.4.1 Porous Media Sensitivity 

A mesh sensitivity study on the porous media model was conducted to ensure that the 

computational results were independent of mesh size. Three different mesh densities were 

evaluated: 266,585 elements (coarse), 684,224 elements (medium), and 1,911,702 elements (fine). 

Key output parameters, including pressure and velocity magnitude at selected boundary probes, 

were monitored for each mesh.  
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Figure 4-13 Mesh sensitivity study of porous media model 

The percentage difference in pressure and velocity between the medium and fine meshes 

was calculated to be approximately 1.45% and 0.59%, respectively. These differences are within 

the commonly accepted threshold of 1–2% for mesh independence in engineering simulations 

[128], [129]. Based on these results, the medium mesh (684,224 elements) was selected for 

subsequent simulations, as it provides a good balance between computational efficiency and 

solution accuracy. 

4.4.2 3D Unit Cell Sensitivity  

A mesh sensitivity study was conducted to assess the influence of spatial discretization on 

the predicted thermal and hydraulic results. Three unstructured mesh densities were evaluated, 

consisting of approximately 2,508,200 elements (course), 5,279,400 elements (medium), and 

6,038,800 (fine) elements. The study compared the predicted mean temperature and pressure drop 

for each mesh to quantify numerical convergence. The relatively large element counts required for 

this study arise from the strongly multiscale nature of the geometry. In particular, the emitter layer 

thickness is approximately 0.3% of the total unit-cell thickness, yet it contains the dominant heat 
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generation and the steepest temperature gradients. Adequate resolution of this thin region, while 

simultaneously resolving the surrounding submount, microchannels, and fluid domain, 

necessitates fine mesh spacing and a correspondingly high total element count. Coarser meshes 

that under-resolve the emitter layer were found to introduce non-negligible errors in both 

temperature and pressure predictions. 

 

Figure 4-14 Mesh sensitivity of unit cell model including temperature and pressure drop data 

The difference in predicted temperature between the coarse and medium meshes was 

0.82%, while the corresponding difference in pressure drop was 0.6%. Further mesh refinement to 

the fine mesh produced negligible changes in both temperature and pressure, indicating that the 

solution had effectively converged with respect to mesh density. 

Based on this analysis, the medium mesh containing approximately 5.28 million elements 

was selected for all subsequent simulations, as it provides a suitable balance between numerical 

accuracy and computational cost. 
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4.4.3 3D Heat Transfer Model Sensitivity  

A third mesh sensitivity study was performed to verify grid independence 3D heat transfer 

model. Three mesh densities were evaluated: 930,160 (course), 1,333,200 (medium), and 

2,3348,400 (fine) elements. The predicted average temperatures were 88.072 °C, 88.074 °C, and 

88.073 °C, respectively. The maximum difference across all three meshes is 0.002 °C, 

corresponding to a relative variation of approximately 0.002%, indicating negligible sensitivity to 

further refinement. 

 

Figure 4-15 Mesh sensitivity study of 3D heat transfer model  

As in the unit cell mesh study, relatively high element counts are required to adequately 

resolve the thin emitter region where steep temperature gradients occur due to the small geometric 

length scale relative to the overall domain. Based on the observed convergence, the medium 

element mesh was selected for subsequent models. Although the coarse mesh yields similar 

average temperatures, the medium mesh provides improved resolution of local temperature 

gradients with negligible additional computational cost. The small variation in predicted 

temperature across mesh densities is attributed to numerical discretization and solver convergence 
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tolerances rather than physical differences, indicating that the solution is effectively grid 

independent. 

The difference in mesh sensitivity between models arises from their relative geometric and 

physical complexity. The porous media and unit-cell CFD models include sharp turns, inlet 

contractions, and small geometric features that produce strong velocity and temperature gradients, 

making them inherently more sensitive to mesh resolution. In contrast, the SiC model and the 3D 

heat transfer model involve either simpler geometries or conduction-dominated physics without 

fully resolved flow, resulting in significantly lower mesh dependence. 

4.5 Uncertainty Analysis  

Measurement uncertainty and propagation for derived quantities (e.g., 𝑄waste, 𝑇bulk, and 𝑅th) 

are detailed in Appendix A using standard root-sum-square (RSS) methodology. Reported values 

represent conservative combined standard uncertainties (1σ) that include both measurement 

repeatability and instrument accuracy limits, as well as bias terms associated with calibration state 

and are given in Table 4-3. For wavelength-based temperature inference, the combined uncertainty 

is primarily governed by systematic contributions from spectrometer accuracy and the 

wavelength–temperature coefficient rather than measurement noise. In contrast to the prior SiC 

campaign, which included instrument-level recalibration immediately before testing, the present 

study relied on integrated facility instrumentation maintained under established calibration 

protocols. Conservative manufacturer-specified and facility-level accuracy limits were therefore 

used in uncertainty propagation. This approach likely overestimates absolute uncertainty but 

ensures that reported bounds remain conservative and defensible. 
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Table 4-3 Uncertainty values  

Parameter 

Combined 

Uncertainty 

Dominant Source Instrument 

dP (psi) ±0.79 

Measured 

Repeatability 

Dwyer 645-6 differential 

pressure gauge 

Laser Centroid (nm) ±1.01 
Detector 

Calibration 

Ocean Optics HR4000 

spectrometer 

Laser FWHM (nm) ±1.19 
Detector 

Calibration 

Ocean Optics HR4000 

spectrometer 

Bulk Temp (°C) ±5.13 

Spectrometer + 

Wavelength Temp 

Coefficient 

Ocean Optics HR4000 

spectrometer 

Mass Flow Rate 

(kg/min) 
±0.001 

Measured 

Repeatability 

RHEONIK RHM06GNT(P) 

Coriolis flow sensor 

Optical Power (W) ±0.62 Power Meter Bias 
Gentec-EO CW thermal 

power meter 

Waste Heat (W) ±2.19 

Electrical and 

optical power 

uncertainties 

 

TDK-Lambda Genesys 

Power Supply, Gentec-EO 

CW thermal power meter 

Rth (K/W) ±0.027 

Thermocouple, 

electrical & optical 

power 

uncertainties 

OMEGA SCPSS-125G-6 

Thermocouple, TDK-Lambda 

Genesys Power Supply, 

Gentec-EO CW thermal 

power meter 
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Inlet Temp (°C) ±1.27 

 Thermocouple 

limits of error 

OMEGA SCPSS-125G-6 

Thermocouples 
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Chapter 5: Experimental Results 

5.1 Pressure Drop  

Prior to high-power operation, pressure drop measurements were conducted to assess the 

hydraulic impact of the inlet restriction introduced by the optical lens. Initial experiments were 

performed with the lens installed but without a laser diode bar present in the flow path, thereby 

isolating the effect of the modified inlet geometry. With an inlet opening of 1.0 mm on either side 

of the lens, the measured pressure drop was approximately 23.9 psi at 1.08 kg/min and increased 

to approximately 47.9 psi at 1.56 kg/min, corresponding to about 38% of the total rated system 

pressure drop at that flow rate with the lens only. This pressure penalty was considered excessive 

for high-flow operation. 

To reduce the pressure drop, the inlet port diameter was increased to 1.5 mm, and additional 

measurements were performed with the laser diode bar installed, such that the reported values 

include both inlet and channel pressure losses At 1.0 kg/min with the 1.5 mm inlet port, the total 

pressure drop increased from 28.42 psi in the unlensed configuration to 39.29 psi with the FAC 

lens installed, corresponding to an incremental penalty of approximately 10.9 psi attributable to 

the lens. This additional loss is substantially lower than the 23.9 psi measured for the 1.0 mm inlet-

only configuration at similar flow conditions, demonstrating that enlargement of the port diameter 

significantly mitigates the hydraulic restriction introduced by the lens. Although the inlet-only 

measurements and full-system measurements are not strictly identical test conditions, the 

comparison indicates that the microchannels remain the dominant hydraulic resistance within the 

system. At 1.0 kg/min, the baseline channel and system losses (~28 psi) exceed the incremental 

lens contribution (~11 psi), confirming that channel friction governs overall pressure behavior, 

while the lens introduces a secondary localized loss. 
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Figure 5-1 Pressure drop versus flow rate through a 1mm inlet port on either side of the lens 

without a diode in the system  

However, increasing the inlet port size introduces tradeoffs when considering scalability 

to two-dimensional diode array stacks. The inlet port diameter directly sets the effective spacing 

between adjacent diode arrays. Accounting for geometric symmetry, a 1.0 mm inlet port 

corresponds to a 2.0 mm diode spacing, while a 1.5 mm port corresponds to a 3.0 mm spacing. 

Although larger spacings reduce pressure drop, they limit achievable array packing density. Based 

on the measured pressure drop reduction and these geometric constraints, a 1.5 mm inlet port was 

selected for subsequent high and low power experiments as a practical compromise. 

Pressure-drop measurements were obtained for four configurations (cutback and no-

cutback geometries, each evaluated with and without a lens) at mass flow rates of 0.175, 0.225, 

and 0.275 kg/min. Testing was conducted at inlet temperatures of 10°C, 15°C, and 20 °C. Although 

absolute pressure drops varied with temperature due to changes in fluid viscosity, the relative 

ordering of configurations remained consistent. The 10°C condition is presented here to maintain 

consistency with the laser diode operating condition used for subsequent thermal analysis. Figure 
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5-3 and Figure 5-4 show the resulting pressure drops at a 10°C inlet. A constant baseline offset of 

−1.9 psid observed at zero flow was added to all measurements to correct for differential pressure 

transducer offset bias. 

 

Figure 5-2 Pressure drop data for no cutback MCHS configuration with and without the lens 
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Figure 5-3 Pressure drop data for cutback MCHS configuration with and without the lens 

In all cases, the pressure drop increases approximately linearly with mass flow rate, 

consistent with laminar, viscous-dominated flow within the microchannels. The addition of the 

lens produces a systematic increase in pressure drop across the tested flow range, indicating the 

introduction of additional upstream hydraulic resistance. Introducing an inlet cutback reduces the 

overall pressure drop relative to the no-cutback configuration, reflecting improved hydraulic 

access to the channel array. 

At the highest tested flow rate (0.275 kg/min), the cutback reduces total pressure drop by 

approximately 1 psi. While measurable, this reduction is modest relative to the total system 

pressure drop, indicating that channel friction remains the dominant hydraulic resistance under the 

present operating conditions. The cutback geometry was designed to both reduce inlet resistance 

and improve flow distribution; more pronounced hydraulic benefits may emerge at higher flow 
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rates, where inlet and contraction losses scale more strongly, although such conditions were not 

examined in this study. 

5.2 Low Power Heat Transfer Experimental Results  

This section presents the experimental thermal performance of the microchannel-cooled 

laser diode assemblies under low-power (≤ 70 A) and low mass flow rate (≤ 0.3 kg/min) operating 

conditions. Under these conditions, flow within the microchannels remains firmly in the laminar 

regime, enabling controlled comparison of inlet geometry (cutback vs. no-cutback) and lens 

configurations while minimizing flow redistribution and inertial effects that become more 

significant at higher flow rates required to dissipate higher heat fluxes. For the low-power 

experiments, measurements were conducted both with and without an optical element positioned 

at the inlet; in these cases, the lens consisted of a fused silica window with an anti-reflective (AR) 

coating. 

5.2.1 Thermal Resistance  

Thermal resistance and temperature rise (ΔT) were evaluated for each configuration at 

mass flow rates of 0.175, 0.225, and 0.275 kg/min, corresponding to increasing inlet Reynolds 

number and velocity. As shown in Figure 5-4, at the lowest flow rate (0.175 kg/min), both 

microchannel geometries exhibit lower thermal resistance in the no-lens configuration compared 

to the lensed case.  
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Figure 5-4 Bulk laser temperature rise as a function of increasing waste heat at a flow rate of 

0.175 kg/min. Thermal resistance is determined from the slope of the linear fit. 

However, as the mass flow rate increases to 0.225 and 0.275 kg/min (Figure 5-5 and Figure 

5-6), this trend reverses. At these higher flow rates, the addition of the lens results in slightly lower 

thermal resistance for both the cutback and no-cutback geometries. The magnitude of this effect is 

modest: above 0.175 kg/min (inlet Reynolds number > 800), the lens improves thermal resistance 

by less than 5%, whereas at the lowest flow rate it increases thermal resistance by approximately 

2%.  This trend reversal is attributed to stronger convective transport at higher flow rates. As the 

Reynolds number increases, the thermal boundary layer within the microchannels becomes 

thinner, resulting in larger wall temperature gradients and higher convective heat transfer 

coefficients, thereby reducing the convective component of thermal resistance more rapidly with 

increasing flow rate. Under these conditions, modifications to the upstream flow field induced by 

the lens may promote localized jetting or mixing effects at the channel entrances, which could 

contribute to the observed improvement in thermal performance. These effects are examined in 

greater detail in subsequent sections of this chapter, along with modeling results presented in 

Chapter 6. It is also worth noting that the error bars shown in Figure 5-4, Figure 5-5, and Figure 
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5-6 represent the standard deviation of the measured values. A detailed uncertainty analysis, 

including instrument calibration and wavelength–temperature coefficient assumptions, is provided 

in Appendix A.  

 

Figure 5-5 Bulk laser temperature rise as a function of increasing waste heat at a flow rate of 

0.225 kg/min. Thermal resistance is determined from the slope of the linear fit. 

 

Figure 5-6 Bulk laser temperature rise as a function of increasing waste heat at a flow rate of 

0.275 kg/min. Thermal resistance is determined from the slope of the linear fit. 
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The observed decrease in thermal resistance with increasing mass flow rate is consistent 

with the corresponding reduction in bulk temperature, reflecting enhanced convective heat 

removal at higher inlet Reynolds numbers. The minimum measured thermal resistance is 0.64 K/W 

in the cutback case of 0.275 kg/min with a lens; this corresponds to a normalized thermal resistance 

of ~0.040 K cm²/W based on a frontal area of 0.0635 cm². Figure 5-7 shows a comparison of the 

normalized thermal resistances for each geometry across the tested range of flow rates. 

 

Figure 5-7 Normalized thermal resistance comparison of cutback and no-cutback geometries 

with and without a lens at various tested flow rates 

For reference, previously reported normalized thermal resistances for similar IIC laser 

diode configurations are approximately 0.017 K·cm²/W (Table 2-1), which is substantially lower 

than the present value. Several factors contribute to this difference. The current design employs a 

larger emitter pitch (635 µm) compared to the 390 µm pitch used in earlier devices, increasing the 

effective thermal spreading distance and submount thickness to accommodate higher-power bars. 

Additionally, the present experiments were conducted at relatively low mass flow rates compared 

to prior studies optimized for maximum cooling performance. As a result, the measured thermal 

resistance represents the lower-flow operating regime rather than the minimum achievable cooling 

performance. Higher-flow and higher-power operation, discussed in following sections, 

demonstrate further reduction in thermal resistance under increased heat dissipation conditions. 
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5.2.2 Bulk Temperature  

Regarding the bulk temperature trends shown in Figure 5-8, Figure 5-9, and Figure 5-10 

the effect of the lens depends on mass flow rate. At the lowest flow rate (0.175 kg/min), the 

addition of a lens increases bulk temperature for both the cutback and no-cutback geometries.  

 

Figure 5-8 Average bulk temperature rise of Cutback and No Cutback geometries with and 

without a lens at a flow rate of 0.175 kg/min  

However, as the mass flow rate increases to 0.225 and 0.275 kg/min, this trend changes. 

For the no-cutback geometry, adding a lens results in a slight reduction in bulk temperature at 

higher flow rates. In contrast, the cutback geometry exhibits only minor differences in bulk 

temperature with and without the lens at these higher flow conditions. 
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Figure 5-9 Average bulk temperature rise of Cutback and No Cutback geometries with and 

without a lens at a flow rate of 0.225 kg/min 

 

Figure 5-10 Average bulk temperature rise of Cutback and No Cutback geometries with and 

without a lens at a flow rate of 0.275 kg/min 

The Reynolds number data (Table 4-2) illustrates how local inlet conditions vary 

significantly with geometry and lens configuration. At a mass flow rate of 0.175 kg/min, the no-

cutback configuration with a lens exhibits the highest inlet Reynolds number (Re ≈ 1093) and 

corresponding inlet velocity (1.57 m/s), whereas the no-cutback configuration without a lens yields 

the lowest Reynolds number (Re ≈ 194) and inlet velocity (0.026 m/s). This higher Reynolds 
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number would typically be expected to increase the convective heat transfer coefficient and reduce 

ΔT; however, the experimental results in Figure 5-4 show that the no-cutback + lens case instead 

exhibits the highest temperature rise at this flow condition. However, as the mass flow rate 

increases, this trend reverses, indicating that at low flow rates, lower momentum allows inlet-

induced flow nonuniformities to persist, whereas at higher flow rates, increased momentum 

enhances convective transport and reduces the impact of these effects, resulting in improved 

thermal performance. These results demonstrate that both inlet geometry, flow rate, and the 

presence of a lens substantially modify the velocity field entering the microchannel array, even 

though the flow within the channels remains in the laminar regime. 

Across the tested flow rates, the cutback configurations generally exhibit lower 

temperature rise and reduced thermal resistance at higher mass flow rates. However, because the 

cutback and no-cutback measurements were obtained using different laser bars, these results 

should be interpreted as qualitative trends rather than a strictly controlled comparison. 

