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ABSTRACT

Laser Guide Star (LGS) systems are essential for adaptive optics in ground-based as-

tronomical observation. This dissertation demonstrates the feasibility of semiconductor-

based LGS systems using the membrane external-cavity surface-emitting laser (MECSEL)

platform, employing multiple quantum wells. Various laser cavity configurations were an-

alyzed through simulations and experiments. The in-well pumping method was explored to

reduce the quantum defect and address thermal limitations. Multi-pass pumping schemes

were designed with Zemax modeling and demonstrated experimentally. To simplify multi-

pass pumping, the hybrid-MECSEL (H-MECSEL) design was introduced. COMSOLmod-

eling studied thermal management and thermal lensing effect.

The H-MECSEL achieved approximately 30W of output power at 1178 nm, frequency-

doubled to over 10W at 589.2 nm with TEM00 beam profile and 7MHz linewidth. Hy-

perfine transitions within sodium D-lines were resolved using saturated absorption spec-

troscopy and dither-locking was implemented, stabilizing the H-MECSEL to the sodium

D2a line over an hour with watt-level output power. Allan deviation calculations confirmed

the stabilization efficacy.
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Chapter 1

Introduction

This dissertation explores membrane external-cavity surface-emitting lasers (MECSELs) [1, 2]

for Laser Guide Star (LGS) applications [3]. It builds upon the foundational work of pre-

vious doctoral students [4, 5] supervised by Dr. Mansoor Sheik-Bahae [6]. Dr. Zhou Yang

established the foundation for the progression from Vertical External-Cavity Surface-Emitting

Lasers (VECSELs) to MECSELs [4], which form the backbone of the laser architecture ad-

dressed in this research. Dr. Shawn Hackett, former Engineering Section Chief at Starfire

Optical Range (SOR), which was at the forefront of pioneering LGS technology, provided

insights into the advantages of semiconductor-based lasers over existing LGS systems and

proposed methodologies for their integration into current frameworks [5]. Building on the

groundwork laid by Drs. Yang and Hackett, this study leverages their solutions to numerous

growth and fabrication challenges, thereby advancing the integration of MECSELs in LGS ap-

plications. My co-worker Dr. Davide Priante made significant contributions to the experimental

work that will be discussed in Chapters 3 and 5. His efforts were particularly valuable when my

research focus was on ultrafast phenomena, including THz generation, metamaterial for group

delay dispersion compensation, and Kerr lens mode locking.
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This dissertation is structured to thoroughly examine the implementation and innova-

tion of MECSELs for LGS systems. Chapter 1 delineates the motivation for developing a

semiconductor-based LGS system, reviews the history of semiconductor lasers, and articulates

the necessary parameters for constructing an LGS. Chapter 2 elucidates the foundational aspects

of MECSEL technology utilized in this project, covering topics such as the design of the active

region, laser resonator configurations, approaches to laser linewidth narrowing, and the imple-

mentation of frequency doubling techniques. Chapter 3 presents experimental investigation of

an 808 nm pumped eleven quantum well MECSEL, which has insufficient output power to meet

the design criteria for LGS systems.

Chapter 4 proposes an in-well pumping strategy to reduce the quantum defect, and intro-

duces several laser beam circulator designs intended to address the challenges of low absorption

associated with the in-well pumping. ZEMAX [7] was used for the design of all beam circulators,

saving considerable time in experimental verification. Chapter 5 discusses the experimental

investigation of 1070 nm in-well pumped twenty quantum well MECSELs, which demon-

strated promising output power while the output beam profile is distorted due to challenges in

constructing the multi-pass pumping configuration.

Chapter 6 proposes a modified MECSEL design, hybrid membrane external-cavity surface-

emitting lasers (H-MECSELs), that simplifies the multi-pass pumping design while preserving

its superior heat dissipation capabilities, with thermal analysis conducted using COMSOL [8]

software to assess the thermal lens effect in H-MECSEL for integration into the laser cavity

design. Chapter 7 presents the experimental demonstration of the efficacy of the H-MECSEL

design, and Chapter 8 further investigates the linewidth narrowing and frequency doubling to

achieve the targeted wavelength for the LGS system.

Chapter 9 explores an active laser frequency stabilization method, detailing the experimental

procedures including frequency reference preparation, feedback loop construction, and long-
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1.1 Motivation and Laser Guide Star Systems

term locking mechanisms. Finally, Chapter 10 summarizes the findings of this dissertation

and projects the future prospects of semiconductor-based LGS systems and other potential

applications where MECSEL technology may prove advantageous.

A significant portion of the data analysis and the coding of the cavity design script were

conducted using MATLAB [9] through the entire dissertation. VERTICAL [10] was used to

verify semiconductor structure designs provided by coauthors for this dissertation project (this

software was not available anymore and was formerly distributed by GORE PHOTONICS).

FUSION 360 [11] played a role in this dissertation project by enabling the visualization of

experimental setups in advance of physical construction. Lastly, LABVIEW [12] was employed

to automate several experimental procedures and data collection tasks, particularly in laser

frequency stabilization experiments.

1.1 Motivation and Laser Guide Star Systems

The most advanced telescope systems currently in use are space telescopes like the James

Webb Space Telescope [13]. They offer unique advantages due to their location, providing

an unobstructed view with long observational windows. However, these telescopes are very

expensive, and maintenance and upgrades are challenging, which limits their lifespan. On

the other hand, ground-based telescopes are cost-effective and easy to maintain and upgrade.

However, they suffer from atmospheric turbulence and observational constraints such as bad

weather. While there is no effective solution for weather-related constraints, atmospheric

interference can be mitigated using adaptive optics (AO) systems. An image of Saturn in

Fig. 1.1 (a) was captured by the James Webb Space Telescope, while a photography of Jupiter

in Fig. 1.1 (b) was taken by the Gemini North Telescope, utilizing an AO system to achieve

such high resolution. Due to budget constraints and the advantages of ground-based telescopes
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1.1 Motivation and Laser Guide Star Systems

(a) (b)

Fig. 1.1 (a) Photography of Saturn taken by the James Webb Space Telescope [14]. (b) Photog-
raphy of Jupiter taken by the Gemini North Telescope [15].

in observing low orbit satellites and unidentified crafts, there is a high demand for achieving

high-resolution images from ground telescopes.

Atmospheric turbulence, the irregular flow of air within the Earth’s atmosphere, is induced

by local temperature variations in the air, which are influenced by factors such as solar radiation,

human activities, and wind dynamics [16]. These temperature fluctuations alter the refractive

index, thereby introducing aberrations into the images captured by ground-based telescopes,

which significantly limit the imaging resolution. This necessitates the development of effective

aberration correction techniques for ground-based telescopes. In 1982, Dr. William Happer

pioneered the development of an AO system utilizing sodium LGS to address this need [3]. The

system operates by targeting the naturally occurring sodium layer in the mesosphere, located

between 90 and 100 km in altitude, using a laser beam to generate an artificial laser beacon,

which aids in correcting atmospheric distortions. Air density varies with altitude, decreasing

exponentially as altitude increases. It is generally accepted that 100 km from sea level marks

the boundary of space [17], and it is reasonable to assume that the thin air above the sodium

layer contributing minimally to turbulence. In addition, a laser beam can traverse the sky within

a very short time frame, and the beam profile of laser light is well-defined and can be measured
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Fig. 1.2 (a) Schematic diagram of the AO system for aberration correction in ground-based
observations using LGS [20]. (b) Comparative images of the SEASAT satellite captured by
two ground-based telescopes with different aperture sizes, with and without the use of AO [21].
(c) Photograph of the LGS system at Kirtland Air Force Base in Albuquerque, NM, USA [22].

in real-time. Furthermore, the back-scattering of laser light at a wavelength of sodium D2

transition (589.1583264 nm [18]) is sufficiently strong to serve as an artificial reference [3].

An AO system is depicted in Fig. 1.2 (a) for aberration correction in ground-based ob-

servations. This system generates a guide star within the sodium layer near the position of

a targeted celestial body or spacecraft. The Shack-Hartmann wavefront sensor measures the

distortion of the wavefront caused by atmospheric turbulence in the image of the LGS observed

by the telescope [19]. The data from these wavefront distortions are utilized to manipulate

a deformable mirror, which comprises numerous independently adjustable segments. These

adjustments correct the aberrations caused by atmospheric turbulence, subsequently allowing

the corrected wavefront image of the target of interest to be captured by an imaging sensor.

Images of the SEASAT satellite are displayed in Fig. 1.2 (b), as captured by two ground-

based telescopes with different aperture sizes (1.5 m and 3.5 m diameter), versions with and
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1.1 Motivation and Laser Guide Star Systems

without the AO system, are displayed. Without AO, the larger 3.5 m diameter telescope struggles

to resolve the satellite clearly; however, with AO, even the smaller 1.5 m diameter telescope is

able to produce a reasonably sharp image of the SEASAT satellite [21]. A photograph of the

LGS system at Kirtland Air Force Base in Albuquerque is included in Fig. 1.2 (c) [22]. This

photograph showcases a bright yellow beam, a result of Rayleigh scattering, and a bright yellow

guide star, created by fluorescence in the sodium layer. The gap between the laser beam and

the guide star occurs because the air is too thin at that altitude to create sufficient Rayleigh

scattering beyond approximately 30 km [23].

Collecting accurate aberration information is crucial for AO systems. Although a natural star

near the object of interest can serve as a reference, it is not always available. The requirements

for such a standard reference for AO include being sufficiently high to capture all atmospheric

turbulence data and having the capability to move quickly to the area of interest. Additionally,

the reference must have a well-known shape and be bright enough for observation by a ground-

based telescope. Those requirements can all be met by using LGS.

Very few dye laser-based LGS systems remain in use today, even though the first LGS was

constructed using a dye laser [3]. The costly and hazardous maintenance requirements of dye

lasers have deterred significant new investments in further developing dye laser-based LGS

systems. Numerous researchers are dedicated to developing alternative techniques for LGS [24].

One such technique is sum frequency generation (SFG). The schematic diagram of an SFG LGS

system at SOR, which employs two emission lines of Nd:YAG lasers at 1064 nm and 1319 nm,

is depicted in Fig. 1.3. Both high-power Nd:YAG lasers at these wavelengths are frequency

stabilized, and their outputs are combined and directed into a cavity containing a lithium

triborate (LiB3O5 or LBO) crystal for SFG, yielding 589 nm light via the c(2) effect. However,

this method results in a very narrow linewidth (1-500 kHz); achieving a linewidth of 1 MHz
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Fig. 1.3 Schematic diagram depicting the Nd:YAG SFG-based LGS system at SOR [25].

entails significant maintenance efforts including routinely cavity alignment [5]. Moreover, the

bulky size of this setup makes it impractical for adaptation to mobile telescopes.

Raman fiber amplifier (RFA) LGS is another technique that widely adopted by observa-

tories. An RFA-based LGS system is depicted in Fig. 1.4, where a 1178 nm distributed feed

back (DFB) diode seed laser (with isolator) is injected into the system for multi-stage Raman

fiber amplification. Subsequently, the amplified laser is directed to a frequency-doubling cavity

with an nonlinear crystal to generate 589 nm light. The RFA LGS system encounters power

limitations due to stimulated Brillouin scattering (SBS) within the fiber, necessitating multi-

stage amplification to attain the required output for LGS application [26], which significantly
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1.2 Design Criteria for Laser Guide Stars

Fig. 1.4 Schematic diagram of an RFA-based LGS system [27].

escalates the cost of constructing such systems. Such RFA LGS systems are commercially

available, typically priced in the range of a few million US dollars.

There is a growing interest in alternative platforms for developing a size, weight, and

power (SWaP) optimized LGS, given the constraints of current LGS systems. One such

platform is the semiconductor laser, which, due to its potential in wavelength engineering [28],

can achieve this challenging wavelength more straightforwardly compared to other methods.

Semiconductor disk lasers (SDLs), with an active region thickness at the micrometer level, have

demonstrated high power outputs exceeding 100 W [29] and watt-level power at the targeted

589 nm [30]. Thus, SDLs are a promising alternative to the currently used LGS systems.

1.2 Design Criteria for Laser Guide Stars

Before designing and building a semiconductor-based LGS, it is essential to clarify the required

parameters. These requirements include the transverse beam profile, laser wavelength, output

power, and laser linewidth. A laser guide star requires the TEM00 mode because it provides a

8
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beam with the highest spatial coherence and a Gaussian intensity profile, which are essential for

creating an artificial star in the atmosphere. This mode ensures accurate wavefront sensing and

correction of atmospheric distortions, leading to clearer astronomical images [31].

The wavelength required for LGS corresponds to the atomic transition of sodium atoms

in the atmosphere. Sodium (Na), an alkali metal with atomic number of 11, primarily has all

but one of its electrons in a closed shell configuration. The single valence electron resides

in the third principal shell (principal quantum number n = 3), occupying an s-subshell with

spherical symmetry (orbital angular momentum quantum number l = 0), and has an orientation

described by the magnetic quantum number m = 0. The spin quantum number is s = 1
2 , and the

total electron angular momentum quantum number J = 1
2 . Sodium has only one stable isotope,

23Na, which constitutes 100% of atmospheric sodium. This isotope has a nuclear spin angular

momentum quantum number I = 3
2 , resulting in possible total angular momentum quantum

numbers of the ground state F = 1 or F = 2, due to magnetic interactions between the electron

and nuclear magnetic dipole moments [32].

The first excited state of sodium retains the same principal quantum number (n), but with

an increased electron orbital angular momentum quantum number l = 1. The possible total

electron angular momentum quantum numbers for this state are J = 1
2 and 3

2 . These states are

further split due to interactions between the total electron magnetic moment and the nuclear

magnetic moments [32]. The lower J = 1
2 state divides into two hyperfine states with F = 1

and F = 2, while the upper J = 3
2 state splits into four hyperfine states with F = 0, F = 1,

F = 2, and F = 3. The sodium hyperfine structure, as depicted in Fig. 1.5, includes transitions

such as the 32S 1
2

to 32P1
2

D1 transition requiring a ⇠589.76 nm (vacuum) laser wavelength,

and the 32S 1
2

to 32P3
2

D2 transition requiring a ⇠589.16 nm (vacuum) laser wavelength [33].

Specifically, the sodium D2a transition (32S 1
2

with F = 2 to 32P3
2
) exhibits the highest absorption

at a laser wavelength of 589.1591 nm, with three possible hyperfine transitions from F = 2 to

9
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Fig. 1.5 Hyperfine structure for sodium D lines [18]. The required laser wavelengths corre-
sponding to D1 and D2 transitions are ⇠589.76 nm and ⇠589.16 nm, respectively.

F 0 = 1,2,3 [34]. For optimal absorption, the laser wavelength needs to be precisely tuned to

589.16 nm for LGS applications.

The number of photons that return to a ground-based telescope can be quantitatively

described by the following equation [3]:

DN = Ntes
r2

0
4H2 , (1.1)

where Nt represents the number of transmitted photons, es is the fraction of scattered photons,

which can be expressed in terms of the peak cross section speak and the sodium column density

rNa as

es = speak

Z
dz[Na]⇡ speakrNa, (1.2)
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and r0 is Fried’s coherence length, which is defined as [35]:

r0 =

✓
0.423k2

Z

path
C2

n(z)dz
◆�0.6

, (1.3)

where k is the wave number, C2
n(z) denotes the strength of atmospheric turbulence along the

path z, and H is the altitude of the sodium layer. Assuming es = 10%, a good seeing condition

with r0 = 10 cm [22], and H = 90 km, the resulting ratio of returned to transmitted photons is

DN
Nt

= 3.09⇥10�14.

This formulation provides a fundamental understanding of the efficiency of photon return in a

sodium LGS system under given atmospheric conditions.

The Shack-Hartmann wavefront sensor, illustrated in Fig. 1.6, is frequently employed by

AO systems to gather data on wavefront distortions. This sensor features an array of lenslets,

with each lenslet directing the light within its aperture onto a specific sub-aperture on the sensor.

Each sub-aperture contains numerous pixels, facilitating precise measurement of the focus

spot’s position for each lenslet. When the wavefront is distorted, the position of the focus

spot deviates from the sub-aperture’s center. The displacement data from these focus spots

are utilized to generate feedback signals for the deformable mirrors, thus enabling the active

correction of aberrations by adjusting various segments of the mirror. This capability for real-

time wavefront distortion measurement provides the AO system with the necessary feedback

to control actuators that adjust the deformable mirror segments, effectively compensating for

these distortions.

For the light collected by each lenslet, assuming a minimum signal-to-noise ratio (SNR) of

35 is required for adequate signal capture within its dedicated sensor area, and employing a
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Fig. 1.6 Shack Hartmann wavefront sensor features an array of lenslets, with each lenslet
directing the light within its aperture onto a specific sub-aperture on the sensor [36].

quantum efficiency (hPD = 50%) for the sensor, the equation

p
hPDDN = 35,

determines that the required minimum number of transmitted photons is

N = 7.94⇥1016.

With photons at ⇠589.16 nm having a photon energy of hn = 3.37⇥ 10�19 J, a continuous-

wave (CW) LGS must provide a minimum output power of 27 mW per lenslet. Typically, AO

systems have significantly more lenslets within the sensor than the number of actuators within

the deformable mirror. The extra lenslets serve primarily to robustly estimate the wavefront,

but they do not contribute to aberration correction due to the insufficient number of actuators
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to provide enough correction degrees of freedom. For a single conjugate AO system for an

8-m diameter telescope, approximately 190 useful actuators are required within the deformable

mirror for effective aberration correction [37, 38]. Using 200 actuators for this calculation, the

LGS operating at the sodium D2a transition requires a minimum power of

Pmin = 5.4W.

Based on these calculations, the design goal for the LGS system is set to 10 W at ⇠589.16 nm

to account for potential issues such as transmission losses over 90 km of air and variations in

the laser output frequency from the maximum absorption wavelength. However, this estimate

is conservative. Optimized CW LGS systems can achieve a 20% backscattering efficiency,

significantly higher than the 10% used in the initial calculation [39]. Furthermore, commercially

available silicon-based photodetectors typically have a quantum efficiency closer to 70%, rather

than the 50% assumed. Additionally, an SNR of 35 can be effectively reduced to 10-20 for

adequate photon counting in practical applications.

The saturation intensity of LGS for sodium atoms in the atmosphere is another parameter

that needs to be considered during the design phase. This can be calculated using the natural

linewidth of the sodium atom’s lifetime. The velocity of sodium atoms is influenced by the

temperature, that temperature is around 200 K in the mesosphere, where laser guide stars are

created [40]. There are multiple velocity groups of sodium atoms in mesosphere, for each

velocity group with a natural lifetime (tn) of 16 ns, the natural linewidth can be calculated as

Dnn =
1

2ptn
⇡ 10 MHz,

and if the laser linewidth is narrower than this natural linewidth, the same velocity group of

atoms will be consistently engaged and may become depleted [3]. This before mentioned

13
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saturation intensity can be derived from

Isatspeak =
1
tn

, (1.4)

where speak = 1.1⇥10�9 cm2 is the peak cross section for the natural linewidth at the sodium

D2 line [3], then the saturation intensity is

Isat = 5.68⇥1016 photon · s/cm2 ⇡ 19 mW/cm2.

For a circularly polarized beam, the experimental saturation intensity is one-third of this

theoretical value at 6.4 mW/cm2, and even lower for a linearly polarized beam [22]. Assuming

a conservative saturation intensity of 2.2 mW/cm2 for a linearly polarized beam and a LGS

diameter of 1 m [22], the saturation power is calculated to be 17.3 W. The designed system for

this dissertation will not approach this saturation power, ensuring optimal absorption efficiency

with a laser linewidth under 10 MHz. While a frequency chirping system is not required for this

project, scanning the laser wavelength to engage more than one velocity group of sodium atoms

is advisable to avoid saturation in future versions of semiconductor-based LGS systems with

output powers exceeding 20 W based on the calculation mentioned above [41].

1.3 Progress in Semiconductor Laser Technology

The term "laser" originates from the acronym for "light amplification by stimulated emission of

radiation," which succinctly encapsulates its defining characteristic: the amplification of light

through stimulated emission. This foundational principle of laser operation was discovered

by Albert Einstein in 1916 [42]. Nicolay Gennadiyevich Basov and Aleksandr Mikhailovich

Prokhorov made seminal theoretical contributions to quantum electronics which has led to the
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construction of oscillators and amplifiers based on the maser-laser principle in 1950s [43, 44].

Almost concurrently, the team led by Charles Hard Townes developed the first operational

device that utilized Einstein’s theories in practice, specifically as a microwave amplifier [45–47].

Basov, Prokhorov, and Townes were awarded the Nobel Prize in 1964 for their contributions to

the laser-maser principle [48].

As a subsequent advancement to extend the application from microwaves to infrared and

visible light, the first operational laser, employing a flash lamp and a ruby rod with silver-coated

facets, was successfully demonstrated in 1960 by Theodore Maiman [49]. Shortly after, in

1962, several groups almost simultaneously demonstrated the first semiconductor laser [50–52].

In its initial iterations, semiconductor lasers were homojunction devices, characterized by

high laser threshold and the necessity for liquid nitrogen cooling, rendering them impractical

for real-world applications. However, in 1963, Herbert Kroemer proposed the heterojunction

structure, which was experimentally realized by Zhores Alferov in 1970 [53, 54]. This develop-

ment enabled semiconductor lasers to operate at room temperature with CW output. Alferov

and Kroemer received the Nobel Prize in 2000 for their pioneering work on semiconductor

heterostructures [55].

The edge-emitting laser (EEL) is the predominant type of semiconductor laser, typically

electrically pumped, with its laser resonator formed by cleaved facets (sometimes coated).

While EELs achieve high output power, they sacrifice beam quality [56]. In contrast, the

vertical-cavity surface-emitting laser (VCSEL) that emits light perpendicular to the wafer

surface has better beam profile [57]. VCSELs utilize Distributed Bragg Reflectors (DBRs) [58]

on both sides of the quantum well active region to construct the laser cavity [59] and are also

commonly electrically pumped. Despite the enhanced beam profile of VCSELs, achieving

uniform carrier injection for large cavity modes poses a challenge, thereby limiting the output

power of VCSEL devices. Individual VCSELs typically operate at power levels in the 1-10 mW
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range [60]. The limited output power of VCSELs output falling short of the requirements for

LGS applications.

Optical pumping enabled the enlargement of the active region while maintaining uniform

carrier injection, facilitating high-power output with a single transverse mode [61]. This concept

was proposed in 1966 [62] but was only experimentally demonstrated after advancements in

diode laser technology three decades later [61, 63]. The advent of the first vertical external-

cavity surface-emitting laser (VECSEL), boasting a TEM00 transverse mode with over 0.5 W

output, marked a significant milestone [61]. In this configuration, one of the cavity mirrors was

comprised of a DBR grown adjacent to the quantum well active region, while an external mirror

served as the other cavity mirror. Typically, a diode laser was employed to pump VECSELs, and

the utilization of an external cavity mirror ensured a TEM00 beam profile. In multi-transverse

mode operation, which typically yields higher output than TEM00 mode, a single VECSEL

device has achieved over 100 W output power [29]. However, optical pumping’s drawback

lies in its wall-plug-to-laser efficiency, which is inferior to that of electrically pumped lasers.

Nonetheless, this efficiency is not the primary concern for many applications, such as LGS.

Researchers have achieved numerous successful outcomes using VECSELs for LGS ap-

plications. High power output near 1178 nm was demonstrated [64], and an output exceeding

5 W at 589 nm has been demonstrated [30], while another group achieved 20 W yellow output

around 588 nm [65]. Despite the use of diamond heat spreaders, all those outputs were ther-

mally limited, indicating the need for better thermal management platforms to demonstrate a

high-power semiconductor-based LGS. Due to small refractive index contrast for semiconductor

material for DBRs, normally tens of DBR pairs are required to achieve high reflectance. The

large thickness and number of layers in DBRs result in high thermal resistance, which hinders

effective heat dissipation [66, 67]. In addition, the lattice mismatch between the substrate and

DBR poses significant hurdles during VECSEL wafer growth, hindering the production of
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Fig. 1.7 Schematic representation of a MECSEL setup [1].

high-quality VECSEL samples across various desired wavelengths like in GaN system and

InGaP system [68, 69].

A proposed solution involves the complete elimination of DBRs and the exclusive use

of external mirrors [1, 2] and/or gratings [70, 71] to form the resonator, resulting in a novel

structure termed MECSEL [1, 2]. Figure 1.7 is a schematic diagram of MECSEL. The multi-

quantum well (MQW) active region is directly bonded to a single-crystalline diamond heat

spreader, and then the bonded sample is mounted on a copper heat sink with indium to enhance

thermal contact [1]. An 808 nm diode laser serves as the pump, with two external mirrors

employed for the formation of the laser resonator, one is a high reflectance (HR) mirror, another

is output coupler (OC). The advantages of the MECSEL platform include superior thermal

management capability due to the absence of a DBR [4, 66, 67, 72], and the potential for easier

wafer growth since there is no DBR adjacent to the active region [2]. With improved thermal

management, more affordable and available silicon carbide (SiC) can be used as a heat spreader

instead of diamond, enabling wafer-scale fabrication. Besides those advantages, MECSEL also

has less better wavelength tunability compared with VECSEL [73]. Like VECSELs, MECSELs

provide access to the cavity, enabling laser linewidth narrowing [74], intracavity frequency
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doubling [75], and active frequency stabilization [76]. These attributes collectively position the

MECSEL as an ideal candidate for constructing compact and budget-friendly LGSs.

An emerging platform, the photonic-crystal surface-emitting laser (PCSEL) [77], has shown

potential to achieve high power output with good beam profile. The two-dimensional photonic

crystal structure allows a much larger active area compared with VCSELs while maintaining

single-mode operation with suitable design [78]. Even blue-violet wavelengths can be achieved

by PCSEL with more straightforward current injection [79]. They offer potential for on-chip

integration [80], ultralow thresholds [81], and high beam quality with a small divergence

angle [82, 83]. Additionally, they can be mass-produced on commercial epitaxial wafers [84].

There was even a report last year of a CW single-mode PCSEL at over 50 W [85], highlighting

the great potential of this platform.

However, the output beam quality deteriorates with increased power [82], and the current

output power record has an M2 value of 2.4 [85], which is unsuitable for LGS applications

that need to project the laser up to the sodium layer around 90 km above the ground. While

PCSELs may become viable for LGS with technical advancements, they are not yet mature

enough. Currently, MECSEL is the most suitable candidate.

1.4 Conclusion

This chapter highlighted the important role of the LGS system in astronomical observation,

and introduced the current LGS systems and the motivation to build a semiconductor-based

LGS. Parameters necessary for the LGS, such as laser wavelength, output power, and laser

linewidth, were computed. It was determined that it is essential to construct a MECSEL emitting

at ⇠589.16 nm with a TEM00 transverse mode, capable of exceeding 10 W output power and

maintaining a linewidth narrower than 10 MHz. Furthermore, the laser requires frequency
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stabilization at the sodium D2 transition to optimize absorption efficiency. While integrating

a frequency chirping system would aid in mitigating sodium atom saturation in LGS systems

exceeding 20 W, it is not essential for this 10 W LGS configuration.

The next chapter will delve into the design of the MECSEL, focusing on the laser resonator

configuration, quantum well active region, and the methodologies for implementing laser

linewidth narrowing and frequency doubling.
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Chapter 2

Membrane External-Cavity

Surface-Emitting Laser

After clarifying the parameters necessary for the MECSEL to be utilized in the LGS sys-

tem in Chapter 1, the subsequent task involves designing the laser to meet these established

requirements. This chapter will explore the design process of the MECSEL gain structure,

employing basic equations to outline the initial design considerations. This chapter will also

detail the configuration of the laser resonator, incorporating a custom developed MATLAB

script to optimize the resonator design. Additionally, this chapter will discuss the techniques

implemented for linewidth narrowing and intracavity frequency doubling, which are essential

for achieving the target wavelength of 589 nm from a fundamental wavelength of 1178 nm in

the MECSEL.
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2.1 Gain Structure Design

2.1 Gain Structure Design

The gain medium, laser resonator, and pump are the three fundamental components required

to construct a laser, and semiconductor lasers are no exception. The semiconductor thin disk,

which serves as the gain medium is the key component for MECSEL. The heat spreader

sandwich plays a pivotal role in the device’s performance via optimized heat extraction. This

structure, often referred to as the MECSEL gain chip, is composed of several key elements: the

quantum well active region, which provides the necessary gain; window layers, which serve

to prevent surface recombination; and directly bonded heat spreaders that effectively dissipate

heat.

A simplified band diagram of the optically pumped MECSEL gain structure is presented in

Fig. 2.1. The horizontal axis of this diagram indicates the position along the wafer’s growth

direction, where the MECSEL gain structure is situated in air. The vertical axis represents the

energy levels at different layers, with the upper band corresponding to the conduction band and

the lower band to the valence band. Within the gain structure, the quantum wells are positioned

at the anti-nodes of the laser’s optical standing wave to maximize gain, a configuration known

as the resonant periodic gain structure or RPG structure [86]. In this setup, a pump photon with

energy Epump from pump laser (blue) is absorbed at the barrier layer, exciting an electron from

the valence band to the conduction band, and leaving a hole at valence band. The free carriers

diffuse from the barrier layers to the quantum wells, and subsequently recombine within the

quantum wells, emitting a photon with energy Elaser. The resulting laser output (red) is directed

perpendicular to the surface of the MECSEL, emanating in both directions. To further enhance

performance, high bandgap energy window layers are grown between the quantum well active

region and the air. These layers are essential for preventing surface recombination.
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Fig. 2.1 Schematic diagram of the MECSEL gain structure with laser optical standing wave.

The gain medium in a laser device provides the necessary energy levels for emitting specific

wavelengths. In this process, electrons within the active media are initially excited from lower

energy states to higher ones either through electrical injection or optical pumping. The carriers

then diffuse and thermalize to lower energy levels while emitting phonons, and these free

carriers subsequently return to initial energy states via stimulated emission, facilitated by the

feedback mechanism of the laser resonator. The energy of the emitted photons is given by:

Ephoton = Eupper �E lower,
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where Eupper represents the energy level of the upper state, and E lower denotes that of the lower

state. The wavelength, l , of the emitted light can then be calculated using the equation:

l =
hc

Ephoton
, (2.1)

where h is Planck’s constant, and c is the speed of light in vacuum.

In scenarios where optical pumping is utilized, the pump photon typically possesses a shorter

wavelength—and consequently higher energy—than the emission photon, unless nonlinear

effects are being employed to alter this relationship. For a wavelength of 589 nm that is targeted

for LGS applications, there are significant challenges associated with fabricating a MECSEL

that can directly emit at this wavelength. Although a recent study demonstrated a direct output

of 0.87 W at 589 nm from an Indium gallium phosphide (InGaP) quantum well semiconductor

laser using electron injection [87], this power is insufficient for LGS requirements. Given the

constraints related to manufacturing challenges and the requisite output power, the dissertation

will focus on designing and fabricating a MECSEL that operates at 1178 nm. Available pump

laser wavelengths in the laboratory, such as 808 nm and 1070 nm, will be utilized to construct the

1178 nm MECSEL. This wavelength will then be converted to 589 nm using second harmonic

generation (SHG).

The bandgap energy versus lattice constant for commonly used III-V semiconductor com-

pounds at room temperature is shown in Fig. 2.2. On this diagram, solid lines represent ternary

compounds with a direct bandgap, which are alloys of the binary compounds at each line’s end-

points. The dashed lines highlight regions where the bandgap is indirect. Additionally, the areas

enclosed by lines between various binary compounds represent quaternary compounds, noted

for their greater flexibility in bandgap energy engineering while maintaining lattice matching

between layers [88]. From this diagram, indium gallium arsenide (InGaAs) and indium gallium
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Fig. 2.2 Bandgap energy versus lattice constant for commonly used III–V compounds at room
temperature for semiconductor design [88].

arsenide phosphide (InGaAsP) are suitable candidates for applications requiring a bandgap

energy corresponding to 1178 nm. Given the difficulty in InGaAsP quaternary compound

growth due to the large discrepancy in size between In and P atoms, InGaAs has been selected

for the quantum well fabrication. Furthermore, gallium arsenide (GaAs) has been chosen as the

material for the barrier layers.