Geometrically, the cutback configuration reduces the immediate channel entrance region 

to approximately 0.4 mm × 10 mm over a length of 0.5 mm before the flow enters directly into the 

microchannels. In contrast, the no-cutback configuration supplies the channels from a larger 6 mm 

× 10 mm entrance region. This difference alters how fluid transitions from the upstream plenum 

into the channel array and may influence the local velocity distribution at the channel entrances. 

This geometric modification at the channel entrance is also consistent with the modest increase in 

model–experiment discrepancy observed in the cutback 1D hydraulic resistance pressure-drop 

results, as the one-dimensional resistance model does not account for multidimensional entrance-

region effects. 
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5.2.3 By-Emitter Data  

Experimental data were analyzed to assess how the addition of a lens influences emitter-

level wavelength behavior across the laser bar. For each operating condition (mass flow rate, inlet 

geometry, and drive current), centroid wavelength measurements were compared between lensed 

and unlensed configurations on an emitter-by-emitter basis. Spatial variation in wavelength output 

was quantified using the peak-to-peak centroid wavelength range, defined as the difference 

between the maximum and minimum centroid wavelength across active emitters. In all 

configurations, the maximum wavelength consistently occurred near the center of the bar, while 

the minimum wavelength was observed near the edges. Accordingly, the wavelength spread 

effectively represents the center-to-edge temperature gradient along the bar. To isolate the impact 

of the lens, a Δλ spread metric was defined as the difference in peak-to-peak wavelength range 

between the lensed and unlensed cases under identical operating conditions. This quantity 

represents the change in spatial wavelength nonuniformity introduced by the lens restriction. It is 

also noted that a small number of emitters on one edge of the bar were inactive or operating near 

threshold under certain low-power conditions. To ensure consistent comparison, analysis was 

restricted to the half of the bar containing emitters that were active in both the cutback and no-

cutback configurations. 

Figure 5-11 shows the centroid wavelength distribution across emitters 20 through 32 for 

each geometry and lens configuration at 0.175 kg/min and 70 A. In the absence of the lens, the 

wavelength profiles exhibit a consistent pattern: central emitters operate at longer wavelengths 

than edge emitters across all tested currents and flow rates, indicating higher local temperatures 

near the center of the bar. Upon addition of the lens, a systematic shift is observed. The edge 

emitters shift to shorter centroid wavelengths, while the central emitters remain comparatively 

unchanged. Because the inlet flow path is the only experimental variable modified between these 
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cases, the observed blue shift at the edges is attributed to changes in local cooling conditions. This 

suggests that the edge emitters experience slightly lower effective temperatures when the lens is 

present. The smooth spatial variation in wavelength across the bar is consistent with thermal 

spreading and coupling between adjacent emitters within the bar and submount. The potential 

influence of mechanical stress and packaging effects on the wavelength distribution is addressed 

in the modeling section. 

 

Figure 5-11 Wavelength distribution of emitters 20-32 on both cutback and no cutback geometries 

at 175 kg/min at 70 A 

Table 5-1 summarizes the centroid wavelength data at 70 A for all tested mass flow rates. 

For each case, the wavelength spread is defined as the difference between the centroid wavelength 

at the center of the bar and the minimum centroid wavelength measured at the edges. The lens-

induced change in wavelength spread is calculated as the difference between the lensed and 
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unlensed cases under identical operating conditions, providing a direct measure of how the inlet 

modification alters emitter-level nonuniformity. 

Table 5-1 Low power data of all four test cases  

 

Across all tested conditions, the cutback configuration exhibits a smaller baseline 

wavelength spread than the no-cutback configuration, for both lensed and unlensed cases. This 

indicates that the cutback geometry reduces overall emitter-to-emitter temperature variation under 

nominal conditions. However, the change in wavelength spread caused by the addition of the lens 

is consistently larger in the cutback configuration. For example, at 0.175 kg/min, adding a lens 

increases the wavelength spread by 0.92 nm in the cutback case compared to 0.73 nm in the no-

cutback case. Because these comparisons use centroid delta values acquired with the same 

wavelength instrument configuration and calibration, the dominant absolute wavelength bias is 

common-mode and cancels, so significance is assessed using the propagated uncertainty of the 

deltas. The corresponding uncertainty in the centroid delta is approximately ±0.12 nm (1σ) based 

on repeat measurements under identical conditions, and the observed centroid shifts under low-

power operation (approximately 0.52 to 0.91 nm across emitters) are well above this level and 
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therefore statistically significant. Therefore, these results suggest that although the cutback reduces 

baseline nonuniformity, it is more sensitive to inlet disturbances introduced by the lens restriction. 

Table 5-2 shows the FWHM data for 0.175 kg/min at 70 amps for a both cutback and no-cutback 

geometries with and without the lens.  

Table 5-2 FWHM results for low power data at 0.175 kg/min and 70A  

Lens Cutback FWHM Delta  

No 

No 

2.50 0.038 ± 0.2  

Yes 2.46 

No 

Yes 

2.00  0.150 ± 0.2 

Yes 2.15  

 

At lower current and lower flow conditions, FWHM differences between lensed and 

unlensed cases are modest. For the cutback geometry, the addition of the lens results in a small 

increase in FWHM of approximately 0.15 nm. In contrast, for the no-cutback geometry, the lens 

reduces FWHM by approximately 0.038 nm. Because these comparisons are based on delta values 

(lensed minus unlensed) acquired with the same instrument configuration and calibration, the 

dominant instrument wavelength bias (approximately 1 nm) is common-mode and cancels, so the 

relevant uncertainty is the propagated uncertainty of the deltas. For the 0.175 kg/min case, the 

uncertainty is ±0.2 nm at 1σ and therefore both FWHM deltas fall within the uncertainty and are 

therefore not statistically significant. Across all operating conditions, the addition of the lens is 

consistently associated with a blue shift of the edge emitters, indicating measurable changes in 

local cooling conditions however bulk effects of FWHM, thermal resistance, and bulk temperature 

are modest. However, since the only factor changing between the unlensed and lensed geometries 
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is the fluid flow pathway, the by-emitter centroid results demonstrate that the inlet modification 

influences both spatial wavelength nonuniformity and spectral width, with the magnitude and 

direction of the effect depending on inlet geometry and operating regime, even under laminar 

channel flow.  

The emitter-level wavelength behavior is broadly consistent with the previously observed 

bulk thermal resistance trends, but also reveals additional spatial effects not captured by global 

metrics. While the addition of the lens produces only modest changes in overall thermal resistance 

(on the order of a few percent), it consistently increases the center-to-edge wavelength spread in 

both geometries. For the cutback configuration, the spread increases by approximately 0.91 nm, 

0.85 nm, and 0.72 nm at 0.175, 0.225, and 0.275 kg/min, respectively. In contrast, the no-cutback 

geometry exhibits smaller lens-induced increases of 0.72 nm, 0.48 nm, and 0.52 nm across the 

same flow rates. Notably, these increases in spatial nonuniformity occur even in cases where the 

bulk temperature and thermal resistance decrease with the addition of the lens at higher flow rates. 

This indicates that the lens modifies the spatial distribution of cooling rather than simply increasing 

or decreasing overall heat removal. In particular, the systematic blue shift of the edge emitters 

suggests localized cooling effects that are not fully reflected in the bulk 𝑅thmetric. Together, these 

results demonstrate that inlet geometry influences not only average thermal performance but also 

emitter-level temperature uniformity. 

5.2.3.1 Spectral Measurement Uncertainty 

Emission spectra were measured using an Ocean Optics HR4000 spectrometer (unit 

HR4P0272) configured with a 5 µm entrance slit for near-infrared operation. According to 

manufacturer specifications, this configuration provides a nominal spectral resolution of better 

than 0.5–1.0 nm FWHM in the 930–940 nm wavelength range. The instrument was not recalibrated 
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immediately prior to testing; therefore, absolute centroid wavelength values are subject to an 

estimated uncertainty of approximately ±1 nm. 

While absolute wavelength values and FWHM magnitudes should be interpreted within 

this uncertainty bound, all comparative measurements (lensed vs. unlensed configurations, varying 

flow rates, and drive currents) were performed using the same instrument and optical setup. 

Consequently, relative changes in centroid wavelength, wavelength spread, and FWHM are 

considered robust, as systematic offsets are expected to remain consistent across measurements. 
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5.3 High Power Heat Transfer Results  

Additional experiments were conducted at higher drive currents (>100 A) and elevated 

mass flow rates (≥ 1 kg/min) using the cutback geometry to minimize system pressure drop under 

high-flow operation. The low-power experiments that form the primary focus of this study were 

intentionally performed in the laminar-flow regime, since this simplifies the thermal and optical 

environment and reduces model complexity when interpreting the effects of adding a lens to 

immersion-cooled diodes. However, the broader project objective is to demonstrate increased 

brightness, which motivates testing higher-power bars under CW operation, conditions that require 

higher coolant flow rates to maintain acceptable temperatures and stability. Accordingly, these 

high-flow tests were included as a limited proof-of-concept to assess FAC-assisted CW operation 

at higher power, and to gauge whether a 2x to 3x brightness improvement is achievable with 

higher-power bars and a FAC. For these high-power tests, a FAC lens manufactured by 

PowerPhotonic was installed in place of the fused silica window used in the low-power 

experiments. The laser diode was evaluated both with and without the FAC lens at drive currents 

ranging from 180 to 220 A. The corresponding thermal and optical performance results are 

presented in Figure 5-12.  
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Figure 5-12 Calculated brightness of (a) lensed laser diode bar (b) un-lensed laser bar 

Brightness was calculated using the front face area of the laser, defined by a 635 μm pitch 

and a 10 mm width. For the lensed case, the maximum current achieved was 180 A, resulting in a 

brightness of 2.07 kW/cm² at a pressure drop of 112.5 psi and an inlet temperature of 22.86°C. In 

contrast, without the lens, the maximum brightness reached at 270 A was 3.25 kW/cm² at a 

pressure drop of 112.5 psi and an inlet temperature of 3.47°C. 

The differences in flow properties, namely fluid inlet temperature, are attributed to an issue 

with the chiller during the lensed test, which required operation at room temperature. Despite this, 

a brightness exceedingly twice the baseline was achieved at room temperature with the lens, which 

is promising for many applications. Additionally, the limitation in brightness is due to pressure 

drop limitations in the test facility. At the highest brightness for the lensed configuration, the laser 

temperature was estimated to be approximately 69.39°C, while for the unlensed case at peak 

brightness, the estimated temperature was 74.37°C. These temperature values are based on a 

typical wavelength–temperature coefficient of 0.3 nm/°C for laser diodes [11]. However, it should 

be noted that this coefficient was not directly measured in this experiment and is not specified by 

the manufacturer. The uncertainty associated with these temperature estimates is discussed in 
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detail in the Appendix A. Figure 5-13 shows thermal resistances of the cutback geometry at high 

flow rates of 1 kg/min with and without a lens (FAC).  

 

Figure 5-13 Thermal resistance of the cutback geometry at turbulent flow (1 kg/min) with and 

without a lens showing similar slopes. 

As discussed previously, at low current (≤ 70 A) and moderate flow rates (0.225 and 0.275 

kg/min), the addition of the lens resulted in a slight reduction in thermal resistance for both 

geometries (e.g., 0.6989 → 0.6753 K/W without cutback; 0.6424 → 0.6374 K/W with cutback). 

Similarly, under high-flow conditions (1 kg/min), the lensed configuration yielded a thermal 

resistance of 0.442 K/W compared to 0.456 K/W without the lens. In all cases, however, the 

differences were small (typically < 0.03 K/W) and fall within the combined measurement 

uncertainty of ±0.027 K/W. Thus, neither the lens nor the cutback produces a statistically 

significant change in absolute thermal resistance, although the trends consistently favor slightly 

improved cooling with the lens installed. Representative by-emitter data at 1 kg/min and 100 A 

are shown in  Figure 5-14. 
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When normalized by emitting area, the high-power lensed configuration exhibits a thermal 

resistance of approximately 0.028 cm²·K/W. This value is higher than the ~0.017 cm²·K/W 

previously obtained in earlier unlensed experiments in chapter 3. The difference is attributed 

primarily to geometric and operating-condition changes: the present devices employ a larger 

emitter pitch and thicker submount to accommodate higher-power bars, increasing thermal 

spreading distance, and are operated at substantially higher heat loads. Accordingly, the 

normalized thermal resistance reported here reflects the combined effects of increased pitch, 

packaging constraints, and elevated power dissipation rather than a degradation in cooling 

effectiveness. 

 

 

Figure 5-14 By-emitter data of 1 kg/min on cutback geometry 100 A (a) without a lens (b) with 

a lens 

Similar to the low-power results, the addition of the lens at elevated mass flow rates 

continues to produce a blue shift of the edge emitters relative to the unlensed configuration, 
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indicating reduced effective temperatures near the bar edges. At these higher mass flow rates, the 

plenum flow transitions from a laminar to turbulent regime and the magnitude of the increase in 

edge blue shift is on the order of 1 nm. Unlike the laminar cases, where blue shifting occurred 

without measurable broadening, the turbulent cases show a larger centroid-wavelength spread 

across emitters and increased spectral broadening, even though the bulk temperature and thermal 

resistance change only modestly. In this regime, the combination of turbulent flow, use of the FAC 

(rather than a flat AR-coated fused silica window), and potential alignment and coupling 

sensitivity introduces sufficient complexity that the observed broadening cannot be attributed 

confidently to a single driver. Additional contributions, such as turbulence-induced refractive 

index gradients affecting beam propagation, FAC-related collection artifacts, or stress and thermo-

mechanical effects during continuous operation, may also play a role. Because these turbulent tests 

were included only as a limited exploratory effort outside the primary low-power, laminar scope 

of this work, the dataset was not designed to isolate mechanisms or establish repeatability; 

therefore, further controlled testing would be required to identify the dominant cause.   

The required flow regime, laminar versus turbulent, is inherently application-dependent 

because it is set by the allowable junction temperature and the average heat load that must be 

removed. For the broader project goal of achieving a 2x to 3x brightness increase, continuous-

wave (CW) operation was used to represent a worst-case thermal condition. Under CW operation 

with higher-power bars, the cooling demand can push the system toward higher flow rates where 

turbulent operation may be required. However, operating in the turbulent regime introduces several 

practical tradeoffs. It can reduce optical quality, increase system pressure drop and pumping 

power, and it becomes more difficult to scale efficiently to larger arrays because the total flow 

requirement grows quickly. 
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Many real-world systems operate in pulsed mode with low duty cycle, which reduces the 

average heat load and can allow operation at lower flow rates in a laminar regime. For that reason, 

the primary focus of this study remains laminar-flow operation, while turbulent-flow behavior is 

better addressed in separate, application-driven testing designed to evaluate repeatability and 

isolate the main drivers of performance. Such testing would use controlled transitions from laminar 

to turbulent operation, include multiple repeats at each condition, and hold the optical 

configuration and alignment procedure fixed so that observed changes can be attributed to the flow 

regime rather than setup sensitivity. 

If an application requires sustained high average heat removal that effectively forces 

operation at very high flow rates, two-phase cooling may become a preferred alternative to single-

phase turbulent cooling. By leveraging latent heat, two-phase approaches can provide strong 

thermal control without requiring extremely large single-phase mass flow rates, which can reduce 

pumping penalties and scaling challenges for larger arrays. However, two-phase systems introduce 

their own design and validation issues, including flow stability, pressure oscillations, and the 

possibility of vapor-related optical disturbances that must be managed for reliable operation. 

Within the laminar-flow regime emphasized in this dissertation, the experiments show only 

modest changes in bulk thermal metrics with the addition of the lens, yet they reveal a consistent 

change in the emitter-level wavelength distribution. In particular, adding the fused-silica window 

produced a measurable blue shift at the edge emitters without a corresponding increase in spectral 

broadening. Because the cooling hardware and operating conditions were otherwise unchanged, 

the most plausible pathway for this edge-localized shift is an inlet-driven change in the local flow 

distribution. These experimental observations motivate the modeling work that follows. 
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Chapter 6: Model Results  

To further interpret the experimental observations, the modeling approaches described in 

Chapter 4.3 are now applied to the lensed and unlensed configurations of the no-cutback geometry 

case at 70A, 0.175 kg/min, and 10°C inlet fluid conditions. This operating point was selected 

because the lowest mass flow rate is the most thermally limiting and sensitive to lens-induced 

effects. The no-cutback geometry was used because it provides a consistent basis for applying the 

porous-media and unit-cell modeling framework, which was developed from prior unit-cell 

representations of uniform channel arrays. In contrast, the cutback configuration introduces a 

partial entrance region that would require modification of the unit-cell model to account for non-

uniform floor and inlet effects. Focusing on the no-cutback case therefore enables consistent 

application of the modeling approach without introducing additional geometric complexity. As 

outlined previously, the analysis proceeds hierarchically: a porous-media model is used to estimate 

velocity distribution within the microchannel array, the resulting local velocities are applied to a 

representative unit-cell model to extract heat transfer coefficients, and these coefficients are 

implemented in a full three-dimensional conjugate heat transfer model to predict bulk and spatial 

temperature variations. The following sections present the modeling results and compare them 

directly to the experimental thermal and spectral trends. 

6.1 1D Resistance Network for Unlensed Geometry  

Prior to applying higher-fidelity porous-media and heat transfer models, a one-dimensional 

hydraulic resistance network was evaluated for the unlensed configurations to establish a baseline 

understanding of pressure-drop behavior in the microchannel heat sink. The one-dimensional 

hydraulic resistance model was evaluated against experimental pressure-drop measurements for 

the no-cutback and cutback microchannel configurations shown in Figure 6-1 under unlensed inlet 
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conditions. These configurations exclude lens-induced inlet restrictions and sharp flow 

disturbances, such that the measured pressure drop is primarily governed by viscous losses within 

the microchannels. For the no-cutback configuration, the model captures both the trend and 

magnitude of the measured pressure drop, with deviations generally within ±10% across the tested 

flow range. This level of agreement indicates that viscous channel friction constitutes the dominant 

contribution to total pressure drop, and that upstream plenum and minor losses are comparatively 

small for the non-lensed configurations. Because the one-dimensional model includes only channel 

friction and simplified entrance/contraction losses, the close correspondence with experiment 

supports the assumption that microchannel viscous resistance governs system behavior under these 

conditions. Remaining discrepancies are attributed to modeling simplifications, including the 

assumption of fully developed laminar flow and the neglect of developing flow and three-

dimensional effects within the short channel length. 

 

Figure 6-1 Experimental and Analytical plots of pressure drop versus flow rate for (a) No 

Cutback and (b) Cutback MCHS configurations 

When the inlet cutback is introduced, deviations between model predictions and 

experimental measurements increase modestly, particularly at lower mass flow rates, although the 
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linear dependence of pressure drop on flow rate is preserved. This behavior suggests that 

momentum redistribution and localized acceleration effects within the modified inlet region 

contribute additional losses not fully captured by the lumped one-dimensional resistance 

formulation.  

Although the one-dimensional resistance model adequately captures uniform channel flow 

and overall pressure trends for the non-lensed configurations, its applicability becomes limited 

once the lens-induced inlet restriction is introduced. An extended hydraulic resistance network was 

constructed to incorporate the additional inlet losses associated with the lens geometry. However, 

Reynolds number estimates in the inlet plenum (Table 4-2) range from approximately 819 to 1718 

with the restriction in place, placing the local flow in the upper laminar to transitional regime. 

Under these conditions, inertial and momentum-redistribution effects become increasingly 

significant. As a result, the one-dimensional model is not sufficient for representing the 

momentum-driven flow redistribution introduced by the lens. Consequently, a porous-media 

modeling approach is adopted in Chapter 6.2 to capture inlet-driven velocity non-uniformity and 

its impact on flow distribution and thermal performance within the microchannels.  
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6.2 Porous Media Pressure Drop  

For the lensed no-cutback configuration a porous-media modeling approach was applied 

to capture the resulting velocity distribution within the microchannel array. The porous-media 

model is used to generate channel-to-channel velocity distributions for input to the subsequent heat 

transfer analysis, particularly for cases with inlet-induced flow redistribution of the no-cutback 

geometry. Accordingly, pressure-drop predictions are evaluated to ensure that the model provides 

a physically consistent representation of the flow field before applying the resulting velocity 

distributions. Porous media models were run at flow rates of 0.175 kg/min, 0.225 kg/min, and 

0.275 kg/min to predict the total pressure drop across the microchannel cold plate. The inlet and 

plenum sections were modeled as uniform-height ducts in the porous-media simulation; however, 

the actual geometry differs significantly in aspect ratio. To correct this, the pressure drop in each 

manifold section was scaled according to its geometric ratios using the laminar scaling relation for 

tall, narrow ducts [76]. 

∆𝑃actual = ∆𝑃model (𝐿actual𝐿model) (𝐻model𝐻actual) (𝑊model𝑊actual)3
 5-1 

Because the only difference from experiment to model was height changes, the length and 

width scaling cancel out and the correction factor becomes the height ratio. This correction 

accounts for the stronger sensitivity of viscous losses to duct width when 𝑊 ≪ 𝐻.  

∆𝑃actual = ∆𝑃model (𝐻model𝐻actual) 5-2 

Following application of the geometric scaling correction, the corrected inlet and outlet 

manifold pressure losses were compared to the channel pressure drop predicted by the porous-

media model. As a representative case, a channel pressure drop of 3.48 psi corresponds to a 

corrected inlet manifold pressure drop of approximately 1.02 psi. This inlet loss represents roughly 

30% of the channel pressure drop, or approximately 22% of the total pressure drop when minor 
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losses are included. Notably, the magnitude of the corrected inlet loss (~1 psi) is consistent with 

the experimentally observed pressure increase associated with the lens across the tested flow range, 

providing additional confidence in the porous-media representation of inlet-induced hydraulic 

resistance. 

Despite the non-negligible contribution of the inlet manifold, the microchannels remain the 

dominant hydraulic resistance in the system. The majority of the total pressure drop is therefore 

governed by viscous losses within the channels rather than by the inlet or outlet manifolds. This 

result confirms that the porous-media representation captures the primary flow resistance 

mechanisms and that the channel geometry remains the controlling factor in overall pressure-drop 

performance. 

A porosity correction was applied to recover the true channel velocity used in the minor-

loss and Reynolds number calculations from equation 4-7, where 𝜀 is the open area fraction of the 

microchannel array (𝜀 ≈ 0.406 for the present geometry). This correction ensures that the 

dynamic-pressure and frictional losses are based on the actual interstitial velocity within the 

channels. After applying this correction to the inlet and plenum regions, minor losses associated 

with the inlet contraction and outlet expansion were added using the Shah and London correlations 

[76], which gave a combined loss coefficient of 𝐾total = 1.34 (corresponding to approximately 

0.19 psi at 0.175 kg/min). Figure 6-2 compares the experimentally measured pressure drop to the 

porous-media model predictions for the lensed, no-cutback configuration. 
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Figure 6-2 Pressure drop results for porous media model at 10 °C inlet no cutback, compared to 

experimental data on no cutback geometry with lens.  

At the two higher mass flow rate cases, the porous-media model agrees with the 

experimental data to within approximately 10%, indicating that the model captures the dominant 

hydraulic behavior in this regime. At the lowest flow rate of 0.175 kg/min, the model underpredicts 

the measured pressure drop by approximately 14%. This difference is primarily attributed to the 

course 𝐶f calibration approach used in this study: the porous-media model was tuned to provide 

pressure-drop agreement in the correct range and to generate representative velocity distributions, 

rather than being fine-tuned to match pressure drop at every operating point. These results 

demonstrate that the porous-media model provides a physically consistent representation of 

channel and inlet hydraulic resistance and is sufficiently accurate for use in subsequent thermal 

modeling and flow-distribution analysis. 
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6.3 Porous Media Velocity Map 

Following validation of the pressure-drop predictions, the porous-media model was used 

to evaluate velocity distributions for the no-cutback configuration at 0.175 kg/min and 10°C fluid 

inlet conditions. In COMSOL, a parameterized surface was defined spanning the width of two 

channels and two fins (144 µm) at the nominal channel height. This surface was used to compute 

the area-averaged velocity within the microchannel region. Multiple planes were positioned along 

the microchannel region to sample velocities at different axial locations ranging from ~0.95-1.22 

m/s to be used an inlet boundary condition for 1D unit-cell model to determine heat transfer 

coefficient (ℎ𝑡𝑐) at various flow conditions. Figure 6-3 shows the velocity map of the no-cutback 

geometry at 0.175 kg/min. 

 

Figure 6-3 Velocity map one channel height downstream of porous model, x = 0 is the midpoint 

and symmetry line of the bar, whereas the right side shows the edge of the bar where fluid enters.  

The porous-media model predicts a nonuniform velocity distribution across the channel 

array when the lens is present. Relative to the approximately uniform-flow baseline assumed for 

the unlensed configuration, the lensed case exhibits increased velocity toward the center of the bar, 
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reduced velocity near the edges, and a localized increase at the extreme boundary. This 

redistribution reflects the modified inlet pressure field imposed by the lens geometry. Notably, the 

predicted velocity profile does not directly mirror the experimentally observed wavelength trends, 

in which edge emitters exhibit a blue shift. From a purely velocity-based perspective, reduced edge 

velocity might be expected to increase local temperature, yet the spectral data suggest the opposite 

behavior. This discrepancy indicates that velocity magnitude alone is insufficient to interpret 

emitter-level temperature response. Instead, the coupled effects of velocity-dependent heat transfer 

coefficient, local heat flux, and three-dimensional heat spreading must be considered. 

Accordingly, the velocity fields extracted from the porous-media model are applied as inlet 

conditions in a unit-cell model to determine velocity-dependent heat transfer coefficients. For 

comparison, a uniform-velocity case, defined by evenly distributing the total mass flow rate among 

all channels, is also evaluated. The resulting ℎ𝑡𝑐 distributions are then implemented in a full three-

dimensional thermal model to assess how uniform and lens-induced flow redistribution influence 

bulk temperature and spatial temperature gradients. 

6.4 Unit Cell Model  

As an intermediate step, a representative microchannel unit-cell model was used to relate 

local velocity to htc. The velocities extracted from the porous-media analysis were applied as inlet 

conditions to this model. Before applying the lens-induced velocity distributions, the unit-cell 

model was evaluated using a uniform-velocity case corresponding to equal mass flow distribution 

among channels. The model was checked for consistency through comparison with laminar 

pressure-drop and temperature expectations and verification of conservation of energy using.  𝑄 = 𝑚̇𝑐𝑝Δ𝑇 6-1 
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These checks ensure that the unit-cell model provides a physically consistent basis for 

subsequent thermal simulations. 

6.4.1 Un-lensed validation model  

Prior to applying velocities extracted from the porous-media model to the unit-cell heat 

transfer coefficient (htc) analysis, the unit-cell model was first validated against experimental data. 

To isolate the thermal–fluid behavior of the model, inlet conditions corresponding to the unlensed, 

no-cutback experimental configuration were used. 

Experimental measurements indicate a total electrical waste heat input of approximately 

84 W for the 70A, 0.175 kg/min, and 10°C fluid inlet condition. However, an energy balance based 

on the measured coolant temperature rise suggests that only ~65 W was transferred to the fluid 

during the test. To bound this discrepancy, two steady-state CFD simulations were performed: one 

assuming 64.5 W of heat transferred to the coolant and one assuming the full 84.5 W heat input 

was delivered to the fluid. Table 6-1 shows experimental results compared to the two model 

configurations. These two modeling cases will be used for comparison in the following sections 

for pressure drop, temperature, and thermal resistance.  

Table 6-1 Experimental versus model results in total waste heat and calculated heat to fluid  

 
Temp (°C) ∆𝑷 (Psi) ∆𝑻 (°C) 𝑸𝐰𝐚𝐬𝐭𝐞 to 

Fluid (W) 

𝑸𝐰𝐚𝐬𝐭𝐞 (W) 

Exp 85.19 2.59 20.87 65.58 84.51 

Model 93.58 2.73 27.73 84.51 

Model 75.84 3.09 21.57 65.58 
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6.4.1.1 Pressure Drop Comparison 

The experimentally measured pressure drop across the unit cell is 2.594 ± 0.28 psi (1σ). 

The CFD prediction for the 84.5 W case is 2.72 psi, which lies within the experimental uncertainty 

band and shows strong agreement with the measured value. The 65 W case predicts a slightly 

higher pressure drop of approximately 3.0 psi, corresponding to a nominal deviation of ~15% 

relative to the measured value. 

This discrepancy is modest in magnitude and may be partially attributed to transient effects 

observed during the experiment. As shown in the subsequent section, the outlet coolant 

temperature continued to increase during data acquisition, indicating that fluid properties 

(particularly viscosity) were evolving and that strict steady-state conditions had not yet been 

achieved. Because pressure drop is sensitive to temperature-dependent fluid properties, this 

transient behavior likely contributes to the observed difference between the steady CFD prediction 

and the measured value. Overall, the pressure-drop comparison supports the validity of the unit-

cell hydraulic model for subsequent htc extraction. 

6.4.1.2 Temperature Rise Comparison  

The inlet temperature and velocity in the experiment were 11.3 °C and 1.107 m/s, 

respectively. The CFD-predicted coolant temperature rise was 27.73 °C for the 84.5 W case and 

21.57 °C for the 65.6 W case. The experimentally measured ΔT was 20.87 °C, which aligns closely 

with the lower heat-to-fluid case. The discrepancy between the measured ΔT and the 84.5 W 

prediction indicates that the full electrical waste heat was not transferred to the coolant during data 

acquisition. 

Figure 6-3 shows that the experimental outlet temperature continued to increase during the 

test, with a measured slope of approximately 0.0309 °C/s, confirming that steady state had not yet 

been achieved. Over a 166 s interval, the copper carriers supporting the pogo pins increased in 
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temperature by approximately 1 °C, indicating that a portion of the input heat was stored in the 

surrounding solid hardware. During the same period, the coolant ΔT increased by only ~0.28°C, 

corresponding to a gradual increase in calculated heat transfer to the fluid. 

 

Figure 6-4 Experimental outlet temperature over data acquisition time 

The difference between the total electrical waste heat input (84.5 W) and the heat inferred 

from the coolant temperature rise (65.6 W) is approximately 18.9 W. A simple thermal capacitance 

estimate yields a total copper carrier heat capacity of approximately 290 J/K, implying that a 1°C 

rise corresponds to an average heat storage rate of ~1.7–1.8 W over the 166 s acquisition interval. 

However, this accounts for a small fraction of the ~20 W discrepancy between electrical waste 

heat input. The remaining energy storage can be attributed to surrounding components, primarily 

the PEEK manifold, which has an estimated heat capacity of approximately 1300 J/K. If the 

remaining ~17 W were absorbed by the PEEK structure, the expected temperature rise would be 

approximately 0.0136 K/s corresponding to a temperature increase of 2–3°C over a 3 minute 

interval.  
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A separate 1D thermal resistance model (Appendix B) predicts that, at true steady state, 

approximately >99% of the waste heat should ultimately be transferred to the coolant, with less 

than 1% lost to the surroundings. Therefore, the lower experimentally inferred heat-to-fluid value 

is attributed to transient energy storage in the copper carriers and manifold rather than to steady-

state heat losses. Overall, this behavior is consistent with the observed transient heating of the 

copper carrier and surrounding materials during the experiment. 

6.4.1.3 Bulk Temperature 

Table 6-1 shows that the experimentally measured bulk temperature (85.19°C) lies between 

the two steady-state model predictions (93.58°C for the 84.5 W case and 75.84°C for the 65.6 W 

case). This intermediate value is consistent with the transient behavior observed during testing, 

where a portion of the input power was temporarily stored in surrounding solid components rather 

than fully transferred to the coolant. 

Although the overall system had not reached complete steady state, time-resolved spectral 

measurements indicate negligible drift in centroid wavelength during the data acquisition interval. 

Because centroid wavelength serves as a proxy for junction temperature, the absence of a 

measurable upward trend suggests that the emitter region itself was operating under near steady-

state thermal conditions. The lower experimentally inferred heat-to-fluid value (~65 W) therefore 

reflects transient energy storage in surrounding solid components rather than a different steady-

state condition. At true steady state, the full electrical waste heat (84.5 W) is expected to be 

transferred to the coolant. 

It should also be recognized that direct comparison of absolute solid temperatures between 

the unit-cell model and experiment is inherently limited. The unit-cell model represents a 

symmetric, fully heated channel region and does not include geometric features present in the full 

assembly, such as thicker edge fins, unheated regions near the bar edges, and lateral heat spreading 



163 

into adjacent structure. These geometric asymmetries reduce peak and average temperatures in the 

experimental configuration relative to the idealized unit-cell representation. Accordingly, while 

pressure drop and coolant temperature rise provide appropriate validation metrics, exact agreement 

in absolute solid temperature is not expected. 

6.4.2 Heat Transfer Coefficient  

With the transient behavior understood and the unit-cell model validated against 

experiment, the analysis proceeds to the final modeling stage: coupling the porous-media velocity 

predictions with the full three-dimensional heat transfer model. For each average velocity case 

obtained from the porous-media CFD, the axially varying htc (Figure 6-5) and corresponding 

reference wall temperature were extracted from the unit-cell simulations.  

The local heat transfer coefficient shown in Figure 6-5 decreases along the channel length 

due to thermal boundary layer development within the thermally developing laminar flow regime. 

Since the estimated thermal entrance length (16–25 mm) is significantly larger than the physical 

channel length (~4.5 mm), the flow remains thermally developing throughout the channel. Near 

the inlet, the thermal boundary layer is thin, producing large wall temperature gradients and 

elevated local heat transfer coefficients. As the fluid progresses downstream, the thermal boundary 

layer thickens and the bulk fluid temperature increases, reducing the local temperature gradient 

between the wall and fluid and causing the heat transfer coefficient to decrease axially. 

Additionally, temperature-dependent fluid properties further influence the local heat transfer 

behavior, as variations in thermal conductivity, viscosity, and specific heat with temperature 

modify the local Reynolds number, thermal diffusivity, and resulting heat transfer coefficient 

throughout the channel.  
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Figure 6-5 Axial htc for three various velocity cases with x = 0 being the channel entrance 

In addition to the lens-induced velocity distributions, the validated uniform-flow case 

(corresponding to equal mass distribution among channels) was also processed through the unit-

cell model to obtain a baseline htc distribution. These velocity-dependent htc’s are then 

implemented in the three-dimensional thermal model to compare temperature fields under 

uniform-flow assumptions and lens-induced flow redistribution conditions. 

6.5 3D Heat Transfer  

Before examining the lens-induced redistribution case, the uniform-flow model is 

evaluated as a baseline for the 70A, 0.175 kg/min and 10°C fluid inlet case. The validated uniform-

flow htc profile (velocity = 1.107 m/s) was applied uniformly to all channels in the three-

dimensional half-domain heat transfer model. Figure 6-6 shows the resulting temperature 

distribution under this assumption. This case serves as the reference for comparison with both 

experiment and the lensed configuration.  
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Figure 6-6 Uniform flow full heat transfer model with no per channel variation of the htc 

The axial temperature increase toward the outlet is primarily a consequence of the axial 

heat transfer coefficient formulation used within the channels in conjunction with a bulk fluid 

reference temperature. As heat is transferred to the coolant along the flow direction, the bulk fluid 

temperature increases, resulting in a reduced local temperature difference and an effectively lower 

convective heat transfer coefficient downstream. This produces the observed temperature rise 

toward the back of the device. 