The energy diagram for a quantum well with thickness Lz is illustrated in Fig. 2.3. The

horizontal axis represents the wafer growth direction, and the vertical axis displays the energy

levels within the quantum well structure. The bandgap energy of the quantum well is denoted

as Eg, and the well exhibits an energy potential of DEc in the conduction band and DEv in the

valence band. In the conduction band, the first three quantized energy levels are labeled E1c,

E2c, and E3c. These represent the confined energy states due to the quantum confinement effect
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Fig. 2.3 Energy diagram of a quantum well structure with thickness of Lz [89].

within the well. Similarly, in the valence band, the energy levels for heavy holes (represented

by dotted lines) and light holes (represented by long dashed lines) are indicated. The first few

quantized energy levels for heavy holes are E1hh, E2hh, and E3hh, while those for light holes

are E1lh and E2lh. The transition from the first conduction band energy level (E1c) to the first

heavy hole valence band energy level (E1hh), results in the emission of light. The photon energy

associated with this transition can be expressed by the following equation:

EQW = Eg +E1c +E1hh.

25



2.1 Gain Structure Design

The energy levels of carriers confined within a quantum well can be quantitatively described

by considering their quantized nature and the energy of these quantized levels is expressed by:

Ez =
h2kz

2

8p2m⇤ , (2.2)

where m⇤ represents the effective mass of the carriers of interest (either electrons or holes), and

kz is the quantization wave vector defined as:

kz =
lp
Lz

, l = 1,2,3, . . . (2.3)

where l is the integer quantum number which corresponds to the nth energy level of the

electrons or holes [90]. For a 7 nm thick InGaAs quantum well, the effective masses for elec-

trons (0.067me) and heavy holes (0.45me) from GaAs were utilized as an approximation [91],

where me is the electron’s rest mass. Using these values, the confined energies for the first

quantized levels were calculated to be E1c = 115meV for electrons and E1hh = 17meV for

heavy holes.

The temperature dependency of the bandgap energy for semiconductors needs to be consid-

ered in the design of MECSELs. This dependency can be accurately modeled using Varshni’s

empirical formula [92]:

Eg(T ) = Eg,0 �
aT 2

b +T
, (2.4)

where Eg,0 is the bandgap energy at 0 K, and a and b are coefficients that encapsulate the

temperature dependence of the bandgap energy that expressed in units of [eV/K] and [K],

respectively. There will be a shift in the emission wavelength due to temperature-induced

changes in the bandgap energy. For MECSEL applications, increasing the pump power can

enhance the output power up to the thermal rollover point. Beyond the thermal rollover point
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approximately 90 �C to 110 �C [67, 93, 94], further increases in pump power lead to excessive

heating and a subsequent decrease in performance due to increased internal losses.

To design a laser that emits the desired wavelength at maximum output power, it is necessary

to account for the temperature-related changes in the bandgap energy from room temperature to

the rollover temperature. This change is quantified by:

DEg,T =
aT RT

2

b +T RT
� aT RO

2

b +T RO
, (2.5)

where T RT represents room temperature and T RO denotes the rollover temperature. Assuming a

temperature differential of 70 K between these two states, the change in the bandgap energy can

be calculated. Using a = 6⇥10�4 eV/K and b = 408 K [95], the change is:

DEg,T =�29meV.

Consequently, a laser designed to emit at 1178 nm at the rollover point would emit at approxi-

mately 1150 nm at room temperature to accommodate this shift.

To ensure that a 1178 nm laser operates effectively, the photon energy associated with this

wavelength, E1178nm, is calculated to be 1.053 eV. The design target for the bandgap energy of

the InGaAs quantum well at 300 K is then derived by incorporating the effects of quantized

energy levels within the quantum well and the temperature-dependent change in bandgap

energy:

Edesign = E1178nm �E1c �E1hh +DEg,T = 0.892eV,

where E1c and E1hh are the confined energy levels of the electrons and heavy holes, respectively,

in the quantum well, and DEg,T represents the shift in bandgap energy due to temperature

effects.
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The bandgap energy of the In1�xGaxAs alloy at 300 K, as a function of the gallium compo-

sition x, is modeled by the equation [96]:

Eg(x) = 0.36+0.629x+0.436x2. (2.6)

Using this model, the composition x of gallium necessary to achieve the desired bandgap

energy at room temperature was initially calculated to be approximately 0.6. During the wafer

fabrication phase, a 6 nm thick In0.38Ga0.62As quantum well was used with slightly adjusting the

gallium content to 0.62. This composition adjustment was found to yield superior performance

and closely aligning with the theoretical calculations.

GaAs serves as an barrier layer material for InGaAs quantum wells, primarily due to its

favorable optical properties and compatibility with existing fabrication processes. GaAs is

chosen because it can absorb photons from a 808 nm diode laser, which is readily available

in the laboratory, and it is transparent to the 1178 nm emission photons from the quantum

well. GaAs is a commonly used substrate material in semiconductor manufacturing, which

simplifying the wafer fabrication process significantly. Mismatch in lattice constants can

lead to defects during the epitaxial layer growth, potentially resulting in poor-quality samples

and reduced device performance [97]. To address potential strain issues between the InGaAs

and GaAs layers, gallium arsenide phosphide (GaAsP) is employed as a strain-compensation

material [98]. This approach is supported by the effectiveness of GaAs0.94P0.06 buffer layers

placed at the node positions of the RPG structure, which aids in strain compensation during

the wafer growth process with minimal absorption from GaAsP. For the RPG structure, precise

calculation of the refractive indexes of each layer is essential to determine the correct thickness

of each layer during wafer growth. The Sellmeier equation, which has been thoroughly studied

and is documented for commonly used semiconductor compounds, provides a reliable method
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for calculating these refractive indexes [99]. At the specific wavelength of 1178 nm, the

refractive indexes for GaAs and InGaAs were calculated to be nGaAs(1178nm) = 3.355 and

nInGaAs(1178nm) = 4.008.

Calculating the optimal number of quantum wells is important for achieving the desired

threshold and output slope efficiency in MECSELs. The maximum number of quantum wells is

constrained by the challenges in managing strain compensation during wafer growth [100]. The

gain g, measured in cm�1, is influenced by the carrier density N [cm�3] and can be expressed

as [61]:

g = g0 ln
✓

N
N0

◆
, (2.7)

where g0 is the gain parameter and N0 is the transparency carrier density—the electron-hole

concentration at which absorption equals emission. The threshold condition for MECSEL

operation, similar to other lasers, is given by [101]:

R1R2Te2GgthLQW = 1, (2.8)

where R1 and R2 are the reflectivities of the cavity mirrors, T represents the transmission factor

of the laser cavity (accounting for all intracavity losses), G is the longitudinal confinement factor

indicating the proportion of mode energy contained within the active region, gth is the threshold

gain, and LQW is the total thickness of all quantum wells.

Below the lasing threshold, the carrier density in the active medium of a laser can be written

as

N =
habsPpump

EpumpLQWAp
t(N), (2.9)
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where habs is the absorption efficiency for the pump, follows the Beer-Lambert Law as

habs = 1� e�ad, (2.10)

with d being the material thickness and a the absorption coefficient, Ppump denotes the pump

power, Epump is the energy of the pump photons, Ap is the area of the pump mode, and t(N)

represents the carrier lifetime, which depends on the carrier density N and is given by:

1
t(N)

= A+BN +CN2, (2.11)

where A, B, and C are the Shockley-Read-Hall (SRH), radiative, and Auger recombination

coefficients, respectively [101]. The threshold for lasing, in terms of carrier density and pump

power, can be derived from:

Nth = N0(R1R2T )
� 1

2Gg0LQW , (2.12)

and

Pth = Nth
EpumpLQWAp

habst(Nth)
. (2.13)

These equations define the minimum carrier density Nth and pump power Pth needed to reach

the lasing threshold. The output power of the laser, Plaser, is then described by the relationship:

Plaser = (Ppump �Pth)hdiff, (2.14)

where hdiff represents the differential efficiency of the laser system, define as [102]

hdiff = habs ·hgeo ·hq ·hout ·h rad, (2.15)
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incorporating absorption efficiency habs, geometrical efficiency hgeo, quantum efficiency (hq),

output efficiency (hout), and radiative efficiency (h r). These efficiencies are further defined as:

habs =
Pabs

Ppump
=

Ppump �Pr �Pt

Ppump
(2.16)

where Pabs is the absorbed pump power, Pr is the reflected pump power from all interfaces, and

Pt is the transmitted pump power.

hgeo =
Al

Ap
, (2.17)

where Al is the area of the laser mode.

hq =
l pump

l laser
, (2.18)

hout =
ln(R2)

ln(R1R2T )
, (2.19)

and

hr =
BNth

A+BNth +CNth2 . (2.20)

Table 2.1 presents the parameters used to determine the optimal number of quantum wells

for a 1178 nm MECSEL. With an output coupling efficiency of 2% and a pump power of

100 W at 808 nm, the impact of varying the number of quantum wells on the output power

was analyzed. Each barrier layer was maintained at a thickness of 82 nm, while the quantum

well thickness was set at 6 nm. The resultant maximum output power, as a function of the

number of quantum wells ranging from 0 to 20, was graphically represented in Fig. 2.4. The

calculation indicates that increasing the number of quantum wells beyond 10 may slightly

enhance the maximum output power achievable with a fixed pump power. However, while

adding more quantum wells can theoretically improve performance, practical challenges such
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Table 2.1 Parameters for MECSEL threshold and output power calculations [103].

Parameter Description Value Unit

g0 gain parameter 2000 cm�1

N0 transparency carrier density 1.7⇥1018 cm�3

G longitudinal confinement factor 2.0 -
Lz quantum well thickness 7.0 nm
R1 mirror 1 reflectivity 0.999 -
T round trip transmission factor 0.98 -
l pump pump wavelength 808 nm
l laser emission wavelength 1178 nm
Ap area of pump spot 3.14⇥104 µm2

a GaAs absorption coefficient at 808 nm 1 µm�1

A SRH recombination coefficient 1⇥107 s�1

B radiative recombination coefficient 1⇥10�10 cm3s�1

C Auger recombination coefficient 6⇥10�30 cm6s�1

as increased internal optical losses and non-uniformities can negate these benefits [104]. More

importantly, in the RPG configuration, quantum wells are positioned at the anti-node of the

cavity standing wave, with barriers placed between adjacent quantum wells. As the number

of quantum wells increases, the total thickness of these barriers also increases. Assuming an

absorption coefficient of 1 µm�1 and each barrier layer being 170 nm thick, the incident pump

power decreases by approximately 15% after passing through each barrier layer. Consequently,

if the number of quantum wells is too large, there will be almost no pump power available at

the last few layers, resulting in non-uniform pumping. If the active region of a laser contains

fewer than four quantum wells, it has been calculated that the laser threshold exceeds 100 W,

making such a configuration inefficient for practical purposes. Analysis has shown that the

maximum output power reaches 26.4 W when the number of quantum wells is increased to

eleven. Beyond this point, adding additional quantum wells provides only small gains in output

power, and considering the quantum well that not receive enough pump will result in absorption

of 1178 nm, more quantum wells may not be beneficial. Considering the intracavity losses
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Fig. 2.4 Maximum output power at 1178 nm with 2% output coupler versus number of quantum
wells in MECSELs using 100 W pump at 808 nm.

associated with linewidth narrowing and frequency doubling, estimating to about 60% from

the free-running output at fundamental wavelength to SHG output, an eleven quantum well

MECSEL can potentially produce over 10 W at 589 nm based on the theoretically calculated

value of 26.4 W. A MECSEL gain chip featuring an eleven quantum well structure, optically

pumped at 808 nm, was fabricated to validate these theoretical predictions.

The designed MECSEL structure was produced by a commercial growth foundry (21 SEMI-

CONDUCTORS, Stuttgart, Germany) using metal-organic chemical vapor deposition (MOCVD)

on a GaAs substrate. The structure includes In0.49Ga0.51P window layers on both sides of the

multi-quantum well gain region to prevent surface recombination. To facilitate subsequent

substrate removal, a 250 nm thick Al0.92Ga0.08As etch stop layer was grown between the GaAs

substrate and the window layer. This composition was specifically selected for its high selectiv-
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Fig. 2.5 MECSEL gain chip fabrication process. (a) The first surface bonding, (b) GaAs
substrate etching, (c) AlGaAs etch stop etching, (d) the second surface bonding, and (e) a
photography of a complete MECSEL gain chip (Credit: Dr. Garrett Cole).

ity in GaAs etching followed by HF-based wet etching. The multi-quantum well structure was

then sandwiched between two 500 µm thick, double-side polished single-crystalline 4H-SiC heat

spreaders utilizing a plasma-activated low-temperature direct bonding technique. This process

was performed by our collaborators from THORLABS CRYSTALLINE SOLUTIONS [105].

Fabrication of the MECSEL gain chips begins with the thorough cleaning of both the

epitaxial structure and the SiC substrate to ensure that all surfaces are free of contaminants

and debris. Subsequent oxygen plasma activation ensures that the surfaces are chemically

reactive for achieving a strong bond. After the cleaning and activation steps, the materials

are carefully aligned and contacted at either the chip or wafer scale as shown in Fig. 2.5 (a).

Pressure is applied to the stack to enhance the initial bond strength, with processes carried out

in both ambient and vacuum, followed by post-bond annealing to set the bond. Once annealing

is complete, the GaAs growth wafer as seen in Fig. 2.5 (b) is selectively removed using

H2O2:NH4OH-based wet chemical etching (NH4OH:H2O2=1:30). As shown in Fig. 2.5 (c), the

substrate removal process terminates on the Al0.92Ga0.08As etch stop layer, which is stripped
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using dilute HF acid (HF:H2O=1:20). This leaves only the multi-quantum well epitaxial layers,

capped by the In0.49Ga0.51P window layers, bonded on the surface of the first SiC substrate.

Following this, the surface of the transferred epitaxial material and the bare SiC are again

cleaned and activated in preparation for a second bonding process as shown in Fig. 2.5 (d).

This process involves similar steps of initial contact, pressure application, and another round

of annealing, thereby integrating the epitaxial active region between two SiC substrates to act

as high thermal conductivity transparent heat spreaders for the MECSEL gain chips. Finally,

any required metal or dielectric layers are applied to the SiC/epi/SiC stack (for example, AR

coatings are applied using plasma-enhanced chemical vapor deposition (PECVD), while Ti/Au

or Cr/Au films are evaporated for improved thermal contact to the copper heat sink), and

wafer-scale bonds are diced to yield individual gain chips. Photography of a complete gain chip

is shown in Fig. 2.5 (e).

2.2 Laser Resonator Design

The laser resonator, or laser cavity, provides essential feedback and enhances stimulated

emission. In the case of a MECSEL, the design differs from commonly semiconductor lasers

that typically incorporate DBRs adjacent to the active region. Instead, MECSELs rely entirely on

external mirrors for feedback as they do not integrate a DBR within their structure. This aspect

aligns MECSELs more closely with solid-state lasers, where external mirrors predominantly

form the resonator. This configuration enhances the flexibility in cavity design, allowing

adaptation to a wide range of output requirements. Consequently, MECSELs offer unparalleled

versatility, capable of accessing a broad spectrum of wavelengths [1, 2, 106–111], achieving

high output powers [109, 112–114], and facilitating intracavity processes such as linewidth
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narrowing [20, 74–76, 115], nonlinear wavelength conversion [75, 76, 115], and frequency

stabilization [75, 76].

The schematic diagram presented in Fig. 2.6 showcases a MECSEL specifically designed

for LGS applications. This design employs a V-cavity configuration that includes two plane

end mirrors and a concave folding mirror. In this setup, the use of two plane cavity end

mirrors simplifies the overall cavity design, particularly enhancing intracavity processes such as

frequency doubling. This configuration is advantageous because it ensures the highest beam

intensity at the plane mirror within the shorter arm, and a nonlinear crystal will be placed

in this arm near the cavity beam waist. Additionally, the presence of a plane wavefront at

this mirror facilitates optimal overlap between the fundamental and the nonlinear conversion

beams. A curved folding mirror is utilized for maintaining the stability of the laser cavity. This

mirror is high-reflection (HR) coated at 1178 nm to reflect the fundamental wavelength within

the cavity, and anti-reflection (AR) coated at 589 nm to facilitate the output of yellow light,

effectively functioning as the output coupler (OC) for the system. Furthermore, a birefringent

filter (BRF) [116] and an etalon are positioned on the MECSEL gain chip arm to narrow the

laser’s output linewidth. On another arm, a nonlinear frequency doubling LBO crystal along

with a piezoelectric transducer (PZT) for wavelength stabilization are installed.

The resonator design must fulfill three criteria to ensure optimal performance. First the

laser cavity needs to be stable under various operational conditions including the development

of a thermal lens from parasitic heating. Secondly, the cavity length must be sufficient to

accommodate all intracavity elements, including filters and nonlinear crystals, ensuring that

they function effectively without spatial constraints. Lastly, the beam size within the cavity

must be carefully managed to ensure good overlap and efficient interaction at the MECSEL gain

chip and the LBO crystal for high nonlinear conversion efficiency. To achieve these objectives,
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Fig. 2.6 Schematic diagram of a V-configuration MECSEL for LGS applications. Etalon
and BRF are used for single longitudinal mode selection, LBO crystal is used for intracavity
frequency doubling, and PZT is used for laser frequency stabilization.

the cavity configuration is carefully analyzed using Gaussian beam solutions of the paraxial

wave equation and ray transfer matrix analysis.

In terms of properly designing a laser cavity, the behavior of a laser beam within the cavity

can be accurately described using Gaussian beam solutions derived from the paraxial wave

equation, as outlined in Table 2.2 [101]. In this model, z represents the on-axis distance from

the Gaussian beam waist, while x and y specify the distances from the optical axis, collectively

describing the in-plane position r. The constant c stands for the speed of light, e0 denotes the

vacuum permittivity, A is an intensity-related constant, and l is the wavelength of the laser.

In addition to Gaussian beam analysis, ray transfer matrix analysis, also known as the

ABCD matrix method, is utilized for ray tracing calculations under the paraxial approximation.

This technique involves representing each optical element within the system by a 2⇥2 matrix.

To analyze the entire optical system, the matrices of individual elements are multiplied in a

sequence from the last to the first element encountered by the light, forming what is known

as the ABCD matrix of the system. Table 2.3 lists some commonly used matrices, which are
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Table 2.2 Gaussian beam solutions of the paraxial wave equation.

Parameter Equation

intensity I(r) = ce0
2 |A|2e

� 2(x2+y2)
w2(z)

spot size w(z) = w0

r
1+ z2

Z2
0

radius of curvature R(z) = z+ Z2
0
z

Rayleigh range z0 =
pw2

0
l

divergence angle q = l
pw0

essential for predicting how the laser beam will interact with various optical components. This

dual approach, combining Gaussian beam solutions and ABCD matrix analysis, provides a

comprehensive framework for understanding and optimizing the propagation of light through

the laser cavity.

Table 2.3 Commonly used matrices in ray transfer matrix analysis.

Parameter Equation

free space propagation


1 d
0 1

�

refraction at a flat interface


1 0
0 n1

n2

�

reflection from a curved mirror


1 0
� 2

R 1

�

propagation through thin lens


1 0
� 1

f 1

�

38



2.2 Laser Resonator Design

In these matrices, d represents the distance traveled in free space or within a medium of

constant refractive index. For flat interfaces between two different materials, n1 and n2 denote

the refractive indices of the initial and final materials, respectively. In the context of mirrors, R

specifies the radius of curvature (ROC) for normal incidence. When a mirror is placed at an

incidence angle q , the tangential plane’s radius Rt is adjusted to Rcosq and the sagittal plane’s

radius Rs to R/cosq . For thin lenses, f indicates the focal length.

Upon calculating the ABCD matrix of the laser cavity, represented as

2

64
A B

C D

3

75, the stability

of the cavity can be determined using the criterion:

�1  A+D
2

 1. (2.21)

If this condition is not met, the cavity is defined as unstable. A stable laser cavity is characterized

by its ability to reproduce the same beam properties, including wavefront and beam size, after

each round trip. This implies that the wavefront should have the same radius of curvature as the

cavity end mirrors at their respective positions. However, there is no necessity for the cavity

beam’s wavefront to match the folding mirror’s curvature.

The q parameter, crucial for ray tracing calculations within the cavity, is defined as:

1
q(z)

=
1

R(z)
+ i

l
pw0

, (2.22)

where R(z) is the radius of curvature of the wavefront at position z, and l is the laser wave-

length [101].

The final q parameter, qf, after traversing through the optical system is given by:

qf =
Aqi +B
Cqi +D

, (2.23)
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where qi is the initial q parameter before the system, and A, B, C, and D are elements of the

ABCD matrix. For a stable cavity, where qi equals qf after one complete round trip, the beam

size w(z) within the cavity can be expressed as

w(z) =

vuut
�lB

p
q

1� (A+D
2 )2

. (2.24)

This expression illustrating that the beam size is dependent on the cavity design, specific

positions within the cavity, and the wavelength of the laser.

In the design of a V-cavity configuration, two plane end mirrors and a concave folding

mirror with a ROC of 500 mm are employed. The stability of the laser cavity was systematically

evaluated by varying the lengths of both cavity arms from 0 to 1 meter. The arm containing the

gain medium is referred to as the gain chip arm, while the arm intended for the placement of

the LBO crystal is designated as the LBO arm, as illustrated in Fig. 2.7. The stability regions

within this configuration are indicated by the colored areas in Fig. 2.7, where the condition

�1  A+D
2  1 is satisfied, denoting a stable cavity. Conversely, the white areas represent

regions where the cavity is unstable. With the gain chip arm set to a length of 520 mm and

the LBO arm to 345 mm, and an opening angle of 15� between the two arms (corresponding

to a 7.5� incidence angle at the folding mirror), the beam size within the laser cavity was

calculated. These beam size calculations are depicted in Fig. 2.8, with negligible deviation

between tangential and sagittal planes. This intracavity beam size analysis was run via a custom

MATLAB script based on transfer matrix calculations. This script not only facilitated the design

of this specific cavity but was also utilized in the design process for all laser cavities discussed

throughout this dissertation.
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Fig. 2.7 The cavity stabilization calculation for a V-cavity configuration with two plane end
mirrors and a ROC = 500 mm folding mirror.

Fig. 2.8 The beam size calculation for a V-cavity configuration on tangential (blue) and sagit-
tal (red) planes with two plane end mirrors and an ROC = 500 mm folding mirror, the angle
between two cavity arms is 15�.
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2.3 Laser Linewidth Reduction

The actual laser output wavelength might deviate from the ideal 1178 nm for the the designed

MECSEL system, necessitating the use of intracavity optics like crystalline quartz BRF for

precise wavelength tuning [117]. BRFs are typically positioned at Brewster’s angle within the

cavity to minimize intracavity loss. Figure 2.9 illustrates the reflectance of a single crystalline

quartz BRF at 1178 nm across various incidence angles. The graph differentiates the reflectance

for transverse-electric (TE) polarization, shown in red, and transverse-magnetic (TM) polar-

ization, shown in blue, with a refractive index of quartz noted as n(1178nm) = 1.5326 [118].

From the data in Fig. 2.9, it is evident that the reflectance for the TM beam approaches zero at

an angle of 56.88°, identified as Brewster’s angle for 1178 nm. Positioning the BRF at this angle

within the laser cavity ensures that the output is predominantly P-polarized. This polarization

preference occurs because s-polarized light experiences higher intracavity loss with non-zero

reflectance from BRF at Brewster’s angle.

The wavelength tuning capability of a BRF is primarily facilitated through a wavelength-

dependent phase retardation, which can be mathematically described by the following equa-

tion [119]

d =
p(no �ne)d sin2 z

l sinq
, (2.25)

where (no � ne) represents the difference between the ordinary (no) and extraordinary (ne)

refractive indices of the BRF, d is the thickness of the BRF plate, q is the incidence angle,

z is the polar angle, and l is the wavelength of the incident light. At Brewster’s angle the

retardation d amounts to an integer multiple of the wavelength, leading to a condition where

the polarization state is TM at both interfaces of the BRF and the transmission is maximized.

Conversely, wavelengths that do not fulfill this condition undergo polarization changes between
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Fig. 2.9 Reflectance of a single crystalline quartz BRF at 1178 nm as a function of incidence
angle for TE (red) and TM (blue) polarization.

the two interfaces, incurring additional intracavity losses, and thus are less likely to achieve

lasing.

The central wavelength at which the BRF operates most effectively can be expressed

as [117]

l =
(ne �no)d sin2 z

msinq
, (2.26)

where m is an integer that denotes the order of the mode and the free spectral range (FSR) of

the BRF, which defines the wavelength spacing between successive resonant peaks of the filter,

as described by [117]

Dl =
l 2 sinq

(ne �no)d sin2 z
. (2.27)
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Fig. 2.10 Free spectral range of a quartz BRF versus plate thickness at Brewster’s angle for
1178 nm incident light.

The FSR of a BRF is influenced by the filter’s thickness, as well as the difference in the ordinary

and extraordinary refractive indices (ne�no) of the material used. For incident light at 1178 nm,

this difference is 0.0087 for a quartz BRF [118]. The FSR of a quartz BRF at Brewster’s angle

for 1178 nm light varies as a function of the BRF plate’s thickness as shown in Fig. 2.10. For

example, a 2 mm thick quartz BRF results in an FSR of 83.7 nm. As the thickness increases to

4 mm, the FSR decreases to 41.9 nm. This FSR limits the BRF’s maximum wavelength tuning

ability. However, a smaller FSR is advantageous for finer wavelength adjustment, making it

possible to achieve more precise tuning within a narrower range. This is particularly beneficial in

applications requiring high spectral resolution or when targeting specific narrowband emissions

as in LGS applications. Additionally, thicker BRFs are generally easier to manufacture and can

offer greater robustness and reduced susceptibility to manufacturing imperfections. Therefore,
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selecting the appropriate thickness of the BRF is balanced between the desired wavelength

tuning range and the quality and precision of the laser output.

In a MECSEL setup, the laser typically operates in multi-longitudinal mode under free-

running conditions, particularly when aiming for high output power levels [113, 112]. However,

for applications requiring higher spectral purity, such as LGS operations, it is essential to narrow

the linewidth to achieve a single longitudinal mode with a linewidth of less than 10 MHz (Full

Width at Half Maximum, FWHM). Achieving single longitudinal mode operation typically

requires more than just one BRF. To refine the mode selectivity and reduce the number of

supported modes, additional intracavity optical elements are necessary.

One effective element for enhancing mode selectivity is the intracavity Fabry–Pérot (FP)

etalon. The FP etalon works by exploiting the interference effect within its structure. This inter-

ference effect depends on the phase change that occurs within the etalon, which is wavelength-

dependent. The FP etalon’s thickness and refractive index are key factors in determining the

selectivity of the modes it supports. Additionally, an extra BRF can be incorporated to form the

Lyot-Ohman filter [120] to further narrow the laser output linewidth. Precise control over the

laser’s operating temperature and pump power is also essential. These factors help to stabilize

the laser’s operating conditions, reduce mode hopping, and enhance overall mode stability.

For this dissertation project, an FP etalon was employed alongside the wavelength-tuning

BRF. A schematic diagram of FP etalon is shown in Fig. 2.11, two surfaces of the etalon have

surface reflectivities r1, r2 and round trip phase shift of 2f . For incident electric field Einc, the

transmitted signal after both surfaces can be written as

E trans = (1� r2) · (1� r1) · e�if ·E inc +(1� r2) · r1 · r2 · (1� r1) · e�i3f ·E inc + · · · , (2.28)
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Fig. 2.11 Illustration of transmission and reflection of an etalon with surface reflectivities r1, r2
and round trip phase shift of 2f with normal incidence light Einc.

and round trip phase change 2f is

2f =
4pnlcosq

l
, (2.29)

where n is the refractive index of the etalon, q is the incident angle, l is the etalon thickness,

and l is the light wavelength. Using geometric series summation formula, Eq. 2.28 can be

written as

E trans =
(1� r1)(1� r2)e�if

1� r1r2e�2if E inc. (2.30)

Using Euler’s formula, the transmission of the incident light is

T =
E transE⇤

trans

E incE⇤inc
=

(1� r1)2(1� r2)2

1�2r1r2cos(2f)+ r2
1r2

2
, (2.31)

for a lossless etalon with identical surfaces, this equation can be simplified into

T =
(1� r)4

1�2r2cos(2f)+ r4 , (2.32)
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and when cos(2f) = 1, the transmission is unity. As the phase shift f is wavelength related,

the FP etalon can be used to select the laser output wavelength.

Specifically, a 100 µm thick Yttrium Aluminum Garnet (YAG) etalon was used. This

etalon has a surface reflection of 8.35% between YAG (n=1.8126 at 1178 nm [121]) and air,

Fig. 2.12 demonstrates how transmission varied as a function of wavelength near 1178 nm under

normal incidence (just for demonstration not the experimental case). The FSR of this etalon is

3.77 nm (FSR⇡ l 2

2lcos(q) ), allowing for 100% transmission peaks. These peaks can be precisely

aligned to 1178 nm either by adjusting the incidence angle or by changing the temperature of

the etalon, enabling fine-tuning of the laser output to achieve the desired wavelength with high

efficiency.
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Fig. 2.12 Transmission versus wavelength at room temperature for a 100 µm thick YAG etalon
at normal incidence [122].
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2.4 Laser Frequency Conversion

Achieving 589 nm emission from the fundamental 1178 nm wavelength of the MECSEL in-

volves nonlinear conversion through SHG, which relies on the conversion crystal’s nonlinear

susceptibility. Nonlinear optical effect arises from the interaction between matter and an

electromagnetic field. At low intensities, the electrons are displaced slightly from their equilib-

rium positions, and this small displacement results in a linear restoring force, hence the linear

relationship between induced polarization P and the applied electric field E, expressed as [123]

P = e0c(1)E, (2.33)

where e0 represents the permittivity of free space and c(1) is the linear susceptibility describing

the material’s response. In this regime, the incident light field induces oscillations in the electric

dipoles of the medium at the same frequency as the field, resulting in the emission of electric

field at this frequency.

However, when the intensity of the incident field is sufficiently high, the displacement

of electrons is large enough to cause nonlinear restoring forces. As a result, the induced

polarization includes nonlinear terms, represented as [123]

P = e0(c(1)E +c(2)E2 +c(3)E3 + . . .), (2.34)

where c(2) and c(3) are the second-order and third-order nonlinear susceptibilities, respectively.

These higher-order terms lead to the generation of new frequencies through processes such as

second-harmonic generation, sum-frequency generation, and other nonlinear optical phenomena,

which result from the interaction between the medium and the electric field.

48



2.4 Laser Frequency Conversion

ω

ω

2ω

Fig. 2.13 A simple conceptual overview of the SHG process [124].

In the SHG nonlinear process, two photons with frequency w combine to form a single

photon with frequency 2w . The solid line in Fig. 2.13 is ground state and the dashed line

represents a virtual state, where no energy is stored. The conservation of energy and momentum

for this process can be expressed as follows:

}w +}w = }2w, (2.35)

and

}kw +}kw = }k2w . (2.36)

Given that kw = nw
w
c and k2w = n2w

2w
c , where nw and n2w are the refractive indices for the

fundamental and SHG wavelengths, respectively. The phase-matching condition required for

efficient SHG is nw = n2w . This ensures that the wave vectors are appropriately aligned to

facilitate the nonlinear interaction.

The nonlinear conversion efficiency of SHG can be described by the equation [123]:

hSHG =
2w2d2

e f f l2

n2wn2
wc3e0

sinc2
✓

1
2

Dkl
◆

I2(w), (2.37)
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2.4 Laser Frequency Conversion

where w represents the frequency of the fundamental light, de f f is the effective coupling

coefficient, Dk = 2w
c (n2w �nw) is the phase mismatch between the two wavelengths, l is the

length of the nonlinear crystal, and I(w) is the intensity of the fundamental wavelength.

Effective phase matching within the crystal is important for optimizing SHG efficiency

and can be achieved by adjusting the crystal’s temperature or its orientation, ensuring that

the optical axis is aligned with the laser beam. Additionally, reducing the laser beam size

within the nonlinear crystal is essential to maximize the intensity at the fundamental frequency,

which is important for achieving high SHG conversion efficiency according to Eq. 2.37. In a

high-Finesse laser cavity, the intra-cavity power can be orders of magnitude higher than the

maximum output power, leading to significantly enhanced nonlinear conversion efficiency with

increased fundamental wavelength intensity with intra-cavity frequency doubling. Using a

longer nonlinear crystal can be advantageous for optimal results as it can also increase the

nonlinear conversion efficiency.

There are two primary methods of achieving phase matching in nonlinear optics. The first

is critical phase matching, which involves orienting the nonlinear crystal at a critical angle

where the refractive indices for the fundamental and SHG wavelengths are equal. However,

this method can lead to issues such as beam walk-off, where the Poynting vector (direction of

energy propagation) does not align with the wave vector, especially in longer crystals [123].

The second method, non-critical phase matching (NCPM), involves controlling the crystal

temperature to equalize the refractive indices at the fundamental and SHG wavelengths. NCPM

avoids the beam walk-off problem and is particularly suitable for LGS applications, where a

LBO crystal is used.

In these experiments that will be discussed in this dissertation, a plane end mirror was used

to produce a plane wavefront, and the waist of the laser cavity mode that yields the highest
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intensity. Thus, the LBO crystal was placed in this position, adjacent to this planar cavity end

mirror to maximize the nonlinear conversion efficiency.

2.5 Conclusion

In this chapter, the design and operational principles of the MECSEL gain structure were

explored. The design for this dissertation project employs InGaAs quantum wells with GaAs

barriers, arranged in a resonant periodic gain structure, complemented by GaAsP strain com-

pensation layers and InGaP window layers. Calculations demonstrated that an array of eleven

quantum wells could potentially yield an output power of 26.4 W in free-running operation,

satisfying the output power requirements outlined in Chapter 1. Next, the resonator design

was analyzed through ray tracing matrix analysis, employing a V-cavity configuration that

incorporates linewidth narrowing elements in the gain chip arm and second harmonic generation

along with a PZT actuator for frequency stabilization in the LBO arm. Intracavity beam size

simulations were performed using MATLAB, providing a detailed visualization of the expected

beam size. Furthermore, strategies for linewidth narrowing, particularly the use of a quartz

birefringent filter and a YAG Fabry-Pérot etalon, were thoroughly reviewed. Additionally,

non-critical phase matching intracavity frequency doubling using an LBO crystal was discussed.

This nonlinear crystal will be employed for SHG to produce the targeted 589 nm output from

1178 nm fundamental wavelength.

Building upon the design principles covered, an eleven quantum well MECSEL was con-

structed with 808 nm barrier pumping, and the detailed experimental setup and the results

obtained will be discussed in the next chapter.
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Chapter 3

Barrier Pumped MECSEL

In this chapter, building upon the MECSEL design principles introduced in Chapter 2 and

the LGS design criteria mentioned in Chapter 1, an eleven quantum well MECSEL structure

with a linear laser resonator was developed. Barrier pumping was utilized as a straightforward

implementation strategy for building a semiconductor-based LGS. The investigation commenced

with a study of the thermal rollover effect. Subsequently, a record free-running output power

and the study of wavelength tuning to 1178 nm will be discussed. The experimental results

presented in this chapter were originally documented in [113], and this chapter will provide a

more detailed reevaluation.

3.1 Eleven Quantum Well Gain Chip

Aiming to achieve high output power at 1178 nm, the MECSEL active region comprises

eleven quantum wells of In0.38Ga0.62As, each 6 nm thick, arranged in a RPG structure. As

discussed in Chapter 2, these quantum wells are sandwiched between GaAs barriers, with strain-

compensating GaAs0.94P0.06 layers integrated to balance strain energy between the InGaAs and
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Fig. 3.1 An eleven quantum well MECSEL sample design. The blue line is for refractive index
and the orange line is for normalized intracavity intensity.

GaAs materials. Additionally, 20 nm thick In0.49Ga0.51P window layers are placed on both sides

of the active region. A 250 nm thick Al0.92Ga0.08As etch-stop layer was incorporated between

the GaAs substrate and the membrane, tailored for selective wet etching to facilitate substrate

and etch stop removal. The refractive index profile and normalized field of an eleven quantum

well MECSEL gain structure is similar to the design in [1] and [65], as extracted from the design

software Vertical, are depicted in Fig. 3.1. The gain structure was fabricated using MOCVD by

21 SEMICONDUCTORS. The detailed structure and progression of the sample preparation are

illustrated in Fig. 3.2. The initial MOCVD-grown eleven quantum well MECSEL structure on a

GaAs substrate is illustrated in Fig. 3.2 (a).

Post-fabrication, the sample was encapsulated between two 500 µm thick double-side

polished single-crystalline 10 mm⇥mm 4H-SiC heat spreaders through a plasma-activated,

low-temperature direct bonding technique [105] as detailed in Chapter 2. This encapsulation

was completed with the removal of the substrate [105], carried out by our collaborators at
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Fig. 3.2 Schematic of (a) MOCVD-grown eleven quantum well MECSEL gain structure on
GaAs growth substrate. (b) Sandwich-bonded sample after substrate removal between two
AR-coated SiC heat spreaders, and (c) sample mounted between two copper heat sink plates
with indium in between.
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THORLABS CRYSTALLINE SOLUTIONS. The gain heat spreader sandwich with AR coating is

shown in Fig. 3.2 (b).

For testing, the completed gain chip was clamped between two water-cooled copper heat

sinks, each featuring a central aperture with a diameter of 2.2 mm to permit the transmission

of the laser beam. To enhance thermal contact between the sample and the copper mounts, a

50 µm thick layer of indium foil was interposed, which compresses upon assembly to form a

thinner layer. The mounted gain chip is displayed in Fig. 3.2 (c).

3.2 Laser Resonator

The experimental setup for optically pumping the mounted MECSEL sample was arranged

to ensure optimal alignment and focus of the pump beam. Utilizing a diode laser emitting at

808 nm for barrier pumping, the pump light was guided via a 400 µm diameter core fiber and

then focus onto the sample with two identical plano-convex lenses, each with a 50 mm focal

length, were positioned as depicted in Fig. 3.3 (a).

The pump beam (illustrated in green) at a 25-degree angle to the surface of the sample. Due

to the oblique angle of incidence, the focused spot of the pump beam was slightly elliptical,

being 10% larger in one axis than the other (radius of 200 µm and 220 µm). Ideally, this

ellipticity could be corrected using cylindrical lenses to produce a more uniform pump spot

on the sample; however, this adjustment was not implemented in the current setup due to

the limited availability of appropriate optics in the laboratory. To explore the potential for

wavelength tuning, a 2 mm thick quartz BRF was later incorporated into the cavity, as depicted

in Fig. 3.3 (a). This addition aimed to examine both the tunable wavelength range and the

maximum achievable output power at 1178 nm.
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Fig. 3.3 (a) Schematic of a linear cavity for eleven quantum well MECSEL gain chip.
(b) Intracavity mode size calculation across the linear cavity for the eleven quantum well
MECSEL gain chip.

The calculated intracavity laser beam size within the resonator is illustrated in Fig. 3.3 (b),

providing a visual representation of the beam propagation and interactions within the cavity.

In the experimental configuration, a linear laser cavity was established using two mirrors with

radii of curvature (ROC) of 150 mm and 250 mm, respectively. The total cavity length was

set at 260 mm to ensure optimal resonance conditions, aligning the cavity mode size with the

pump beam for maximum efficiency on the MECSEL gain chip. The MECSEL gain chip

itself was positioned 70 mm from the ROC=150 mm mirror. At this point, the cavity beam

56
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was calculated to have a radius of 190 µm, closely matching the pump beam radius of 200 µm,

thereby optimizing the overlap between the pump and the lasing mode volumes.

3.3 Experimental Results

3.3.1 Thermal Rollover

Thermal rollover is a well-known phenomenon in semiconductor lasers where the output power

begins to decrease after reaching a certain temperature as the pump power continues to increase.

This effect is primarily attributed to the excessive heat generated within the semiconductor

active region, which adversely affects the laser’s performance [94]. As the temperature rises,

several processes occur, including increased carrier leakage and internal optical absorption

loss [125], reduction in bandgap energy [92], and the impact of thermal lensing [114]. These

factors collectively degrade the efficiency and output power of the laser, necessitating effective

thermal management strategies to mitigate these effects.

Decreasing the chiller temperature is an effective method for delaying the onset of thermal

rollover, as it allows the MECSEL gain chip to avoid reaching the limiting rollover temperature.

In this study, utilizing a gain chip and laser resonator designed earlier in this chapter with a

3% overall output coupling efficiency, the impact of chiller temperature on output power was

investigated, as shown in Fig. 3.4 with 808 nm barrier pumping. The results clearly demonstrate

that after the thermal rollover point is reached, further increases in pump power do not enhance

laser output. Lowering the chiller temperature setting can delay the thermal rollover point,

resulting in higher output power. For example, the maximum output power from the same

sample increased nearly fourfold when the chiller temperature was reduced from 18 °C to 4 °C.

Operating beyond the thermal rollover point can potentially damage the sample. Consequently,
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Fig. 3.4 Output power versus pump power with various of chiller temperature settings.

some subsequent experiments discussed later in this dissertation were terminated upon signs of

thermal rollover. The experiments were halted to prevent further increases in pump power to

protect the sample, thus the output power at these points is described as being thermally limited.

3.3.2 Free Running Operation

In the experiments, the output power of the MECSEL was studied also with different chiller

temperature settings with a total 2% output coupling. The experimental results were plotted in

Fig. 3.5 (a), showing that with the decrease of the chiller temperature, both the slope efficiency,

which is defined as the slope of laser output power versus pump power (minus threshold), and

the thermal rollover point of the output power improved. Specifically, the slope efficiencies,

extracted using a linear fit from experimental data, improved from 25.4% at 10 �C to 27.7% at
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(b)

(a)

Fig. 3.5 (a) Output power as a function of absorbed pump power with different chiller tempera-
tures, the inset illustrates the spectrum measured at �10�C with 40 W absorbed pump power.
(b) Laser threshold with different chiller temperatures.
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�10�C, and the thermal limitation point increased from 13.2 W at 10 �C to 20.2 W at -10�C.

These results demonstrated that further reductions in chiller temperature could potentially

enhance the performance of the MECSEL by shifting the thermal limitation point to even

higher output powers as expected. The lowest temperature achievable for the chiller used

in these experiments was -10 �C, which is the practical limit of the current experimental

setup. Also cooling at -10 �C presents significant challenges for practical applications like

LGS. Condensation is a problem and requires nitrogen purging for cooling temperature below

10 �C, cooling temperature at 15 �C or even room temperature is more favorable. The inset of

Fig. 3.5 (a) presents a spectrum measured at -10 �C with 40 W of absorbed 808 nm barrier pump

power. This spectrum centered around 1178 nm with a FWHM of 6 nm demonstrates the multi-

longitudinal mode operation without BRF and etalon for linewidth narrowing, and was captured

using an optical spectrum analyzer (OSA). This experiment set a record of 20.2 W output power

for a MECSEL at 1178 nm and across all wavelengths for MECSELs, as documented in the

literature [113].

The laser threshold across different chiller temperatures was detailed in Fig. 3.5 (b). The

data indicates that while the threshold power remains relatively stable, there is a noticeable

increase as the chiller temperature rises. This can be explained by improved gain of quantum

wells and reduced carrier leakage at lower temperature. Due to the slow start in VECSELs and

MECSELs as also reported by other researchers [107], the slope efficiency near the threshold

is lower than the overall slope efficiency. Specifically, the slope efficiencies were measured

at 19.8% at 10 °C and 21.5% at -10 °C. This decrease in slope efficiency was due to the laser

threshold not being achieved across the entire lasing area at low pump power levels.
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3.3 Experimental Results

3.3.3 Linewidth Narrowed Output

Single longitudinal mode operate at the wavelength of sodium D2a transition is necessary for

LGS applications. A 2 mm thick quartz BRF mounted on a rotation mount was placed within

the laser cavity at Brewster’s angle to facilitate wavelength tuning and linewidth narrowing.

The resulting output spectra were measured at an absorbed pump power of 46 W with a chiller

temperature of 5 �C, by carefully adjusting the orientation of the BRF. The data, depicted in

Fig. 3.6, revealed a maximum spectral tuning range of 75 nm, extending from 1119 nm to

1194 nm.

1110 1125 1140 1155 1170 1185 1200

 = 75 nm
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Fig. 3.6 Normalized spectra for eleven quantum well MECSEL gain chip by tuning a 2 mm
thick quartz BRF with 46 W of absorbed pump power at 5 �C of chiller temperature.
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The architecture of the MECSEL, unlike VECSELs with a DBR adjacent to the multi-

quantum well structure, affords it certain advantages. In VECSELs, the active region’s adjacency

to one cavity node, stemming from the DBR, limits the mode selectivity. The MECSEL

configuration, free from such spatial constraints relative to global cavity nodes, enhances the

integrated gain factor—reported to be twice that of standard VECSELs—allowing for expanded

wavelength tunability [4]. This attribute was underscored by the experimental tuning range of

75 nm, closely approaching the record 80 nm tuning range at 1160 nm for similar devices [126].

The FSR of 83.7 nm for a 2 mm thick quartz BRF at 1178 nm represents a theoretical upper

limit to the tuning range, as illustrated in Fig. 2.10. Measurements of output power across

different wavelengths under identical experimental conditions revealed peak performance at

1171 nm, attributable to the design optimization of the MECSEL for peak performance near

1178 nm at the thermal rollover point.

To tune the fundamental wavelength for frequency doubling precisely to 1178.32 nm, target-

ing the sodium D2a transition to achieve 589.16 nm, angle tuning of the BRF was undertaken to

achieve an output centered at 1178.32 nm with a linewidth (FWHM) of 0.3 nm. This spectrum

is illustrated as the bottom-right inset of Fig. 3.7, as confirmed by an OSA with a resolution of

0.06 nm. To further narrow down the linewidth, integration of additional intracavity element

such as a FP etalon was deemed necessary. The chiller temperature of -10 �C was used to

evaluate the maximum output power achievable before reaching the thermal rollover, detailed

in Fig. 3.7. The slope efficiency is 25.4%, reduced slightly from the free running efficiency of

27.7% due to increased intracavity loss, and peak output power of 12.8 W was achieved with an

absorbed pump power of 67 W. The experiments also included a transverse mode assessment

with a commercial beam profiler and a laser spectrum analysis with an OSA, both conducted at

65 W of absorbed pump power. The beam profiler captured a TEM00 Gaussian mode.
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FWHM 
0.3 nm

Fig. 3.7 Output power at 1178 nm versus absorbed pump power. The beam profile (top-left)
and spectrum (bottom-right) were recorded at 65 W of absorbed pump power.

This BRF-involved experiment underscored the capability of MECSELs for broad wave-

length tunability and highlighted their potential for further optimization. Despite achieving

significant milestones, the results indicated several areas for potential improvements, such as

in thermal management to enable higher output powers, integrating more intracavity elements

for finer linewidth control, and implementing the frequency doubling process to achieve the

targeted 589 nm output for practical LGS applications. Linewidth narrowing and frequency

doubling could be implemented but would lead to insufficient output power with additional

internal losses to meet LGS design criteria due to thermal limitations on this MECSEL setup.
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3.4 Conclusion

3.4 Conclusion

In this chapter, an eleven quantum well MECSEL gain chip was designed and fabricated with

the aim of developing a semiconductor LGS. A linear laser cavity was implemented to ensure

good overlap between the pump and cavity mode. The thermal rollover effect was discussed

prior to presenting the experimental results. The experiment achieved a record output power

of 20.2 W at 1178 nm under free-running conditions with a slope efficiency of 27.7%, using a

chiller temperature of -10 °C. Additionally, this configuration exhibited a wavelength tuning

range of 75 nm. A 12.8 W output power was achieved at 1178 nm with a TEM00 beam profile.

However, the actual output power achieved fell short of theoretical expectations due to thermal

limitations, and further linewidth narrowing and frequency doubling were not implemented.

The subsequent chapter will introduce advanced methodologies to mitigate these thermal

issues, focusing on in-well pumping techniques designed to reduce heat generation within the

MECSEL gain chip. Additionally, innovative multi-pass pumping structures will be introduced

to address challenges associated with low pump absorption often accompanying in-well pumping

implementations.
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Chapter 4

Low Quantum Defect Implementation

The design of the eleven quantum well MECSEL did not achieve the projected output power

of 26.4 W under free-running operation. The inability to reach the higher output power was

primarily due to thermal rollover [94]. This chapter addresses the challenges posed from

thermal limitation with an in-well pumping method aimed at reducing the heat generated within

the MECSEL gain chip. This method benefits from a reduced quantum defect, albeit at the

cost of decreased absorption efficiency. Following the discussion of in-well pumping, the

chapter will present three types of laser beam circulator designs. These designs are specifically

developed to tackle the issue of low absorption resulting from the in-well pumping strategy by

recycling the pump power. This chapter aims to provide viable solutions to the challenges faced

in achieving high output power in MECSELs while managing the thermal dynamics within

the laser structure. The laser beam circulator designs were originally documented in [127] and

more detailed reevaluation will be given in this chapter.
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4.1 In-Well Pumping

Heat mitigation presents a significant challenge in achieving high output power with a MECSEL.

In conventional VECSELs, there are primarily two sources of heat generation within the gain

structure. The first source pertains to the radiative efficiency in the active region, as described

by Eq. 2.20. Free carriers that undergo Shockley-Read-Hall and Auger recombination processes

generate heat. Due to carrier thermalization, the quantum defect qd associated with radiative

recombination results in the emission of phonons, which are quantized vibrations of the crystal

lattice and also contributes to heat generation. The second source is the absorption of the pump

light within the DBR structure, but it does not apply for MECSELs. For the purposes of this

dissertation, the study primarily focusing on minimizing the quantum defect as a strategy to

address thermal rollover and achieve high output power from the MECSEL platform for LGS

applications.

The quantum defect in radiative recombination is a factor influencing the efficiency and

thermal characteristics of the device. It can be quantitatively expressed as:

qd = 1�
l pump

l laser
, (4.1)

where l pump is the wavelength of the pump laser and l laser is the wavelength of the emitted laser

light. This relationship highlights that the closer the pump and laser wavelengths are to each

other, the smaller the quantum defect becomes. Therefore, by choosing a pump wavelength that

is relatively close to the emission wavelength, the efficiency of the device can be improved while

simultaneously reducing the heat generated due to quantum defect. The schematic diagram of

barrier pumping for the experimental structure consisting of InGaAs quantum wells and GaAs

barriers with InGaP strain compensation layers is depicted in Fig. 4.1 (a). In this configuration,

pump photons with wavelength l pump are absorbed in the barrier, exciting electrons from the

66



4.1 In-Well Pumping

(a) (b)

Barrier 
Pumping

In-Well 
Pumping

InGaAs QW

GaAs Barrier
InGaP

!!"#! !$%&'(

Conduction Band

Valence Band

Phonons

InGaAs QW

GaAs Barrier
InGaP

Conduction Band

Valence Band

!!"#! !$%&'(

Phonons

Fig. 4.1 Schematic diagrams of (a) barrier pumping and (b) in-well pumping.

valence band to the conduction band. These hot carriers thermalize to the band edge/ground state

of the quantum well, where their recombination results in emitting photons at wavelength l laser.

When charge carriers diffuse to lower energy levels, they release energy in the form of phonons.

In contrast, the mechanism of in-well pumping is illustrated in Fig. 4.1 (b), where the pump

photons are directly absorbed within the quantum well itself, and the emitted laser photons are

also generated in the same layer. This in-well pumping method results in a smaller wavelength

difference between the pump and the laser compared to the barrier pumping mechanism, and

reduced emission of phonons given the reduced energy difference. For producing a 1178 nm

laser output, the quantum defect is 31.4% when using barrier pumping with an 808 nm pump

laser. However, this quantum defect can be significantly reduced to just 9.2% with in-well

pumping utilizing a 1070 nm pump laser.

Although in-well pumping offers the advantage of a reduced quantum defect, it presents

a challenge in terms of absorption efficiency. With 808 nm barrier pumping, the absorption

coefficient of the GaAs barrier is approximately 1 µm�1 [128], with a slightly higher absorption
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coefficient for InGaAs quantum wells [129]. However, when using 1070 nm in-well pump-

ing, there is no absorption from the GaAs barrier, and the absorption coefficient for InGaAs

quantum wells also decreases [129]. As described by the Beer-Lambert Law in Eq. 2.10, the

absorption efficiency is directly proportional to the thickness of the absorption layer and the

absorption coefficient. The absorption per pass with in-well pumping is significantly lower than

barrier pumping due to the much smaller thickness of the quantum wells compared with the

barriers [130]. To compensate for this reduced single-pass absorption, pump light recycling is

necessary. The unabsorbed pump power is redirected through the same spot multiple times to

increase the effective absorption length. Implementing such a pump beam circulation system is

critical to achieving the required output power, particularly when the available pump power is

limited.

4.2 Pump Beam Recycling

Multi-pass pumping with a laser beam circulator is a technique extensively utilized in thin

disk lasers and laser amplifiers to enhance the efficiency by recycling unabsorbed pump power.

An example of this approach is the parabolic mirror-based multi-pass pump structure for thin

disk lasers, as depicted in Fig. 4.2. This setup includes a parabolic mirror featuring a central

aperture that facilitates the construction of the laser cavity. Additionally, four deflection prisms

are employed to redirect the collimated pump beam, which originates from an optical fiber,

enabling multiple passes—typically 16 or 24—through the thin disk crystal [131]. A similar

multi-pass pumping architecture has been adapted for experiments involving multi-pass in-well

pumping in VECSELs [132]. This adaptation underscores the versatility and effectiveness of

multi-pass pumping strategies across different laser platforms. However, despite its advantages

in enhancing pump absorption, this type of structure presents significant challenges in terms
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Fig. 4.2 Schematic diagram of a thin disk laser, thin crystal disk and and out-coupling mirror are
used to build the laser cavity [131]. The pump configuration setup insists the thin disk crystal
on the focal plane of a parabolic mirror and four deflection prisms.

of optical alignment and system compactness. The complexity of aligning multiple optical

elements make this structure less ideal for applications where a compact and less cumbersome

optical system is required. Those drawbacks require some innovative designs that simplify the

optical alignment process while maintaining the benefits of multi-pass pumping in enhancing

pump absorption for constructing a semiconductor-based LGS with in-well pumping.

4.2.1 Pump Beam Recycling with Parabolic Mirrors

The parabolic asymmetric confocal cavity (PACC) design, illustrated in Fig. 4.3, represents a

new approach to laser beam circulation using two parabolic mirrors, as developed by the author

and collaborators [127]. This design incorporates two parabolic mirrors with slightly different
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Fig. 4.3 Schematic diagram of a pump beam recycling setup with two parabolic mirrors with
slightly different focal lengths. The transmissive sample is placed at the focus of both parabolic
mirrors and the pump beam is injected from a hole on mirror M1.

focal lengths, each featuring a central aperture (ra in radius) that is sufficiently large to allow the

laser cavity beam to pass through unobstructed. In this configuration, the MECSEL gain chip is

positioned at the confocal point of both mirrors, optimizing the overlap of pump spots. The first

parabolic mirror, denoted as M1, includes an additional hole with a diameter of 2rh located x0

from the optical axis. This hole serves as the entry point for the pump beam, which is directed

through this aperture and focused onto a plane indicated by a blue dashed line, representing the

confocal plane of both mirrors.

Following its initial focus, the pump beam is then reflected off the second parabolic mir-

ror (M2), where it becomes collimated and passes through the MECSEL gain chip. It subse-

quently refocuses onto the confocal plane by M1. After this refocusing, the beam is recollimated

by M2, passing through the MECSEL gain chip once more and hitting M1 at a lateral shift Dx

from the original pump beam entry point. This lateral shift is induced by the difference in focal

lengths between the two mirrors (D f in Fig. 4.3), where Dx is directly proportional to D f . Each
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reflection and passage through the MECSEL gain chip gradually absorbs more of the pump

energy, with the beam continuing to circulate in this manner—being focused and recollimated

in repeated round trips—until the pump energy is fully absorbed or the beam is either blocked or

escapes from the circulating cavity. This design not only maximizes pump absorption efficiency

but also simplifies the optical setup by minimizing the number of components needed, thereby

enhancing overall system performance and stability for LGS applications.

The PACC design utilizing two parabolic mirrors for efficient laser beam circulation was

computationally verified using Zemax ray tracing analysis of a Gaussian pump beam, as

depicted in Fig. 4.4 (a). For this simulation, two parabolic mirrors, M1 and M2, were employed

with focal lengths of f1 = 100 mm and f2 = 101 mm, respectively. Each mirror featured a

central aperture to facilitate the passage of the cavity laser beam that through the MECSEL

gain chip positioned on the confocal plane. In the simulation, a gain module was placed in this

confocal plane, incorporating a small opening with a radius of 1 mm, specifically designed to

accommodate the MECSEL gain chip. A detector was positioned at this opening to analyze the

pump beam’s overlap on the MECSEL gain chip.

The simulation results, illustrated in Fig. 4.4 (b), demonstrated 33 passes of the pump beam

through the MECSEL gain chip. The overlaid result of these 33 passes maintained a Gaussian

shape similar to that of a single-pass incident beam, albeit with an increased amplitude. The

excellent beam overlap achieved in this setup can be attributed to the intrinsic properties of the

parabolic mirrors, which are capable of near aberration-free performance. This characteristic is

pivotal in maintaining the quality and focus of the beam throughout multiple passes, thereby

enhancing the efficiency of the pump process. Furthermore, the analysis suggested that the

number of passes on the MECSEL gain chip could be increased by further reducing the

difference in focal lengths between the two mirrors. This adjustment would allow for even

greater absorption of the pump energy by the MECSEL gain chip, potentially leading to higher
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Fig. 4.4 (a) PACC setup consists of two parabolic mirrors of slightly different focal lengths in
Zemax. (b) Overlapped pump beam profile on the MECSEL gain chip for 33 passes.
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output powers and more efficient laser operation. The computational verification provided by

the Zemax analysis underscores the feasibility and effectiveness of the PACC design, confirming

its potential for practical applications in high-efficiency laser systems for LGS applications.

The PACC structure can be adapted to accommodate multiple pump sources, enhancing its

capability to manage higher pump powers as a single pump source might not provide. This

modified design, depicted in Fig. 4.5, incorporates the first parabolic mirror M1 equipped with

multiple apertures. These holes are uniformly positioned x0 away from the optical axis, allowing

for the injection of multiple pump lasers from different apertures. The maximum number of

pump lasers that can be effectively utilized in this setup is dictated by the focal length difference

and the focal length of the second mirror (M2), calculated by the following equation [127]:

Npump ⇡
p f2

D f
= 10 ⇠ 30, (4.2)

where f2 is the focal length of the second parabolic mirror and D f is the difference in focal

lengths between the two mirrors. This configuration allows for a significant increase in the num-

ber of pump sources, potentially ranging from 10 to 30, depending on the specific dimensions

and configurations of the mirrors involved.

!!

Pump 
beam

""

∆#

M1 M2$$ $% = $$ + ∆$

2"&M1

""

!!

Fig. 4.5 Schematic diagram of PACC with multiple pump sources.
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The effectiveness of this multi-beam PACC structure has also been verified through ray

tracing analysis. The simulation results confirmed that good beam overlap on the MECSEL

gain chip is achievable, which is crucial for ensuring efficient energy absorption and uniform

pumping. However, adjustments to the heat sink are necessary to prevent it from obstructing

the multi-pass pumping beams. This adjustment involves careful alignment and possibly

redesigning the gain module to accommodate the geometry and paths of the multiple beams

without interfering with their trajectories. Such a setup proves extremely useful in scenarios

where a single pump source is insufficient to meet the power requirements of the system. By

employing multiple pump lasers, the PACC design can significantly enhance the overall pump

power available to the MECSEL, thereby improving the maximum possible output power.

Beyond its core role in multi-pass pumping for in-well pumped MECSELs, the PACC has

broader implications for spectroscopy and signal amplification due to its ability to maintain

multiple passes through a medium without altering the input beam shape [127]. This capabil-

ity is particularly advantageous for a range of sophisticated spectroscopic applications. For

transmission spectroscopy in gases, PACC can be employed by coupling the laser out of the

cavity through a small hole as illustrated in Fig. 4.6 (a). This method is ideal for analyzing the

absorption characteristics of various gases, providing essential spectral data for applications

such as environmental monitoring and chemical analysis. In photo-acoustic spectroscopy, PACC

increases the absorption of laser light in gases and aerosols and generating more sound waves.

The increased interaction length with the sample, afforded by the multiple passes of the incident

laser beam, amplifies the photo-acoustic signal, thereby improving the sensitivity and reliability

of the measurements. PACC is also suitable for cavity ring-down spectroscopy, where the decay

time of light within the cavity is measured after the introduction of a sample. The setup ensures

multiple passes of light, increasing the effective path length and thus enhancing the sensitivity

and accuracy of trace gas concentration measurements. For signal amplification, as shown in
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(a)

(b)
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Fig. 4.6 Schematic diagram of PACC for (a) transmission spectroscopy in gases, and (b) signal
amplification [127].

Fig. 4.6 (b), the input signal undergoes multiple passes through the gain medium. As a result,

the signal is amplified upon exiting the gain medium.

Despite these promising applications, the practical implementation of PACC has been

limited due to the high costs associated with custom-made parabolic mirrors, which are critical

for constructing such cavities. This limitation prevented the experimental verification of PACC

by the author for constructing a prototype MECSEL for LGS applications. Instead, alternative

configurations using off-axis mirror-based laser beam circulator structures were explored.
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4.2 Pump Beam Recycling

4.2.2 Pump Beam Recycling with Off-Axis Parabolic Mirrors

All incident beams that are parallel to the symmetry axis of a parabolic mirror are reflected

through the focus of the curve, with an angle q between the incident and reflected light. This

geometric principle underlies the design of off-axis parabolic (OAP) mirrors, which are a

specialized type of mirror featuring a segment of a parabolic surface that is offset from the

symmetry axis. An OAP mirror can focus parallel rays to a single point without introducing

spherical aberration, which is a common issue with spherical mirrors and lenses. By using an

off-axis segment, the OAP mirror avoids the obstruction caused by the light source or other

components that would typically be placed along the axis in a traditional parabolic mirror setup.

OAP mirrors can be effectively utilized in multi-pass pumping systems to ensure that beams

are accurately redirected back into the gain medium, optimizing each pass to maximize energy

absorption and minimize losses due to misalignment or beam spread. The precise focusing

ability of OAP mirrors ensures that the laser beams remain tightly focused over multiple

reflections, which is essential for maintaining the high optical intensities needed for effective

pumping.

The design of an OAP mirror-based laser beam circulator, as illustrated in Fig. 4.7 (a),

employs two OAP mirrors, M1 and M2. These mirrors are sections of two parabolic curves

that have identical parent focal lengths, defined as the distance from the focus to the vertex of

the parabola. In this configuration, the OAP mirrors are arranged such that their corresponding

parent parabolic curves are oriented such that their symmetry axes and foci overlap. At this

shared focal point, the reflective sample denoted as M3 is positioned. The design is such that

the pump beam is initially focused by a lens onto a plane that not only is perpendicular to the

symmetry plane of the two parabolas, but also intersects the common focus of the OAP mirrors.