The highest temperatures occur in the central emitters due to reduced lateral heat spreading 

compared to the edges. The temperature reduction toward the right side of the device is attributed 

to enhanced heat spreading resulting from a larger fin region and the absence of emitters near the 

end of the heat sink. Conversely, the left side exhibits elevated temperatures due to the imposed 

symmetry boundary condition, which restricts lateral heat dissipation. Overall, the temperature 

distribution is consistent with the applied boundary conditions, channel heat transfer modeling 
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assumptions, and geometric nonuniformities. Figure 6-7 shows a lateral temperature slice taken 

across the emitter plane 1mm downstream from the channel entrance.  

 

 

Figure 6-7 Uniform flow heat transfer model temperature distribution 

Each local temperature peak corresponds to an individual emitter, with the peak-to-peak 

spacing matching the emitter pitch. The gradual reduction in peak temperature toward the outer 

edges of the submount indicates increased lateral heat spreading into regions without active 

emitters. In these edge regions, the absence of overlying heat sources allows heat to spread into 

the unfinned edges of the CuW submount, resulting in lower local temperatures compared to the 

centrally located emitters. This behavior is consistent with the expected lateral conduction within 

the submount and the imposed geometric boundary conditions. The results of the experiment and 

model are given in Table 6-2. 
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Table 6-2 Uniform flow model results vs experimental results 𝑇𝑏𝑢𝑙𝑘  (°C) 𝑇𝑠𝑖𝑚 (°C) Min Emitter 

Temp (°C) 

Max Emitter 

Temp  (°C) 

∆𝑇 (°C) Δλ (nm) 

85.15 87.40 82.36 89.22 6.86 2.06 

Under the uniform-flow assumption, the CFD model predicts a lateral temperature spread 

of 6.86°C across half of the bar, corresponding to an estimated wavelength spread of 

approximately 2.06 nm. The experimentally measured total wavelength spread is 4.43 nm, 

indicating greater nonuniformity in the physical device than is captured by thermal effects alone. 

These other effects will be explored further in section 7.3.2. The predicted mean device 

temperature is 87.40°C, compared to an experimentally measured bulk temperature of 85.15°C, 

representing a deviation of approximately 2.6%. This difference lies well within the combined 

experimental uncertainty of ±5.13 °C (1σ), indicating strong agreement between the uniform-flow 

model and the measured bulk thermal response.  

6.5.1 Comparison of Unit-Cell and Full Heat Transfer Models  

The unit-cell thermal model predicts a mean device temperature of 93.52°C, compared to 

the experimentally measured value of 85.15°C. During the experiment, the coolant outlet 

temperature continued to increase at a rate of approximately 0.03 °C/s, indicating that the fluid had 

not fully reached thermal steady state. However, the measured laser temperature exhibited minimal 

variation over the measurement interval, suggesting that the device temperature had largely 

equilibrated despite the slow increase in coolant temperature. In contrast, the full heat-transfer 

model incorporating spatially varying convection and lateral heat spreading predicts a mean device 

temperature in close agreement with the experimental measurement. The lower predicted 

temperature relative to the unit-cell model is attributed to the inclusion of edge boundary 
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conditions and lateral conduction paths, which enable heat spreading into regions without active 

emitters. These effects are intentionally excluded in the unit-cell formulation, making it a 

conservative representation of the thermal environment. The improved agreement of the full model 

therefore reflects a more complete description of the device-scale heat transfer mechanisms. 

6.5.2 Packaging- and Stress-Induced Nonuniformity 

The close agreement between the mean temperature predicted by the heat-transfer model 

and the experimentally inferred bulk centroid wavelength indicates that the thermal model 

accurately captures the average operating temperature of the device. However, the model does not 

reproduce the full magnitude of the measured spatial nonuniformity. Specifically, the model 

predicts a wavelength spread of approximately 2.06 nm, corresponding to a lateral temperature 

variation of 6.86 °C, whereas the experimentally measured wavelength spread is approximately 

4.43 nm. At the applied current of 70 A thermal gradients under uniform-flow assumptions are 

insufficient to generate the observed multi-nanometer emitter-to-emitter wavelength variation. 

This indicates that temperature nonuniformity is not the sole contributor to the measured spectral 

spread, since it explains approximately half of the measured emitter-to-emitter wavelength spread. 

To better understand the potential origins of the residual wavelength variation, it is necessary to 

consider both packaging-induced mechanical strain and electro-thermal current redistribution as 

possible contributors. The following sections first summarize key findings from prior work and 

then examine experimental observations from this study to identify the dominant mechanisms 

contributing to wavelength nonuniformity.  

6.5.2.1 Packaging-Induced Stress (Literature and Present Work)  

Prior studies have demonstrated that packaging-induced mechanical stress can introduce 

spatially varying bandgap shifts in GaAs-based laser diode bars. These stresses arise primarily 
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from thermal expansion mismatch between the laser material, solder, and submount during cool-

down from the bonding temperature. Reported wavelength shifts on the order of several 

nanometers correspond to stresses of tens of megapascals, indicating that packaging effects alone 

are sufficient to produce emitter-to-emitter wavelength variation [124]-[128],. Martin et al. [130], 

[131], employed spatially resolved micro-photoluminescence mapping of the band-to-band 

emission from the n-type GaAs substrate to quantify packaging-induced mechanical stress in high-

power GaAs/AlGaAs laser diode arrays. Their results showed that stress introduced during 

bonding arises primarily from thermal expansion mismatch during cool-down and can produce 

wavelength shifts of several nanometers. Using a calibrated wavelength–stress relationship, they 

reported that a red shift of approximately 1 nm corresponds to a tensile stress of about 16 MPa, 

equivalent to a wavelength sensitivity of ≈0.063 nm/MPa. Zhang et al. [132] reported a smaller 

wavelength–stress sensitivity (~0.01 nm/MPa) based on device-level emission measurements, 

highlighting that the effective impact of stress on wavelength can vary depending on measurement 

methodology and device operation.  

Tomm et al. [133] demonstrated that packaging-induced strain is spatially nonuniform, 

with maximum strain typically occurring near the center of the bar and reduced strain near the 

edges, consistent with thermal expansion mismatch during bonding. Xia et al. [134] further showed 

that even modest packaging-induced strain (~8 MPa) can influence emitter behavior, including 

threshold current and efficiency, indicating that mechanical effects can impact both performance 

and reliability at the emitter level.  

While the studies above demonstrate that packaging-induced stress can generate spatially 

varying bandgap shifts and influence emitter reliability, several works have shown that stress alone 

does not generally dominate steady-state power redistribution in unaged high-power laser bars. 
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Instead, temperature-driven current competition plays a primary role under typical operating 

conditions. Literature measurements report wavelength–stress sensitivities ranging from 

approximately 0.01 nm/MPa at the device level [132] to ~0.063 nm/MPa for bulk GaAs measured 

via micro-photoluminescence [131], indicating that bonding-induced stresses on the order of tens 

of megapascals are sufficient to generate wavelength shifts of several nanometers. Accordingly, 

both packaging-induced mechanical stress and electro-thermal current redistribution represent 

plausible contributors to the residual wavelength spread observed in the present work. The 

following discussion examines packaging-related factors specific to the present device that may 

introduce spatially varying mechanical constraint during bonding. 

During bonding, uniform pressure across the bar was intended. However, the bonding 

weights were originally designed for shorter 2 mm devices and therefore directly loaded only part 

of the 4 mm bar length used in this work. Although a silica sheet (Figure 6-8) was employed to 

distribute the applied load, the resulting pressure distribution was likely nonuniform along the full 

bar length. In addition, while the bonding surfaces were manually flattened to remain below the 

nominal solder thickness, residual surface variations on the order of several microns remained. 

Although these variations were within the specified tolerance, their spatial nonuniformity is 

sufficient to produce local variations in solder thickness and mechanical constraint along the bar. 

Such variations provide a plausible source of position-dependent stress during cool-down from the 

soldering temperature. 



171 

 

Figure 6-8 Jig for bonding laser diode bars. Weights placed on top of Silica sheet spread over 

the microchannel stack up  

Another potential factor is the CuW submount flatness which was measured and verified 

to remain below the nominal solder thickness (12.5 µm), with transverse flatness <6 µm and axial 

flatness <10 µm. Although these values meet the intended tolerance (≲10 µm), the fact that the 

flatness variation approaches the solder thickness itself increases the likelihood of spatially varying 

bondline thickness along the bar. 
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Figure 6-9 Example of a measured flatness profile of the CuW submount with transverse flatness 

<6 um, whereas axial flatness <10 um. Flatness remains less than solder thickness but varies along 

the bar  

While maintaining flatness below the solder thickness prevents gross contact mismatch, it 

does not guarantee uniform mechanical constraint. Local peaks and valleys on the order of several 

microns can alter the effective solder gap during reflow, particularly along the 4 mm bar length 

where achieving uniform axial flatness is more challenging. Cross-sectional imaging of the bonded 

assembly further supports this interpretation. Figure 6-10(a) shows a side view of the laser diode 

bar bonded between upper and lower CuW submounts using AuSn solder. Figure 6-10(b) presents 

a frontal view of the finned channel structure and bondline interface. These images reveal that the 

solder layer is not perfectly uniform along the bar length and that localized thickness variations 

are present. 
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Figure 6-10 (a) side view of laser diode bar bonded between upper and lower CuW submount with 

AuSn solder bond between each submount (b) frontal view of channel fin measurements and AuSn 

bondline showing non uniform solder joints between the GaAs bar (blue) and finned CuW 

submount  

Variations in solder thickness modify the mechanical constraint imposed on the GaAs bar 

during cool-down from the bonding temperature. Regions with thinner solder may experience 

stronger mechanical coupling to the submount, while thicker regions may allow partial stress 

relaxation. Such spatial differences in constraint can introduce localized bending moments and 

residual strain in the GaAs bar. Although these effects are not directly observable through bulk 

thermal measurements, they provide a plausible mechanism for position-dependent bandgap shifts 

and wavelength variation. 

In addition, minor surface roughness was present near the edges of the CuW submount as 

a result of fabrication processes. Manual material removal, including localized removal of the gold 

layer near the perimeter, was performed to improve flatness prior to bonding. Although the 

surfaces were subsequently cleaned, residual edge features may have influenced local solder 

wetting behavior and contributed to bondline nonuniformity in specific regions. 
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Finally, edge effects can also play a role in packaging induced stress. Strain-mapping 

studies by Tomm et al. [106] demonstrate that packaging-induced strain in GaAs-based laser bars 

depends strongly on mechanical boundary conditions during bonding and cool-down. In their 

measurements, the central region of the bar experienced higher strain due to stronger constraint, 

while the edges partially relaxed. In the present design, the CuW submount incorporates finned 

structures that modify the local stiffness distribution along the bar. The unfinned edge regions 

contain greater material thickness and are therefore mechanically stiffer than the finned central 

region. This geometry-dependent stiffness may alter how the GaAs bar is constrained during 

bonding and thermal contraction, providing a plausible mechanism for spatially varying bending 

and strain, particularly near the edges. 

6.5.2.2 Temperature-driven current competition and electro-thermal 

feedback.  

Bull et al. [29], [135] investigated the combined influence of temperature gradients and 

packaging-induced strain on current sharing and optical power distribution in high-power laser 

diode bars using electro-thermal–optical modeling and experimental validation. The modeling 

showed that hotter emitters, due to reduced bandgap and lower turn-on voltage, draw a 

disproportionate share of current under common-voltage operation, leading to frown-shaped 

power profiles. These results demonstrate that temperature gradients alone can drive significant 

current redistribution. Although strain was shown to affect bandgap, Bull et al. concluded that 

thermal gradients dominate power redistribution in many high-power laser bars, with strain acting 

as a secondary effect. 

Amuzuvi et al. [89] performed a by-emitter investigation of current competition in unaged 

laser bars using near-field imaging and infrared thermography. The authors demonstrated that 

temperature-induced bandgap reduction is the primary driver of this behavior, while packaging-
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induced strain contributed a smaller effect. This work provides direct experimental evidence that 

temperature-driven current redistribution governs emitter-level behavior under steady-state 

operation.  

Gong et al. [23] showed that overall thermal resistance in high-power laser diodes is 

dominated by the solder and submount rather than the laser chip itself. Their results show that 

significant temperature rises can occur even in single emitters and that lateral heat spreading is 

insufficient to homogenize temperature across bars or arrays. This limited lateral heat spreading 

leads to persistent temperature nonuniformities across the bar, enabling electro-thermal coupling 

between emitters. 

Mahler et al. [41] further demonstrated that thermal gradients and finite lateral thermal 

resistance lead to thermal crosstalk and current crowding. While conducted on Gallium Nitride 

(GaN) devices, the electro-thermal mechanisms identified were common-voltage operation, 

temperature-dependent bandgap shifts, and finite lateral thermal coupling. These mechanisms are 

directly applicable to GaAs-based laser bars. 

Overall, the literature shows that packaging-induced stress can create spatial variations in 

the bandgap of GaAs-based laser bars and influence emitter reliability and initial operating 

conditions. Prior studies report bonding-related stresses on the order of tens of megapascals, 

sufficient to produce wavelength shifts of several nanometers, and often spatially nonuniform due 

to thermal expansion mismatch during soldering and cool-down. These results confirm that 

packaging-induced strain is capable of contributing to the residual emitter-to-emitter wavelength 

variation not captured by uniform-flow thermal modeling. However, by-emitter investigations 

consistently demonstrate that stress alone does not typically dominate steady-state wavelength or 

power distribution in unaged high-power laser bars. Instead, temperature-driven current crowding 
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plays the primary role at typical operating currents. As current increases, self-heating reduces the 

bandgap of hotter emitters, lowering their turn-on voltage and causing current to preferentially 

redistribute into those emitters. This electro-thermal feedback amplifies any initial nonuniformities 

introduced by stress, defects, or fabrication tolerances. Accordingly, while packaging-induced 

stress likely contributes to the observed wavelength spread beyond the ~2 nm predicted by thermal 

modeling, electro-thermal current redistribution is expected to account for a substantial portion of 

the measured emitter-to-emitter variation. To directly assess the development of current 

redistribution during operation, emitter-resolved near-field imaging (NFI) was performed. Near-

field images provide a spatial map of stimulated emission while the device is lasing and therefore 

offer a qualitative measure of how optical power, and by extension current, is distributed among 

emitters. By examining NFI data over a range of operating currents, it is possible to distinguish 

nonuniformities present near threshold from additional redistribution that develops through 

electro-thermal feedback at higher current. The following section presents these measurements. 

6.5.2.3 Near Field Imaging Results  

While prior studies [41], [89], [132], [134] demonstrate that packaging-induced stress can 

seed emitter-to-emitter nonuniformity, they also show that stress alone does not determine steady-

state power distribution in unaged bars. Instead, temperature-driven current competition 

increasingly governs emitter behavior as operating current rises. 

To directly visualize how current redistribution develops under electrical operation, 

emitter-resolved near-field imaging (NFI) was employed. Near-field images capture the spatial 

distribution of stimulated emission during lasing and therefore provide a qualitative map of 

emitter-level optical power, and by extension current distribution. Unlike low-duty-cycle 

electroluminescence measurements used to assess static strain effects [134], NFI enables 

observation of dynamic electro-thermal amplification under realistic operating conditions. This 
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approach provides a direct link between static nonuniformities introduced by packaging and the 

current redistribution that develops during high-current operation. Near-field images were 

acquired at 30 A, 60 A, and 270 A to capture emitter behavior from initial turn-on through 

intermediate electro-thermal coupling to fully developed current crowding. 

Figure 6-11 shows that lasing begins in only a small subset of emitters once threshold 

current is reached (~30 A), with emission clustered in specific regions rather than uniformly 

distributed across the bar. Because self-heating is minimal near threshold, this nonuniform turn-

on cannot be attributed to thermal gradients. Instead, it reflects static emitter-to-emitter variations 

present prior to significant heating. Such variations may arise from packaging-induced strain, local 

defect density, epitaxial nonuniformity, or differences in series resistance, all of which influence 

the effective band gap or threshold current of individual emitters [106], [134], [136]. Although all 

emitters are driven under a common voltage, those with lower effective band gap or threshold 

voltage turn on first and draw current preferentially [29], [89], which establishes the initial 

conditions for current crowding. As drive current increases, self-heating further reduces the band 

gap of these early-turn-on emitters, amplifying the initial nonuniformity through electro-thermal 

feedback [29], [41], [89]. 
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Figure 6-11 Near Field Image of laser diode bar around threshold current (30A) 

At an intermediate current of approximately 60 A shown in Figure 6-12,  corresponding to 

the low-power operating regime examined in this study, additional emitters begin to lase and 

optical output becomes more broadly distributed across the bar, though significant nonuniformity 

remains. Emitters that turned on earliest near threshold remain brighter, while some edge emitters, 

particularly on one side of the bar, remain weak or inactive. At this operating point, thermal effects 

are no longer negligible. Heat-transfer modeling near 70 A predicts bulk temperatures in the 80–

90°C range, indicating substantial self-heating. As previously described [29], [89],  hotter emitters 

experience band-gap reduction, lowering their effective turn-on voltage and drawing 

disproportionate current under common-voltage operation. In this regime, electro-thermal 

coupling actively amplifies the static nonuniformities established at threshold, marking the 

transition to current redistribution dominated by coupled thermal feedback. 
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Figure 6-12 Near Field Image of laser diode bar at ~17% full current (60A) 

Figure 6-13 shows at high current (270 A), corresponding to the maximum operating 

condition achievable within system pressure-drop and cooling limitations, nearly all emitters are 

lasing and a pronounced frown-shaped intensity distribution emerges, with central emitters 

dominating optical output and edge emitters remaining comparatively dim. In this regime, electro-

thermal current crowding clearly governs emitter behavior. Central emitters operate at higher 

junction temperatures due to thermal coupling and reduced lateral heat dissipation, while edge 

emitters remain cooler. The elevated temperature of central emitters reduces their band gap and 

effective turn-on voltage, causing current to redistribute preferentially into these regions. This 

positive electro-thermal feedback stabilizes a strongly nonuniform power distribution 

characterized by hot central emitters and cooler edges, consistent with prior experimental and 

modeling studies [29], [41], [89]. 
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Figure 6-13 Near Field Image of laser diode bar at ~75% full current (270A) 

To illustrate how emitter nonuniformity develops with current, qualitative lateral intensity 

profiles were extracted from the near-field images taken at near-threshold, shown in Figure 6-14, 

and at high current (270 A), shown in Figure 6-15, by summing the optical intensity across the 

vertical dimension of the emitting stripe. Near threshold, the intensity profile consists of only a 

few isolated peaks, corresponding to the emitters that turn on first, confirming that only a small 

fraction of the bar contributes to lasing at turn-on. At high current, the intensity profile becomes 

continuous and frown-shaped, with maximum intensity at the center of the bar and reduced 

intensity toward the edges. Comparison of these profiles demonstrates that the high-current 

distribution does not arise solely from elevated temperature but evolves from static 

nonuniformities present at turn-on that are progressively amplified by electro-thermal feedback. 

This interpretation is consistent with prior by-emitter studies showing that temperature-driven 

band-gap shifts dominate current competition at high current, while packaging-induced strain 

primarily influences initial emitter conditions [29], [89], [106]. Together, the near-field images 

and intensity profiles illustrate how static and dynamic effects jointly shape emitter-level power 

distribution. 
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Figure 6-14 Near Field Image intensity profile (30A) 

 

Figure 6-15 Near Field Intensity profile at 270A  

 

6.5.2.4 Combined Effects of Bonding and Current Redistribution 

The experimentally observed wavelength maps exhibit smooth, position-dependent 

patterns across the bar, including M-shaped and inverted U-shaped profiles. Such distributions are 

consistent with spatially varying bending or warpage of the GaAs bar relative to the CuW 
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submount arising from bonding-related mechanical effects. However, electro-thermal current 

redistribution also contributes to the observed wavelength behavior. As operating current 

increases, current crowding into hotter emitters amplifies pre-existing nonuniformities seeded by 

bonding, strain, or fabrication tolerances. Because the heat-transfer model predicts only a modest 

lateral temperature variation at 70 A, the remaining multi-nanometer wavelength spread cannot be 

attributed to thermal gradients alone. Therefore, the most consistent interpretation is that small, 

spatially varying strains introduced during bonding establish the initial wavelength nonuniformity, 

while electro-thermal current redistribution amplifies these variations during operation. This 

combined mechanism aligns with both reported wavelength–stress sensitivities and established 

current-competition behavior in high-power laser bars. 

6.5.2.5 Sensitivity of Predicted Temperature Distribution to Heat-Source 

Nonuniformity 

The three-dimensional heat-transfer model with a uniform lateral heat-flux distribution 

predicts a modest emitter-to-emitter temperature variation across the bar. For the representative 

operating condition considered (0.175 kg/min coolant flow, no lens), the model yields a lateral 

temperature spread of approximately 6–7 °C, corresponding to a wavelength variation of ~2 nm 

when applying the wavelength–temperature coefficient. While this captures a significant thermal 

contribution, it remains smaller than the multi-nanometer wavelength spread observed 

experimentally, indicating that uniform heat generation alone cannot fully account for the 

measured nonuniformity. 

Because high-power laser bars operate under common-voltage conditions, emitter-to-

emitter current sharing is sensitive to temperature-dependent bandgap feedback. Near-field 

imaging and prior by-emitter studies indicate that current crowding can lead to nonuniform heat 

generation, with centrally located emitters dissipating a larger fraction of the electrical input 
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power. To evaluate the sensitivity of the predicted temperature distribution to such nonuniform 

heating, an exploratory modeling case was performed in which the applied lateral heat flux was 

redistributed using a Gaussian profile to represent centrally concentrated power dissipation. 

Under this redistributed heat-flux assumption, the model predicts substantially larger 

lateral temperature gradients, with peak-to-peak differences on the order of 10–15°C. This 

corresponds to wavelength spreads of several nanometers—comparable in magnitude to the 

experimentally observed variation. Although the Gaussian heat-source distribution does not 

reproduce the detailed spatial structure of the measured wavelength map, it demonstrates that 

current crowding and nonuniform heat generation are capable of producing wavelength spreads 

significantly larger than those predicted by uniform heating alone. 

Because emitter-resolved current and optical power measurements were not available, this 

Gaussian heat-flux case is not intended to represent a calibrated physical model of bar operation. 

Rather, it serves as a qualitative sensitivity study to bound the potential impact of current crowding 

on lateral temperature and wavelength variation. Assumptions and implementation details are 

provided in Appendix D. 

6.5.3 Lensed Model Results 

When the spatially varying htc derived from the lensed porous-media velocity field (no-

cutback geometry) is applied in the three-dimensional heat-transfer model, the predicted mean 

device temperature remains in strong agreement with experiment. The model yields an average 

temperature of 87.15°C compared to the experimentally measured 88.3°C, corresponding to an 

error of approximately 1%. This agreement confirms that the overall convective heat removal is 

well captured. The model results for the lensed experiment are given in Table 6-3. 
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Table 6-3 Lensed model results vs experimental results  𝑇Bulk(°C) 𝑇sim (°C) Min Emitter 

Temp (°C) 

Max Emitter 

Temp (°C) 

Δ𝑇 (°C) ∆𝜆 (nm) 

88.3 87.15 82.79 88.49 5.706 1.72 

 

While the average temperature prediction remains accurate, the modeled spatial 

temperature variation exhibits the opposite trend from experiment. Experimentally, the addition of 

the lens increases the wavelength spread, corresponding to an inferred increase in lateral 

temperature variation of approximately 2 °C. In contrast, the model predicts a reduction in lateral 

temperature variation, decreasing from 6.86 °C in the unlensed configuration to 5.71 °C (1.71 nm 

equivalent) in the lensed case, corresponding to a reduction of approximately 1.15 °C in 

temperature spread (Figure 6-16). 

 

Figure 6-16 Simulated temperature variation across the bar for the lensed case 



185 

Most notably, the experiment shows a blue shift in the edge emitters, indicating lower 

junction temperatures near the edges when the lens is present, whereas the model predicts elevated 

edge temperatures under the lensed velocity distribution. This divergence arises from the velocity 

redistribution predicted by the porous-media model. The lensed velocity field shows reduced 

coolant velocity near the edges, which lowers the local convective heat-transfer coefficient and 

increases the modeled edge temperature. However, the experimental data indicate the opposite 

thermal response, suggesting that the porous-media representation may not fully resolve localized 

inlet-driven flow structures or entrance effects introduced by the lens geometry. In particular, the 

modeling framework assumes spatially smooth convective boundary conditions and does not 

explicitly capture potential jet-like inlet acceleration or localized impingement effects within the 

plenum. If such localized convection enhancement occurs near the bar edges in the physical 

system, it would promote additional edge cooling beyond that predicted by the homogenized 

porous-media model. Thus, while the model accurately predicts the mean thermal behavior, it does 

not reproduce the experimentally observed spatial trend under lensed conditions. This discrepancy 

indicates that mechanisms beyond the simplified velocity redistribution model, such as localized 

inlet dynamics, three-dimensional plenum effects, or additional electro-thermal interactions, 

contribute to the measured emitter-level behavior. These effects are examined in the following 

sections. 

  



186 

Chapter 7: Discussion  

The preceding sections demonstrated that the modeling framework accurately predicts 

mean device temperature and bulk thermal resistance but fails to reproduce the experimentally 

observed spatial temperature and wavelength trends in the lensed configurations. In particular, 

while the model captures overall heat removal, it predicts elevated edge temperatures when the 

lens is present, whereas experiments show enhanced edge cooling. The following discussion 

examines the physical mechanisms responsible for this discrepancy and evaluates the limitations 

of the porous-media-based thermal model. 

7.1 Simulated temperature distribution discrepancies  

The primary discrepancy between simulation and experiment is not in the predicted mean 

temperature, but in the lateral temperature distribution across the bar. The modeled lensed 

configuration predicts warmer edges, whereas experiments consistently show cooler edges. This 

opposing trend suggests that localized inlet-driven flow features, particularly jetting and 

recirculation, may influence edge cooling in ways not fully captured by the porous-media 

formulation. 

7.1.1 Velocity profiles 

To further investigate the discrepancy in temperature distribution, the porous-media results 

were examined in more detail for the cutback and no-cutback cases. In the no-cutback 

configuration in Figure 6-3, the porous-media velocity profile shows a dip near the edges followed 

by a local spike. This behavior is consistent with inlet-region effects such as recirculation zones 

and edge jetting, where high-momentum flow near the sidewalls interacts with separated or 

swirling flow before entering the channel array. In contrast, the cutback case shown in Figure 7-1 

exhibits a more uniform velocity profile through the center of the bar, with a clearer velocity 
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increase at the edges rather than a dip-and-spike pattern. This suggests that the cutback geometry 

alters how the inlet flow develops before entering the porous region. 

 

Figure 7-1 Cutback geometry porous media velocity distribution 

While the porous-media model accurately reproduces the global pressure drop and mean 

flow resistance, it inherently represents the channel array as a momentum-averaged medium. As a 

result, localized inlet phenomena such as jet impingement, entrance mixing, recirculation, and 

downstream flow recovery are progressively smoothed as the flow transitions into the porous 

formulation. This behavior is evident in the velocity magnitude and streamline plots (Figure 7-2 

and Figure 7-3), where strong inlet jetting and recirculation are clearly resolved in the free-flow 

region upstream of the channels but are no longer distinguishable once the flow enters the porous 

domain. The porous-media approach is therefore well suited for capturing bulk resistance and 

average maldistribution, but not detailed entrance-region flow physics. 
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Figure 7-2 and Figure 7-3 show velocity magnitude contours and streamlines for the no-

cutback and cutback inlet geometries, respectively. In the no-cutback case (Figure 7-2), the 90° 

turn produces a strong inlet jet that travels along the bottom wall and interacts with a recirculation 

region near the inlet corner. This results in a nonuniform flow structure before the channels, with 

localized high-momentum flow and recirculation near the edges. These inlet features are largely 

damped once the flow enters the porous region, but they indicate the presence of jetting that could 

locally enhance heat transfer near the edge channels. 

 

Figure 7-2 Velocity plot with streamlines of no-cutback geometry in porous media model 

In the cutback case (Figure 7-3), the inlet jet persists farther downstream before entering 

the channel array. The shortened entrance length reduces damping of inlet momentum, allowing 

the jet to impinge more directly on the channel entrances, particularly near the edges. Compared 

to the no-cutback geometry, the flow approaching the channels is more uniform across the center 
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while maintaining higher momentum near the edges. This behavior is consistent with the porous-

media velocity profiles, which show an edge velocity increase in the cutback case rather than the 

dip-and-spike pattern observed without cutback. 

 

Figure 7-3 Velocity plot with streamlines of cutback geometry in porous media model 

These inlet jets provide a plausible explanation for the experimentally observed 

temperature behavior. Jet impingement and associated secondary flows can locally increase heat 

transfer near the channel entrances and the facet-adjacent region, even if the bulk coolant 

temperature and average channel velocity remain similar. As a result, the edge regions can be 

locally cooler than predicted by the porous-media thermal model, which averages the flow and 

does not explicitly resolve inlet jetting or recirculation. This localized edge cooling helps explain 

why experiments show colder edges and increased temperature and wavelength spread when a lens 

is added, particularly in the cutback configuration. 

The porous-media approach was selected because the expected flow regime was dominated 

by bulk pressure drop and average maldistribution, rather than strong momentum-driven inlet 
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effects. Under this assumption, the porous formulation provides an efficient and accurate 

representation of the channel array while avoiding the computational cost of fully resolving each 

microchannel. The magnitude of inlet jetting and secondary flows observed in the free-flow region, 

and their apparent influence on local edge cooling, were not anticipated a priori and only became 

evident after comparison with experimental temperature and wavelength distributions. 

7.1.2 Sensitivity to Convective Boundary Conditions in Lensed Configuration  

Accurately prescribing convective boundary conditions for the lensed configuration 

presents a fundamental modeling challenge. The experimentally observed flow redistribution 

includes localized jetting, recirculation, and strong spatial variation in convection near the inlet 

and bar edges. Capturing these effects within a reduced-order porous-media framework is 

inherently limited, as the porous-media flow model is unheated and therefore cannot provide a 

thermally consistent local heat-transfer coefficient distribution. Even if a heated boundary were 

introduced, the imposed heat flux would remain uncertain without resolving the full conjugate 

thermal–fluid problem. In the physical system, heat generation is distributed within the laser 

structure and package rather than applied as a uniform surface heater, and multiple heat-transfer 

pathways are present. As a result, the partitioning of thermal energy between the microchannel 

walls, plenum surfaces, and external package boundaries depends on the coupled interaction 

between solid conduction, fluid heating, and geometry, and cannot be uniquely defined within the 

reduced modeling framework. 

Furthermore, modeling the inlet plenum flow as jet impingement on a heated plate does 

not fully represent the physical system. In the experiment, the coolant enters discrete 

microchannels rather than impinging on a continuous surface, and the resulting convection is 

strongly influenced by the coupling between the plenum, channel entrances, and downstream flow 
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development. Accurately capturing the associated spatial variation in heat transfer therefore 

requires resolving the inlet plenum, individual microchannels, solid conduction, and fluid heating 

within a fully conjugate CFD heat-transfer model. In the absence of such resolution, any prescribed 

heat-transfer coefficient, whether derived from idealized jet simulations or averaged experimental 

values, necessarily represents an approximation rather than a predictive boundary condition. 

To assess sensitivity to the assumed convection, an exploratory study was performed in 

which separate heat-transfer coefficients were applied axially to represent distinct flow regimes. 

One heat-transfer coefficient was obtained from a separate CFD simulation of a jet impinging on 

a heated surface, while a second coefficient was based on the effective microchannel heat-transfer 

coefficient inferred from experiment. These coefficients were applied in series along the axial 

direction to approximate the transition from inlet-dominated flow to fully developed channel flow. 

Increasing the effective edge heat-transfer coefficient from approximately 6000 to 8000 W/m²·K 

resulted in a qualitative reduction in modeled edge temperatures and produced a trend consistent 

with the experimentally observed blue shift. However, the magnitude and spatial structure of the 

resulting temperature distribution remain strongly dependent on the assumed convection profile 

and cannot be determined with confidence without a fully conjugate CFD heat-transfer model. 

Results from the sensitivity study are in Appendix E.  

7.2 Bulk Temperature Effects From adding Lens  

The experimental bulk temperature results show that adding the lens does not dramatically 

change the overall thermal resistance of the system, even though it significantly alters the inlet 

flow topology. As shown in Figure 5-7, the mean coolant temperature rise changes by less than 

approximately 4°C across all configurations, indicating that the total heat removed by the coolant 

remains largely unchanged when the lens is added. This behavior is consistent with the 
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understanding that the lens introduces two 90° turns and a restriction, which primarily modify how 

momentum is distributed at the inlet rather than substantially increasing the overall convective 

heat transfer. 

While the bulk coolant temperature is only weakly affected, the altered inlet flow structure 

can produce localized increases in heat transfer near the edges. The 90° turns associated with the 

lens introduce localized acceleration and jet-like flow structures in the plenum, which redistribute 

momentum near the channel entrances without significantly altering total heat removal. This 

enhanced local cooling causes the edge emitters to operate at a lower temperature, leading to the 

observed blue shift at the edges, even though the bulk coolant temperature remains largely 

unchanged. 

7.3 FWHM Effects from adding Lens  

At 70 A and 175 gpm, introducing the lens changes the combined spectrum for both 

cutback and no-cutback cases, but the data indicate that this is not driven by meaningful increases 

in intrinsic emitter linewidth. The RMS emitter FWHM shifts by less than about 0.1 nm between 

configurations, indicating that individual-emitter broadening is minimal and not a dominant 

contributor to the observed differences. 