Once focused, the beam is collimated by the second OAP mirror M2, directing it precisely onto

the sample M3. Upon striking M3, the beam is reflected toward M1, where it is again focused
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M1

M2

M3

(a)

(b)

Fig. 4.7 (a) Schematic diagram of OAP mirror based laser beam circulator. (b) Beam profile of
the overlapped beam on the sample for 30 passes.
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back onto the focal plane, continuing the cycle. This cyclic process of focusing and collimation

is repeated, with the beam traveling back and forth between the OAP mirrors until the pump

energy is exhausted or exits the circulator. The slight shift introduced in each round trip is

achieved by a small tilting angle of the sample M3. The effectiveness of this configuration

in maintaining beam quality over multiple passes is depicted in Fig. 4.7 (b), where the beam

profile on the sample after 30 passes is shown with a tilting angle of 1� from the symmetry axis.

The overlapped beam profile demonstrates a near-perfect Gaussian shape, indicating minimal

distortion and high efficiency in beam handling. The precision and quality of the beam can be

enhanced by utilizing a larger segment of the parabola or by adjusting the tilting angle to be

smaller, allowing for more passes overlapped on the sample.

According to the author’s simulations, 90� offset angle will provide the best beam overlap

on the sample. However, 1" diameter, 60° offset angle OAP mirrors with an aluminum coating

and an effective focal length of 50.8 mm are commercially available. A Zemax simulation setup

as illustrated in Fig. 4.8 (a) was constructed based on those off-the-shelf OAP mirrors. This

setup incorporated two OAP mirrors M1 and M2, along with a detector positioned at the focus

shared by both mirrors to analyze the pump beam profile on the sample M3, represented by

a plane HR mirror in this scenario. While the lens focusing the pump beam onto the focal

plane is omitted in the figure, its role is crucial in achieving the desired beam concentration.

A photograph of the experimental setup using these OAP mirrors is shown in Fig. 4.8 (b). In

this demonstration, a plane silver mirror served as a dummy sample to configure the beam

circulator, and a He-Ne laser was employed to illustrate the setup’s functionality. 14 pump spots

are visible on M1, while a single spot on M3 represents the cumulative effect of 28 passes. This

effective beam overlap is further quantified in the ray tracing analysis depicted in Fig. 4.8 (c).

The beam profile appears slightly elliptical, which is expected given the 60° offset angle of the

OAP mirrors.
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(a) (b)

M1
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M2
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M3

(c) (d)

Fig. 4.8 (a) OAP based laser beam circulator in Zemax. (b) Experimental setup of the Zemax
simulated design. (c) Beam profile of the sample for 28 passes using Zemax simulation.
(d) Experimental result of beam on the dummy sample for 2 passes (black) and 28 passes (red).

Further analysis of the beam profiles on the dummy sample was conducted using a CCD

camera, with results presented in Fig. 4.8 (d). The black and red lines represent the beam profiles

after 2 and 28 passes, respectively, showing only a 6.6% increase in beam size (FWHM). This

minimal expansion in beam size across numerous passes underscores the system’s efficiency

in maintaining beam integrity. The minimum observed number of overlapping passes on the

sample was 2, inherent to the setup’s reflective design. Additionally, fringe patterns noted in
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the figures result from manufacturing imperfections in the OAP mirrors’ substrates. Despite

the promising results with a dummy sample and a He-Ne laser, the pursuit of this setup for

further experimental work was curtailed by the unavailability of high-quality, large offset angle

OAP mirrors with HR coating suitable for 1070 nm, the intended pump wavelength. However,

the successful demonstration offers a solid foundation for potential future enhancements of

the MECSEL LGS technology. The implementation of this OAP mirror-based circulator could

substantially simplify multi-pass pumping structures and, given the inherent advantages of

reflective over transmissive optics, represents a promising avenue for advancing LGS systems

in observational astronomy. Two 90� OAP mirrors, coated for 1064 nm, were purchased and

modified for constructing a multi-pass pumping setup. But due to the availability of gain chip

in the lab, they were not used to build a real laser. The alternative configurations using aspheric

lens-based laser beam circulator structures were also explored.

4.2.3 Pump Beam Recycling with Aspheric Lenses

Plane mirrors and aspheric lenses are types of optical elements that are commercially available,

making the construction of pump beam recycling setups for multi-pass in-well pumping both

budget-friendly and feasible for laboratory verification. Two distinct designs utilizing aspheric

lens-based laser beam circulators have been developed and are depicted in Fig. 4.9. These

designs were specifically tailored for multi-pass pumping applications in MECSELs.

Two aspheric lens-based pump beam recycling designs, optimized for multi-pass pumping

in MECSEL applications, are detailed in Fig. 4.9. Design (a) is tailored for a transmissive

sample, while design (b) is suited for a reflective sample. In the multi-pass structure depicted in

Fig. 4.9 (a), the system employs two identical aspheric lenses (L1 and L2) coupled with four

plane mirrors (M1 to M4) to facilitate effective beam circulation. Each aspheric lens, possessing

a focal length f, features a central aperture that allows the laser cavity beam to pass through
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Fig. 4.9 Schematic diagrams of aspheric lens based multi-pass pumping structure, (a) is a
design for transmissive sample and (b) is a design for reflective sample. (c) Beam profile on the
reflective sample with 20 passes using ray tracing analysis.

unobstructed. The lenses are positioned 2f apart from one another, aligning the sample at the

confocal point between them. The accompanying four plane mirrors are arranged into two

retro-reflector pairs, with each pair designed to maintain an optical path length of 2f tracking the

laser beam path from the exit point of one lens to the re-entry point of the same lens, facilitated

by reflections off the plane mirrors. One mirror in a retro-reflector pair is slightly offset to

introduce a lateral shift in the pump laser beam with each pass. To avoid focusing the beam too
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tightly on the sample, a collimated beam is used at the sample position. This collimated beam

ensures that the beam size remains roughly the same during different passes. Additionally, the

pump beam on the sample is re-imaged back to its original position after each round trip. The

pump laser is initially focused at an optical path length f from L1 at the offset gap between M1

and M4, and is then collimated by L1 into the 4-f system. The collimated beam then transits

through the sample and is subsequently refocused by L2. Then the beam is reflected back to

L2 by the a retro-reflector pair formed by M2 and M3, and the beam is recollimated through

the sample again. This beam then undergoes refocusing by L1, and another retro-reflector pair

(formed by M1 and M4) reflects it back to L1. The slight displacement between M1 and M4

introduces a lateral shift in the beam path with each pass. This cyclical process is designed to

repeat until the pump beam is fully absorbed by the sample, blocked, or escapes the multi-pass

structure.

The multi-pass design featuring a reflective sample, as in Fig. 4.9 (b), offers a more stream-

lined alternative to the transmissive setup by reducing the number of optical elements required

by half. This design capitalizes on the reflective properties of the sample, eliminating the

need for an additional set of optical elements typically used in the transmissive system. In this

configuration, only one retro-reflector pair is necessary, and the lateral shift of the pump beam

with each pass is ingeniously introduced by slightly tilting the sample. The effectiveness of

this design was substantiated through Zemax simulations, the results of which are presented

in Fig. 4.9 (c). For these simulations, a f=100 mm aspheric lens was utilized, with lens data

including aberrations imported from THORLABS. The simulation output demonstrates that after

20 passes, the beam profile overlapped on the sample exhibits negligible deviation from that

of a single pass, indicating the necessary beam stability and uniformity. The color coding in

this figure represents the normalized intensity of the beam at various positions. Moreover, the

simulations revealed the operational robustness of the two structures. While the transmissive
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multi-pass structure exhibits some sensitivity to alignment and construction errors, the reflective

design proves to be more robust, showing less susceptibility to experimental misalignments.

This characteristic makes the reflective setup particularly advantageous for practical imple-

mentations where alignment precision might be challenging to maintain consistently. The

practical implementation of the designs in Fig. 4.9 (a) and (b) have been successfully verified in

experimental settings and the detailed examination and discussion of these aspheric lens-based

circulator designs and their impact on the performance of MECSELs will be further explored

later.

Aspheric lens based multi-pass pumping structures in Fig. 4.9, although effective, necessitate

the modification of aspheric lenses by drilling a central hole to accommodate the laser cavity

beam. This requirement can complicate the fabrication process and potentially affect the optical

performance of the lenses. To circumvent this issue, an alternative design involving a ring

circulator can be utilized, which avoids the need for modifying the lenses, while incorporating

more elements into the setup. The design as illustrated in Fig. 4.10 (a), employs two identical

aspheric lenses, each with a focal length f, and includes two plane mirrors, M1 and M3, along

with a reflective sample denoted as M2. The arrangement is such that both lenses are positioned

at a distance f from the reflective sample M2, and the optical path length between the lenses,

with beam reflections from M3 to M1, is 2f. This setup is designed to form a 4-f system,

ensuring that the pump beam spot is re-imaged onto the sample after completing a round trip.

In this configuration, the pump beam initially passes through a hole in the mirror M3 and is

focused by lens that focus the pump laser with a focal length fp onto a plane that is an optical

path length f away from both aspheric lenses. After this focusing, the beam is directed towards

M1, which reflects the beam to one of the aspheric lenses. This lens then collimates the beam

onto the reflective sample M2. Importantly, the sample M2 is tilted at an angle q from being

parallel to the optical axis of the lens with focal length fp, introducing a deliberate angular
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Fig. 4.10 (a) Schematic diagram of an aspheric lens based ring circulator [127]. (b) Beam
profile on M3 for 40 passes.

displacement that aids in the circulation of the beam. Once the beam strikes the tilted sample

M2, it is reflected and subsequently refocused at the same confocal plane after being reflected

by mirror M3. This cycle of refocusing and recollimation repeats multiple times, allowing the

pump beam to make numerous passes through the system until it is either fully absorbed by the

sample, blocked, or escapes the confines of the ring circulator.

The ring circulator concept was rigorously tested using Zemax ray tracing simulations

to determine its feasibility for practical applications. In optical design, the orientation of a

lens can introduce various aberrations that significantly impact the performance of the system.

Consequently, simulations were conducted for both orientations of the aspheric lenses to fully

understand how these variations might affect the system’s optical behavior. The simulation

results indicated that the beam overlap at the sample position is highly sensitive to both the

precise positioning and the tilting angle of the aspheric lenses and the plane mirrors. The

simulations failed to identify any combination of parameters that could produce a Gaussian-

shaped overlapped beam profile on the sample. Figure 4.10 (b) is the best overlapped beam
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profile on M3 for 40 passes with the parameter sweep in Zemax. Due to the inability to achieve

an optimal Gaussian beam profile and the overall sensitivity of the system to alignment, the

decision was made not to pursue this particular design experimentally. The lack of a promising

beam profile on the sample rendered the structure less suitable for constructing a multi-pass

pumping structure. However, it is important to note that while the design may not be ideal

for applications demanding precise beam control and shape, it possesses significant potential

for spectroscopy-related applications. The ability of this structure to facilitate more than 100

passes makes it extremely valuable for spectroscopy, where extended interaction lengths can

greatly enhance signal detection and analysis. This attribute could be particularly beneficial in

environments where high sensitivity and extended path length are more critical than the specific

beam shape, such as in gas absorption studies or complex material characterizations. Thus,

while the ring circulator design may not have progressed for pump recycling, its applicative

scope in spectroscopy presents a promising area for further exploration and development.

4.3 Conclusion

In this chapter, the in-well pumping method was explored as a strategy to minimize heat genera-

tion within the MECSEL gain chip by reducing the quantum defect. This approach necessitates

pump beam recycling to address the significant challenge of low absorption associated with

in-well pumping, attributable to the reduced thickness of the quantum well layers compared

with the total thickness of the barrier layers. Various designs for pump beam recycling were

examined to enhance the efficacy of in-well pumping. Parabolic mirror-based designs were

studied through ray tracing analysis to assess their performance in circulating the laser beam

effectively. Additionally, the OAP mirror-based pump beam circulator was introduced as having

the simplest design among the circulators considered. Feasibility studies conducted via Zemax
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and experimental validation using a He-Ne laser and a silver mirror supported the potential

of this design. Furthermore, aspheric lens-based laser beam circulator were evaluated both

computationally and experimentally, proving their suitability for constructing multi-pass in-well

pump MECSEL systems for LGS applications. The detailed discussion and outcomes of these

evaluations will be further elaborated in chapters 5, 6 and 7.

The following chapter will discuss the experimental implementation of in-well pumping

of MECSELs to address the thermal limitations and achieve high output power for LGS

applications.
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Chapter 5

In-Well Pumped MECSEL

In this chapter, the discussion will focus on a twenty quantum well MECSEL structure em-

ploying in-well pumping, where the pump light is directly absorbed by the quantum wells.

This approach is designed to reduce the quantum defect and associated thermal effects, thereby

improving the laser output power. The experimental results presented in this chapter were

originally documented in [112] and further detailed reevaluation will be discussed.

5.1 Twenty Quantum Well Gain Chip

The maximum output power of MECSELs is constrained by thermal limitations, which requires

improved thermal management. MECSELs excel in heat dissipation compared to other SDL

architectures due to the absence of a DBR directly attached to the active region. To further

increase output power, it is essential to focus on minimizing heat generation within the active

region. One promising approach is the implementation of in-well pumping [130], which

decreases the quantum defect significantly compared to traditional barrier pumping methods.
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Fig. 5.1 Schematic of the MOCVD-grown twenty quantum well MECSEL wafer.

The twenty quantum well MECSEL is grown using a shower head MOCVD reactor, utilizing

a GaAs substrate. This structure as depicted in Fig. 5.1, designed similarly to the previously

mentioned eleven quantum well MECSEL, features an increased number of quantum wells

aimed at augmenting the absorption per pass. For 808 nm barrier pumping, both InGaAs

quantum wells and GaAs barriers absorb pump photons. In contrast, for 1070 nm in-well

pumping, the absorption coefficient of InGaAs decreases, and GaAs barriers become transparent,

resulting in no absorption. Given that the GaAs barriers are nearly 30 times thicker than InGaAs

quantum wells and have comparable absorption coefficients [129], achieving similar absorption

in a single pass for in-well pumping would require 30 times more quantum wells, as per Eq. 2.10.

However, high-quality epitaxial growth with so many quantum wells is challenging, so twenty

quantum wells were implemented to partially address the reduced absorption. A multi-pass

pumping scheme, described in the previous chapter, will be used to further improve absorption

efficiency. The InGaAs quantum wells and GaAs/GaAsP barrier layers form a RPG structure

similar to Fig. 3.1. As in the previous structure, InGaP window layers were grown next to the

active region to prevent surface recombination. The substrate removal and bonding process to

500 µm thick SiC heat spreaders were similar to the eleven quantum well MECSEL, and the

external facets of the gain heat spreader sandwich were AR coated with SiO2 (refractive index
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of 1.45) via plasma-enhanced chemical vapor deposition (PECVD) at the central wavelength of

1070 nm. To finalize the assembly, the sample was secured between two water-cooled copper

heat sink plates. A 50 µm thick indium foil was introduced between the sample and the copper

plates to enhance thermal contact.

5.2 In-Well Pumping and Barrier Pumping

The experimental design for the twenty quantum well MECSEL incorporated a linear laser

resonator configuration, mirroring the cavity setup used in the eleven quantum well MECSEL

experiments. The resonator was structured with two 1% OCs, having ROCs of 150 mm and

250 mm, and an extended cavity length of 350 mm. This increase in cavity length was planned

to accommodate a multi-pass pumping structure. The placement of the twenty quantum well

MECSEL gain chip was calculated to be 163 mm from the ROC=150 mm mirror, setting the

cavity mode to achieve a beam radius of approximately 190 µm at this position to align with the

pump mode. The theoretical mode size across the cavity is illustrated in Fig. 5.2 (a). And the

chiller temperature was set to 10 �C.

The twenty quantum well sample has an increased active region thickness of 3.56 µm. Using

an absorption coefficient of 1 µm�1 for GaAs at 808 nm, over 97% of the pump is absorbed.

This results in almost no pump power being available for the last few layers, leading to uneven

carrier injection among the quantum wells. To address this issue, double-side barrier pumping

can be implemented to achieve a more evenly distributed carrier injection [106]. To evaluate the

performance differences between barrier and in-well pumping methodologies, the experimental

setup was initially configured to test three distinct scenarios: single-side barrier pumping,

double-side barrier pumping, and single-pass in-well pumping. The experimental setup is

illustrated in Fig. 5.2 (b). For these tests, a fiber-coupled 808 nm diode laser served as the pump
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Fig. 5.2 (a) Mode size calculation across the cavity for the twenty quantum well MECSEL
gain chip. (b) Experimental setup for 808 nm barrier pumping and 1070 nm in-well pumping
comparison.

source for barrier pumping, while a 1070 nm fiber laser was employed for in-well pumping.

In terms of pump beam configuration, both pumping strategies utilized a consistent pump

beam radius of 200 µm. The gain chip remained stationary with an unchanged cavity mode

size. To implement the double-side barrier pumping scenario, an additional 808 nm diode laser

was introduced, and carefully aligned to ensure overlap with the existing 808 nm pump spot

on the MECSEL gain chip. For a comprehensive comparison, output power measurements
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were collected from both output couplers and aggregated. To accurately assess the efficiency

and effectiveness between the barrier and in-well pumping strategies, especially given the

inherently low absorption in in-well pumping, absorbed pump power was used in the analysis.

This necessitated detailed measurements of incident, transmitted, and reflected pump power,

ensuring precise determination of the absorbed pump power.

The experimental results for the twenty quantum well MECSEL are plotted in Fig. 5.3,

showcasing the total output power as a function of absorbed pump power for three distinct

pumping configurations. This twenty quantum well MECSEL gain chip achieved a 95%

absorption of the incident 808 nm pump power, which matches the theoretical calculation (97%)

and leaving only a negligible amount of transmitted pump power. The slope efficiencies for

the single-side and double-side barrier pumping experiments were nearly identical, recorded at

21.6% and 22.4% respectively. Also the analysis of the laser threshold, detailed in the zoomed-

in inset of Fig. 5.3, indicated a threshold of approximately 2 W for both barrier pumping

scenarios. The experimental results of gain chip absorption confirm our concern that very little

pump power remains available for the last few layers of the gain chip, which motivated the

implementation of double-side barrier pumping. However, the double-side barrier pumping

exhibited similar threshold and slope efficiency compared to single-side barrier pumping. This

may be attributed to the high mobility of free carriers, allowing them to diffuse over large

distances through carrier tunneling [133] or with the aid of additional thermal energy [134].

The double-side barrier pumping achieved a maximum output power of 18 W with 85 W of

absorbed pump power before reaching the thermal limitation. These results outperformed the

previously discussed eleven quantum well MECSEL shown in Fig. 3.5 (a), achieved an output

power of 13.2 W under the same chiller temperature.

The in-well pumping experiment, conducted under the same setup conditions as the barrier

pumping tests, showcased a comparable threshold. The slope efficiency for in-well pumping
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Fig. 5.3 Output power versus absorbed pump power for the twenty quantum well MECSEL at
10 �C chiller temperature with three different scenarios. The laser threshold is detailed in the
inset.

reached 39.5%, significantly outperforming the barrier pumping methods. This increase in

efficiency is attributed to the decrease in quantum defect in the in-well pumping scenario.

Additionally, the superior beam quality of the 1070 nm fiber laser, with an M2 < 1.05 compared

to the top hat output for the 808 nm diode laser, contributed to a more effective mode overlap

between the pump and cavity mode. Furthermore, pump photon absorption and free carrier

recombination in the same layer reduce losses from carrier diffusion, having a positive impact

on slope efficiency. Also in the single-pass in-well pumping experiment, the maximum output

power is pump power limited primarily due to the low absorption rate of the incident 1070 nm

pump light—only 9.5%. This underscores the necessity for a multi-pass pumping scheme to

recycle the pump beam efficiently, thereby enabling higher output power from the limited pump

power available [132].
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5.3 Multi-Pass In-Well Pumping

While in-well pumping reduces the quantum defect, enhancing device efficiency, it introduces

a challenge due to the significantly thinner quantum well layers compared to barrier layers,

leading to insufficient absorption of the pump power as mentioned in Chapter 4. Given the

thickness of the quantum wells and the finite number of wells that can be practically fabricated

in good quality, a strategy to recycle unabsorbed pump power becomes essential for optimizing

the efficiency of in-well pumped MECSELs.

In the experimental setup depicted in Fig. 5.4 (a), a multi-pass pumping structure was

incorporated into the existing laser cavity configuration, featuring two sets of retro-reflectors

and two 1" diameter aspheric lenses each with a focal length of 50 mm and anti-reflective

coating at 1070 nm. To facilitate the passage of the intra-cavity laser beam, a 1.5 mm diameter

hole was drilled at the center of each lens. These lenses were positioned 50 mm from the

MECSEL gain chip, with the retro-reflectors similarly spaced 50 mm from the adjacent aspheric

lens. To maintain the desired pump beam size and avoid overly tight focusing of the high-quality

output from the 1070 nm pump fiber laser, a 200 mm focal length lens was used to focus the

pump beam between two plane mirrors. Following reflection, the beam was collimated by

the first aspheric lens, traversed the gain chip sample with a beam radius of 250 µm, and then

refocused by the second aspheric lens. A retro-reflector then redirected the beam back through

the system, with each pass slightly shifting the beam laterally to facilitate multiple interactions

with the gain medium, achieving up to ten passes in this setup.

The multi-pass in-well pump beam profile on the MECSEL gain chip as simulated using

Zemax is displayed in Fig. 5.4 (b). The simulation predicted an elliptical beam profile, and

parameter adjustments within the software demonstrated the challenge of correcting this dis-

tortion to optimize beam overlap on the sample for more than ten passes. The difficulty of
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Fig. 5.4 (a) Schematic diagram of multi-pass pumping structure and laser cavity for the twenty
quantum well MECSEL gain chip. (b) Pump beam profile on the sample calculated with
experimental parameters using ray tracing analysis [112]. (c) Photo of multi-pass beam spots
on aspheric lens 1 and two plane mirrors taken with an infrared (IR) viewer.

alignment precluded attempts at achieving more passes within this experimental framework.

Multiple pump beam spots are visible in the photograph taken with an IR viewer, as shown in

Fig. 5.4 (c). This experiment demonstrated the designed multi-pass structure’s capability, albeit
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Fig. 5.5 Output power versus absorbed pump power for the multi-pass in-well pumping twenty
quantum well MECSEL at 10 �C chiller temperature, with a slope efficiency of 28%. The output
spectrum (inset) was measured at the absorbed power of 70 W.

with challenges in achieving optimal beam overlap and setup stability for a large number of

passes.

In the multi-pass in-well pumping experiment illustrated in Fig. 5.5, a maximum output

power of 28.5 W was achieved without encountering thermal rollover, indicating that the system

was limited by the available pump power rather than thermal constraints. The slope efficiency

recorded was 28.0%, noticeably lower than that observed in the single-pass in-well pumping

setup. This reduction in efficiency is attributed to the less-than-ideal overlap between the

multiple pump spots and the laser cavity mode on the MECSEL gain chip as shown with

the Zemax simulation, which compromised the efficiency of the energy transfer. The output

spectrum, as captured by an OSA at 70 W of absorbed pump power, exhibited multi-longitudinal-

mode operation with a center wavelength at 1174 nm and a linewidth (FWHM) of 3 nm. The
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mode separation, measured at approximately 0.5 nm, matches the FSR of a 500 µm thick SiC

heat spreader, suggests that etalon effect within the gain chip contributes in shaping the laser’s

output spectrum. This etalon consists of one surface at the membrane/SiC interface and the

other at the external facet of the SiC heat spreader. To further eliminate this etalon effect, the

current 1070 nm AR coating needs to be adjusted to also be AR at the 1178 nm laser wavelength.

The rule of thumb for an effective AR coating is to have less than 0.1% reflection at the design

wavelengths.

5.4 Wavelength Tuning

A 2 mm thick quartz BRF placed on a rotation mount was integrated into the laser cavity of

the twenty quantum well MECSEL to facilitate wavelength tuning and narrow the linewidth,

aiming to achieve the 1178 nm output necessary for LGS applications. The resulting normalized

laser output spectra, measured with 40 W of absorbed pump power at 1070 nm, are depicted

in Fig. 5.6. The spectral tuning range achieved spanned 71 nm, from 1124 nm to 1195 nm,

aligning with the tuning capabilities observed in the previous experiments with the 808 nm

barrier pumped eleven quantum well MECSEL [113]. The peak emission under these conditions

occurred at approximately 1160 nm, deviating from the target wavelength of 1178 nm. This

shift can be attributed to the thermal characteristics of the MECSEL gain chip, which was

specifically designed to reach peak emission at 1178 nm only upon approaching the thermal

rollover temperature around 100 �C [93, 94].

With the chiller temperature set to 10 �C, the laser output wavelength was tuned to 1178 nm

by adjusting the BRF within the cavity. The relationship between the output power at this

wavelength and the absorbed pump power is plotted in Fig. 5.7. The maximum output recorded

was 17.9 W with 100 W of absorbed pump power, marking a considerable improvement over

96



5.4 Wavelength Tuning

1125 1140 1155 1170 1185 1200

 = 71 nm

0

1

2

3

4

5

6

7

Fig. 5.6 Normalized spectra for the twenty quantum well MECSEL gain chip with 40 W
absorbed pump power and a chiller temperature of 10 �C [112]. Wavelength tuning was
achieved by rotating a 2 mm thick quartz BRF.

the 12.8 W output at 1178 nm achieved previously with the eleven quantum well MECSEL

employing barrier pumping [113]. The observed slope efficiency of 21.3% is reduced from that

in free-running operation, attributed to the extra intracavity losses imposed by the quartz BRF.

The insets, captured at 75 W of absorbed pump power, provide additional insights. The bottom

right inset displays the laser output spectrum with a linewidth (FWHM) of 0.4 nm, as measured

by an OSA with a resolution of 0.06 nm. The top left inset shows the transverse mode profile

of the laser beam, captured using an Ophir beam profiler, which reveals an asymmetric shape,

which can result from the non-ideal ratio between the pump and cavity mode [135]. The wavy

slope of the output curve suggests the presence of a pump power-related thermal lens within the
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FWHM
0.4 nm

Fig. 5.7 Output power at 1178 nm versus absorbed pump power at 10 �C chiller temperature.
The beam profile (top-left) and spectrum (bottom-right) were recorded at 75 W of absorbed
pump power [112].

MECSEL gain chip. As the thermal lens power changes, the cavity mode size on the gain chip

adjusts accordingly, leading to a mismatch between the pump and cavity modes as pump power

increases. A thorough analysis of the thermal lens within the gain chip is necessary to optimize

the laser cavity design.

5.5 Conclusion

This chapter presents a detailed experimental investigation of in-well pumping for reducing

the quantum defect and improving the thermally-limited output power of MECSELs in LGS

applications. The experiments compared twenty quantum well MECSEL gain chips using

in-well pumping at 1070 nm and barrier pumping at 808 nm. The slope efficiency for barrier
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pumping was 22.4%, while in-well pumping achieved a significantly higher slope efficiency

of 39.5% for a single pass. With an aspheric-lens-based multi-pass in-well pumping design, a

28.5 W output was delivered with a slope efficiency of 28.0% at a chiller temperature of 10 �C.

This system demonstrated pump power limitation without thermal rollover even at higher chiller

temperatures and achieved a 17.9 W output at 1178 nm with a 2 mm thick BRF for wavelength

tuning. The enhanced output at 1178 nm through in-well pumping significantly advanced the

development of semiconductor-based LGS. However, challenges such as aligning the multi-pass

pumping scheme necessary for further simplification of the design.

In addition, the asymmetric beam profile needs to be improved to meet LGS specifications.

Achieving precise mode matching between the pump and the laser cavity mode is essential for

optimizing the laser’s output and ensuring a symmetric beam profile, a important factor for the

consistent performance of LGS systems. The presence of a pump power-related thermal lens

challenges maintaining good mode matching as pump power increases. A rigorous analysis of

thermal lens within the gain chip is necessary. Using these results, a thermal lens-insensitive

laser cavity can be designed to address the mode mismatch problem.
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Chapter 6

Hybrid Membrane External-Cavity

Surface-Emitting Laser

To address the thermal limitation that curtails the maximum achievable output power of MEC-

SELs, the in-well pumping method was proposed and implemented experimentally. This

method reduces heat generation within the MECSEL structure but introduces the challenge of

low absorption of the incident pump beam. To enhance the efficiency of the system given the

low absorption, pump beam recycling was employed for a transmissive MECSEL gain chip.

Although this setup effectively recycled the pump beam, thereby satisfying the output power

requirements for LGS applications, the multi-pass pumping scheme is time-consuming to align

and is not ideal for practical use. Furthermore, the thermal lensing effect within the gain chip

necessitates thorough investigation, with the goal of designing a laser cavity less sensitive to

thermal lensing and solving the transverse mode issues.

Reflective samples like VECSEL gain chips, as analyzed in the simulations from Chapter 4,

typically allow for simpler and more robust multi-pass pumping designs compared to their

transmissive counterparts. Traditional VECSELs inherently include a DBR, which simplifies
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multi-pass pumping designs. This raises the question of why a DBR would be reintroduced into

a MECSEL, given that MECSELs are designed to be DBR-free. The rationale for integrating a

DBR back into a MECSEL lies in enhancing specific capabilities. By growing the gain structure

and DBR separately and having a heat spreader between active region and DBR, issues such as

lattice mismatching between the gain structure and DBR, and a fixed global laser mode near

the gain structure, are resolved. MECSELs excel in heat dissipation due to the direct contact

between the membrane and heat spreaders, allowing higher output power before reaching

thermal rollover compared with conventional VECSELs. By adding a DBR to a MECSEL

gain chip outside the heat spreader, the design retains this heat dissipation while also utilizing

the reflective feature that potentially could simplify the multi-pass pumping scheme. This is

important for improving light absorption in the gain medium as discussed in Chapter 4. This

hybrid approach combines the good heat dissipation ability of MECSELs with the reflective

feature of VECSELs. Thus, including a DBR in a MECSEL is a strategic move to harness the

best attributes of both designs: MECSELs’ thermal advantages and VECSELs’ simple optical

design. This new MECSEL variant, termed Hybrid Membrane External-cavity Surface-emitting

Laser (H-MECSEL), is introduced in this chapter. This H-MECSEL design was introduced

at the SPIE Photonics West Conference [74] and the OPTICA CLEO Conference [115]. This

chapter provides a more detailed analysis of the design.

6.1 H-MECSEL Gain Chip

As depicted in Fig. 6.1, the H-MECSEL sample resembles a traditional MECSEL but incorpo-

rates an additional DBR or HR coating directly bonded to one external facet of the gain heat

spreader sandwich. The active region of H-MECSEL is the same as Fig. 5.1, with the same

fabrication procedure to directly bond in between two 500 µm-thick SiC heat spreaders [105].
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Quantum Wells
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Fig. 6.1 Schematic diagram of a H-MECSEL gain chip.

The distance between the gain structure and the DBR is much shorter than the distance between

a cavity mirror and gain structure in a standard MECSEL. However, comparing the optical

path length of the 500 µm SiC heat spreader to the laser wavelength of 1.178 µm, there remains

sufficient flexibility in the laser mode. Thus, the H-MECSEL is a modified MECSEL rather

than a VECSEL, even though a DBR has been integrated onto the heat spreader sandwich.

The structural differences between VECSELs, MECSELs, and H-MECSELs significantly

influence their thermal management and efficiency, as depicted in Fig. 6.2 [20]. VECSELs

traditionally use a heat sink positioned directly behind the DBR, with a heat spreader sandwiched

between. The heat flow must travel from the active region through the high thermal impedance

DBR before reaching the heat spreader, significantly reducing the effectiveness of thermal

management. This arrangement facilitates 1D heat flow from the gain region to the heat sink,

which motivates power scaling by increasing the spot size. In contrast, MECSELs have open

apertures at the front and back of the heat sink, causing heat in the active region and heat

spreader to transfer laterally before reaching the heat sink. However, MECSELs improve the

heat transfer by omitting the DBR, which in VECSELs can absorb pump light and generate

additional heat. Without the DBR, the active region in MECSELs is closer to the heat spreader,
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(a)

(b)

(c)

Fig. 6.2 Schematic diagrams of (a) VECSEL [20], (b) MECSEL [20], and (c) H-MECSEL gain
chips [20] that are mounted on their heat sinks.
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allowing heat to dissipate more effectively in both directions into the heat spreaders towards

the heat sink. The direct contact with the active region reduces the thermal barrier between the

heat-generating components and the heat sink. As a result, even without 1D heat flow from

the gain region to the heat sink, MECSELs still exhibit better heat dissipation compared to

VECSELs.