Instead, the primary effect is a redistribution of emitter centroid wavelengths, especially 

from center to edge. In the cutback configuration, the baseline centroid spread is smaller and 

increases when the lens is added (approximately 3.07 to 3.79 nm), consistent with stronger blue 

shift at the outer emitters. In the no-cutback configuration, the centroid spread is larger overall 

(approximately 4.43 to 5.15 nm with the lens), but the emitter distribution remains more centrally 

concentrated. As a result, most of the optical power stays near the center wavelengths, so the 

overall spectral FWHM changes only modestly even when the edge emitters shift. 
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7.4 Effects of adding a cutback   

Adding a cutback does not significantly change the mean temperature when the lens is 

added. However, with the lens in place, the cutback configuration exhibits a larger wavelength 

spread and increased FWHM compared to the no-cutback case. These effects are strongest at low 

flow rates and diminish as the flow rate increases. In addition to its effect on spectral 

nonuniformity, the cutback reduces the overall pressure drop through the test section. At low flow 

rates, this reduction is on the order of approximately 20%. While modest at low flow, this pressure-

drop benefit is expected to become more significant as flow rate increases, since pressure losses 

scale nonlinearly with velocity. However, the brightness of the lensed configuration remains 

limited by system pressure-drop constraints, even with the addition of a cutback. While the cutback 

reduces pressure drop, the achievable flow rate is still constrained by the overall hydraulic 

resistance of the system. This limitation becomes more pronounced when operating at lower 

coolant temperatures, where increased fluid viscosity further raises pressure losses. As a result, 

although the cutback provides a meaningful pressure-drop benefit, it is not sufficient to enable 

substantially higher flow rates or further increases in brightness under the current system 

constraints. 

7.5 Contributions of Stress and Current Redistribution to Unlensed 

Wavelength Spread  

Thermal modeling accurately captures the mean operating temperature of the laser bar but 

significantly underestimates the observed spatial wavelength nonuniformity. At 70 A, the modeled 

lateral temperature variation corresponds to only 2.06 nm (46.5% of total) of wavelength spread, 

whereas experiments show a spread of ~4–5 nm. This confirms that temperature nonuniformity 

alone cannot explain the measured wavelength behavior at low to moderate drive currents. 

Packaging-induced stress therefore contributes to the remaining wavelength spread, consistent 
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with literature-reported stress–wavelength sensitivities and the observed bonding nonuniformities. 

However, near-field imaging reveals that wavelength nonuniformity is not solely stress-driven. 

Near threshold, lasing initiates in only a small subset of emitters, primarily near the center of the 

bar, indicating intrinsic emitter-to-emitter variations and early current crowding prior to significant 

self-heating. As current increases, thermal effects exacerbate this imbalance, causing preferential 

current flow into hotter emitters and amplifying both power and wavelength nonuniformity. This 

electro-thermal feedback explains why thermal models based on uniform current distribution 

underestimate the observed wavelength spread. Taken together, these results indicate that 

packaging-induced stress seeds initial spectral nonuniformity, while current redistribution and 

thermal amplification dominate its evolution during operation. Improving wavelength uniformity 

therefore requires not only better control of bonding-related stress but also strategies to mitigate 

current crowding and electro-thermal feedback across the bar. 

7.6 Overall Effects of Adding Lenses to IIC Laser Diodes  

Adding a lens modifies the inlet flow topology by introducing additional turns and 

geometric restrictions, thereby altering how coolant momentum is distributed before entering the 

microchannel array. However, across the operating conditions studied, the lens does not 

significantly change the overall thermal resistance of the system. For example, at 0.175 kg/min, 

the addition of a lens increases thermal resistance by approximately 0.022 K/W for both cutback 

and no-cutback configurations. Across all conditions, the relative change in thermal resistance 

remains small, generally within approximately 4%. Bulk temperature differences associated with 

adding the lens remain relatively small (typically <4°C), indicating that the total heat removal 

capability is largely unchanged. 
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Although the mean device temperature is minimally affected, the addition of the lens alters 

the spatial temperature distribution across the bar. At the lowest tested flow rate (0.175 kg/min), 

the edge emitters exhibit an additional blue shift of approximately 0.91 nm in the cutback 

configuration when the lens is present, corresponding to enhanced edge cooling. This effect 

diminishes as coolant flow rate increases, suggesting a flow-regime-dependent mechanism. 

The modeling framework accurately captures the mean temperature but does not reproduce 

the experimentally observed edge-cooling trend. In the porous-media formulation, the channel 

array is represented as a momentum-averaged medium, which inherently smooths localized inlet 

jetting and recirculation as the flow transitions into the homogenized porous region. In the 

subsequent three-dimensional heat-transfer model, convection at external surfaces was represented 

using a uniform baseline heat-transfer coefficient (htc ≈ 10 W/m²-K), based on the assumption that 

the dominant heat removal pathway occurs through the microchannels. This simplified boundary 

treatment does not explicitly resolve localized plenum convection, inlet jet acceleration, or 

impingement-like effects near the channel entrances. 

Because the porous-media model is unheated and does not resolve detailed plenum-to-

channel thermal coupling, it cannot provide a thermally consistent local heat-transfer coefficient 

distribution. As a result, spatially varying convection near the bar edges, if present in the physical 

system, is underrepresented in the current modeling framework. An exploratory sensitivity study 

was therefore performed in which increased convective coefficients were applied near inlet-facing 

surfaces to approximate localized jet-enhanced cooling. These cases qualitatively reduced modeled 

edge temperatures and produced trends consistent with the experimentally observed blue shift. 

However, the magnitude and spatial structure of the predicted temperature distribution remain 

strongly dependent on the assumed boundary conditions. Accurate prediction of these effects 
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would require a fully conjugate CFD and heat-transfer model simultaneously resolving plenum 

flow, individual channel flow, solid conduction, and fluid heating. 

A plausible physical interpretation is that, at low Reynolds numbers, the plenum flow 

remains largely laminar and preserves localized jetting structures introduced by the lens geometry. 

These inlet-driven momentum variations can enhance convective heat transfer near the edge 

channels without substantially altering the overall heat removal rate. As flow rate increases, 

enhanced mixing and momentum diffusion reduce sensitivity to inlet topology, resulting in more 

uniform cooling and a diminished wavelength shift. The larger lens-induced wavelength shift 

observed in the cutback configuration is also consistent with this inlet-flow analysis. Velocity and 

streamline results indicate that the cutback geometry allows inlet jets to persist farther downstream 

before entering the channel array, reducing momentum damping relative to the no-cutback case. 

This sustained jet structure can promote stronger localized convection near the edge channels when 

the lens is present, thereby amplifying edge cooling at low flow rates. With increasing Reynolds 

number, the influence of these localized inlet structures weakens, consistent with the 

experimentally observed reduction in wavelength variation at higher flow. 

The initial modeling approach emphasized channel-to-channel maldistribution as the 

dominant source of spatial temperature variation, based on the expected magnitude of 

microchannel pressure drop relative to inlet losses. Comparison with experimental wavelength 

maps indicates that localized inlet-plenum dynamics play a more significant role than originally 

anticipated in the lensed configuration. This refinement does not invalidate the channel-scale 

modeling framework; rather, it clarifies that accurate prediction of spatial temperature distributions 

in lens-modified systems requires resolving inlet-plenum flow structures in addition to channel 

resistance effects. 
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Chapter 8: Future Work 

Future work should focus on resolving the dominant drivers of wavelength nonuniformity, 

improving diagnostic capabilities, and addressing system-level constraints that limit brightness 

and scalability. The following sections outline key efforts in quantifying non-thermal contributors, 

developing emitter-resolved measurement techniques, and characterizing bonding-induced stress. 

In addition, strategies for mitigating hydraulic pressure-drop limitations, leveraging validated 

thermal models for design, and extending the architecture to multi-bar configurations are 

discussed. 

8.1 Address Non-Thermal Contributors to Wavelength 

Nonuniformity  

The measured emitter-to-emitter wavelength spread of approximately 4–5 nm cannot be 

explained by thermal gradients alone. Heat-transfer modeling predicts a lateral temperature 

variation of less than ~7 °C at 70 A, corresponding to approximately 2 nm of wavelength variation 

based on established wavelength–temperature coefficients for GaAs-based lasers. This 

discrepancy indicates that non-thermal mechanisms play a dominant role in determining the 

observed wavelength nonuniformity. Literature results consistently identify packaging-induced 

mechanical stress as a primary non-thermal contributor to spatial bandgap variation in high-power 

laser bars [84], [106], [131]. Bonding-related factors, including submount flatness, applied 

pressure during soldering, and solder thickness nonuniformity, can introduce spatially varying 

strain that directly shifts the local bandgap and lasing wavelength. Future work should therefore 

prioritize controlled investigation of bonding-induced stress mechanisms, with particular emphasis 

on: 

• Tightening submount flatness tolerances relative to AuSn solder thickness 
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• Improving uniformity of applied pressure during bonding 

• Quantifying spatial solder thickness variation 

Reducing spatial variations in mechanical constraint is expected to be one of the most 

effective paths toward improving wavelength uniformity.  

8.1.1 Collecting Optical Power of Each Emitter  

While wavelength mapping provides a sensitive probe of temperature and strain variations, 

it does not directly quantify current redistribution among emitters. Multiple studies demonstrate 

that emitter-resolved optical power measurements provide direct insight into current crowding and 

electro-thermal feedback mechanisms in high-power laser bars [29], [41], [89]. 

Future experiments should therefore include simultaneous, emitter-resolved measurements 

of optical output power and emission wavelength. Correlating these quantities would allow direct 

assessment of whether longer-wavelength emitters (hotter or more strained emitters) also draw 

disproportionate current and emit greater optical power, as predicted by electro-thermal current-

competition models. Such measurements would enable separation of: 

• Static non-uniformities present at turn-on (e.g., stress or fabrication variation) 

• Dynamic nonuniformities that develop at high current due to temperature-dependent 

bandgap reduction 

This approach would provide a more complete understanding of current redistribution 

across the bar. 

8.1.2 Bonding Stress Analysis Via Micro-Photoluminescence Spectroscopy 

Micro-photoluminescence (µ-PL) spectroscopy has been demonstrated as a powerful, non-

destructive technique for directly quantifying packaging-induced strain in GaAs-based laser bars  

[106], [131], [134]. By measuring shifts in the GaAs substrate band-to-band PL peak under low-
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excitation conditions, strain can be isolated from thermal effects and mapped spatially across the 

bar. Future work should apply µ-PL mapping to devices fabricated under systematically varied 

bonding conditions, including: 

• Applied pressure 

• Solder thickness 

• Submount flatness 

A structured sensitivity study would enable quantitative correlation between bonding 

parameters and resulting strain magnitude and spatial nonuniformity. Such data would provide 

direct process feedback for minimizing stress-induced wavelength variation. An additional benefit 

of performing µ-PL strain mapping is that it would enable an order-of-magnitude estimate of the 

wavelength variation attributable to packaging-induced stress. Using literature-reported 

wavelength–stress sensitivities as bounds, the measured spatial strain distribution could be 

converted into an approximate stress-driven wavelength spread. When combined with the 

validated thermal model, which provides the temperature-driven contribution to wavelength 

variation, this approach would allow the total measured spread to be decomposed into thermal and 

stress-related components on a first-order basis. Although such a decomposition would remain 

approximate due to coefficient uncertainty and electro-thermal coupling, it would provide a 

quantitative framework for assessing the relative magnitude of stress, thermal gradients, and inlet-

driven flow effects. 

8.1.3 Unsoldered Bars and Different Materials  

An additional approach for isolating packaging-induced stress effects is the evaluation of 

unsoldered or mechanically clamped laser bars, as well as alternative submount material stacks. 

Removing the solder layer allows direct separation of bonding-induced strain from other 
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contributors to wavelength variation. Prior work shows that submount material selection strongly 

influences stress magnitude due to thermal expansion mismatch. For example: 

• CuW with AuSn solder reduces stress compared to indium on copper [131].  

• Cu–diamond composites further reduce strain and defect formation [106] 

Future studies comparing CuW, Cu–diamond, and mechanically compliant interfaces 

would clarify the tradeoff between thermal conductivity and mechanical compatibility in achieving 

wavelength uniformity. 

8.2 Mitigate Pressure-Drop Limitations To Enable Higher 

Brightness 

Although lens integration has limited impact on bulk thermal resistance, it significantly 

increases system pressure drop, thereby constraining achievable flow rates and brightness scaling. 

Even with cutback channels, facility pressure limits are reached quickly when a lens is present. 

Potential mitigation strategies include: 

• Higher-capacity pumping systems 

• Reduced bar length to decrease hydraulic resistance 

• Operation in quasi-CW (QCW) modes to lower average thermal load 

• Use of lower-viscosity dielectric fluids to reduce pressure losses 

Addressing hydraulic constraints is essential for fully leveraging the brightness advantages 

of the IIC architecture in lensed configurations. 

8.3 Leverage Validated Thermal Models for Future Design Studies  

Across multiple modeling scales, from unit-cell simulations to full three-dimensional heat-

transfer models, the predicted mean temperatures show strong agreement with experimental 

measurements. This provides confidence that the modeling framework accurately captures the bulk 
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thermal behavior of the system and can be reliably used for design-level trade studies involving 

average temperature and thermal resistance. 

However, resolving emitter-level temperature nonuniformity requires higher-fidelity 

treatment of spatial effects. In particular, more detailed modeling would improve understanding of 

both channel-to-channel maldistribution and inlet boundary conditions influenced by jetting and 

plenum flow topology. The current porous-media and reduced-order heat-transfer framework 

captures average hydraulic resistance but inherently smooths localized inlet dynamics as flow 

transitions into the homogenized channel region. In addition, because the porous-media model is 

unheated and the heat-transfer model relies on prescribed convection, the framework cannot self-

consistently resolve spatially varying convective boundary conditions arising from inlet jetting and 

plenum-level momentum redistribution. Future modeling efforts should therefore move toward a 

higher-fidelity conjugate framework that simultaneously resolves plenum flow, channel flow, solid 

conduction, and fluid heating. Because inlet jetting and momentum redistribution directly 

influence local convection at the channel entrances, spatially accurate boundary conditions cannot 

be prescribed independently of the coupled flow–thermal solution. While reduced-order 

approaches are valuable for capturing bulk resistance and mean temperature, predictive resolution 

of emitter-level temperature nonuniformity in lensed configurations ultimately requires resolving 

the inlet plenum and its interaction with the microchannel array within a unified CFD and heat-

transfer model. 

8.4 Addressing Further Scalability  

The present work focused on single-bar IIC devices to isolate the effects of lens-induced 

inlet modification on thermal resistance, wavelength uniformity, and pressure drop. Results show 

that, at the single-bar level, adding a lens does not significantly alter bulk thermal resistance or 
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FWHM, and that incorporating a cutback geometry reduces pressure drop without compromising 

bulk thermal performance. These findings establish that lens integration is thermally feasible at 

the unit level, with strong thermal resistance and brightness maintained in the single-bar 

configuration. The next critical step is to evaluate scalability in stacked configurations. The FAC 

designed by PowerPhotonic can accommodate up to five stacked bars, and three- and five-bar IIC 

stacks have previously been operated in unlensed configurations. While detailed spectral and 

thermal characterization of lensed stacks has not yet been performed, extending the present single-

bar analysis to multi-bar assemblies is the logical progression. 

Although stacked bars operate hydraulically in parallel, achieving the same per-bar mass 

flow rate requires proportionally higher total system flow. As a result, overall system pressure-

drop requirements increase with stack size, even if the per-channel resistance remains unchanged. 

Multi-bar testing will therefore clarify how lens-induced inlet restrictions interact with system-

level hydraulic constraints and whether cutback geometries provide sufficient pressure-drop 

margin at higher total flow rates. Stacked operation also introduces potential plenum-level 

interaction between bars. Testing three- and five-bar stacks with lenses will provide direct insight 

into whether edge-cooling trends, wavelength nonuniformity, and inlet-driven effects remain 

controlled when multiple bars are integrated into a shared hydraulic architecture. 

Demonstrating that the strong thermal resistance observed at the single-bar level is 

preserved in stacked, lensed configurations would represent a key milestone toward two-

dimensional IIC arrays. If stack-level testing confirms scalable performance, the validated thermal 

modeling framework developed in this work can then be applied to perform targeted design studies 

aimed at mitigating flow redistribution effects while maintaining brightness and hydraulic 

efficiency. Successful validation of lensed multi-bar stacks would therefore provide the technical 
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foundation for scaling to full two-dimensional IIC laser diode arrays, enabling high-brightness 

systems that decouple bar-to-bar pitch from heat transfer area while preserving thermal robustness 

and spectral control. 
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Chapter 9: Conclusion  

This work investigated the thermal and spectral performance of IIC laser diode bars 

incorporating optical lensing, with particular emphasis on how inlet geometry and cooling 

architecture influence emitter-level temperature and wavelength uniformity. While flow 

nonuniformity in microchannel cooling has been extensively studied, its interaction with optical 

lens integration and its impact on emitter-resolved spectral behavior in high-power laser diode bars 

had not previously been quantified. Addressing this gap was the central motivation of the present 

study. A combined experimental and modeling framework was developed to examine plenum-fed 

microchannel cooling in both cutback and no-cutback geometries, with and without optical 

lensing. Experimental measurements of bulk temperature, pressure drop, centroid wavelength, and 

FWHM were integrated with a thermal resistance network, a CFD-based porous-media flow 

model, and a conjugate heat-transfer framework to relate inlet flow structure to thermal and 

spectral performance. 

Experimental results demonstrate that adding a lens does not significantly alter the overall 

thermal resistance of the system. Across all tested conditions, bulk temperature changes associated 

with lensing remained small (typically <4°C), indicating that the total heat removal capability of 

the microchannel heat sink is largely preserved despite modification of the inlet flow path. 

Similarly, incorporation of the cutback geometry does not produce a meaningful change in mean 

temperature relative to the no-cutback configuration. Although the cutback removes fin material 

approximately 0.5 mm downstream of the facet region, the measured bulk temperatures remain 

comparable in magnitude to the no-cutback cases. This indicates that the local reduction in fin area 

does not measurably degrade overall thermal performance. Instead, the cutback primarily provides 

a hydraulic benefit, reducing pressure drop by approximately 20% at low flow rates without 
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compromising bulk heat removal. Together, these findings confirm that both lens integration and 

the cutback modification are thermally feasible at the single-bar level. The cutback enables 

improved hydraulic margin while maintaining essentially unchanged bulk thermal resistance, 

demonstrating that localized geometric modification near the channel entrance does not impose a 

significant thermal penalty. 