H-MECSELs modify thermal management by reintroducing a DBR outside a heat spreader.

Although adding the DBR increases thermal impedance and worsens heat transfer from the heat

spreader to the heat sink, and the DBR may absorb some pump power and generate extra heat,

this modification still improves heat management for the following reasons. First, closing the

aperture on the back of the heat sink makes 1D heat flow possible again on one side of the gain

chip, while the other side retains the MECSELs’ lateral heat transfer within the active region

and heat spreader before reaching the heat sink. Second, the active region maintains direct

contact with the heat spreader, effectively dissipating heat within the gain area. Lowering the

maximum temperature within the active region is important for preventing thermal rollover, and

the temperature increase within the heat spreader does not contribute to this issue. Additionally,

with a heat spreader between the DBR and the active region, the small amount of heat generated

within the DBR does not significantly contribute to the maximum temperature in the active

region. Thus, H-MECSELs can surpass both VECSELs and traditional MECSELs in thermal

management, supporting higher power outputs.

6.2 Dual-Band DBR

Building upon the expertise of our collaborator at THORLABS CRYSTALLINE SOLUTIONS,

renowned for their proficiency in high-performance DBR design and fabrication [136], a dual-

band DBR was integrated onto the H-MECSEL heat spreader/gain structure sandwich. This
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dual-band DBR [137] was designed to provide HR at both the 1070 nm pump wavelength and

the 1178 nm laser emission wavelength. The DBR’s design is rooted in the methodologies

established by C.P. Lee, utilizing an Al0.92Ga0.08As/GaAs multi-layer structure [138]. The DBR

is HR at both wavelengths by incorporating a bi-periodic function derived from the periodic

functions of these two targeted wavelengths. This dual periodicity is described by the equation

sin
✓

px
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◆
+ sin

✓
px
d2

◆
, (6.1)

where d1 and d2 represent the quarter-wavelength thicknesses of the AlGaAs and GaAs layers

for the 1070 nm and 1178 nm wavelengths, respectively. This expression can be transformed

into:
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The resultant bi-periodic structure, if translated from sine and cosine functions into square

waveforms, provides a practical blueprint for experimental fabrication. The smaller period d

correlates to the quarter-wavelength of an intermediary wavelength, l new, which lies between

1070 nm and 1178 nm. If the larger period D is set to be an integer multiple C times the smaller

period d, the structure will exhibit two distinct reflective peaks at:

l1 =
C

C+1
l new, (6.3)

and

l2 =
C

C�1
l new. (6.4)
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These peaks correspond precisely to the design wavelengths, ensuring optimal performance of

the H-MECSEL across both the pump and emission wavelengths. Researchers in the MECSEL

community have also explored the use of a single band to cover both the pump and laser

wavelengths [139], but it cannot achieve the same high reflectance on both wavelengths as this

dual-band DBR could offer.

The dual-band DBR structure, specifically designed and fabricated by Dr. Garrett Cole, a

collaborator in the project, was optimized to provide high reflectivities at the laser and the

pump wavelengths. Utilizing an intermediary wavelength of lnew = 1108.5 nm and setting

C = 10. This DBR comprises five identical stacks, with each stack containing ten pairs of

Al0.92Ga0.08As/GaAs quarter-wavelength layers. These layer pairs are specifically designed

to match the quarter-wavelength optical thickness at 1108.5 nm. To effectively separate each

of these stacks and to match the thickness of large period D, a half-wavelength layer of GaAs

was incorporated between each stack. Additionally, to improve the thermal contact between

these optical layers and the copper heat sink, the entire structure was backed with a metal layer

consisting of Ti/Au, which also serves to enhance the reflectivity. As depicted in Fig. 6.3, the

reflectance diagram of this dual-band DBR shows an extraordinarily high reflectance at the

pump wavelength of 1070 nm (blue) at 99.997%. This high reflectance is crucial for ensuring

efficient recycling of the pump beam within the multi-pass pumping structure of the H-MECSEL.

The reflectance at the laser emission wavelength of 1178 nm (red) also achieves a very high level

at 99.93%, which is critical for maintaining low losses. The design was purposely blueshifted,

to account for parasitic heating that would cause the mirror to redshift on both bands for pump

and laser wavelengths.
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Fig. 6.3 Reflectance of a dual-band DBR that was experimentally used for constructing
H-MECSEL LGS. The structure achieves high reflectivity (>99.9% reflectance) at both
1070 nm (blue) pump wavelength and 1178 nm (red) laser wavelength.

6.3 Thermal Analysis

Finite element method (FEM) simulations were conducted using the commercial software

COMSOL to analyze the thermal performance of various configurations, including the H-

MECSEL. As depicted in Fig. 6.4 (a), the simulated H-MECSEL structure featured two 500 µm

thick SiC heat spreaders and heat sinks positioned on both sides of the gain sandwich structure.

A more detailed view of the internal structure is shown in Fig. 6.4 (b), where the meshing

strategy is highlighted. A finer mesh was employed for thin layers such as the active region and

the DBR to capture detailed thermal gradients, while normal mesh was applied to intermediate

thickness regions like the indium layers and heat spreaders. Coarse mesh was utilized in the
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Fig. 6.4 (a) COMSOL structure of a H-MECSEL sample with two 500 µm thick SiC heat
spreader, and the area within the red box was detailed with mesh structure in (b).

heat sink regions to optimize computational resources without compromising the accuracy in

less thermally active areas.

The heat transfer within the system was modeled using the heat transfer equation [4]:

rcp
∂T
∂ t

�— · (k—T ) = H, (6.5)

where r represents the material density, cp is the specific heat capacity, T denotes the tempera-

ture, k is the thermal conductivity, and H is the heat supplied to the system. The simulation

aimed to reach a steady state condition, defined by ∂T
∂ t = 0, under a boundary condition that

maintained a constant temperature at a specific layer inside the heat sink, positioned 1 mm from

the interface between the heat spreader and the heat sink. This boundary condition was based

on the experimental setup, where the copper heat sink was liquid-cooled, ensuring adequate

removal of heat from the system. These simulations are important for understanding thermal

behavior within H-MECSEL gain chips. By modeling the temperature distribution within the
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laser structure, potential hot spots can be identified and the effectiveness of the heat spreaders

and the overall design can be evaluated.

Several approximations were implemented to enhance computational efficiency and focus

on key thermal behaviors in FEM simulations. Material properties such as density (r) and

thermal conductivity (k) were assumed to be temperature-independent to avoid the complexities

associated with their variation. The heat source was modeled to emulate the Gaussian distri-

bution of the pump beam’s intensity, formulated as Pheat(r) = P0e
� 2r2

wp2 , where P0 is the pump

power, r is the radial distance from the beam center, and wp is the beam radius. This model

simplifies the actual heat generation mechanisms, and multi-layer structures were approximated

as single layers to reduce the simulation’s complexity, ignoring the variations within layers but

maintaining an overall assessment of thermal behavior. Perfect bonding was assumed between

interfaces such as the active region and heat spreader, and between the DBR and heat spreader,

eliminating potential defects or roughness that could affect thermal contact.

The model was simplified to cylindrical symmetry with the assumption that the Gaussian-

shaped pump beam was centrally incident. This assumption significantly reduces computational

demands by transforming a potentially three-dimensional problem into a two-dimensional one.

The steady-state heat transfer equation was adapted to these simplifications and expressed as:

1
r

∂
∂ r

✓
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∂T
∂ r

◆
+

∂
∂ z
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∂ z

◆
+H(r,z) = 0, (6.6)

where H(r,z) denotes the heat generated per unit volume, dependent on the radial position r

and depth z.
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And H(r,z) can be written as a combination of the heat generation within the active re-

gion (Hg) and DBR (Hd) was detailed by [72]:

Hg(r,z) =
2hgP
pwp2 e

� 2r2
wp2 e�ag(z0g�z), (6.7)

and

Hd(r,z) =
2hdP
pwp2 e

� 2r2
wp2 e�ad(z0d�z)e�agdg , (6.8)

highlighting the spatial distribution of heat generation with efficiency factors hg and hd, and

absorption coefficients ag and ad, z0d is the depth of DBR top surface, and dg is the thickness

of the active region.

In the computational analysis of the H-MECSEL structure, certain assumptions were made

regarding the absorption coefficients in different layers to simplify the thermal modeling.

The ratio of absorbed power converting to heat in gain (hg) was set to 0.4 for 808 nm pump

slightly higher than the quantum defect to account for additional heat generated from non-

radiative recombination and fabrication imperfection. The ratio of absorbed power converting

to heat in the DBR (hd) of 100% was initially considered, assuming complete absorption of

any residual pump energy within this layer. However, this assumption is typically not valid

in scenarios employing in-well pumping, where the majority of the residual pump beam is

reflected rather than absorbed, contributing minimally to heat generation within the DBR. Given

these considerations, the heat generation equations were modified to incorporate parameters for

heat intensity (IH) and beam area (A)

Hg(r,z) =
2IHA
pwp2 e

� 2r2
wp2 e�ag(z0g�z), (6.9)
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and

Hd(r,z) =
2hDBRIHA

pwp2 e
� 2r2

wp2 e�ad(z0d�z), (6.10)

where hDBR is the relative efficiency of heat generation in the DBR compared to the active

region. In the simulations, hDBR was conservatively set to 5% of the heat generated in the active

region. This equates to 0.25% of the input pump power if 50% of the pump is absorbed and 10%

of that is converted into heat within the active region. Despite the DBR being over 99.9% HR at

the pump wavelength, the multi-pass pumping scheme can result in more than 0.1% absorption

within the DBR. This thermal analysis is conservative and may underestimate the thermal

management capacity, but considering the DBR’s small contribution to the overall thermal load

within the structure, it is a reasonable estimation. The maximum temperature point consistently

occurs within the active region from the author’s simulation and other previous work [4]. With

a 500 µm thick heat spreader between the DBR and the active region, the DBR’s contribution to

the maximum temperature within the gain chip is minimal. Simulation results indicated that

varying hDBR from 5% to 10% only marginally increased the maximum temperature by less

than 5 °C for H-MECSEL samples equipped with 500 µm thick SiC heat spreaders under a heat

dissipation condition of 100 W. The dissipated heat can be described by

Pdiss = Pabs �Pout, (6.11)

where Pabs is the absorbed pump power and Pout is the laser output power.

In the thermal modeling of H-MECSEL structures using COMSOL, effective thermal

conductivities for various material layers were calculated to ensure accurate simulation of heat

transfer within the device. This calculation integrates the thickness and thermal conductivity of
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each constituent material layer using the following formula:

dg

kg
=

dGaAs

kGaAs
+

dGaAsP

kGaAsp
+

dInGaAs

k InGaAs
, (6.12)

where d and k represent the thickness and thermal conductivity, respectively, for GaAs, GaAsP,

and InGaAs layers within the gain structure. This method overlooks the nonuniform and fine

structures within the active region, thus ignoring the interfaces of these fine structures, which is

a primary reason for the low thermal conductivity of DBRs. However, this approximation is

necessary to save calculation time. Based on this calculation, the effective thermal conductivity

of the gain area was approximated to be 35W/(m ·K). The thermal conductivity of the

dual-band AlGaAs/GaAs DBR was similarly computed, resulting in an approximate value of

25W/(m ·K).

The specific parameters used in the COMSOL simulations were systematically organized

into two modules, Module A and B, as detailed in Tables 6.1. If not explicitly listed separately,

parameters are the same for both Module A and B. Module A corresponds to the parameters

matching those of the H-MECSEL sample tested experimentally, featuring a twenty quantum

well active region designed for in-well pumping and equipped with a thick dual-band DBR.

Module B, on the other hand, represents a configuration typical of a standard VECSEL or

MECSEL, with a thinner active region and DBR, typically used in structures pumped by

diodes [4]. Consistent with previous thermal simulations for similar structures, Module B

used a relatively high thermal conductivity for the DBR [67, 140]. This assumption, while an

overestimation, aligns with potential realizations in hybrid semiconductor/metal structures [66].

All simulations within this chapter employed a Gaussian heat source with a constant heat

intensity of 40kW/cm2, unless specified otherwise, to model the heat distribution across
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Table 6.1 Parameters for COMSOL thermal simulation of gain Module A and B [4, 114].

Parameter Description Value Unit

ag absorption coefficient of active region 1 µm�1

aDBR absorption coefficient of DBR 0.457 µm�1

CInGaP thermal capacity of window layer 368.8 J/kg ·K
Cg thermal capacity of active region 330 J/kg ·K
CDBR thermal capacity of DBR 394.7 J/kg ·K
CSiC thermal capacity of SiC 670 J/kg ·K
Cdiamond thermal capacity of diamond 520 J/kg ·K
Ccopper thermal capacity of copper 385 J/kg ·K
k InGaP thermal conductivity of window layer 10 W/(m ·K)
kg thermal conductivity of active region A: 35 B: 24 W/(m ·K)
kDBR thermal conductivity of DBR A: 25 B: 61 W/(m ·K)
k In thermal conductivity of indium 84 W/(m ·K)
kSiC thermal conductivity of 4H-SiC 390 W/(m ·K)
kdiamond thermal conductivity of diamond 1800 W/(m ·K)
kcopper thermal conductivity of copper mount 400 W/(m ·K)
r InGaP mass density of window layer 4.482⇥103 kg/m3

rg mass density of active region 5.320⇥103 kg/m3

rDBR mass density of DBR 4.479⇥103 kg/m3

rSiC mass density of SiC 3.210⇥103 kg/m3

rdiamond mass density of diamond 3.515⇥103 kg/m3

rcopper mass density of copper 8.700⇥103 kg/m3

r In mass density of indium 7.310⇥103 kg/m3

dInGaP thickness of window layer 214 nm
dg thickness of active region A: 3.56 B: 2.25 µm
dDBR thickness of DBR A: 9.07 B: 3.72 µm
dIn thickness of indium 20 µm
dSiC thickness of SiC 500 µm
dSiC thickness of diamond 500 µm
dn
dT |SiC thermo-optic coefficient of 4H-SiC 3.5⇥10�5 1/K
dn
dT |diamond thermo-optic coefficient of 4H-SiC 9.6⇥10�6 1/K

113



6.3 Thermal Analysis

0 500 1000 1500 2000 2500 3000
100

110

120

130

140

150

160

Fig. 6.5 Maximum temperature increase versus thickness of one of the two identical SiC (Dual-
heat spreader H-MECSEL) for gain module A under 80 W of dissipated heat.

the device effectively. To change the pump power, a standard power scaling method was

implemented by adjusting the pump beam mode size while maintaining constant intensity.

In a detailed simulation conducted to investigate the thermal management capabilities of a

dual-SiC heat spreader H-MECSEL gain element, the impact of SiC thickness on the maximum

temperature within the gain structure was thoroughly analyzed. The simulation utilized the

gain module A configuration, 80 W of dissipated heat was implemented. The resulting data

is depicted in Fig. 6.5, which illustrates the temperature variation in relation to the SiC heat

spreader thickness. The graph demonstrates a distinct trend where increasing the thickness of

SiC initially leads to a reduction in the maximum temperature within the gain structure. This

trend continues favorably until the SiC thickness reaches approximately 1 mm. Beyond this

point, further increases in thickness do not enhance thermal performance; instead, resulting in a
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higher maximum temperature. For the specific SiC heat spreader thickness of 500 µm used in

the experimental setup, the simulation predicted an increase in temperature of approximately

110 �C, and this temperature rise nears the thermal rollover even under 0 �C cooling conditions.

In a comprehensive analysis conducted using FEM simulations, the thermal management of

eight different SDL structures was examined. This analysis included a variety of VECSELs,

MECSELs, and H-MECSELs, each depicted in Fig. 6.6. These configurations were specifically

chosen to explore different approaches optimizing thermal performance within these systems.

The study encompassed VECSELs with three distinct arrangements: a single bottom heat

spreader, an intracavity heat spreader, and dual heat spreaders positioned on each side of

the active region. For MECSELs, configurations with either one or two heat spreaders were

evaluated. H-MECSEL configurations included setups with a single heat spreader accompanied

by two heat sinks, and variations with one or two heat spreaders coupled with dual heat sinks.

The simulations highlighted the thermal behavior of these configurations under operational

conditions, with orange lines in the figures indicating the surfaces where the temperature

remained constant at 10 �C.

In the analysis of module A using FEM simulations, the thermal performance of various

structures equipped with either diamond or SiC heat spreaders was evaluated. The results,

illustrated in Fig. 6.7, reveal that the H-MECSEL (iii) configuration consistently achieves

superior thermal management compared to other structures under all tested conditions of dissi-

pated heat, for both types of heat spreaders. The simulation clearly demonstrates that diamond

heat spreaders possess a significantly higher thermal conductivity than SiC, allowing them

to dissipate up to five times more heat before reaching the thermal rollover range, defined as

90�C < T max < 110�C [93, 67]. This enhanced capability makes diamond an ideal material

for heat spreaders in high-performance laser applications due to its high thermal conductivity.

Despite diamond’s superior performance, SiC was chosen for the heat spreaders in this disserta-
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Fig. 6.6 Eight different VECSEL, MECSEL, and H-MECSEL geometries that were employed
in the COMSOL simulations.
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6.3 Thermal Analysis

Fig. 6.7 Maximum temperature within the gain chip for eight different structures for Module
A parameters versus dissipated heat, with two different heat spreader materials, (a) SiC and
(b) diamond [114]. The shaded temperature range indicates the region where thermal rollover
is expected to occur.
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tion project due to considerations of cost and ease of fabrication. Based on the simulations, it is

estimated that the H-MECSEL (iii) structure with SiC heat spreaders can effectively dissipate

up to 50 watts of heat without surpassing the thermal rollover temperature threshold of 100 �C.

The simulation results for module B, as depicted in Fig. 6.8, corroborate the findings from

module A, further establishing that the H-MECSEL (iii) structure with dual heat spreaders

outperforms all other configurations examined. When diamond is employed as the heat spreader

material, the capacity for heat dissipation can be increased by up to tenfold before nearing the

thermal rollover range. Module B’s superior thermal performance is partly attributed to its

thinner active region and DBR, which collectively lead to a lower maximum temperature (T max)

under identical conditions of heat dissipation. This configuration not only aligns with, but

also expands upon previous studies regarding the thermal management in VECSELs and

MECSELs [4].
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6.3 Thermal Analysis

Fig. 6.8 Maximum temperature within the gain chip for eight different structures for Module
B parameters versus dissipated heat, with two different heat spreader materials, (a) SiC and
(b) diamond [114]. The shaded temperature range indicates the region where thermal rollover
is expected to occur.
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6.4 Thermal Lens

An important consideration arising from these simulations is the temperature gradient observed

within the active region and heat spreaders, which introduces a thermal lensing effect. For

semiconductor disk lasers, including VECSELs, MECSELs, and H-MECSELs, this effect

is critical because the active regions are intracavity components. Heat spreaders are also

intracavity components for all MECSELs, H-MECSELs, and some variations of VECSELs.

Thermal lensing could potentially alter the cavity mode size, impacting the alignment and

overlap of the pump and laser modes on the gain chip. Such changes might compromise the

stability of the laser cavity, potentially rendering it unable to sustain lasing. The experimental

results discussed in Chapter 5 indicated the negative influence of laser output from this thermal

lensing effect. Addressing these thermal dynamics is essential for ensuring the reliability and

effectiveness of H-MECSELs under high thermal load conditions. One solution is to incorporate

the thermal lens into the laser cavity design to create a thermal lens-insensitive cavity.

In the numerical analysis using FEM, the radial temperature distribution across the heat

spreaders was studied in detail. The average temperature variation along the r-axis, DT HS(r),

was represented by the yellow line in Fig. 6.9, highlighting the predominant thermal lensing

effect contributed by the heat spreaders. The temperature effects within the thin active region

and any associated thermal expansion were considered negligible for this analysis. A parabolic

approximation [141, 142] was applied to this radial temperature profile, illustrated by the red

dashed line in the figure. The fit was described by the equation:

DT HS(r) = a
✓

1� br2

wP2

◆
(6.13)

where wP denotes the radius of the pump beam, where a and b are two fitting parameters with SI

unit. This fit was focused solely on the region covered by the pump beam to achieve an accurate
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Fig. 6.9 Schematic diagram for dT0 calculation, in this figure wP and wL are radius for the
pump beam and the laser beam, DTHS is the maximum temperature change within the gain
structure [74].

parabolic fit. Also the cavity mode size is smaller than the pump mode size, temperature

variations outside the pump beam area are less significant to the thermal lensing effects that

influence the laser cavity. From this analysis, a specific temperature factor, dT0, was derived.

This factor represents the temperature difference between the maximum value of DT HS and the

value at the outer boundary of the pump beam (r = wP at 1/e2 intensity).

The temperature variation across the radial position can be described by the following

expression

DT HS(r)⇡�dT0
r2

wp2 . (6.14)

This equation models how the average temperature change diminishes radially outward from

the center of the pump beam, associates with the heat spreader’s effective focal length due to

thermal lensing. The power of the resultant thermal lens is then given by:

1
f th

= 2dT0
d

wp2
dn
dT

, (6.15)
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where f th is the focal length of the thermal lens, d is the thickness of the heat spreader, and dn
dT

is the thermo-optic coefficient, which is a measure of how the refractive index of the material

changes with temperature.

In the simulation of a high-power laser system utilizing a H-MECSEL design with dual

500 µm thick SiC heat spreaders, the thermal response under a condition of 50 W of absorbed

pump power (corresponding to around 34 W dissipated heat) was analyzed to determine the

temperature distribution and the resultant thermal lens. The radial temperature profile for

H-MECSEL as this absorbed pump power was depicted in Fig. 6.10 (a). A parabolic fit was

applied to the averaged temperature data, as shown by the red line in Fig. 6.10 (b). The

Gaussian shaped pump beam, with a radius of 530 µm, is overlaid as the blue line, illustrating

the spatial distribution of the pump power within the laser structure. The temperature factor

dT0, derived from this analysis, was found to be approximately 3 K. Based on this factor and the

known properties of the SiC heat spreaders, the focal length of thermal lens was calculated be

f th ⇡ 2.6 m. This relatively long focal length indicates a mild thermal lensing effect, suggesting

that the laser system maintains good beam quality and stability under the expected operational

conditions.

In solid-state lasers, where the excitation and boundary conditions maintain cylindrical

symmetry, the power of the thermal lens has been demonstrated to correlate directly with the

dissipated heat power Pheat, following the relation Pheat
pwp2

⇥ dn
kdT

⇤
[143]. For the H-MECSEL design

using parameters in Table 6.1, incorporating both SiC and diamond as heat spreader materials,

a generalized formulation can be articulated to estimate the thermal lens power as [114]

1
f th

⇡ K
Pheat

wpb , (6.16)
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Fig. 6.10 (a) Temperature profile of a dual SiC heat spreader H-MECSEL with 50 W absorbed
pump power, the yellow curve represents DT (r). (b) Averaged DT (blue) extracted from (a),
parabolic fit (red) of DT , and a 530 µm radius pump beam profile [74].

123



6.4 Thermal Lens

where K encapsulates the influence of material properties such as thermal conductivity (k), the

thermo-optic coefficient ( dn
dT ), and the effective layer thickness of the heat spreader (d). For SiC

heat spreaders, K is quantified at 5.7⇥10�7 (SI unit), reflecting its satisfactory thermal handling

albeit lower thermal conductivity relative to diamond. Conversely, for diamond heat spreaders

with better thermal conductivity, K is significantly lower at 2.9⇥10�8. This lower value reflects

diamond’s enhanced capability to mitigate thermal lensing effects. Fitting parameter b (unitless)

is 1.4 for both SiC and diamond heat heat spreaders.

FEM simulations were performed to validate Equation 6.16 across various scenarios, em-

ploying different materials and heat spreader thicknesses. The COMSOL simulation model

for a H-MECSEL structure incorporated two 500 µm thick heat spreaders and utilized material

parameters from Table 6.1. Various pump beam radii, including 300 µm, 500 µm, and 1000 µm,

were simulated in conjunction with both SiC and diamond as heat spreader materials under

multiple heat dissipation scenarios driven by differing pump intensities.

The results from the simulations, detailing the thermal lens power, are graphically repre-

sented in Fig. 6.11. Data points for diamond heat spreaders are indicated with red diamonds,

while those for SiC heat spreaders are denoted with black circles. These data align well with

the theoretical predictions of Equation 6.16, depicted by the red dotted line for diamond and the

black solid line for SiC. This alignment underscores the equation’s robustness across a range of

operational conditions and material choices. The findings from Fig. 6.11 suggest that thicker

heat spreaders generally mitigate the strength of the thermal lens. While the effect of diamond as

a heat spreader minimizes the lensing to negligible levels, the use of SiC requires considerations

for thermal lensing within the laser cavity due to its more pronounced impact. The insights

from Equation 6.16 facilitate precise predictions of thermal lens effects based on varying pump

powers, serving as a foundational element for the laser cavity design of H-MECSEL. This

aspect, essential for ensuring optimal performance and stability, will receive detailed discussion
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Fig. 6.11 Thermal lens power versus dissipated heat for SiC (black) and diamond (red) heat
spreaders [114].

later, where the integration of these design principles into practical device configurations will

be explored.

6.5 Experimental Verification

The FEM simulations demonstrated a modest enhancement in thermal performance for the

H-MECSEL compared to the standard MECSEL, despite the inclusion of an additional 9 µm

DBR layer. The inclusion of the dual-band DBR significantly simplifies the design of multi-

pass pumping schemes. As discussed in Chapter 4, the elements of the multi-pass pumping

scheme for H-MECSEL can be reduced to half of what was used for standard MECSEL. The
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6.5 Experimental Verification

Fig. 6.12 Schematic diagram of H-MECSEL demonstration with HR mirror and MECSEL
sample. The inset illustrates multiple pump spots on the aspheric lens.

ray tracing analysis indicates that this simplified design still can achieve good pump beam

overlap on the gain chip. Given these promising simulation results, an experimental trial was

undertaken using a dummy sample. This preliminary step was crucial to validate the theoretical

models and practical feasibility before committing to the costly process of wafer growth and

device fabrication. The trial aimed to ensure that the theoretical advantages of the H-MECSEL

structure—particularly its simplified pumping mechanism—could indeed be realized in practice.

In the laboratory, a readily available MECSEL sample was utilized for a H-MECSEL

demonstration, involving a broadband coated HR mirror compatible with both 1070 nm in-well

pumping and 1178 nm laser wavelengths. As depicted in Fig. 6.12, the HR mirror was custom-

fitted within the MECSEL copper mount’s aperture, positioned as close as possible but not

touching the MECSEL gain chip to avoid potential damage. This was achieved by affixing the

HR mirror to an adapter that mounted on a translation stage for fine adjustment of the mirror

position. The copper mount itself was cooled by a chiller set to 15 �C. To allow passing of the

laser cavity beam, a 3 mm hole was drilled at the center of a 2-inch diameter aspheric lens (focal
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length = 100 mm), which was positioned 100 mm from the MECSEL sample. A pair of HR

plane mirrors configured as a retro-reflector was placed an equal distance from the aspheric lens.

One of these plane mirrors was specifically modified to permit the entry of the 1070 nm pump

beam into the circulator without obstruction. Any residual pump beam was safely terminated at

a beam dump.

The laser cavity was constructed using an ROC=500 mm concave HR mirror, chosen for

its spatial accommodation and threshold reduction capabilities. Another key component of the

cavity was the specially adapted HR plane mirror positioned at the rear of the MECSEL sample.

Initially, an 808 nm diode pump laser was employed to initiate lasing. Once the cavity was

aligned, the 808 nm pump was removed and the parts for the 1070 nm pump were installed.

And adjustments were made to the aspheric lens and retro-reflector to facilitate multiple pump

passes and maintain lasing solely with the 1070 nm pump. According to the author’s ray tracing

analysis, a larger than expected 2 mm separation between the HR mirror and the MECSEL

gain chip resulted in a highly elliptical pump beam overlap across twelve passes on the sample.

Despite this non-ideal beam shape, it was sufficient to demonstrate the concept and proceed

with the fabrication of actual H-MECSEL samples. An infrared viewer captured an image of the

twelve pump spots on the aspheric lens as the inset of Fig. 6.12, highlighting the experimental

setup’s effectiveness for achieving multiple passes. This H-MECSEL setup was experimentally

validated, paving the way towards the fabrication of H-MECSEL gain chips.

6.6 Conclusion

In this chapter, the H-MECSEL was introduced as an evolution of the MECSEL, aimed at

providing a reflective sample. This design simplifies the multi-pass in-well pumping structure,

addressing the issues of distorted output beam profiles due to imperfect mode matching between
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the cavity mode and the pump mode on the sample, which was elaborated in Chapter 5. The

design and functionality of a dual-band DBR for the H-MECSEL were reviewed. Further, FEM

simulations substantiated the thermal efficiency of the H-MECSEL, affirming its ability to

maintain excellent thermal management. The thermal lens effect, a critical factor in the design

of laser cavities, was quantitatively analyzed, leading to the derivation of a general formula that

will underpin the laser cavity design for the H-MECSEL in subsequent studies. A demonstrative

experiment was conducted using an existing MECSEL sample paired with a custom-engineered

high reflectance mirror to establish a proof-of-concept for the H-MECSEL before proceeding

with the fabrication of dedicated samples.

With the foundational elements now established, all necessary components are in place to

construct a semiconductor-based LGS that meets the design criteria outlined in Chapter 1. The

forthcoming chapters will delve into the experimental setup, detailed implementation, and the

outcomes of an H-MECSEL-based LGS.
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Chapter 7

In-Well Pumped H-MECSEL

This chapter details the development of a twenty quantum well H-MECSEL gain chip, which

integrates a high-reflectance membrane designed to reflect unabsorbed pump light back into the

multi-pass in-well pumping structure. The design of multi-pass pumping structure and laser

resonator, as well as the experimental results, will also be presented. The original experimental

results presented in this chapter were documented in [114]. This chapter provides a more

detailed reevaluation of those results.

7.1 H-MECSEL Gain Chip

Reflective samples, such as those used in standard VECSELs, can reduce the number of elements

required in a multi-pass in-well pumping structure by half compared to the configurations nec-

essary for transmissive samples like those in MECSELs. This simplification could significantly

streamline the construction of multi-pass pumping setups, as noted in Chapter 4. However,

VECSELs, while advantageous for their reflective nature, generally do not match MECSELs in

terms of thermal management [1, 72]. The superior heat dissipation capability of MECSELs
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Fig. 7.1 Schematic of the H-MECSEL gain chip [114].

is crucial for high-power applications. In response to these challenges, the introduction of the

H-MECSEL in Chapter 6 represents a significant advancement. The H-MECSEL combines the

benefits of MECSELs and VECSELs by incorporating a reflective element into a structure that

retains the excellent thermal management properties of MECSELs. This approach enables the

use of simplified multi-pass pumping structures while ensuring that the thermal performance

necessary for high-output applications is not compromised.

The epitaxial sample for the H-MECSEL, same as studied in Chapter 5, consists of twenty

InGaAs quantum wells and GaAs barrier layers with GaAsP strain compensation layers as

illustrated in Fig. 7.1. These are arranged in a RPG structure, where the InGaAs layers are placed

at the anti-nodes and GaAsP layers at the nodes of the cavity’s standing wave. InGaP window

layers are employed to reduce surface recombination and safeguard the active region during

the substrate removal process. This active region is encapsulated between two 500 µm thick,

double-side polished, single-crystalline SiC heat spreaders, directly bonded to the epitaxial

active material. Subsequently, one outer facet of the heat spreader sandwich is AR coated

at 1070 nm to minimize reflecting losses associated with the multi-pass pumping beam. A

dual-band DBR, highly reflective at both 1070 nm and 1178 nm as detailed in Chapter 6, is
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attached to the other outer facet of this structure using a direct-bonding-based substrate-transfer

coating process. After assembly, the complete H-MECSEL device is mounted between two

water-cooled copper heat sink plates, with a 50 µm thick layer of indium foil sandwiched in

between to enhance thermal contact.