Although bulk thermal resistance changes only modestly with lensing, emitter-resolved 

wavelength measurements show that adding the lens is associated with a localized change in the 

wavelength distribution across the bar. Specifically, the edge emitters consistently blue shift when 

the lens is added, which is consistent with reduced effective temperatures near the bar edges. 

Despite this edge-localized shift, the combined-spectrum FWHM changes remain small, on the 

order of only a few tenths of a nanometer, because most emitters, and therefore most of the optical 

power, remain clustered near the center of the wavelength distribution. As a result, shifting a small 

subset of edge emitters primarily increases center-to-edge nonuniformity rather than producing 

substantial broadening of the overall spectrum. In both cutback and no-cutback configurations, 

lensing therefore appears to influence spatial wavelength nonuniformity more than intrinsic emitter 

linewidth, and the wavelength spread generally decreases with increasing Reynolds number within 

the laminar regime. As Reynolds number increases, convective heat transfer strengthens and 

becomes more spatially uniform across the bar. This reduces lateral temperature gradients between 

the center and edge emitters, leading to a smaller center-to-edge wavelength difference. Although 

the lens produces localized edge cooling, increasing flow rate reduces overall thermal 

nonuniformity, thereby decreasing the observed wavelength spread within the laminar regime. 

Porous-media modeling coupled with heat-transfer analysis indicates that, under idealized 

uniform-flow conditions, thermal effects alone account for approximately 46.5% of the total 
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measured wavelength spread. The remaining contribution is likely associated with non-thermal 

factors. When the lens is included in the 70A 0.175 kg/min case, the porous-media model predicts 

a decrease in lateral temperature spread of approximately 1.15°C (0.345 nm). In contrast, 

experiments show an increase in inferred temperature variation of approximately 2°C (0.72 nm), 

as evidenced by enhanced edge blue shifting. This opposite trend highlights a key limitation of the 

current modeling framework. Two primary factors are likely to explain the discrepancy. First, the 

porous-media formulation inherently smooths velocity gradients as flow transitions into the 

homogenized channel region, damping localized inlet effects such as jetting and recirculation. 

Second, the simplified convective boundary conditions used in the three-dimensional heat-transfer 

model do not explicitly capture spatially varying convection associated with inlet acceleration and 

potential impingement near the channel entrances. Although velocity fields extracted from the 

model indicate jetting generated by the 90° plenum turn, the reduced-order framework cannot fully 

translate these localized flow features into thermally consistent boundary conditions. 

These findings indicate that channel-scale maldistribution is not the dominant driver of 

wavelength nonuniformity in the lensed configuration. Instead, localized inlet-plenum effects, 

such as jetting and momentum redistribution upstream of the channel array, play a more significant 

role in shaping emitter-level temperature variation. Accurately capturing these mechanisms would 

require a fully resolved conjugate CFD model that simultaneously resolves the inlet plenum, 

individual microchannels, solid conduction, and fluid heating. 

While this work primarily examined the role of flow nonuniformity on wavelength spread, 

the results indicate that thermal effects alone do not fully explain the observed emitter-level 

spectral behavior. Modeling results show that temperature-driven wavelength variation accounts 

for approximately half of the measured spread, with the remaining contribution arising from non-



208 

thermal effects. Packaging-induced mechanical stress, arising from bonding nonuniformities, 

introduces emitter-to-emitter variations in bandgap that seed spatial wavelength nonuniformity. 

Near-field imaging further demonstrates that current redistribution develops during operation, 

leading to nonuniform power dissipation and additional wavelength variation beyond that 

predicted by uniform thermal models. As current increases, this effect becomes more pronounced, 

contributing to enhanced wavelength spread. These results indicate that wavelength nonuniformity 

is governed by a coupled electro-thermo-mechanical interaction, where stress and current 

redistribution both contribute to the observed behavior, with stress influencing initial emitter 

conditions and electro-thermal effects shaping the operating distribution. 

One other critical parameter that was investigated was brightness because it governs how 

efficiently optical power can be delivered, focused, and coupled into downstream systems. 

Applications such as solid-state laser pumping, directed energy, and materials processing require 

high brightness while simultaneously maintaining compact size, low weight, high electrical-to-

optical efficiency, and reliable thermal operation. In this study, a brightness improvement of 

approximately 3× over state-of-the-art backplane-cooled architectures was achieved in the 

unlensed IIC configuration, and greater than 2× was maintained when a lens was integrated with 

the cutback microchannel geometry. These results demonstrate that the IIC architecture 

successfully decouples bar-to-bar pitch from heat transfer area, enabling substantial brightness 

gains without sacrificing bulk thermal performance. Importantly, the addition of optical lensing 

does not fundamentally compromise thermal resistance at the single-bar level. 

However, brightness in the lensed configuration remains constrained by hydraulic 

limitations. The addition of the lens increases pressure drop through the inlet region, restricting 

the maximum achievable coolant flow rate under continuous-wave (CW) operation. Because 
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achievable brightness ultimately depends on maintaining acceptable junction temperatures at high 

drive current, system-level pressure-drop constraints become the practical limiting factor. 

Operating in quasi-continuous-wave modes provides one pathway to mitigate these constraints by 

reducing average thermal load and enabling adequate cooling at lower flow rates. Alternatively, 

system performance could be enhanced through higher-capacity pumping or by employing lower-

viscosity dielectric fluids, such as HFE-7200, to reduce hydraulic losses. Addressing these 

hydraulic constraints is therefore essential for fully realizing the brightness potential of lensed IIC 

architectures. 

Overall, this work demonstrates that optical lensing modifies inlet flow structure and 

emitter-level cooling without significantly degrading bulk thermal resistance. While localized inlet 

effects influence wavelength uniformity, particularly at low flow rates, the magnitude of this effect 

is modest. The maximum additional wavelength shift observed with lens integration was 

approximately 0.91 nm at the lowest tested flow rate, and this effect diminished as flow rate 

increased. Correspondingly, FWHM trends did not exhibit significant degradation with lens 

addition. These results indicate that, although lens-induced inlet flow modification does 

measurably affect spatial temperature distribution, the impact is limited in magnitude and may be 

acceptable for many high-power applications. As flow rate increases, the sensitivity to inlet 

topology decreases, further mitigating wavelength nonuniformity. Together, these findings clarify 

the practical thermal implications of integrating optical lensing into IIC architectures and support 

the feasibility of scalable, high-brightness, microchannel-cooled laser diode arrays. 
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Appendix A: Uncertainty Analysis 

This appendix describes the methods used to quantify measurement uncertainty and to propagate 

uncertainties for derived thermal and optical quantities. Instrument uncertainties were taken from 

manufacturer specifications, while random uncertainties were evaluated using statistical methods 

where multiple measurements were available. Derived uncertainties were calculated using 

standard root-sum-square (RSS) propagation techniques. Uncertainty calculations follow J. R. 

Taylor, 'An Introduction to Error Analysis,' 2nd Edition [137]. 

 

A.1 General Uncertainty Propagation 

For a quantity f(x, y, z) that depends on independent variables, the combined uncertainty is: 

 

𝑢𝑓  =  ((𝛿𝑓𝛿𝑥  𝑢x)2  + (𝛿𝑓𝛿𝑦  𝑢y)2  + (𝛿𝑓𝛿𝑧  𝑢𝑧)2 ) A-1 

 

Standard Deviation  

𝑠 = √∑(𝑥i − 𝑚𝑒𝑎𝑛)2𝑛 − 1  

 

A-2 

Standard Error  

𝑆𝐸 = 𝑠√𝑛 

 

A-3 

 

A.2 Waste Heat Uncertainty  
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Waste heat is calculated as the difference between measured electrical input power and 

emitted optical power.  𝑄𝑤𝑎𝑠𝑡𝑒  =  𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙  −  𝑃𝑜𝑝𝑡𝑖𝑐𝑎𝑙 
 

A-4 

Because waste heat is obtained from the subtraction of two independently measured quantities, its 

uncertainty is determined using root-sum-square (RSS) propagation. Both random (repeatability-

based) and bias (instrumentation-based) uncertainties are included. Random uncertainties arise 

from measurement variability, while bias uncertainties reflect instrument accuracy limits and 

calibration state. The combined uncertainty in waste heat is therefore given by: 

𝑢Qwaste  =  √𝑢𝑃elec2  +  𝑢𝑃opt2  +  𝑢𝑃elecbias2  + 𝑢𝑃optbias2  A-5 

 

A.3 Thermal Resistance Uncertainty  
Thermal resistance is defined as: 

𝑅th = 𝑇bulk − 𝑇fluid𝑄waste  A-6 

Because thermal resistance depends on a temperature difference and the measured waste heat, its 

uncertainty is determined using standard root-sum-square (RSS) propagation for independent 

variables. Expressed in relative form, the combined uncertainty is: 

 

𝑢Rth  =  𝑅th √(𝑢ΔTΔ𝑇 )2   +   (𝑢Qwaste𝑄waste )2  A-7 

Where  Δ𝑇 = 𝑇bulk − 𝑇fluid  A-8 

And  
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𝑢Δ𝑇  = √𝑢Tbulk2 + 𝑢Tfluid2   A-9 

A.4 Bulk Temperature Calculations  
Bulk junction temperature was inferred from the measured centroid wavelength using the 

linear wavelength–temperature relationship: 

𝑇bulk = 𝑇fluid + λ𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑 − λZH𝛼  A-10 

where 𝜆centroidis the measured emission centroid wavelength, 𝜆ZHis the zero-heat 

wavelength intercept, and 𝛼 is the wavelength–temperature coefficient. Because bulk temperature 

depends on measured wavelength, the zero-heat intercept, the wavelength–temperature coefficient, 

and the measured fluid temperature, its uncertainty was determined using standard root-sum-

square (RSS) propagation. The combined uncertainty is given by: 

𝑢𝑇𝑏𝑢𝑙𝑘 = √𝑢Tfluid2 + (𝑢Δλ𝛼λ )2 + (Δ𝜆𝛼λ2 𝑢αλ)2
 A-11 

Where  Δ𝜆 = 𝜆centroid − 𝜆ZH  

And  

𝑢Δ𝜆 = √𝑢λcentroid2 + 𝑢λZH2   

A.5 Wavelength Temp Coefficient Uncertainty  
The wavelength–temperature coefficient, α, was not measured directly in this study. 

Instead, a representative value of α ≈ 0.30 nm/°C was adopted based on previously reported 

measurements for GaAs-based laser diodes in the 930–940 nm wavelength range [52], [138], 

[139], [140]. Published values in the literature vary between approximately 0.28 and 0.33 nm/°C. 
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To conservatively bound this variability, the uncertainty in α was treated as a bias-type uncertainty 

derived from half the reported range: 

𝑢αλ,bias = 0.33 − 0.282 = 0.025 𝑛𝑚/°𝐶 A-12 

This uncertainty was propagated into the bulk temperature calculation using standard root-

sum-square methods. Because α appears in the denominator of the wavelength-based temperature 

relation, its uncertainty contributes nonlinearly to the calculated bulk temperature and becomes 

increasingly significant as the wavelength shift (Δλ) increases. By incorporating a literature-based 

bias term for α, the reported bulk temperature uncertainty reflects both measurement repeatability 

and the inherent variability of the wavelength–temperature relationship reported for comparable 

devices. 

A.6 Pressure Drop Bias Errors  
The FSR of the pressure transducer is 100 psid and error at FSR is ±0.25%, therefore total 

uncertainty is the combination of random and instrument errors: 𝑢ΔP,inst =  0.0025 × 100 = ±0.25 𝑝𝑠𝑖𝑑 A-13 

During testing, a constant baseline offset of −1.9 psi was observed at zero flow indicating 

a static differential pressure transducer offset. This offset was measured under zero-flow 

conditions and added to all subsequent measurements to correct for the systematic bias. The 

uncertainty associated with this correction was quantified from repeated zero-flow measurements 

and included as part of the pressure-drop uncertainty. The total pressure-drop uncertainty therefore 

includes three components: 

• Random variability from repeated measurements 

• Uncertainty in the zero-flow offset correction 

• Manufacturer-specified instrument bias (±0.25 psid) 
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The relative importance of these terms depends on operating condition. At low flow rates, 

random variability can increase due to reduced signal magnitude and increased sensitivity to small 

fluctuations. At higher pressure drops, the fixed instrument bias becomes a smaller fraction of the 

measured value. Accordingly, the reported uncertainty reflects the combined influence of both 

random measurement variability and absolute instrument accuracy across the full operating range. 

A.7 Max Uncertainty  
The maximum absolute uncertainties for all primary measured and derived quantities are 

summarized in Table D-1. 

Table D-1: Maximum Absolute Uncertainties 

Parameter  Max Uncertainty  

Current (A) ±0.404 

Voltage (V) ±0.009 

Alpha (nm/°C) ±0.01 

dP (psi) ±0.79 

dT (°C) ±1.80 

Emitter FWHM (nm) ±1.06 

Laser Centroid (nm) ±1.01 

Laser FWHM (nm) ±1.19 

Bulk Temp (°C) ±5.13 

Mass Flow Rate (kg/min) ±0.001 

Electrical Power (W) ±0.92 

Optical Power (W) ±0.62 

Waste Heat (W) ±1.104 

Rth (K/W) ±0.027 
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Inlet Temp (°C) ±1.27 

Outlet Temp (°C) ±1.28 

 

A.8 Conservative Instrumentation Assumptions 

The uncertainties reported in this work represent absolute combined standard uncertainties 

(1σ) obtained using conservative assumptions. These values are intended to bound the absolute 

accuracy of the reported measurements and derived quantities. Random uncertainty was quantified 

from repeated measurements at identical operating conditions, grouped by drive current within 

each test. For each parameter, the standard error of the mean was computed from the sample 

standard deviation and the number of samples at that condition. Systematic uncertainty 

contributions associated with instrument accuracy, calibration state, and modeled losses were 

treated as bias-type uncertainties and combined with random components using root-sum-square 

(RSS) propagation. Several dominant bias terms were selected conservatively because full 

instrument recalibration was not performed immediately prior to testing. As a result, systematic 

terms often dominate the combined uncertainty, even when measurement repeatability is high. 

Accordingly, the reported uncertainties should be interpreted as conservative bounds on absolute 

accuracy rather than as indicators of measurement noise. Dominant sources of Bias include: 

Thermocouples:  

Temperature measurements were obtained using factory-calibrated Type K thermocouples. 

The manufacturer-specified accuracy for standard-grade thermocouples is the greater of ±2.2 °C 

or ±0.75% of the measured temperature. For the temperature range considered in this work, the 

±2.2 °C value was taken as the governing specification. This accuracy was treated as a Type B 

uncertainty with a rectangular distribution, assuming a uniform probability of error within the 
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stated bounds. The resulting standard uncertainty was 1.27 °C and was used as the thermocouple 

contribution in the overall uncertainty analysis. 

Spectrometer wavelength:  

Emission spectra were measured with an Ocean Optics HR4000 spectrometer (5 µm 

entrance slit). While the spectrometer provides high nominal spectral resolution (sub-nanometer 

FWHM), absolute wavelength accuracy depends on wavelength calibration and long-term drift. 

The spectrometer was last factory calibrated in 2021 and was not recalibrated immediately prior 

to these measurements; therefore, a conservative absolute centroid wavelength uncertainty on the 

order of ±1 nm in the 930–940 nm range was assumed. Consequently, centroid wavelength and 

width metrics should be interpreted as approximate absolute values, even though their repeatability 

may be substantially better. 

Pressure drop:  

Pressure-drop uncertainty includes the manufacturer-specified full-scale accuracy of the 

differential pressure transducer and uncertainty associated with the zero-flow offset correction. A 

geometry-driven component was also included to account for channel and fin dimension 

tolerances. Because pressure drop can be sensitive to small dimensional variations, this term can 

meaningfully increase the bounded uncertainty in Δ𝑃. 

Optical power: 

Optical power uncertainty includes both power-meter calibration accuracy and a systematic 

term representing modeled optical losses through the lens and measurement path. These terms 

were included conservatively to bound the absolute uncertainty in 𝑃𝑜𝑝𝑡and derived efficiency 

quantities. 

Electrical power:  
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Electrical power uncertainty includes the specified voltage and current measurement 

accuracy of the power supply. The manufacturer specifies an accuracy of ±1% of the measured 

voltage and current readings. This specification represents a maximum possible deviation (a 

tolerance limit), rather than a statistical standard deviation. In the absence of a stated probability 

distribution, this limit was assumed to follow a rectangular (uniform) distribution, meaning the 

true value is equally likely to lie anywhere within the ± bound. The corresponding standard 

uncertainty (1σ) was therefore calculated by dividing the specified limit by √3, consistent with the 

standard deviation of a uniform distribution over ±a. Derived quantities such as waste heat inherit 

these electrical uncertainties and therefore reflect the same underlying instrument accuracy 

assumptions. 

A.9 Interpretation of Reported Uncertainties 

The maximum uncertainties reported here are conservative bounds that include systematic 

terms. In many cases, the random variability of repeated measurements is small (high 

repeatability), but absolute accuracy is limited by instrumentation specifications and the absence 

of immediately prior calibration. These assumptions were intentionally selected to avoid 

underestimating uncertainty and to ensure that reported trends and conclusions remain valid under 

worst-case error bounds. 