7.2 Multi-Pass Pumping Design

The multi-pass pumping structure designed for the H-MECSEL experiment incorporated an

aspheric lens with a 100 mm focal length and two plane mirrors, as depicted in Fig. 7.2 (a). For

the ray tracing simulations, both plane mirrors were presumed to reflect 100% of the pump

wavelength, and the data including aberration for the aspheric lens was sourced directly from

THORLABS, where the aspheric lenses used in the experiment were purchased from. The gain

chip assembly, highlighted in Fig. 7.2 (c), comprised two 500 µm thick SiC layers, an AR

coating on the front and a HR coating on the rear. Additionally, the quantum wells (QWs) were

represented by a 5% absorption layer sandwiched between the SiC heat spreaders. In this setup,

the pump beam was focused between the two plane mirrors, reflected and collimated onto the

gain chip by the aspheric lens. The beam was then reflected off the HR-coated back of the

sample, refocused by the aspheric lens, and the cycle was repeated. Each pass introduced a

slight lateral shift in the beam position due to a small shift between the two plane mirrors. This

setup facilitated ten round-trips of the pump beam before it was terminated by a beam dump.

The simulation output is plotted in Fig. 7.2 (b), displaying the beam profile at the quantum

well position after twenty passes. The simulation indicated that reducing the number of passes

could increase the system’s tolerance to alignment errors without compromising the overlap of

multiple pump spots on the quantum wells. It was noted that the ideal AR coating assumed for

the aspheric lens in the simulation does not perfectly reflect real-world conditions, particularly
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Fig. 7.2 (a) Zemax simulation setup for H-MECSEL multi-pass pumping scheme. (b) The beam
profile on the quantum well layer. (c) Detailed H-MECSEL structure setting in the simulation.

for beams striking the lens edge at steep angles where the AR coating is less effective. For

practical reasons, including ease of alignment and reduced scattering losses, the experimental

setup was adjusted to utilize only ten passes of the pump beam. This setup allowed for

simpler alignment and maintenance of effective pump spot overlap compared with the MECSEL

multi-pass pumping design.
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7.3 H-MECSEL Cavity Design

For the H-MECSEL-based experimental setup, a V-cavity configuration was employed, opti-

mized to incorporate the H-MECSEL gain chip along with linewidth narrowing elements such

as a BRF and a FP etalon in one arm of the cavity. The other arm was designated for housing

the frequency doubling LBO crystal, and the end mirror was mounted on a piezo actuator for

frequency stabilization. The cavity design utilized the DBR on the rear side of the H-MECSEL

gain chip as one of the cavity end mirrors, selecting another plane mirror as the opposite

cavity end mirror. This choice was driven by the need for simplification in the setup of second

harmonic generation (SHG) and frequency locking mechanisms, ensuring that the wavefronts at

these mirrors remain planar for optimal interaction with intracavity components. A concave

folding mirror was selected to link the two arms of the cavity, set at a folding angle a as marked

in Fig. 7.4 to accommodate the intra-cavity elements and optimize the cavity’s stability and

mode-matching.

The objective was to achieve a cavity beam size of approximately 350 µm in radius at the

gain chip. This design also aims to minimize the difference in beam size between the tangential

and sagittal planes. Furthermore, the design focused on reducing the sensitivity of the system to

thermal lensing effects that might arise within the SiC heat spreaders of the H-MECSEL gain

chip. Thermal lensing can distort the cavity mode and affect the overall performance of the

laser system. By optimizing the geometry and placement of the cavity components, the design

sought to mitigate these effects, ensuring stable and efficient laser operation suitable for LGS

systems.

In the design of the H-MECSEL laser cavity, a folding mirror with a ROC of 500 mm was

chosen to facilitate the appropriate redirection of the laser beam. The folding angle was set at

15°, positioning the H-MECSEL gain chip 520 mm away from the turning mirror and the plane
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7.3 H-MECSEL Cavity Design

Fig. 7.3 (a) Cavity mode size calculation with a V-cavity configuration for three thermal lens
conditions with f = •, f =2 m, and f =1 m. Cavity beam size for tangential and sagittal planes
for turning angle of (b) 15�, and (c) 30�.

end mirror 345 mm from the turning mirror. The cavity mode size under various thermal lensing

conditions was examined, as depicted in Fig. 7.3 (a). This figure illustrates the cavity mode

size for three scenarios: no thermal lens effect, a thermal lens with a focal length f of 2 m, and

f of 1 m. The analyses assumed an ideal scenario with a 0° folding angle, showing the beam

size at the sample position remains at approximately 350 µm in radius regardless of the thermal

lensing effect, which this thermal lens-insensitive cavity design, the mode mismatching issue

mentioned in Chapter 5 could be resolved. Further analysis, as shown in Fig. 7.3 (b), reveals
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that at a 15° folding angle and assuming no thermal lensing in the gain chip, the cavity beam

size on the sample remains nearly identical between the sagittal and tangential planes. However,

increasing the folding angle to 30° introduces significant discrepancies in the cavity beam size

between the sagittal and tangential planes, as demonstrated in Fig. 7.3 (c). Such a disparity can

lead to inefficiencies in the laser system, as the beam profile becomes more elliptical, potentially

impacting the overlap with the pump mode and reducing the overall system performance.

7.4 Experiment Results

The experimental setup for the H-MECSEL laser system is detailed in Fig. 7.4. The system

utilizes a 1070 nm fiber laser as the pump source, which is focused using a lens with a focal

length fp of 750 mm. This configuration positions the focal point between two plane mirrors,

which are HR at 1070 nm and form a retro-reflector. These mirrors along with an aspheric lens

facilitate a multi-pass pumping scheme, allowing the pump beam to circulate within the setup

for ten passes before being terminated by a beam dump. The 2-inch diameter aspheric lens

that was AR-coated at 1070 nm and a focal length of 100 mm, incorporates a 3 mm diameter

central hole. This design permits the unimpeded passage of the laser cavity beam through this

hole. The aspheric lens is positioned 100 mm away from both the H-MECSEL gain chip and

the retro-reflector.

This cavity design aims to achieve a cavity beam radius of approximately 350 µm at the

sample position, accommodating a thermal lens effect with an estimated focal length of 2 m.

The chiller was set at 10 �C to maintain the required thermal stability. The inset shows the

cross-section of the overlapped pump beam profile on the gain chip, captured using a CCD

camera. It illustrates the pump beam profile with ten passes on the gain chip has a beam radius

of 590 µm.
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Fig. 7.4 Schematic diagram (not in scale) of the multi-pass in-well pumped H-MECSEL
setup [114]. The inset is the profile of ten passes of pump beam on the sample measured by a
CCD camera.

The free-running output power of the H-MECSEL setup as a function of absorbed pump

power is plotted in Fig. 7.5. The power before and after all multi-pass components—plane

mirrors, the aspheric lens, and the H-MECSEL gain chip—at low pump powers was measured

to determine absorption and reflection rates for each component. The H-MECSEL gain chip

was found to absorb 39% of the pump power over ten passes, a figure derived from these

measurements. The laser exhibited a threshold of approximately 10 W and successfully avoided

noticeable thermal rollover up to the maximum tested absorbed power of 86 W. Thermal

modeling, as discussed previously in Chapter 4, predicted a maximum temperature within the

sample of about 105 �C under a heat load of 58 W, approaching the thermal rollover threshold.

However, this model was conservative and likely overestimated the temperature within the

active region. The maximum output power reached was 28 W, demonstrating a slope efficiency

of 38%. This represents a significant improvement over the 28.0% slope efficiency observed in

the multi-pass in-well pumping setup for the twenty quantum well MECSEL gain chip [112].
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0.54  nm

Fig. 7.5 H-MECSEL output power versus absorbed pump power [114]. Both insets were
measured at maximum output power of 28 W, the top left inset of free-running multi-mode
spectrum was measured by an OSA, and the bottom right right inset of beam profile with
Gaussian fit was measured by a commercial beam profiler.

The enhanced performance here can be attributed to a superior alignment of the multiple pump

spots on the sample.

Further insights into the laser operation are provided by the insets included in Fig. 7.5

which were both measured at maximum output power point. The spectrum in the top left

inset, obtained using an OSA with a resolution of 0.06 nm, showed multiple longitudinal mode

operation with a mode spacing of 0.54 nm, corresponding to the FSR of a 500 µm thick SiC

etalon, assuming a refractive index (n) of 2.57. Additionally, the bottom right inset, captured by
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a commercial beam profiler positioned 500 mm from the output coupler, confirmed the emission

of a TEM00 mode. The beam profile was symmetric in both x and y axes, fitting Gaussian

distributions well. The system was ready for further steps such as linewidth narrowing and

frequency doubling aimed at achieving the targeted 589 nm output.

7.5 Conclusion

To simplify the multi-pass pumping structure, a H-MECSEL design was employed, demonstrat-

ing a well-aligned ten-pass 1070 nm pump beam on the gain chip. This resulted in a free-running

output of 28 W with a TEM00 transverse mode. This result is sufficient for further linewidth

narrowing and frequency doubling to meet the design criteria for LGS applications and will be

discussed in the next chapter.
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Chapter 8

Semiconductor-Based Laser Guide Star

In this chapter, the continued advancements based on the H-MECSEL platform will be discussed

to finalized the semiconductor-based LGS design. The laser output wavelength is tuned to

1178 nm using a quartz BRF, and the linewidth is further narrowed by employing an FP etalon.

The intracavity frequency doubling process to achieve laser output at 589 nm and the preparation

for on-sky testing will also be detailed. Part of the experimental results in this chapter were

reported at the SPIE Photonics West Conference [75].

8.1 Wavelength Tuning

The Z-shaped laser cavity design for the H-MECSEL gain chip was configured with optics

available. The H-MECSEL gain chip was positioned 550 mm from a ROC=250 mm concave

mirror (M1) as illustrated in Fig. 8.1 (a). The space between M1 and another ROC=150 mm

mirror (M2) was set at 245 mm. The segment stretching from M2 to a plane end mirror (M3)

measured 240 mm. The folding angle for each mirror was determined to be 14�, minimizing the

divergence between beam size on tangential and sagittal planes. Calculated beam sizes within
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8.1 Wavelength Tuning

this cavity are plotted in Fig. 8.1 (b), the plot indicated that the beam radius on the H-MECSEL

gain chip was 298 µm on the tangential plane and 307 µm on the sagittal plane. At M3, the beam

radii were 240 µm for the tangential plane and 278 µm for the sagittal plane. The same gain

chip and multi-pass pumping scheme as in Chapter 7 was used. The chiller was set to 15 �C for

thermal management. A CCD camera was used to study the overlapped pump beam size on the

gain chip. A comparison of the cross section of 2 passes and 10 passes of the overlapped pump

spot on the gain chip is shown in Fig. 8.1 (c). For 2 passes, the beam radius is 338 µm (FWHM),

and it increases by less than 5% to 349 µm (FWHM) for 10 passes. This indicates good beam

overlap between different passes.

H-MECSEL Aspheric Lens
f=100 mm

Beam Dump 240 mm

245 mm

550 mm(a)

DBR M3

(b)

μ

(c)

M1

M2

M3

14°
14°

M1 M2

Fig. 8.1 (a) Schematic diagram of the Z-cavity configuration for H-MECSEL experiments [74].
(b) Intra-cavity beam size calculated for this Z-cavity configuration on both tangential and
sagittal planes. (c) Cross section of 2 passes and 10 passes of the overlapped pump spot on the
gain chip.
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8.1 Wavelength Tuning

An intracavity BRF was first inserted in the gain chip arm to stabilize the fundamental

wavelength at 1178 nm and to narrow the laser output linewidth. The laser cavity was composed

of HR mirrors at 1178 nm, except for the plane end mirror which served as a 2.5% OC at this

wavelength. A 2 mm thick quartz BRF placed on a rotation mount was first introduced into the

cavity, positioned at Brewster’s angle to minimize losses and adjusted to align the laser output

precisely at 1178 nm. The laser was characterized by measuring the output spectra with an OSA

as plotted in Fig. 8.2, revealing a tuning range of 61 nm from 1133 nm to 1193 nm under an

absorbed pump power of 44 W at 1070 nm.

1130 1140 1150 1160 1170 1180 1190 1200

 = 61 nm

Fig. 8.2 Normalized emission spectra for the twenty quantum well H-MECSEL gain chip
utilizing a 2 mm thick quartz BRF for wavelength tuning with 44 W of absorbed pump power
and 15 �C chiller temperature.
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8.2 Linewidth Narrowing

This observed range was narrower compared to the previously discussed 1124 nm to 1195 nm

tuning range for a similar twenty quantum well MECSEL gain chip, primarily due to the

significant drop in reflectance of the dual-band DBR around 1135 nm. This limitation can be

seen in Fig. 6.3, which shows that the operational wavelength range with reflectance exceeding

99% is confined between 1131 nm and 1194 nm, thereby correlating well with the experimental

findings and being limited by the reflectance properties of the cavity mirror coatings.

8.2 Linewidth Narrowing

A 100 µm thick YAG etalon was mounted on a high-precision mirror mount to facilitate precise

angular adjustments for wavelength tuning to achieve the desired emission at 1178.32 nm.

Precise angle adjustment of the etalon is critical because even a slight deviation from the correct

angle can result in 100% transmission at a non-targeted wavelength, leading to an unwanted

shift in the emission wavelength. The transmission characteristics of the YAG FP etalon at

1178.32 nm for various incidence angles are illustrated in Fig. 8.3, where perfect transmission

is attainable at angles of 7.2� and 11.1�. For this experiment, the angle of 7.2� was selected to

ensure optimal transmission at the target wavelength.

Three distinct operational modes of the H-MECSEL were explored: free-running operation,

operation with a BRF only, and operation with both a BRF and a FP etalon. These modes are

depicted in Fig. 8.4, with free-running operation shown in black, operation with BRF in blue,

and with both BRF and FP etalon in red. The results in Fig. 8.4 (b) conclusively demonstrate the

effective narrowing of the linewidth. Due to the instrument’s limited resolution of 0.06 nm which

equivalent to 1.3 GHz at 1178 nm, and the laser cavity’s FSR of 200 MHz, single longitudinal

mode operation cannot be conclusively determined, even though the spectrum appears to show

a single mode. The highest power achieved during free-running operation was 24.1 W, which
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Fig. 8.3 Transmission versus incidence angle at room temperature for a 100 µm thick YAG
etalon at 1178.32 nm [122].

decreased to 16.4 W with the addition of the BRF, and further to 11.8 W with both the BRF and

FP etalon, indicating a slope efficiency of 30.0%, 23.9%, and 22.7% respectively. Although

this performance can potentially generate over 10 W of yellow light after nonlinear conversion,

it is suboptimal, necessitating further enhancements. A key issue was the reduced mode size

at 1178 nm on the H-MECSEL gain chip, which compromised the mode overlap between the

pump and cavity beam. Optimizing the slope efficiency and output power at 1178 nm requires

enlarging the cavity mode size at the sample while maintaining the desired beam size near

the cavity end mirror where the LBO crystal will be placed for optimal nonlinear conversion

efficiency.

A comparative study employing 808 nm barrier pumping was conducted using the same

experimental setup to validate the effectiveness of the in-well pumping strategy. For the barrier
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8.2 Linewidth Narrowing

(a) (b)

Fig. 8.4 H-MECSEL with the Z-cavity configuration using 1070 nm in-well pumping, (a) output
power versus absorbed pump power and (b) spectra measured by an OSA for free running
operation (black), with BRF and tuned to near 1178 nm (blue), and with BRF and FP etalon for
linewidth narrowed operation at 1178 nm (red) [74].

pumping approach, maximum output powers of 5.8 W, 4.3 W, and 1.9 W were recorded for

free-running, operation with a BRF, and operation with both BRF and a FP etalon, respectively.

These results are presented in Fig. 8.5 (a), with the corresponding spectra at the highest output

power shown in Fig. 8.5 (b) to illustrate the effects of linewidth narrowing. In-well pumping

demonstrated a more than four-fold increase in output power without signs of thermal rollover,

compared to the maximum output achieved by barrier pumping at its thermal rollover point,

underscoring the superiority of the in-well pumping method. Also it needs to be noted that

DBR would be strongly absorbing at 808 nm, even though most 808 nm pump is absorbed by

the active region. Experimental results using the same active structure described in Chapter 5

indicate that 98% of the the incident 808 nm pump power is absorbed by the active region,

leaving approximately 2% of pump power to be absorbed by the DBR and converted into
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8.2 Linewidth Narrowing

(a) (b)

Fig. 8.5 H-MECSEL with the Z-cavity configuration using 808 nm barrier pumping, (a) output
power versus absorbed pump power and (b) spectra measured by an OSA for free running
operation (black), with BRF and tuned to near 1178 nm (blue), and with BRF and FP etalon for
linewidth narrowed operation at 1178 nm (red).

heat. This additional heat contributes to the overall thermal load within the gain chip, slightly

increasing the maximum temperature.

The slope efficiencies for barrier pumping were 16.3%, 14.0%, and 12.2%, respectively,

significantly lower than those achieved with in-well pumping, which nearly doubled these fig-

ures. This stark contrast highlights the enhanced performance of in-well pumping in improving

MECSEL output power. Additionally, the onset of thermal rollover observed, particularly when

both BRF and FP etalon were utilized, can be attributed to multiple factors. Primarily, the

reduced output power extraction could lead to increased heat accumulation within the gain

chip, thus accelerating the thermal rollover. Secondly, the impact of a thermally non-stabilized

FP etalon could also play a role. During the experiments, incidental light striking the FP

etalon mount might have caused temperature variations, misaligning the etalon’s mode-selective
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8.3 On-Sky Test Preparation

tuning with the BRF. This misalignment could introduce extra intracavity losses, consequently

lowering the output power and precipitating an earlier thermal rollover.

8.3 On-Sky Test Preparation

The complete system was prepared for an on-sky test at an observatory and was required to be

mounted on a single breadboard to facilitate shipping. All mechanical components used in the

setup were selected for their robustness against mechanical vibrations. A commercial CAD

software (Fusion 360) was utilized to design the experimental setup, ensuring it fit within the

dimensions of a breadboard measuring 47"⇥23"⇥17
8" (119.4 cm⇥58.4 cm⇥4.8 cm) available

in the laboratory.

The schematic representation of the setup is illustrated in Fig. 8.6. The experiment began

with a 1070 nm output from a pump laser which first passed through a polarizing beamsplit-

ter (PBS) to convert the unpolarized pump beam into a polarized one, with half of the pump

power was dumped into the beam trap. The beam then traveled through a half wave plate fol-

lowed by another PBS, which allowed for fine control of the pump power based on polarization

adjustments. Following these elements, the beam was focused into the multi-pass pumping

setup using a lens with a focal length of 750 mm. The beam path incorporated three HR plane

mirrors to guide the beam into the multi-pass pumping scheme, and four apertures were placed

for alignment of the pump beam. The output beam size from the fiber laser is 3.8 mm (FWHM),

and combining this f=750 mm lens and the f=100 mm lens within the multi-pass pumping

scheme, the laser beam size is around 0.5 mm (FWHM) on the H-MECSEL gain chip

The MECSEL gain chip, housed in a copper heat sink, was mounted on a translation

stage allowing for precise position adjustments. The multi-pass pumping setup, as previously

described, included an aspheric lens with a focal length of 100 mm featuring a 3 mm central
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Fig. 8.6 Schematic diagram of the experimental setup, including pump beam optics, multi-pass
scheme, H-MECSEL cavity and frequency reference.
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8.3 On-Sky Test Preparation

aperture and a retro-reflector made up of two plane HR mirrors. After ten passes, the remaining

pump was blocked by a beam trap. This setup can be improved in the future by adding an

isolator at 1070 nm between the second PBS and the aperture. With this additional isolator, an

HR mirror can be used to reflect the remaining pump beam back into the multi-pass pumping

scheme, increasing absorption efficiency, rather than using a beam trap.

Additional cavity mirrors were coated for HR at 1178 nm and AR at 589 nm with various

ROCs. A newly coated ROC=500 mm mirror was selected, enabling the replication of the

V-cavity configuration as previously illustrated in Fig. 7.4. The cavity beam sizes at the gain

chip and the plane end mirror were computed to be 347 µm and 243 µm, respectively, assuming

a thermal lens with a 2 m focal length, calculated using the thermal lens equation (Eq. 6.16)

with 30 W of dissipated heat. The experimental setup depicted in Fig. 7.4 was constructed,

and a 4 mm thick quartz BRF along with a 100 µm thick YAG etalon were integrated into the

laser cavity on the gain chip arm, with the chiller temperature maintained at 15 �C. The use

of a thicker BRF allowed for finer wavelength adjustments albeit at the expense of a reduced

wavelength tuning range of 41.9 nm, though extensive tuning was not the primary objective of

this experiment. An aperture was also positioned in this arm to potentially shape the beam if

needed. In the cavity, the LBO crystal was positioned near the plane cavity end mirror (M2) for

intracavity frequency doubling, and a piezoelectric ring was attached to the back of this mirror

for active frequency control. The folding mirror (M1) was mounted on a three-axis piezo mirror

mount, which can also be used for laser output frequency control.

The main yellow output was directed through M1, which was AR coated at 589 nm. However,

a small amount of yellow light remained in the cavity. Upon reflection from the H-MECSEL

gain chip, this residual yellow light exited the cavity through the same folding mirror but in a

different direction. This remaining yellow output was designed as a reference beam to generate

the error signal used for feedback control to stabilize the laser output wavelength.
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8.4 Experimental Results at 1178 nm

A box was constructed on the breadboard to cover the entire system, minimizing disturbances

from surrounding air flows that could destabilize the laser operation. Additionally, the optical

table beneath the breadboard is floated to isolate any ground variations that may disrupt the

laser operation. This comprehensive setup ensured that all components were robustly integrated

and prepared for field deployment.

8.4 Experimental Results at 1178 nm

The YAG etalon exhibits a temperature-dependent refractive index change and can experience a

temperature increase during high-power operation. And because the etalon is an intra-cavity

element, even a small change is sufficient to cause a shift in the laser output wavelength.

Considering the aim of LGS is to target an atomic transition and the wavelength accuracy is in

the range of 10 pm (12 pm corresponding to 10 MHz at 589 nm), the inclusion of a temperature

maintaining element is essential. To ensure precise wavelength control, a ring heater was

attached to the YAG etalon to maintain a constant temperature. This ring heater also allows

for fine adjustments of the laser output wavelength through temperature tuning. The etalon

angle was adjusted to achieve 100% transmission at 1178.32 nm with an etalon temperature of

40 �C. The transmission characteristics of this YAG etalon at 1178.32 nm across an achievable

temperature range from 20 �C to 50 �C was plotted in Fig. 8.7. Since a complete tuning cycle

was calculated to exceed 200 �C, the transmission change was less than 3% for this 30 �C tuning

range. However, since this etalon is an intracavity element, even a small change in transmission

can shift the laser output wavelength. Given that the goal of this laser is to target an atomic

transition with high wavelength precision, temperature control of the etalon is necessary to

maintain wavelength stability.
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Fig. 8.7 Transmission versus etalon temperature at 1178.32 nm for a 100 µm thick YAG
etalon [122].

The updated experimental results utilizing the V-cavity configuration tailored for linewidth

narrowing are documented in Fig. 8.8. This configuration was tested under three operational

conditions: free-running (black), with a BRF only (blue), and with a BRF and a FP etalon (red).

During free-running operation, the system produced 28.9 W of output. When a 4 mm thick

quartz BRF was introduced, the output power decreased to 21.4 W, and further insertion of a

FP etalon, resulted an a linewidth below the spectrometer resolution with a power of 17.2 W at

1178 nm. The FP etalon heater was maintained at 40 �C during these measurements. Throughout

these experiments, no thermal rollover was observed, and the slope efficiencies were 37.8%,

26.4%, and 24.2%, respectively, for the three setups. The decrease in slope efficiency across

the setups can be attributed to increased intracavity loss due to the additional spectral shaping

elements. The recorded spectra at maximum output power for each setup confirmed the
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8.5 Experimental Results at 589 nm

(a) (b)

Fig. 8.8 H-MECSEL with the V-cavity configuration, (a) output power versus absorbed pump
power and (b) spectra measured by an OSA for free running operation (black), with BRF and
tuned to near 1178 nm (blue), and with BRF and FP etalon for linewidth narrowed operation at
1178 nm (red).

effectiveness of the linewidth narrowing strategy employed. The adjustment that led to an

increase in the cavity beam size at the H-MECSEL gain chip position facilitated a recovery to

higher power levels.

8.5 Experimental Results at 589 nm

In order to achieve the requirements for a semiconductor-based LGS, the H-MECSEL’s wave-

length must be converted to the appropriate wavelength near 589 nm. Using intracavity fre-

quency doubling, a c(2) nonlinear process. A specially coated mirror, which exhibits HR at

1178 nm and AR at 589 nm, was employed as the OC for the yellow output. The remaining

external mirrors are HR at both 589 nm and 1178 nm. Considering the optical components
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8.5 Experimental Results at 589 nm

available during the designing phase, the OC for the yellow output was constrained to either a

plane mirror or a concave mirror with a ROC of 150 mm. This limitation necessitated a creative

approach to the cavity design to accommodate the physical and operational parameters essential

for LGS applications. Thus a Z-cavity configuration was initially adopted first, and later with

the availability of more optics, the laser was switched back to a V-configuration as discussed in

the previous section.

For achieving optimal performance in the conversion of 1178 nm to 589 nm using a LBO

crystal, detailed optical planning and efficiency calculations were necessary. With a maximum

output power of 28 W demonstrated from the H-MECSEL gain chip under free-running con-

ditions with a 2.5% OC, the intracavity power was estimated to be approximately 1120 W.

However, when considering the additional intracavity losses introduced by the insertion of a

BRF and a FP etalon for wavelength tuning and linewidth narrowing, a more conservative esti-

mate of 200 W intracavity power at 1178 nm was used for further calculations. This represents

an underestimation in the design phase, considering the experimental results in the previous

section indicate that the intracavity power exceeds 650 W. To maximize the SHG efficiency, the

LBO crystal was placed near the cavity end mirror. Using the previously established nonlinear

conversion efficiency equation

hSHG =
2w2d2

e f f l2

n2wn2
wc3e0

sinc2
✓

1
2

Dkl
◆

I2(w), (8.1)

the relationship between the beam radius and conversion efficiency for a 30 mm long LBO

crystal was analyzed, as plotted in Fig. 8.9. This analysis demonstrated that the conversion

efficiency increases as the fundamental beam size decreases. An optimal coupling efficiency of

3% was assumed, which required the cavity beam to have a radius of 257 µm at the position of

the LBO crystal.
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Fig. 8.9 Nonlinear conversion efficiency in a 30 mm long LBO crystal versus beam radius of
200 W of 1178 nm fundamental light.

The non-critical phase matching (NCPM) technique, as discussed in Chapter 2, was imple-

mented for efficient frequency doubling from 1178 nm to 589 nm using a LBO crystal. NCPM is

a preferred method to achieve phase matching between the fundamental and SHG wavelengths,

as it allows the use of a long crystal without experiencing beam walk-off, thus facilitating

high conversion efficiency. For LBO crystals, Type I NCPM involves having the fundamental

light polarized along the y-axis (ordinary ray, o-ray), resulting in the SHG polarized along the

z-axis (extraordinary ray, e-ray). In Type II NCPM, the LBO crystal is typically rotated 45°

to have the fundamental light polarized along both the y-axis (o-ray) and the z-axis (e-ray),

with the SHG polarized along the x-axis (o-ray). The refractive index of the crystal can be

calculated using the Sellmeier equation, which depends on the wavelength and the temperature

for all three axes. By adjusting the temperature of the LBO crystal, phase matching can be
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Fig. 8.10 (a) Temperature requirements for type I (red) and type II (blue) NCPM of a LBO
crystal at different fundamental wavelengths. (b) CAD drawing of the home-made copper cell
for LBO crystal temperature control on top of a prism mount.

achieved at different wavelengths. The temperature requirements for achieving SHG using an

LBO crystal are presented in Fig. 8.10 (a), detailing both Type I (red) and Type II (blue) NCPM

configurations. This figure was plotted using the LBO specifications and equations provided by

EKSMA Optics. At the target wavelength of 1178 nm, the required temperatures are 40.49 �C

for Type I NCPM and 11.37 �C for Type II NCPM. Type I NCPM was chosen for its ease of

implementation, as opposed to Type II NCPM, which requires rotating the crystal by 45° to

achieve two orthogonally polarized components in the fundamental light.

The LBO crystal employed for the experiments measured 5 mm⇥5 mm⇥30 mm, oriented at

q=90� and f=0� for optimal Type I NCPM performance. Both facets of the crystal were coated

with AR layers at 1178 nm and 589 nm to minimize losses. The crystal was housed in a custom-

designed copper cell, shown in Fig. 8.10 (b), which utilized 50 µm thick indium foil to enhance

thermal contact between the LBO crystal and the copper cell. A thermoelectric cooler (TEC),

sandwiched between the copper cell and an aluminum plate, facilitated precise temperature

adjustments, with thermal paste improving the thermal linkage. The entire assembly was
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mounted on a prism mount, allowing fine adjustments to the crystal’s orientation. Temperature

regulation was achieved by integrating a thermistor within the cell for accurate temperature

readings, connected alongside the TEC to a temperature controller. This setup ensured the LBO

crystal was maintained at the precise temperature necessary for efficient SHG. The crystal’s

positioning within the laser cavity was adjusted to place one facet just 2 mm from the cavity’s

end mirror, optimizing the interaction with the intracavity light for maximum conversion

efficiency to 589 nm.

In the experimental setup, the initial 2.5% OC was substituted with a plane mirror featuring

HR coatings at both 1178 nm and 589 nm. This mirror was mounted onto a piezoelectric

transducer ring to facilitate active frequency control during the experiment. Additionally, the

ROC=500 mm folding mirror was specifically coated to be highly reflective at 1178 nm while

allowing anti-reflection at 589 nm, thus serving as the output coupler for the yellow 589 nm

beam generated by frequency doubling. To accommodate the nonlinear crystal within the laser

cavity, adjustments were necessary for the LBO arm’s length to ensure that the cavity beam

sizes on the sample and the cavity end mirror remained consistent with previous configurations.

Although it might seem intuitive to shorten the LBO arm to compensate for the optical path

length difference due to the LBO crystal’s higher refractive index than air, the ray transfer

matrix analysis used for calculating cavity beam size indicated that an increase in arm length

was required instead.

Initially, the LBO arm of the laser cavity without the LBO crystal had a length dinitial. The

ABCD matrix for light propagation through this arm is:

2

64
1 dinitial

0 1

3

75
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When the LBO crystal is introduced, it alters the effective optical path within the arm. The

ABCD matrix for light propagation through the LBO crystal, taking into account the refraction

at the air-crystal interfaces and the travel through the crystal, is given by:

2

64
1 nairdLBO

nLBO

0 1

3

75

The total ABCD matrix for the new arm length dnew after introducing the LBO crystal is then:

2

64
1 dnew � nLBO�nair

nLBO
dLBO

0 1

3

75

To ensure that the beam properties are not altered, the new ABCD matrix in the LBO arm must

remain equivalent to the original ABCD matrix. This means:

dinitial = dnew � nLBO �nair

nLBO
dLBO

From this equation, the change in cavity length needed to accommodate the LBO crystal,

denoted as Dd, is determined by:

Dd = dnew �dinitial =
nLBO �nair

nLBO
dLBO,

which indicates that for LBO crystal that has refractive index larger than air, after insertion of

the crystal, the LBO arm length needs to be increased.

To integrate the 30 mm LBO crystal into the laser cavity, the length of the LBO arm was

increased by 11 mm to account for the crystal’s refractive index of 1.55 at 1178 nm. This

modification ensured that the cavity beam size on the cavity end mirror M2 was unchanged,
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Fig. 8.11 Output power at 589 nm versus absorbed pump power. The top left inset is the beam
profile with Gaussian fit, and the bottom right inset is the output spectrum, both insets measured
at 10.3 W.

facilitating efficient frequency doubling. The LBO crystal was positioned 2 mm away from

M2, aligning with the optical design to optimize the overlap of the fundamental and second

harmonic waves. The experimental setup was carefully controlled with the chiller set at 15 �C.

The temperature of the LBO cell was precisely adjusted to 41.77 �C to achieve phase matching,

the temperature experimentally tested to yield highest output power at 589 nm.

The experimental outcomes at 589.2 nm were quantified and the resulting data were plotted

in Fig. 8.11, where an output power of 10.3 W at 589.2 nm was achieved with 73 W of absorbed

pump power. The top left inset of the figure illustrates the yellow beam profile with Gaussian

fitting, measured at maximum output using a commercial beam profiler, confirming a TEM00

mode. The bottom right inset displays the output beam spectrum at maximum output, captured

using an Ocean Optics HR4000 spectrometer. Upon attaining the peak output of 10.3 W at
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589.2 nm, a subsequent increase in pump power led to a decrease in output power. This

phenomenon was initially hypothesized to be thermal rollover, as per the thermal model

described in Chapter 6, which predicted a temperature of approximately 100 �C under a heat

load of 49 W (equivalent to 73 W of absorbed pump power). In addition, as the maximum

output power of the H-MECSEL significantly decreases from free-running operation at 1178 nm

to linewidth-narrowed operation at 589 nm, this reduction in laser output extraction leads to

increased heat generation. Consequently, the actual temperature may higher than predicted by

the thermal model.

However, the laser with similar experimental setups did not exhibit thermal rollover even

at higher pump powers, as shown in Fig. 8.8 (a). At 1178 nm, the linewidth narrowed H-

MECSEL produced 6.9 W more output power with an additional 11.6 W of absorbed pump

power compared to 589 nm operation, which is an extra 4.7 W of heat in the gain chip at

1178 nm operation but there was no thermal rollover. This disparity suggests that the observed

decline in 589 nm output may stem from an excessively high nonlinear conversion efficiency

rather than thermal effects. For the conversion efficiency calculations, an intracavity power of

200 W at 1178 nm was presumed, which established the optimal cavity beam size in the LBO

crystal. However, the actual intracavity power, post-linewidth narrowing with BRF and FP

etalon, reached 712 W, corresponding to a 12% conversion efficiency for a 30 mm long LBO

crystal at maximum pump power. The exponential increase in nonlinear conversion efficiency

with the intensity of the fundamental wavelength implies that when the conversion efficiency

surpasses the optimal output coupling efficiency of the laser, the output power may decrease

as pump power increases. The intracavity beam size in the LBO crystal needs to be altered to

control the nonlinear conversion process to avoid efficiency losses at high pump powers.

The resolution of the Ocean Optics HR4000 (4C4754) spectrometer, at 0.26 nm (correspond-

ing to 225 GHz at 589 nm), was insufficient for the precise linewidth measurement required for
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LGS applications. Consequently, a commercial scanning Fabry-Pérot interferometer (SFPI),

with a FSR of 1 GHz and a resolution of 2.5 MHz, was employed to obtain a more accurate

determination of the spectral linewidth. The linewidth (FWHM) of the 10.3 W output at 589 nm

was measured to be 7 MHz, confirming single longitudinal mode operation, as depicted in

Fig. 8.12. The experiment successfully demonstrated over 10 W of linewidth-narrowed, single

longitudinal TEM00 transverse mode laser output at 589.2 nm. This achievement marks a

significant milestone towards meeting the spectral requirements of LGS applications. However,

active frequency stabilization remains the final technical challenge to address before the system

is ready for deployment in on-sky testing at an observatory.

Fabry-Perot ∆νFSR

FWHM=7 MHz

Fig. 8.12 The linewidth (FWHM) of the 589 nm output was measured to be 7 MHz using a SFPI
with FSR of 1 GHz.
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8.6 Conclusion

The experimental investigations presented in this chapter detailed the wavelength tuning and

linewidth narrowing with intracavity BRF and FP etalon for H-MECSEL setup. This H-

MECSEL assembly was mounted on a breadboard incorporating pump optics, the laser cavity,

the multi-pass pumping structure, and a frequency reference, preparing the system for obser-

vatory deployment. Wavelength tuning and linewidth narrowing were achieved using a 4 mm

thick quartz BRF and a 100 µm thick YAG etalon, culminating in a single longitudinal mode

output of 17.8 W at 1178 nm. Subsequently, a 30-mm long type I non-critical phase matching

LBO crystal was integrated within the laser cavity, set to an optimal temperature of 41.66 �C,

which supported the generation of 10.3 W at 589.2 nm with a TEM00 transverse mode and

single longitudinal mode. A scanning Fabry-Pérot interferometer measured the laser output

linewidth at 7 MHz (FWHM). This system thus achieved all design specifications calculated in

Chapter 1, except for laser frequency stabilization as the last piece of the puzzle, which will be

the focus of the subsequent chapter.
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Chapter 9

Laser Frequency Stabilization

Ensuring the laser output wavelength aligns with the sodium D2 transition is essential to

optimize sodium atom absorption and maximize the detection of backscattered photons by

ground-based telescopes. If the laser output frequency deviates significantly from the absorption

peak of sodium atoms, the H-MECSEL setup detailed in previous chapters may not generate an

artificial beacon with adequate fluorescence for LGS applications. This chapter introduces the

fundamentals of laser frequency stabilization, followed by discussions on frequency reference

preparation, error signal generation, and feedback implementation. Finally, preliminary experi-

mental results will be presented before the conclusion of this chapter. Part of the experimental

results in this chapter were reported at the SPIE Photonics West Conference [76], but they have

not yet been published in a peer-reviewed journal.

9.1 Laser Frequency Stabilization Fundamentals

Frequency stabilization encompasses four essential components: A laser that is incident on

a frequency reference, creating a signal to be analyzed by a frequency discriminator, and a
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Fig. 9.1 Schematic diagram of a laser frequency stabilization system.

feedback mechanism to reduce wavelength deviations [144] as illustrated in Fig. 9.1. Typically,

the frequency reference is a reference cavity or an atomic transition line that aligns with the

desired frequency to which the laser is intended to be synchronized. The frequency discriminator

facilitates a comparison between the wavelength of the laser output and the desired wavelength,

transforming the optical signal from the laser beam into an electrical signal compatible with

the feedback loop. The feedback mechanism uses this error signal, with various methods of

feedback control being employed to accurately adjust the laser wavelength.

The frequency reference may be provided by a wavemeter, which also supplies the error

signal. This method is currently used by some commercial vendors of LGS systems, is

straightforward and operates at a repetition rate around 1 kHz, which is a typical requirement for

AO systems. However, the implementation requires an expensive wavemeter to have a 10 MHz

level resolution at the D2a transition of sodium atoms. Operation at the repetition rate in kHz

level is necessary for real-time aberration correction, implying that the wavemeter must also

function at this speed. Only a few wavemeters can meet both requirements simultaneously, and

they are all cost-prohibitive. Alternatively, a stable reference cavity can serve as the frequency
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9.1 Laser Frequency Stabilization Fundamentals

reference, with the signal (after frequency reference) detection facilitating the generation of

a discriminant signal. Lastly, a sodium vapor cell can be employed as a frequency reference,

utilizing its wavelength-specific absorption features. The transmitted signal can be detected by

a photodiode and used to generate the discriminant signal. The later implementation will be

explored in this chapter.

The Pound-Drever-Hall (PDH) method [145] is a widely used technique for laser frequency

stabilization. Locking to the peak is typically challenging, a sideband on the side of the peak

is necessary for locking. The PDH method employs an electro-optic modulator to generate

two sidebands near the laser wavelength outside the laser cavity bandwidth, to facilitate the

locking process. Zero error signal can be achieved at the locking point, and the error signal has

a non-zero slope with opposite signs on either side of the locking point, indicating the direction

of the feedback needed for stabilization. The PDH method can achieve sub-Hertz levels of

laser frequency stabilization [146]. However, the equipment required for this technique, along

with the necessity for external frequency modulation, renders this method less favorable for our

experiment.

Dither locking [147] presents a simpler alternative to the PDH method. Although it may

be less sensitive and have a narrower locking range, these limitations do not pose significant

concerns in light of our system’s stabilization requirements. The implementation of the dither

locking method is particularly suited for future updates to the system, as the components

required for laser frequency sweeping are already integrated into this frequency stabilization

system. Consequently, there is no need to add additional components, making it a preferred

choice for future systems where dynamic wavelength shifts may be employed to avoid saturating

the absorption of atmospheric sodium. To construct a dither locking system for the experiment,

a PZT was attached to the rear of one laser cavity mirror to modulate the laser frequency. By

applying varying voltages to the PZT, its thickness undergoes changes, resulting in adjustments
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9.1 Laser Frequency Stabilization Fundamentals

to the length of the laser cavity, and the laser wavelength correspondingly adjusts. A sodium

vapor cell was utilized as the frequency reference due to its frequency-sensitive absorption

characteristics.

For dither locking, the laser frequency w is modulated at the dither frequency wd, it is

modulated by Dw . The frequency reference exhibits a Gaussian-shaped absorption spectrum

in Fig. 9.2 (a). This Gaussian shape is assumed to account for Doppler broadening, which

inherently follows a Gaussian distribution. However, if only the natural broadening due to the

finite lifetime of the excited state of the atom is considered, the absorption spectrum would

instead exhibit a Lorentzian shape. When the laser frequency is modulated at various parts of

this absorption spectrum, the same frequency change Dw results in different amplitude changes

DA. With the same frequency modulation, the amplitude change DA observed on the slope of

the absorption spectrum is significantly larger than that at the absorption peak. This variation in

amplitude response is due to the steeper gradient of the absorption profile on the slope compared

to the relatively flat peak, which affects the sensitivity of the detection system to frequency

changes. In addition, if the laser frequency is modulated solely on the slope of the absorption

spectrum, the resulting signal modulation frequency is wd. Conversely, if the laser frequency

modulates around the peak of the absorption spectrum, the signal modulation frequency doubles

to 2wd. A photodiode was employed to detect the transmitted laser light, converting the optical

signal into an electrical signal. This detected signal was then routed to a lock-in amplifier for

phase-sensitive detection.

The generated error signal is depicted in Fig. 9.2 (b), which shares the same x-axis as

Fig. 9.2 (a). Three red lines connect these two figures, demonstrating that at the peak of the

absorption position, the error signal reaches zero with a non-zero slope, exhibiting error signals

of opposite signs on either side of the peak. Additionally, the peaks and valleys of the error

signal occur where the gradient of the absorption slope is maximal, defining the effective

164



9.1 Laser Frequency Stabilization Fundamentals

Frequency

Er
ro

r S
ig

na
l

A
bs

or
pt

io
n

∆" ∆"

∆#

∆#

(a)

(b)

Fig. 9.2 (a) Absorption versus frequency for an atomic frequency reference. (b) Error signal
generated from the frequency reference.
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9.1 Laser Frequency Stabilization Fundamentals

locking range. The shape of the generated error signal corresponds to the derivative of the

absorption curve of the frequency reference.

To generate the desired error signal as illustrated in Fig. 9.2 (b), the measured optical signal,

characterized by frequency wsig, phase q sig, and amplitude Asig, is expressed as:

S(t) = Asigsin(wsigt +q sig), (9.1)

which represents the absorption feature of the frequency reference. This signal will be sent to a

lock-in amplifier for phase-sensitive measurement. The lock-in amplifier utilizes a reference

sine signal, which is defined by frequency w ref, phase q ref, and amplitude Aref, and can be

written as:

R(t) = Arefsin(w reft +q ref). (9.2)

This setup enables the lock-in amplifier to detect the phase and amplitude differences between

S(t) and R(t), thus facilitating the extraction of the error signal. The multiplication of the two

signals S(t) and R(t) yields an output signal V out(t):

V out(t) = S(t)⇥R(t), (9.3)

where the AC terms are filtered out by a low-pass filter, leaving a non-zero DC component only

when wsig = w ref. This condition simplifies the equation to:

V out(t) =
AsigAref

2
cos(q sig �q ref), (9.4)
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9.2 Frequency Reference

Through the manipulation of the phase delay of the reference signal, the resultant output can be

effectively simplified to:

V out(t) =
AsigAref

2
,

where Aref remains constant, as determined by the lock-in amplifier’s settings, and Asig is

contingent upon the laser’s output frequency, correlating with the slope of the absorption

spectrum of the frequency reference. This setup ensures that the generated error signal is

proportionate to the derivative of the absorption spectrum.

The generated error signal e(t) =V out(t) is subsequently directed to a proportional-integral-

derivative (PID) controller [148], which produced a feedback signal to the PZT, thereby con-

trolling the laser frequency. The control signal generated by the PID controller, u(e, t), can be

expressed as [149]:

u(e, t) = Kpe(t)+Ki

Z
e(t)dt +Kd

de(t)
dt

,

where Kp, Ki, and Kd represent the proportional, integral, and derivative gains, respectively.

This formulation allows the controller to adjust the control signal based on the current error, the

accumulated past errors, and the rate of change of the error, facilitating effective stabilization

of the system [149]. In this dissertation project, a proportional-integral (PI) controller was

utilized, as only low-frequency noise was present. The derivative component for correcting

high-frequency noise was therefore omitted.

9.2 Frequency Reference

The preparation of the frequency reference is the initial step in constructing the laser frequency

stabilization system. For on-sky operation of a deployed LGS, the laser power is utilized to

interact with a 10 km thick sodium layer. In contrast, only a milliwatt-level yellow leakage
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9.2 Frequency Reference

is employed with a 2-inch long sodium vapor cell for stabilization, while the bulk of the

yellow output power is dedicated to creating the LGS. As a result, the sodium vapor cell

must be controlled to generate a sufficient laser frequency-related discriminant for error signal

generation.

All atoms are continuously in motion, and the varying velocities of these atoms lead to dif-

ferent Doppler shifts. This phenomenon results in an effect known as Doppler broadening [150].

The root mean square (RMS) width of this broadening, denoted as d D, can be expressed as:

d D = n0

r
kBT
Mc2 , (9.5)

where n0 represents the center resonance fluorescence frequency, kB is the Boltzmann constant,

T denotes the temperature in Kelvin, M is the atomic mass, and c is the speed of light. This

equation quantifies the effect of thermal motion on the spectral linewidth due to Doppler

broadening. For interested sodium atoms, at room temperature (300 K), this broadening is

approximately 567 MHz. If the sodium atoms are heated to 400 K, the broadening increases to

655 MHz. Conversely, for atoms within the mesospheric sodium layer at a reduced temperature

of ⇠200 K [40], the Doppler broadening is reduced to 463 MHz.

The backscattering mechanism for sodium atoms operates as follows: atoms transition to

a higher energy level upon absorbing incident photons. This higher energy state is unstable

and characterized by a short effective lifetime, typically on the order of tens of nanoseconds.

Subsequently, the excited atoms return to their original energy level, simultaneously scattering

resonance fluorescence photons. This process, in which all absorbed photons are eventually

scattered, is known as resonance fluorescence scattering [151]. The probability of an incident

photon being absorbed by sodium atoms is described by the absorption cross-section. The peak
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Table 9.1 Parameters for sodium D2 line.

Hyperfine Number 2S 1
2

2P3
2

Offset (GHz) Relative Strength ( f i)

D2a 1 F=2 F=1 -0.7150 1/32
D2a 2 F=2 F=2 -0.6806 5/32
D2a 3 F=2 F=3 -0.6216 14/32
D2b 4 F=1 F=0 -1.0408 2/32
D2b 5 F=1 F=1 -1.0566 5/32
D2b 6 F=1 F=2 -1.0911 5/32

value of the absorption cross-section can be calculated using the following equation [152]:

speak =
1p
2p

e2

4e0mecd D
f , (9.6)

here, e represents the electron charge, e0 denotes the vacuum permittivity, me is the electron

mass, dD refers to the Doppler broadening, and f is the oscillator strength associated with the

sodium atoms. The frequency-dependent absorption cross-section can be expressed as follows:

s(n) = speak exp
✓
�(n �n0)2

2d D2

◆
, (9.7)

where n is the frequency of the incident light, and n0 is the center resonance frequency.

For sodium atoms, the center resonance frequency (n0) is 509.2 THz, the atomic mass is

3.705⇥10�26 kg, and the oscillator strength ( f ) is 0.6408 [153].

For the sodium D2 line, there are six hyperfine transitions, the parameters of which are

detailed in Table 9.1 [152, 154]. This table includes the hyperfine number, initial hyperfine

states in 2S 1
2
, final hyperfine states in 2P3

2
, the frequency offset relative to the central frequency,

and the relative line strength for each transition.

The total absorption cross-section of sodium is determined by summing the absorption

cross-sections of each individual transition line within the hyperfine structure. This relationship
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Fig. 9.3 The total absorption cross-section of sodium with the individual hyperfine transition
lines at 200 K.

is expressed as [152]:

sNa(n) =
6

Â
i=1

f is i(n), (9.8)

where f i represents the relative line strength and s i(n) denotes the absorption cross-section for

the i-th hyperfine transition line.

The total cross-section of sodium at 200 K (sodium layer temperature [40]), encompassing

the individual hyperfine transition lines, is depicted in Fig. 9.3. This graphical representation

illustrates the contribution of each transition line to the overall absorption profile. Using the

Beer-Lambert law, the absorption coefficient of a sodium cell can be expressed as follows:

aNa =� 1
zNa

ln
✓

P(zNa)

P0

◆
=� 1

zNa
ln(T Na), (9.9)
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9.2 Frequency Reference

where zNa represents the thickness of the sodium gas cell, and P0 and P(zNa) are the powers of

the laser beam before entering and after passing through the cell, respectively, and T Na refers to

the transmittance of the sodium cell. The absorption coefficient aNa can be directly related to

the absorption cross section sNa through the number density NNa of sodium atoms, as follows:

aNa = sNaNNa. (9.10)

The temperature-dependent number density of alkali metals, such as sodium, can be ex-

pressed as follows [155]:

NNa(T ) = N0
Na

T0

T
eb

⇣
1� T0

T

⌘

, (9.11)

where N0
Na is the reference number density at reference temperature, T0, and b is a parameter that

characterizes the temperature sensitivity of the number density. For sodium, these parameters

are given as N0
Na = 108 cm�3, T0 = 336.79K, and b = 38.306 [155]. The transmission through

a 2-inch long sodium cell at various temperatures is shown Fig. 9.4. This plot demonstrates

that the absorption decreases significantly as the cell temperature is reduced, with negligible

frequency-related absorption changes observed below 360 K. It is imperative to heat the sodium

cell adequately to generate a sufficient frequency-related discriminant signal, which is essential

for the system to produce a clear error signal. The sodium cell was housed within a homemade

cell, with a maximum achievable temperature of 405 K due to the limited heating power of the

cell. Despite this limitation, the temperature is sufficient to induce appreciable frequency-related

transmission changes within the sodium cell.

Saturated absorption spectroscopy (SAS, also known as Lamb dip spectroscopy) is a method

for generating Doppler-free signals [156], offering a sharper change in the transmitted signal

within a confined dither frequency range. In the SAS technique, two laser beams—commonly

designated as the pump and probe beams—are directed through a vapor cell in opposite direction.
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Fig. 9.4 Temperature related transmission of a 2-inch long sodium cell.

The pump beam’s intensity is sufficient to saturate the absorption of specific atomic transitions,

while the probe beam is employed to measure the resulting absorption. Saturation induced

by the pump beam alters the population distribution across energy levels, thereby reducing

the absorption features detectable by the probe beam on atoms with minimal velocity along

the probe beams’ direction. This reduction yields narrow, Doppler-free peaks that stand out

against the Doppler-broadened background typical of standard absorption spectroscopy. Using

a SAS setup, researchers reported Doppler-free spectroscopy of the Na D2 line as shown in

Fig. 9.5 [157]. The author’s experiment aimed to replicate these results.

The experimental setup for SAS is depicted in Fig. 9.6. The linearly polarized laser light first

passes through a half-wave plate (HWP), which adjusts its polarization. The light then encoun-

ters a polarizing beam splitter (PBS), where part of it is reflected towards photodiode 1 (PD1).

This photodiode functions as a reference detector to monitor output power and compensate for
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Fig. 9.5 Doppler free spectroscopy results of Na D2 line [157]. The solid line is the experimental
result with laser intensity of 5 mW/cm2, and the dash line is the simulation result with laser
intensity of 4.8 mW/cm2.

any power fluctuations. The transmitted light from the PBS is modified by a quarter-wave plate

(QWP) that converts its polarization from linear to circular before it passes through a sodium

cell heated to 405 K, which absorbs approximately 80% of the incident light at the absorption

peak of sodium D2a. After the sodium cell, the beam passes through a neutral density (ND)

filter, which further modulates the intensity difference between the pump and probe beams.

The now weakened pump beam is directed onto a HR mirror, which not only reflects but also

reverses the polarization from left-hand to right-hand, transforming it into the probe beam. This

probe beam is then further attenuated by the ND filter as it retraces its path through the sodium

cell.

Upon exiting the cell, the QWP converts the probe beam’s polarization back to linear but

perpendicular to the input beam polarization. The linearly polarized probe beam is subsequently

reflected by the PBS towards photodiode 2 (PD2), which detects the transmitted signal. Through-
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Fig. 9.6 Schematic diagram of SAS setup for LGS frequency reference generation. The pump
and probe beams are shown separately for clarity, though they need to be overlapped in the
experiment.

out the experiment, fine adjustments are made to the QWP to maximize the detected signal at

PD2, and the HWP is tuned to ensure that the signals at PD1 and PD2 are balanced, allowing

for the effective removal of intensity fluctuations by subtracting the two signals. Components

typically involved in managing beam size and preventing detector saturation or beam clipping,

such as telescopic systems, attenuator rings, and lenses, are omitted from the schematic to

present a clear and concise conceptual understanding.

In the experiment, a laser beam with a diameter of 3 mm and a power of 0.4 mW was

directed into the sodium cell, resulting in an intensity of 6 mW/cm2. This intensity is close

to the theoretically calculated steady-state saturation intensity of 6.26 mW/cm2 for circularly

polarized light on the sodium D2 line [33]. An ND=0.3 filter was applied to the probe beam,

reducing its power to approximately 10% of the pump beam accounting for the absorption by

the sodium cell. The spectroscopic outcomes of the SAS experiment are depicted in Fig. 9.7,

with (a) displaying repeated scan results and (b) offering a detailed view within the 300 MHz
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59.0 MHz
34.4 MHz

(a)

(b)

Fig. 9.7 (a) A complete scan cycle in a SAS experiment, with the red curve indicating the
scanning signal and the blue curve representing the normalized transmission detected by
photodiodes. (b) Detailed view of the frequency range from 300 MHz to 600 MHz.
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to 600 MHz frequency range. In this setup, a sine wave signal from a function generator,

represented by the red curve in Fig. 9.7 (a), was applied to a PZT attached to the back of a

cavity mirror. This signal modulated the cavity length, enabling a complete scan of the cavity

from its peak expansion through to its minimal point—set as the 0 GHz frequency offset—and

back to the maximum. This scan cycle produced a symmetrical response in the scanning signal

at points equidistant from the minimum, suggesting that the cavity length—and consequently

the laser output frequency—was also symmetrically modulated.

The blue lines in the graph represent normalized transmission signals detected by photodi-

odes, demonstrating that the scanning results are symmetric around the minimum point of the

scan. Three hyperfine transition peaks, symmetric about the zero-frequency offset, are evident

on both sides of the scan. A closer inspection of the zoom-in section in Fig. 9.7 (b) reveals that

the separation between these transitions corresponds to 34.4 MHz and 59 MHz, respectively.

As detailed in Table 9.1, the relative strengths of these transitions are 1/32, 5/32, and 14/32.

This ratio explains why the first peak is almost indiscernible and the final peak is markedly

pronounced.

9.3 Feedback Mechanism

In the laser frequency stabilization experiment, a similar setup that previously achieved 10 W

of yellow output at 589 nm was utilized, as depicted in the CAD drawing shown in Fig. 9.8.

This configuration employed a V-cavity layout incorporating an H-MECSEL sample coupled

with a multi-pass structure that included an aspheric lens and two plane mirrors mounted on a

dedicated small breadboard. For wavelength stabilization and linewidth narrowing, the system

integrated a 4 mm thick quartz BRF and a 100 µm thick YAG etalon, with the etalon temperature

control via a ring heater attached to the etalon mount. The LBO crystal AR coated for 1178 nm
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Fig. 9.8 H-MECSEL setup was used for laser frequency stabilization experiment.

and 589 nm on both facets is 20 mm in length and was positioned near the plane cavity end

mirror inside a homemade cell, which was omitted in the schematic for clarity. The cavity end

mirror was specially coated for high reflectance at both 1178 nm and 589 nm, while the 500 mm

radius of curvature folding mirror was HR coated at 1178 nm and AR coated at 589 nm.

Most of the yellow light was directed out of the cavity via this 589 nm AR coated folding

mirror, although some remained within the cavity. This remnant yellow light was redirected

toward the sodium cell after a second reflection by the H-MECSEL sample and transmitted

through the folding mirror. The leakage light was still too intense for direct application in the

SAS setup and required attenuation before use for measuring frequency-related transmission

signals. Additionally, a PZT was affixed to the back of the cavity end mirror for fine-tuning

the laser wavelength, complemented by a 3-axis PZT system on the folding mirror mount that

provided a broader wavelength tuning range due to its positioning behind a curved mirror. The

entire system underwent a rebuild due to a catastrophic failure of the pump laser, which was

then replaced with another pump laser of the same model. This updated setup was capable of

producing up to 6.6 W of yellow light at 589 nm with 5 MHz linewidth (FWHM), which is still

adequate for demonstrating frequency stabilization capabilities for watt-level LGS.
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Fig. 9.9 Schematic diagram of laser frequency stabilization system for the H-MECSEL devel-
oped in the course of this dissertation research.

The schematic diagram of the laser frequency stabilization system is illustrated in Fig. 9.9.

This diagram outlines the optical and electrical signal paths used in the experiment. Optical

signals are represented by yellow lines and arrows, while electrical signals are denoted by black

lines and arrows. Initially, the yellow leakage from the laser is attenuated by a ND filter, and a

portion of this attenuated beam is directed into a scanning Fabry-Perot interferometer (SFPI)

for measuring the laser linewidth. The remainder of the beam first passes through a HWP,

after which a fraction of it is reflected towards PD1 to monitor laser power fluctuations. As

mentioned in the previous section, the signal that passes through the HWP is then sent through

a SAS setup before detected by PD2. The difference in signals from PD1 and PD2 is used to

create a laser power fluctuation-free input for the lock-in amplifier. The generated error signal is

then routed to a servo controller. The controller functions effectively as a PI controller, omitting
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the differential component, which is deemed unnecessary for correcting low frequency noise in

this specific experiment.

The feedback signal produced by the servo controller is combined with a dither signal

from the reference channel of the lock-in amplifier using a summing amplifier. This combined

signal is subsequently fed into a PZT attached to the back of the cavity end mirror for both

dither and feedback control of the laser frequency. Additionally, an external PZT controller

connected to the mount of the folding mirror allows for 3-axis control, enabling fine tuning of

the laser wavelength to optimally align with the absorption peak of the sodium D2a transition.

A function generator connected to this PZT system facilitates frequency sweeping, enabling

precise identification of the transmitted signal patterns necessary for locating the exact laser

wavelength.

Before configuring the parameters for the frequency stabilization system, it was imperative

to identify the sources of noise present in this complex optomechanical system. The optical

table was floated to minimize vibrations, and potential external noise sources, such as vacuum

pumps in the lab, were isolated from the system to prevent interference. For precise noise

analysis, the signal input for the lock-in amplifier was monitored by an oscilloscope, and a fast

Fourier transform (FFT) function was employed to conduct a frequency domain analysis. A

typical result of this analysis is shown in Fig. 9.10, which highlights pronounced noise occurring

from 200 Hz to 400 Hz, accompanied by low-frequency noise. The peak at 1026 Hz is the

applied dither frequency utilized in this noise identification experiment. The low-frequency

noise (<1 Hz) was suspected to be linked variations over hours due to slower temperature

changes in the environment or long-term heating effects within the laser system. However, the

measurement system’s sensitivity does not extend to such low frequencies.

The noise occurring at a few hundred Hertz could originate from multiple sources. One

potential source is the mechanical vibrations within the system; however, finding better vibration-
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Fig. 9.10 FFT result for precise noise source identification, 1026 Hz was used as dither frequency
for this measurement.

resistant alternatives based on the parts currently stored in the lab proved challenging. Noise

could also emanate from the power supply, with limited options available to effectively filter

them out within the lab setting. Additionally, the HVAC system in the lab, despite efforts to

mitigate its impact by constructing a protective box around the laser, might still contribute to

the noise. The most suspected source of noise, however, was the water flow from the chiller,

which routes cooling water to the copper cooling mount of the H-MECSEL sample. This

component is slated for future upgrades to reduce noise. Given the equipment available, both

the low-frequency noise and the noise at several hundred Hertz need to be suppressed by the

frequency stabilization system to ensure its effective operation.

The performance of the ring piezoelectric transducer located near the end mirror, as well

as the PZT mirror mount, was evaluated to determine their respective frequency sweeping
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Fig. 9.11 Amplitude and phase change for the ring PZT with increase of dither frequency.

capabilities. To facilitate a comprehensive evaluation for the PZTs for their frequency related

performance, a LabVIEW script was developed by the author to automate the experimental

procedures through control of the lock-in amplifier. This script was designed to adjust the dither

frequency applied to the PZT and to capture corresponding amplitude and phase information

across a frequency range extending from 100 Hz to 100 kHz.

The experimental results for the ring PZT positioned on the back of the cavity mirror are

presented in Fig. 9.11, which captures both the amplitude and phase responses of the system

across a range of frequency inputs. The figure is divided into two subfigures that have the same

frequency range from 100 Hz to 100 kHz, displayed on a logarithmic scale. The amplitude
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changes are denoted in decibels (dB), while the phase changes are measured in degrees. Analysis

of the data reveals a continuous and gradual decrease in the response amplitude as the dither

frequency increases. Additionally, the results show a slow but steady phase shift with increasing

dither frequency. Within the 200 Hz to 400 Hz range—where noise correction is most urgently

needed for achieving reasonably fast stabilization—the phase shift remains modest, with only

a 10-degree difference observed. This relatively stable phase response within the targeted

frequency range indicates that this PZT is well-suited for noise correction tasks.

A similar experiment was conducted using the PZT mirror mount, with the results presented

in Fig. 9.12. In contrast to the smoother amplitude response observed with the ring PZT,

the amplitude changes for the PZT mirror mount exhibited some fluctuations, characterized

by increases and decreases as the dither frequency increased. However, these variations

were generally moderate and deemed acceptable. Regarding the phase response, the mirror

mount showed significant limitations. Beyond 1 kHz, the device exhibited numerous abrupt

phase changes, indicating phase wrapping around 0 and 360 degrees. Even after unwrapping

these changes, the rapid phase transitions rendered the device unsuitable for high-frequency

applications. Most critically, within the frequency range of 200 Hz to 400 Hz—where noise

correction is crucial—the phase shift reached a maximum of 114 degrees. This phase lag limits

the bandwidth of the servo loop and prevents effective noise correction in the most critical

frequency range.

Based on the performance tests of the PZTs, it was concluded that both the dither signal

and the feedback signal should be directed to the ring PZT located near the cavity end mirror.