Appendix B: 1D Thermal Resistance Model 

A one-dimensional (1D) through-thickness thermal resistance network was developed to 

quantify heat-flow partitioning from the laser heat source into: 

1. The microchannel coolant 

2. External solid conduction paths through the copper current clamps to ambient air 
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Each material layer was represented as a 1D conduction resistance using the planform area 

of the laser bar. Convective heat transfer to the coolant was modeled using the total wetted area of 

all microchannels. The copper clamps above and below the modeled stack were not explicitly 

measured; instead, they were represented using an effective conduction length through copper to 

an exposed surface, followed by natural convection to ambient air. 

B.1 Model Assumptions  
1. The heat source is located near the AuSn/GaAs–CuW interface 

2. Heat transfer through the stack is treated as 1D conduction using the emitter cavity length and bar 

width (consistent with the unit-cell emitter plane dimensions. 

3. Coolant heat removal represented by 𝑅conv,fluid = 1ℎ𝑡𝑐ch𝐴ch 

4. Clamp heat loss represented by 𝑅cond,clamp = 𝑡𝐶𝑢𝑘Cu𝐴em in series with 𝑅conv,air = 1ℎ𝑡𝑐air𝐴wet 
5. Top and bottom of the Resistance network go through a clamp to air  

The model inputs are given in Table B-1. 

Table B-1 Model Inputs 

Parameter Value 

Planform area A_plan 4.50e-5 m^2 

Channel wetted area A_wet 2.61e-4 m^2 

k_CuW 180 W/m-K 

k_AuSn 57 W/m-K 

k_GaAs 55 W/m-K 

k_Cu 400 W/m-K 

h_air 25 W/m^2-K 
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h_channel 10,000 W/m^2-K 

Effective clamp length (top/bottom) 3 mm 

Total heat load 85 W 

 

B.2 Resistance Breakdown  
Table B-2 Upper pathway to air (Top Clamp) 

Element Expression Resistance (°C/W) 

AuSn (top) t/(kA) 0.0047 

GaAs t/(kA) 0.0404 

AuSn (bottom) t/(kA) 0.0047 

CuW (top) t/(kA) 0.0617 

Cu clamp t/(kA) 0.1667 

Air convection 1/(hA) 888.89 

TOTAL 889.17 

 

Table B-3 Downward path to Fluid 

Element Expression Resistance 

(°C/W) 

CuW floor t/(kA) 0.0160 

Fluid convection 1/(hA_wet) 0.3837 

TOTAL  0.3997 
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Table B-4 Downard path from fluid to air (Bottom Clamp) 

Element Expression 

Resistance 

(°C/W) 

Cu clamp t/(kA) 0.1667 

Air convection 1/(hA) 888.89 

TOTAL  889.06 

 

Table B-5 Heat Split Result 

Path Resistance (°C/W) Heat Fraction Heat at 85 W (W) 

Top clamp → air 889.17 0.00045 0.04 

Microchannels → fluid 0.3997 0.99910 84.92 

Bottom clamp → air 889.06 0.00045 0.04 

 

B.3 Heat Partition Results  
Using a representative microchannel heat-transfer coefficient of  ℎ𝑡𝑐channel = 10,000 W/m2K 

and natural convection to air for the external surfaces, the model predicts that >99.9% of the 

dissipated heat is removed by the coolant. For an 85 W thermal load: 

• Each clamp-to-air path carries approximately 0.04 W 

• The combined external heat loss remains negligible relative to coolant removal 

This result justifies treating the copper clamps as a simplified boundary condition—or omitting 

them entirely—without materially affecting predicted emitter temperatures. 

B.4 Sensitivity Analysis 
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To verify that this conclusion is robust, sensitivity cases were evaluated for the coolant-

side heat-transfer coefficient and effective clamp conduction length. 

Case 1: Reduced Coolant Convection 

Even when the coolant-side htc was reduced by an order of magnitude to ℎ𝑡𝑐fluid = 1000 𝑊/𝑚2, 

the predicted external heat loss through the clamps remained below 1% of total dissipation. 

Case 2: Increased Clamp Conduction Length 

Increasing the effective clamp conduction length to 3 inches (representing a longer 

conduction path to an exposed surface) produced negligible change in the external heat-loss 

fraction. 
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Appendix C: External Heat Transfer Boundary Condition 

Sensitivity 

In the 3D heat-transfer and unit-cell models, external heat transfer from the modeled test 

section was represented using a uniform htc boundary condition of 10 W/m²·K. This boundary 

condition was applied to approximate heat conduction through the copper current clamps located 

above and below the modeled region. These clamps supply and return current to the laser diode 

but were not explicitly included in the geometric models. The selection of an htc-based boundary 

condition is supported by the results of the 1D thermal resistance (Rth) model, which indicates that 

greater than 99% of the dissipated electrical power is removed directly by the coolant. 

Consequently, heat rejection through external solid conduction paths is expected to have a 

negligible influence on predicted emitter temperature and lateral temperature gradients. To verify 

this assumption, a sensitivity sweep was performed over a wide range of external htc values, 

spanning ideal thermal insulation (htc = 0 W/m²·K) to an intentionally exaggerated convective 

condition (htc = 50 W/m²·K). The resulting average emitter temperatures are summarized in Table 

C-1. 

Table C-1: htc on external boundaries compared to average emitter temperature in 3D HT model  

htc on external boundaries 

(W/m
2
K) 

Average Emitter 

Temperature (°C) 

0 (thermal Insulation) 88.104 

5 88.098 

10 88.091 

50 88.04 
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Across the full sweep range, the maximum change in average emitter temperature was less 

than 0.07°C. This variation is well below experimental uncertainty and confirms that the model is 

insensitive to reasonable variations in external heat transfer conditions. Based on this analysis, an 

htc value of 10 W/m2K was selected as a representative boundary condition for all simulations. 
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Appendix D: Sensitivity of Predicted Lateral Temperature Spread 

to Heat-Source Distribution 

The baseline three-dimensional heat-transfer model assumes uniform lateral heat 

generation across the laser bar, corresponding to equal volumetric heat dissipation by all emitters. 

While this assumption is suitable for predicting mean temperature, it does not capture the 

possibility of nonuniform heat generation caused by current crowding. To evaluate sensitivity to 

the assumed lateral heat-source distribution, an exploratory case was performed in which the total 

volumetric heat generation was redistributed laterally while keeping the geometry, materials, 

boundary conditions, and total applied heat load unchanged. A Gaussian weighting function 

(Figure D-1) was applied across the bar width as a multiplicative scaling on the volumetric heat 

source. The initial Gaussian shape was chosen to roughly follow the measured centroid-

wavelength trend (i.e., stronger heating toward the center). A second, broader Gaussian was then 

evaluated as an intentionally “more uniform” alternative profile to bracket the effect of heat-source 

shape on predicted lateral temperature gradients. This study was performed during early modeling 

iterations using a preliminary htc set and is therefore not used for quantitative comparison to the 

final experimental results. Its purpose is strictly qualitative: to demonstrate the sensitivity of 

predicted lateral temperature (and inferred wavelength spread) to plausible nonuniform heat-

generation profiles consistent with current redistribution. 
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D-1 A Gaussian heat profile fit to the data and braodened heat profile   

The Gaussian and broadened Gaussian heat-source cases produce significantly larger 

lateral temperature gradients than the uniform heat-flux case, with peak-to-peak temperature 

variations reaching approximately 14°C. When converted to wavelength variation using the 

wavelength–temperature coefficient, these temperature differences correspond to wavelength 

spreads of several nanometers, similar in magnitude to those measured experimentally. However, 

because the true emitter-to-emitter current distribution is not directly measured, the imposed 

Gaussian profile represents only a simplified approximation. Consequently, it cannot be expected 

to reproduce the detailed emitter-resolved wavelength structure observed experimentally. 
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D-2 A Tempearture distirbution after applied guassian heat profile to the 2D heat transfer mdoel    

 

Table D-1: Model Results from Gaussian Temperature Distribution 

𝑻𝒔𝒊𝒎 (°C) 

Min Emitter 

Temp (°C) 

Max Emitter 

Temp (°C) 

𝚫𝑻 (°C) ∆𝝀 (nm) 

88.215 81.439 95.612 14.173 4.25 

 

This sensitivity study demonstrates that nonuniform heat generation associated with 

current crowding can, in principle, produce wavelength spreads of the observed magnitude. 

Nevertheless, due to the lack of emitter-resolved electrical and optical power information, the 

Gaussian heat-source model should be interpreted as a qualitative bounding case rather than a 
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predictive model. The results support the conclusion that current crowding, in combination with 

packaging-induced stress, plays a significant role in shaping the lateral wavelength distribution of 

high-power laser bars. 
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Appendix E: Sensitivity Study on Front Face htc  

This appendix presents a qualitative sensitivity study examining the influence of assumed 

convective boundary conditions on the predicted lateral temperature and wavelength distributions 

in the lensed configuration. As discussed in the main text, the porous-media flow model does not 

include fluid heating and therefore cannot provide a thermally consistent htc distribution for cases 

involving inlet jetting and flow redistribution. The purpose of this appendix is not to reproduce the 

experimental temperature field, but to assess whether enhanced inlet or edge convection can 

plausibly generate the experimentally observed edge cooling and emitter blue shift. 

E.1 Baseline Microchannel Heat-Transfer Coefficient  
For reference, a baseline microchannel heat-transfer coefficient was estimated to assume a 

uniform velocity split through the channels. The effective channel htc was computed using a 

length-weight average, 

ℎ𝑡𝑐̅̅ ̅̅ = 1𝐿 ∫ ℎ𝑡𝑐(𝑥)𝑑𝑥L
0  F-1 

Where 𝐿 is the total length of the microchannel array, and ℎ𝑡𝑐(𝑥) is the local heat transfer 

coefficient at position 𝑥 along the flow direction. This procedure yields an average microchannel 

htc of approximately 5954 𝑊/𝑚2𝐾 for the uniform-flow case. This value is consistent with 

expected microchannel convection levels at the operating Reynolds numbers and serves as the 

baseline for the sensitivity study. Figure E-1 compares the emitter lateral temperature spread for 

three representative boundary-condition cases: (1) the baseline lensed CFD heat-transfer model 

with no front-surface convection, (2) a jetting-enhanced boundary condition applied to the front 

surface, and (3) a boundary condition derived from microchannel-scale heat-transfer coefficients 

from the present study. The jetting and microchannel-based cases are intended to provide upper 

and lower bounds on the influence of localized convection near the inlet region.  
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Figure E-1 Predicted temperature distributions for the baseline lensed heat-transfer model, a 

jetting-enhanced boundary condition, and a microchannel-derived boundary condition 

In both enhanced-convection cases, the predicted bulk temperature is lower than the 

baseline lensed configuration, consistent with increased convective heat transfer at the boundary. 

However, the magnitude of this reduction remains within the experimental uncertainty. 

Additionally, because the imposed heat-transfer coefficients are approximate and applied in a 

spatially varying manner, the predicted bulk temperature is sensitive not only to the magnitude of 

the htc but also to its axial and spatial distribution. As a result, different htc profiles of similar 

magnitude can produce different bulk temperatures as well as different lateral temperature 

distributions, depending on how the convection is applied spatially and axially. The following 

sections examine each case in greater detail. To emphasize differences in lateral temperature 

variation and edge cooling behavior, all temperature distributions are normalized by the maximum 

temperature within each case. 

E.2 Jetting Based Inlet htc Sensitivity Case  
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To represent enhanced convection near the inlet and bar edges due to lens-induced flow 

redistribution, an auxiliary CFD simulation of a jet impinging on a heated surface was performed. 

In this auxiliary model, approximately 1% of the total device heat load was applied to the heated 

surface to obtain an order-of-magnitude estimate of the local convective heat-transfer coefficient 

under jetting conditions. The resulting htc was not intended to replicate the exact plenum 

geometry, but rather to approximate a physically reasonable level of inlet-enhanced convection. 

This jet-derived htc was then applied to the lensed CFD heat-transfer model (Figure E-2), in which 

spatially varying heat-transfer coefficients were introduced based on porous-media velocity 

distributions, to qualitatively assess the influence of localized inlet jetting on the predicted 

temperature distribution. 

 

Figure E-2 Normalized temperature distribution for a jetting boundary condition representing 

1% of total waste heat impinging on the front surface of a heated plate, compared to a case with 

no front-surface convection. 
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This jet-derived htc was applied to the inlet-facing region of the lensed CFD heat-transfer 

model and combined axially with the spatially varying microchannel htc’s obtained from the 

porous-media velocity field. This approach approximates a transition from inlet-dominated 

convection to channel-dominated convection downstream of the channel entrances. When 

incorporated into the lensed model, the modified boundary condition produces a qualitative 

reduction in edge-emitter temperatures and generates an edge blue shift consistent with 

experimental observations. However, the magnitude and spatial structure of the predicted 

temperature variation remain highly sensitive to the assumed placement, magnitude, and extent of 

the jet-enhanced convection, underscoring that this treatment is exploratory rather than predictive. 

E.3 Microchannel htc Sensitivity Case  
A second sensitivity case was constructed using a microchannel heat-transfer coefficient 

representative of the magnitude of the channel-side htc’s (based on a maximum predicted channel 

velocity of approximately 1.22 m/s). This case is used to explore what the temperature field would 

look like if a channel-scale htc were applied locally as a boundary condition near the inlet region. 

Similar to the jetting case, this htc was applied to a portion of the front-facing surface as an axially 

varying boundary condition within the lensed three-dimensional heat-transfer model. The locally 

enhanced htc was combined with the baseline spatially varying htc distribution derived from the 

porous-media velocity field to examine its effect on lateral temperature redistribution across the 

bar. 



241 

 

Figure E-3 Normalized temperature distribution for a jetting boundary condition from axial htc 

derived from microchannels in the current study, compared to a case with no front-surface 

convection. 

This case likewise produces a qualitative reduction in edge temperatures and an increased 

lateral temperature spread relative to the baseline uniform-flow model. As with the jetting-based 

case, the predicted temperature distribution is highly sensitive to how the enhanced htc is 

distributed spatially rather than to the axially averaged value alone. 

E.4 Discussion and Limitations  
Across both sensitivity cases, axially averaged heat-transfer coefficients in the range of 

approximately 6100 − 8993 W/m2𝐾 were sufficient to qualitatively reproduce edge cooling and 

emitter blue shift. However, these results demonstrate that the emitter temperature distribution is 

governed primarily by the spatial distribution of convection rather than by the average htc value. 

Multiple plausible htc profiles yield similar averages while producing substantially different peak-

to-peak temperature spreads. 
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Because the porous-media framework does not resolve channel entrances or fluid heating, 

the imposed convective boundary conditions remains assumption-dependent. Consequently, this 

sensitivity study should be interpreted strictly as a qualitative bounding exercise rather than a 

predictive model.  This appendix demonstrates that enhanced inlet or edge convection is a plausible 

mechanism for producing the experimentally observed edge blue shift in the lensed configuration. 

At the same time, it highlights that reduced-order boundary-condition approaches cannot uniquely 

determine the magnitude of this effect. Accurate prediction of emitter-scale temperature and 

wavelength nonuniformity in the lensed case requires a fully conjugate CFD heat-transfer model 

resolving the inlet plenum, individual microchannels, solid conduction, and fluid heating. Such a 

model would also clarify whether the porous-media approximation dampens localized flow 

features that materially influence the experimental temperature distribution. 
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Appendix F: Etalons and Index Matching Lensing  

During early experimental testing, spectral measurements exhibited periodic interference 

fringes superimposed on the laser emission spectrum (Figure F-1). These oscillations were 

characteristic of etalon effects caused by multiple reflections between partially reflective, parallel 

optical surfaces in the measurement path. When light reflects back and forth between such 

surfaces, they form a weak Fabry–Pérot cavity. A small portion of the light becomes trapped and 

reflects multiple times, and the overlapping reflected waves interfere with one another. 

Depending on their phase relationship, the reflected waves either reinforce (constructive 

interference) or partially cancel (destructive interference), producing wavelength-dependent 

intensity modulation. In measured laser spectra, this appears as small oscillations or “ripples” that 

are not part of the true laser emission. These artifacts can shift the calculated centroid wavelength 

and artificially alter the measured full width at half maximum (FWHM). 

. 



244 

 

F-1 Etalons in laser diode spectra during experiment due to improper index matching of a flat 

window   

In the initial configuration, FAC lenses and protective windows were coated and optimized 

for air (n ≈ 1.0003). However, in the IIC architecture, these optical elements were immersed in 

dielectric coolant (FC-3283), which has a refractive index of approximately n ≈ 1.28. This index 

mismatch altered the reflection coefficients at each interface and increased internal reflections 

within the optical path, producing the observed interference fringes. 

To verify the refractive index of the working fluid, independent measurements were 

performed (Figure F-2), confirming n ≈ 1.2808 at 532 nm. The discrepancy between air-designed 

coatings and the fluid environment explains the increased Fresnel reflections and the resulting 

etalon behavior. To mitigate this effect, the optical configuration was modified to employ fluid-

index-matched windows and lenses. By matching coatings and interface design to the coolant 

refractive index rather than to air, the magnitude of reflected beams was reduced, thereby 

suppressing cavity formation and eliminating interference fringes. 
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Figure F-2 Results from measuring refractive index of FC3283 fluid  

Following implementation of the index-matched configuration, the spectral fringes were 

eliminated, and subsequent measurements showed stable centroid wavelength and FWHM values. 

All spectral data presented in the main body of this dissertation were obtained using the fluid-

index-matched optical configuration. 

 

 