And since the maximum scanning range of the PZT mount is larger than the ring PZT, the PZT

mirror mount will be designated for frequency sweeping at frequencies below 100 Hz. This

decision leverages the large frequency tuning range, making it particularly suited for fine-tuning

the laser frequency before start the laser frequency stabilization. The objective is to center the

182



9.3 Feedback Mechanism

10
2

10
3

10
4

10
5

-100

-80

-60

-40

-20

0

10
2

10
3

10
4

10
5

-350

-300

-250

-200

-150

-100

-50

0

Fig. 9.12 Amplitude and phase change for the PZT mirror mount with increase of dither
frequency.

laser frequency at the sodium D2a transition absorption peak, which is near the Doppler-free

Lamb dips. Once the frequency stabilization process begins, the mirror mount PZT will not be

adjusted or involved further. This ensures that the initial tuning provided by the mirror mount

PZT remains stable and undisturbed.

The normalized transmission (blue curve) and the generated error signal (red curve) for

scanning through the sodium D2 line are displayed in Fig. 9.13. The black dash line indicates

the scanning sinusoidal signal applied to the PZT. Throughout the entire scan cycle, the figure

displays the Doppler-free transitions in sodium D2a, D2b, and the crossover resonance. The x-
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D2a D2a

D2bD2b

Crossover Crossover

Fig. 9.13 The normalized transmission (blue), the generated error signal (red) for scanning
through Doppler-free peaks within the sodium D2 line, and the scanning signal applied to the
PZT (black).

axis of this figure represents frequency offset, calibrated by the frequency difference 1.772 GHz

between D2a and D2b [154]. For this calibration, a linear relationship was assumed. However,

because the PZT does not respond well to triangle signal, a sinusoidal signal was used in the

experiment. This resulted in inaccuracies in the calibrated x-axis near the peaks and troughs of

the scan signal.

The y-axes are designated for different purposes: the left y-axis measures the normalized

transmitted signal, while the right y-axis corresponds to the error signal. This figure demon-

strates that the error signal performs as expected; it mirrors the derivative of the transmitted

signal. At the peak of the transmitted signal, the error signal crosses zero and exhibits opposite

signs on either side, indicating the direction for necessary corrections. The error signal’s nearly

linear slope from the peak to the valley delineates the range within which the laser frequency
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should ideally be locked. This range is around the linewidth (FWHM) of the Doppler-free peak

targeted within the sodium D2a transition. Given the additional data from Fig. 9.7, where three

hyperfine transition peaks are identifiable, the dither range during the experiment should be

confined to less than 5 MHz considering the linewidth of the laser itself. From the experimental

results, it has been determined that for the planned implementation of a 10 kHz dither frequency,

the dither range, denoted as Dndither, can be approximately related to the input voltage amplitude

of the dither signal, V dither, through the relationship Dndither ⇡ aditherV dither. Here, adither is the

proportionality constant derived from experimental fitting, calculated to be 10.38MHz/V.

To optimize the dithering process while ensuring effective error signal generation, a dither

signal amplitude of 100 mV was selected. This amplitude is sufficiently robust to produce a

discernible error signal for frequency stabilization. In pursuit of refining the dither locking

outcomes, several key parameters were systematically evaluated and adjusted to enhance system

performance. One parameter adjusted was the lowpass filter time constant that filters out the

second harmonic and higher harmonics, which was set to 100 µs with an 18 dB/octave roll-off

on the Stanford Research Systems SR830 DSP lock-in amplifier. Additionally, the sensitivity

was configured to 100 mV, and high reserve mode was enabled to optimize the amplifier’s

response to signal variations. Furthermore, on the New Focus LB1005 servo controller, the PI

corner frequency was set at 1 kHz. This setting is for balancing long-term error correction with

immediate error response capabilities. The PI corner frequency serves to delineate the crossover

point in the control system where the proportional component is dominant at higher frequencies,

while the integral component becomes more significant at lower frequencies. Additionally, the

low-frequency gain limit on the servo controller was set to 50 dB, representing the gain limit

for low frequencies as measured from the proportional gain value. The integrator is turned off

for frequencies lower than the corresponding 3-dB corner frequency, making this mode useful

for acquiring lock and situations where limiting the DC gain is necessary. This gain limit is
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disabled when switching to "Lock On." In the experiment, the gain limit was used to search

for the best parameters for the locking system, but the data were collected with the "Lock On"

setting, where no low-frequency gain limit is applied. The gain was adjusted to -25 dB (2.5 on

the dial).

9.4 System Stabilization Results

Using the setup and parameters outlined in the previous section, the laser stabilization process

was conducted with the main laser output set at 1.3 W to demonstrate watt-level stabilization.

For this demonstration, a Thorlabs OSA 203B OSA was employed to measure the 1178 nm

fundamental wavelength. This measurement involved capturing some of the light leakage after it

passed through the laser cavity end mirror, facilitated by a long-pass filter. The wavelength data

was recorded by the OSA at a rate of one data point per second. Such a slow measurement rate

can degrade the resolution of the wavelength measurement if there are any power fluctuations

within this one-second period. Simultaneously, both the transmitted signal from the SAS setup

and the error signal output from the lock-in amplifier were monitored using an oscilloscope.

The error signal before and after activating the locking mechanism on the servo controller

is detailed in Fig. 9.14, where a red dashed line marks the moment the switch is engaged,

initiating the laser wavelength stabilization. Prior to activation, the error signal exhibits large

fluctuations characteristic of the laser operating in free-running mode. This instability results in

significant deviations from the desired frequency, as the system lacks any corrective feedback

to maintain the laser at a steady state. Upon engaging the locking switch, there is a noticeable

and immediate reduction in the magnitude of the error signal, which stabilizes to a value close

to zero. This dramatic improvement signifies that the servo controller’s locking mechanism

stabilizes the laser frequency to a Doppler-free peak within the sodium D2a transition.
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Lock on

Free Running Stabilized

Fig. 9.14 The error signal behavior before and after activating the locking mechanism, where a
red dashed line marks the moment the switch is engaged to initiate the lock.

The FFT analysis was employed to delve deeper into the noise cancellation capabilities of

the system. Figure 9.15 offers a comparison to earlier noise profile visualizations like those

shown in Fig. 9.10, with both axes displayed on a logarithmic scale. On this graph, the x-axis

delineates frequency, while the y-axis indicates the normalized amplitude, using the DC noise

level from the laser’s free-running operation as the reference point. In this analysis, the red

trace represents the laser in free-running mode, and the blue trace shows the laser’s behavior

when the stabilization system is engaged. The analysis clearly demonstrates that low-frequency

noise is drastically reduced, diminishing by more than three orders of magnitude. Also the

noise around 200 Hz—a primary target for mitigation—shows a significant reduction.

The system’s ability to maintain laser frequency stabilization using a sodium reference over

an hour was demonstrated, as shown in Fig. 9.16. In this figure, the free-running operation of
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Fig. 9.15 Noise cancellation analysis of the system between free running (red) and stabilized
operation (blue).

the laser is represented by a red trace, while the stabilized operation is depicted in blue. The

x-axis of the graph measures time in minutes, and the y-axis indicates the frequency offset from

the sodium reference in MHz. To generate this plot, the value of the fundamental wavelength

was first converted to optical frequency. The frequency offset was then calculated by subtracting

this optical frequency from half of the optical reference frequency. The observed behavior of the

free-running laser operation, as depicted in Fig. 9.16, reveals a slow drift with occasional mode

hops, which is suspected to be caused by a slow thermal drift within the system. This drift leads

to frequency variations that cause the laser to hop after reaching the maximum allowable optical

frequency shifts. From the graph, it is evident that the hopping-free range spans approximately

800 MHz. This range exceeds the laser’s longitudinal mode spacing of 170 MHz, which was

calculated based on a cavity length of 0.88 m. The inset within the figure provides a detailed
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Fig. 9.16 Long term frequency offset from 254.4237 THz (1178.3197 nm) measurement for free
running (red) and stabilized (blue) conditions.

view of the y-axis, ranging from -100 MHz to 100 MHz. This closer look demonstrates that once

the stabilization system is engaged, the laser frequency is tightly maintained within this much

narrower range. However, the precision of the measurement is constrained by the resolution

of the measuring device, which has a resolution of 0.1 parts per million (ppm). This level of

resolution translates to approximately 25.5 MHz at a wavelength of 1178 nm. Additionally, the

absence of power stabilization equipment, such as a noise eater, before the input of the OSA

further complicates the measurement. Power fluctuations in the timescale within a single sweep

of the Fourier transform infrared spectroscopy-based OSA can introduce excess noise to the

short timescale wavelength measurement, and degrade the effective resolution.

The square root of Allan variance, or Allan deviation, is a statistical measure commonly

used to analyze the stability of frequencies over time [158]. Initially developed to quantify
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the frequency stability of precision oscillators, including atomic clocks, quartz oscillators, and

other high-stability frequency sources, it has also become a powerful tool in laser physics

for evaluating the temporal stability of a laser’s frequency [159]. For the calculation of Allan

deviation, the sampling interval t starts with the sampling period of 1.04 s used in the experiment

as the minimum sampling interval. The interval t is then increased gradually to the maximum

duration for which sufficient experimental data are available for reliable calculation. For the

stabilized laser operation, the maximum tmax was set to 533 s, while for the free-running case,

tmax was limited to 266 s. This limitation for the free-running case arises because only the

data from periods without mode hopping are considered reliable for stability analysis. The

calculation process involves averaging the data over each interval t as follows:

yk(t) =
1
t

kt

Â
i=(k�1)t+1

yi, (9.12)

where yk(t) represents the average of the k-th interval of length t . The Allan deviation is then

computed using the averaged values [159]:

s(t) =

vuut 1
2(N �1)

N�1

Â
k=1

(yk+1(t)� yk(t))2, (9.13)

where N is the total number of intervals that can be accommodated within the total duration

of the measured data. The error bar of the calculated Allan deviation can be derived from the

degrees of freedom (nAllan). For a 68.3% confidence interval (one standard deviation), the error

bars can be approximated as:

ErrorAllan = s(t)
r

2
nAllan

, (9.14)
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Fig. 9.17 Noise cancellation behavior of the system comparing free running (red) and stabilized
operation (blue).

where an approximation of nAllan ⇡ N �1 can be applied [160].

The results of the Allan deviation calculation, utilizing the data from Fig. 9.16, are illustrated

in Fig. 9.17. The x-axis represents the time interval t , and the y-axis shows the frequency

offset from the frequency reference. In this graph, the red curve represents the free-running

operation, while the blue curve indicates the frequency-stabilized operation. An error bar

calculated from Eq. 9.14 was utilized. The graph illustrates a significant improvement in

frequency stability as the time interval increases. At higher frequencies with shorter integration

times, the performance of the free-running operation appears slightly better than that of the

frequency-stabilized operation, though the difference is not substantial. This discrepancy could

be due to measurement errors, particularly since the OSA has a spectral resolution of 7.5 GHz.

In wavelength meter mode, the resolution can be improved to a theoretical limit of 25.5 MHz,
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but it is constrained by detector noise, reference laser drift, interferometer alignment, and

other systematic errors. For wavelength meter mode with a slow scanning rates below 1 Hz,

fluctuations in laser output power increase the actual resolution beyond this theoretical limit.

And even the instrument resolution in ideal case exceeds the 10.5 MHz difference at the shortest

time interval in Allan deviation calculation. Additionally, when measuring the wavelength

in free-running operation, the dither signal was turned off. However, a high-frequency dither

is necessary for laser frequency stabilization. While low-frequency noise is suppressed, the

introduction of high-frequency dither could worsen stabilization at higher frequencies.

9.5 Conclusion

In this chapter, the dither locking method was introduced as an active approach to stabilize

laser frequency. The SAS technique, recognized for its Doppler-free spectroscopic capabilities,

was employed in conjunction with a sodium cell. This setup provided sub-Doppler hyperfine

transition lines as a frequency reference for the stabilization system. The construction and

functionality of the feedback loop were then explored, covering aspects such as noise source

identification, implementation of feedback mechanisms using piezoelectric transducers, genera-

tion of error signals, and the optimization of settings on both the lock-in amplifier and the servo

controller.

Subsequently, a demonstration of laser frequency stabilization was conducted, showcas-

ing watt-level output power at 589 nm. The comparative analysis between free-running and

frequency-controlled operations was detailed, highlighting distinctions in error signal patterns,

noise patterns using Fast Fourier Transform, and wavelength measurements. While the short-

term stability at the 1-second level was limited by the resolution of the OSA, the long-term

stability of the system was markedly improved with the active feedback loop. The experiment
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successfully maintained the laser frequency within a 100 MHz bandwidth for over an hour. Ad-

ditionally, Allan deviation calculations were performed using data from long-term stabilization

tests, validating the system’s successful locking behavior. The successful demonstration of

long-term frequency stabilization to the sodium D2a transition, coupled with watt-level output

power, has effectively proven the feasibility of deploying semiconductor-based laser guide star

systems in astronomical observatories.
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Chapter 10

Conclusion and Future Work

10.1 Conclusion

This dissertation was centered around the development of a semiconductor-based LGS system.

The H-MECSEL was designed to achieve this goal, it leverages superior heat dissipation

capabilities [114], simplified multi-pass pumping construction [127], and the potential for

wafer-scale manufacturing [105]. This structure has achieved several performance milestones,

including approximately 30 W of output at 1178 nm [114], over 10 W at 589 nm [75], and

watt-level output at 589 nm with frequency stabilization to the sodium D2a transition [76].

Chapter 1 extensively reviewed LGS technology and semiconductor lasers, focusing on

the design of a CW LGS system. It detailed calculations for the minimum power, linewidth,

and wavelength necessary for effective LGS operation, and highlighted saturation power that

potentially requires chirping of the laser wavelength in the future update. To the author’s

knowledge, this represents the first instance where all these criteria have been integrated into

a single framework for designing a CW LGS system. These parameters were subsequently
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used as foundational requirements in the development of a semiconductor-based LGS, setting a

benchmark for future implementations.

Chapter 2 explored the design and characterization of the MECSEL gain structure. This

included a thorough analysis of the epi structure, temperature-dependent energy levels of

quantum wells, and the optimal number of quantum wells for achieving high performance in a

single MECSEL gain chip. Experimental measurements of foundry-supplied epitaxial material

validated these theoretical calculations. Additionally, the chapter delved into laser resonator

design, introducing a custom MATLAB script. This script, which utilizes paraxial Gaussian

solutions and the matrix transfer method, not only corroborated the results from commercially

available software but also introduced a parameter sweeping function for complex cavity

calculations involving multiple beam size requirements. Furthermore, techniques for linewidth

narrowing using BRF and FP etalon were reviewed, alongside discussions on intracavity

frequency doubling using NCPM with an LBO crystal.

Chapter 3 focused on the experimental investigations the performance of an eleven quantum

well MECSEL gain chip, which achieved a record output of 20.2 W not only at 1178 nm but

across all MECSEL implementations up to that point [113]. This was accomplished using a

808 nm barrier pumping strategy. To explore the capabilities of wavelength tuning, a 2 mm thick

quartz BRF was utilized, demonstrating a tuning range of 75 nm. The peak performance of this

setup yielded 12.8 W at 1178 nm with a linewidth of 0.3 nm, setting a benchmark for MECSELs

in high-power applications. However, thermal limitations observed with this MECSEL led to

further study on thermal behavior of MECSELs.

Chapter 4 introduced the in-well pumping method, a strategy devised to mitigate thermal

restrictions on high-power laser output, notably advantageous due to its lower quantum defect

compared to more conventional barrier pumping. To address the challenges of low absorption

inherent in in-well pumping, due to the reduced thickness of the quantum well layers, a
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detailed examination and development of a multi-pass pumping strategy were undertaken.

This strategy focused on recycling unabsorbed pump power to enhance overall absorption

efficiency. In this chapter the author discussed and evaluated three distinct types of multi-pass

pumping structures [127] aimed at enhancing the robustness and compactness required for

LGS applications. These include parabolic mirror-based configurations, OAP mirror-based

configurations, and aspheric lens-based configurations. Each configuration was verified using

Zemax ray tracing software. The OAP mirror-based design was experimentally validated using

a He-Ne laser and a silver mirror instead of real gain chip in the laboratory setting. Additionally,

aspheric lens-based multi-pass pumping designs were implemented for the practical construction

of a semiconductor-based LGS. This chapter contributes to the field by detailing the design,

verification, and application of multi-pass pumping structures in semiconductor-based laser

systems.

Chapter 5 detailed experiments with a twenty quantum well MECSEL gain chip using a

1070 nm in-well pumping strategy. Direct comparisons were made between 808 nm barrier

pumping and 1070 nm in-well pumping on the same gain chip. Single-pass in-well pumping

showed a slope efficiency of 39.5%, nearly doubling the 21.6% efficiency achieved with single-

side barrier pumping. By integrating a ten-pass in-well pumping structure, a new output record

of 28.5 W was established without any indication of thermal rollover [112]. Additionally,

wavelength tuning facilitated by a 2 mm thick quartz BRF exhibited a range of 71 nm, and

a 1178 nm output of 17.9 W with a linewidth of 0.4 nm was successfully demonstrated. This

direct experimental comparison between barrier and in-well pumping provided clear evidence

of the superior performance of in-well pumping. Despite these achievements, challenges such

as alignment difficulties in the multi-pass pumping configuration that distorted the output beam

profile due to imperfect mode matching between the cavity mode and pump mode persisted.
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Chapter 6 introduced the H-MECSEL, a configuration that synthesizes the advantages

of VECSELs and MECSELs. This hybrid structure not only retains the superior thermal

management capabilities characteristic of MECSELs but also the simpler multi-pass pumping

configuration associated with VECSELs. The chapter begins with a detailed review of the

H-MECSEL structure, including the dual-band DBR designed for the experiment. Following

this, the chapter employs COMSOL FEM simulations to conduct a comprehensive comparison

of thermal management capabilities across eight different semiconductor disk laser structures,

demonstrating that the H-MECSEL provides superior heat dissipation [114]. From these FEM

simulations, a general equation for calculating thermal lens effects in H-MECSELs was derived,

enhancing the precision of laser cavity designs. The chapter concludes with an experimental

demonstration that highlights the ease of constructing multi-pass pumping structures using a

specially machined mirror alongside a MECSEL gain chip.

Chapter 7 presented the experimental results associated with the twenty quantum well H-

MECSEL gain chip. This chapter details the initial demonstration of the H-MECSEL platform,

showcasing its capability to achieve high output power with good beam quality and without

thermal limitations. Utilizing a V-cavity configuration, a simplified multi-pass in-well pumping

structure was implemented, successfully yielding a similar 28 W output at 1178 nm with a

1070 nm pump laser [114]. This output demonstrated the effectiveness of the H-MECSEL

design as no thermal rollover was observed even at high pumping levels.

Chapter 8 dived further into the H-MECSEL design, covering wavelength tuning and

linewidth narrowing. Using a 2 mm BRF, a wavelength tuning range of 61 nm was achieved,

with the slight reduction in range arising from the narrower reflectance spectrum of the

semiconductor-based dual-band DBR. To achieve single longitudinal mode operation, a 100 µm

thick YAG etalon was incorporated into the laser cavity, enabling further refinement of the

laser linewidth. A comparison was conducted between 1070 nm in-well pumping and 808 nm
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barrier pumping on the same sample. Results demonstrated that while barrier pumping could

only yield outputs of 5.8 W, 4.3 W, and 1.9 W for free-running, with BRF, and with BRF and

FP etalon scenarios before encountering thermal rollover, in-well pumping exhibited no such

thermal limitations. Although most of the pump power is absorbed within the active region,

the absorption within the dual-band DBR for 808 nm pump light still contributes to this low

output power. In-well pumping delivered substantially higher outputs of 24.1 W, 16.4 W, and

11.8 W respectively, under similar conditions. It showcased the first successful demonstration

of linewidth narrowing to a single longitudinal mode at 1178 nm with a MECSEL for LGS

applications. The entire experimental setup was mounted on a dedicated breadboard as shown in

Fig. 10.1, preparing it for transportation to an observatory for future on-sky testing. In reverting

to a V-cavity configuration, experimental efforts yielded a free-running output power of 28.9 W.

This setup was modified by incorporating a 4 mm thick quartz BRF, achieving an output of

21.4 W at 1178 nm. With the addition of a 100 µm thick YAG etalon, thermally stabilized at

40 �C, the output power reached 17.2 W, with a linewidth narrowed to less than 0.06 nm. This

achievement set a new record for output power from a MECSEL and successfully met the

single-longitudinal-mode output power requirements for LGS applications. Subsequently, an

intracavity frequency doubling experiment was conducted using non-critical phase matching

of a LBO crystal, temperature-stabilized at 41.77 �C. This setup yielded 10.3 W output at

589.2 nm, exhibited in a TEM00 transverse mode. The linewidth of this output was measured to

be 7 MHz using a scanning Fabry-Pérot interferometer. This series of experiments marked the

first instance of a MECSEL-based LGS achieving a 589.2 nm output.

Chapter 9 delved into the laser frequency stabilization, focusing on dither locking. The

chapter commenced by outlining the preparation of a frequency reference using a sodium gas

cell, employing the SAS method. This setup allowed for the resolution of three hyperfine

lines within the sodium D2a transition, marking the first instance of achieving Doppler-free
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Fig. 10.1 A photography of the experimental setup for the H-MECSEL-based LGS. The setup’s
illumination by the 1070 nm pump laser appears as a purple hue, while the 589 nm output
generates a yellow color, demonstrating the operation of the system.
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spectroscopy resolution with a MECSEL. The core of the chapter detailed a demonstration

of frequency stabilization of the MECSEL, maintaining stability over an hour at Watt-level

output. This involved wavemeter measurements and Allan deviation analysis, both of which

confirmed the efficacy of the laser stabilization approach. This demonstration represented the

first long-duration, high-power semiconductor based system stabilized using a sodium reference

cell targeting LGS applications.

10.2 Future Work

With the preliminary results achieved in laser frequency stabilization, further experiments

are essential to demonstrate long-term locking at a 10 W output power at 589 nm, which

is anticipated to be accomplished shortly using the current experimental setup. There are

several potential future upgrades for the MECSEL LGS system that are either currently under

construction or under consideration.

10.2.1 Repumping and Frequency Chirping

Using power scaling method by increasing the cavity mode size on the H-MECSEL gain

chip, over 20 W output power potentially could be achieved at 589 nm. As this approaches

the saturation intensity of sodium atoms, it is essential to consider factors that reduce the

return signal from an LGS. The three major factors, in order of decreasing importance, are

Larmor precession, recoil, and transition saturation [39]. The likelihood of stimulated emission

increases with higher laser intensity, meaning the emitted photons are more likely to be directed

into space rather than returning to the telescope. However, this transition saturation effect

contributes less to the decrease in returned photon flux compared to Larmor precession and

200



10.2 Future Work

recoil. Therefore, no special treatment is planned in the MECSEL-based LGS system to mitigate

this effect.

Larmor precession must be considered when the angle between the laser beam and the

geomagnetic field lines in the sodium layer is large [161]. The fluorescence from the sodium

layer weakens when using a single-frequency laser targeting Na D2a because this precession

redistributes the atomic populations and can depopulate the F = 2 upper ground state in favor

of the F = 1 state [161]. To address this issue, an additional repumping laser with a frequency

offset of +1.713 GHz from the D2 line can be employed [41]. Previous studies have shown that

this approach can enhance the LGS return flux by a factor of three [39]. The MECSEL-based

LGS offers a broad wavelength tuning range, providing a straightforward solution to address

Larmor precession-related issues by using an additional identical laser for repumping.

For high brightness single-frequency LGS with a bandwidth of less than 10 MHz, like

the system discussed in this dissertation, the spectral hole burning effect will depopulate the

corresponding velocity group [162]. This depopulation is caused by atomic recoil. When a

sodium atom spontaneously emits a photon after absorbing a photon from the laser beam, the

conservation of momentum results in a velocity change of the sodium atom given by [41]

Dv =
}k
M

, (10.1)

where } is the reduced Planck constant, k = 2p
l is the wavenumber of the laser photon, l is the

laser wavelength, and M is the mass of a sodium atom. This velocity change leads to a Doppler

shift of

Dnrecoil =
Dv
l

⇡ 50kHz. (10.2)
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This Doppler effect will accumulate since all laser photons originate from the same direction,

continuing until the velocities of sodium atoms in the mesosphere are randomized due to

collisions [41].

Atoms in the sodium layer typically experience collisions with a time interval tc of 35 µs

between two collisions [41]. This results in a frequency shift for sodium atoms of

dn =
tc ⇥Dnrecoil

ta
⇡ 28MHz (10.3)

before collision, which is larger than the natural linewidth of sodium atoms. To eliminate

the effects of recoil, the optical frequency of the laser needs to be periodically chirped in a

sawtooth manner towards higher frequency. The laser system discussed in this dissertation

has a unique advantage for implementing this frequency chirping, as all necessary elements

are already integrated into the system, and this chirp could also be used to generate the error

signal for stabilization. The optimal chirping range and speed depend on the laser intensity. For

operations near sodium saturation intensity, a chirping range of 150 MHz with a repetition rate

of 7 kHz is recommended [41].

10.2.2 Improved Multi-Pass Configuration

The current multi-pass pumping scheme used for H-MECSEL has been significantly improved

compared to the one used for MECSEL. However, further enhancements could potentially be

made. In Chapter 4, an OAP mirror-based multi-pass design was discussed, which can simplify

the design and make it more robust and compact.

A multi-pass pumping design, as illustrated in Fig. 10.2, was planned. With similar H-

MECSEL gain chip, the focused pump beam enters the system through a hole in the first OAP

mirror (OAP1) and is collimated onto the gain membrane by the second OAP mirror (OAP2).
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OAP1

OAP2

Fig. 10.2 Schematic drawing of OAP mirror-based multi-pass pumping scheme.

The gain chip is slightly tilted to laterally shift the pump beam with each round trip. The

reflected pump beam is then refocused by OAP1, hitting a slightly shifted position on OAP2

before being collimated onto the gain chip again. This process continues until the pump is

blocked or escapes from the system.

Reducing the number of elements by 33% could simplify alignment and enhance system

robustness. Removing the aspheric lens addresses concerns about AR coating quality at

pump wavelengths, particularly for passes near the lens edge. It also eliminates the need for

custom-drilling a hole in the lens center. The new prototype requires minor modifications

to the off-the-shelf OAP mirrors. In the future, these mirrors could be directly sourced from

manufacturers with the desired parabolic surface, thus eliminating the need for laboratory

modifications.

10.2.3 Diamond Heat Spreader

Based on the FEM analysis discussed in Chapter 6, diamond is a potentially superior candidate

compared to SiC for use as a heat spreader. Diamond’s superior heat dissipation ability enables

the use of traditional barrier pumping to achieve high output power without thermal concerns.

The diamond heat spreader would allow the barrier pumping method from a diode laser to
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focus directly onto the H-MECSEL sample without the need for a complex multi-pass pumping

scheme for implementation of in-well pumping. A simplified pumping design can significantly

enhancing the compactness and robustness of the system. Additionally, the use of a diode

laser in this setup could reduce costs dramatically compared to fiber lasers, offering a more

economical yet efficient solution for laser systems.

A compact H-MECSEL taking advantage of simple barrier pumping was considered, by

utilizing a dielectric coating on the H-MECSEL to be HR at the laser wavelength and transparent

at the pump wavelength, and by employing a heat sink design with open apertures on both sides

as in standard MECSELs, the system can be directly pumped from the back side using a diode

laser as shown in Fig. 10.3. This setup allows the laser cavity to be constructed on the opposite

side of the H-MECSEL sample. Moreover, this direct pumping approach prevents the issues

associated with elliptical pump spots on the gain chip that typically arise due to the angle of the

pump beam.
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(a)

(b) (c)

Pump Beam
Laser Beam

Collimating Lenses

Cavity Mirror

H-MECSEL 
Gain Chip

Cavity Mirror

Cavity MirrorPump Beam

Pump Beam

Fig. 10.3 Schematic drawing of backside barrier pumping H-MECSEL structure with (a) top
view, (b) pump side side view, and (c) laser cavity side view.
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10.2.4 Other Applications with MECSEL

In addition to applications in LGS, MECSELs also show great potential for ultrashort pulse

generation [163]. The author demonstrated mode-locked short pulse operation in a VECSEL

configuration without relying on a semiconductor saturable absorber mirror (SESAM) [164].

The short pulse demonstration combined with a previous publication from the author’s research

group [165], highlight the potential of MECSEL in ultrafast area.

When considering nonlinear effect, the refractive index can be expressed as:

n(I) = n0 +n2I, (10.4)

where n0 is the linear refractive index, n2 is the nonlinear refractive index coefficient that can

be measured using the z-scan technique [166] developed by Sheik-Bahae et al., and I is the

intensity of the light. When the laser operates in CW mode, the contribution of the nonlinear

refractive index is small and the cavity beam size remains largely unaffected. However, in

mode-locking operation, the laser peak intensity increases significantly, which substantially

alters the refractive index of the materials due to the n2 term. Consequently, the cavity beam

size deviates from its low-intensity values. This nonlinear effect can be utilized to achieve Kerr

lens mode-locking (KLM) [167] with careful cavity design.

The experimental setup was designed to facilitate KLM, as shown in Fig. 10.4 (a). The

laser cavity includes a plane mirror (M1) and a concave mirror (M2), and a VECSEL gain chip

effectively serving as a plane folding mirror. A high n2 ZnS plate was placed near M1, where the

cavity beam waist is located, to maximize the cavity beam intensity. An aperture was positioned

near M2, where the cavity beam size is largest. Hard-aperture KLM was facilitated by closing

the aperture slightly, forcing the laser to operate in pulsed mode and utilizing the nonlinear

effect to reduce the cavity beam size at the aperture position. This reduction in beam size
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ZnS

Gain 
Chip

Pump

(a) (b)

Aperture

1 ns

M1

M2

Fig. 10.4 (a) Schematic diagram of Kerr lens mode-locking VECSEL and (b) laser pulses
generated from the experiment.

decreases optical losses at the slightly closed aperture where the beam must pass in each cavity

round trip. For soft-aperture KLM experiments, the aperture was left wide open, relying solely

on the ZnS plate. In these experiments, the pump beam size on the gain chip was purposely

reduced. In pulsed operation, the nonlinear effect leads to a smaller cavity beam size on the

gain chip, resulting in better overlap of the laser and pump beams at the gain chip position, thus

achieving higher gain. Time domain data measured by a fast detector from the soft-aperture

Kerr lens experiment as shown in Fig. 10.4 (b), indicate the generation of mode-locked laser

pulses. Such findings not only expand the operational capabilities of VECSELs but also provide

a foundation for future explorations into similar mode-locking semiconductor lasers without

the use of SESAMs.

MECSELs are distinguished by their unique architecture, which exhibits a two-fold gain

bandwidth enhancement compared with VECSELs [73]. Figure 10.5 (a) presents a comparative

analysis, illustrating the gain enhancement factor for both VECSELs and MECSELs [163]. This

broad gain bandwidth is particularly advantageous for short pulse generation. Additionally, the

SiC heat spreaders integrated into MECSEL gain chips have a relatively high n2 and can trigger
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Fig. 10.5 (a) Gain enhancement factor plots for VECSELs and MECSELs [163]. (b) Ring
cavity MECSEL with a hard-aperture KLM operation and dispersion management [163].

KLM without additional intracavity elements. Exploiting these advantages, a traveling wave

ring cavity design for MECSELs, depicted in Fig. 10.5 (b), has been proposed to potentially

generate sub-50 fs pulses. This pioneering approach demonstrates the adaptability of MECSELs

to ultrafast laser applications, aiming to push the limits of pulse duration achievable with a

KLM MECSEL, potentially replacing the current bulky and expensive Ti:Sapphire lasers.

Beyond the realm of ultrafast lasers, MECSELs demonstrate substantial potential in fields

such as quantum information science. Recent studies have indicated that VECSELs are pivotal

in generating wavelengths that traditional laser platforms struggle to produce, thereby broad-

ening their applicability in cutting-edge scientific research [168]. As an advanced iteration of

VECSELs, MECSELs not only match but may surpass the performance of their predecessors in

these innovative quantum research applications.
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