University of Central Florida

STARS

Graduate Thesis and Dissertation 2023-2024

2024

Optical Seed Development For Yb-Fiber Laser

James G. Brutus
University of Central Florida

6‘ Part of the Optics Commons
Find similar works at: https://stars.library.ucf.edu/etd2023
University of Central Florida Libraries http://library.ucf.edu

This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for
inclusion in Graduate Thesis and Dissertation 2023-2024 by an authorized administrator of STARS. For more

information, please contact STARS@ucf.edu.

STARS Citation

Brutus, James G., "Optical Seed Development For Yb-Fiber Laser" (2024). Graduate Thesis and
Dissertation 2023-2024. 232.

https://stars.library.ucf.edu/etd2023/232


https://stars.library.ucf.edu/
https://stars.library.ucf.edu/etd2023
https://network.bepress.com/hgg/discipline/204?utm_source=stars.library.ucf.edu%2Fetd2023%2F232&utm_medium=PDF&utm_campaign=PDFCoverPages
https://stars.library.ucf.edu/etd2023
http://library.ucf.edu/
mailto:STARS@ucf.edu
https://stars.library.ucf.edu/etd2023/232?utm_source=stars.library.ucf.edu%2Fetd2023%2F232&utm_medium=PDF&utm_campaign=PDFCoverPages

OPTICAL SEED DEVELOPMENT FOR YB-FIBER LASER

JAMES GODSON BRUTUS
B.S. University of Central Florida, 2022

A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Science
in the College of Optics and Photonics
at the University of Central Florida
Orlando, Florida

Spring Term
2024

Major Professor: Martin Richardson



© 2024 James G. Brutus

Disclaimer: The views expressed are those of the authors
and do not reflect the official views of the United States Air Force,
nor the Department of Defense. Mentions of trade names,
commercial products, or organizations do not imply
endorsement by the U.S. Government. Unless otherwise noted,
imagery in this document are property of the U.S. Air Force.



ABSTRACT

Master Oscillator Power Amplifiers (MOPA) are laser systems that utilize a seed and pump
amplification system to boost the output power of high-quality lower power seeding signals.
MOPASs can generate high gain while avoiding many of the nonlinearities that negatively affect
resonance-based lasers that are known to feature higher internal intensities. Additionally, MOPAs
provide an easy alternative to the construction of novel laser technologies for higher output power

as they can be easily combined with existing laser sources to amplify their output power.

This thesis outlines the design of an ytterbium-doped fiber laser (YDFL), featuring a MOPA
architecture. The YDFL is constructed to amplify a continuous wave single mode signal, at
1064nm, from 366mW to 16.4W while maintaining high spectral purity and beam quality. This
laser is being developed with the intention to seed a subsequent MOPA YDFL for amplification
to 1.5kW, for use in following thermal blooming experiments. As a result, the laser being
developed in this work must have high spectral purity, centered near 1064nm, and a narrow
linewidth, less than 0.25nm. Methods for limiting instabilities within the MOPA amplification

stages are developed and the final seed laser emission quality is demonstrated in this work.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

Much of contemporary research in directed energy has focused on applications involving the
ability to place high amounts of concentrated optical energy on targets up to several kilometers
away in distance. Growing advocacy for directed energy from the Department of Defense has led
to the contribution of billions of dollars for high energy laser (HEL) development for decades,
furthering this area of research [1]. The objectives of these investments have been to develop
systems that can eliminate range threats. Chosen for its general availability, versatility, and
efficiency, lasers operating at 1064 nm have been integrated into a variety of defense-related high-
power directed energy systems. The atmosphere is largely transparent to 1064 nm light and optical
frequencies in the near-infrared range are capable of inflicting effective heating/ablation damage
on interaction with a variety of materials. Despite this atmospheric transparency benefit, however,

1064 nm HELSs for defense-related applications are not without their limitations.

An increasing inhibitor to high power near-infrared effectiveness in ranged atmospheric directed
energy systems is a phenomenon known as thermal blooming. It is caused by absorption lines in
the atmosphere by atmospheric gases. Of these, H2O molecules, in the form of water vapor, is a
primary contributor to the occurrence of thermal blooming near 1064 nm. These absorption lines
contribute to the development of a self-induced refractive index gradient within a medium of
propagation [2-4] that causes high power optical beams to diverge prematurely and lose their

effectiveness proportional to the target distance.

The Laser Plasma Laboratory (LPL) within the College of Optics & Photonics and part of the

Center for Directed Energy at the University of Central Florida is partnering with the Air Force



Institute of Technology to investigate thermal blooming in the atmosphere near 1064 nm by HEL
systems using kW class single-mode YDFLs. Two 1.5 kW ytterbium (Yb) doped fiber laser
systems are being developed, one spectrally fixed at 1064 nm and the other tunable between 1060-
1090 nm. The outputs of each system will be coaxially combined so that the transient and
interdependent beam-gradient effects can be investigated. This thesis details the design of a 16.4W
YDFL, with a center wavelength and linewidth of 1064.8 nm and 0.21 nm respectively, that is

constructed to seed the fixed wavelength kW YDFL.

1.2 Low Power Amplification Stage

The low power YDFL features a master oscillator power amplifier (MOPA) fiber laser
architecture. It utilizes a 1064 nm continuous wave (CW) seeding diode with a narrow linewidth
and single mode beam profile that is coupled from 5/125 um (fiber core/cladding diameter)
polarization maintaining (PM) fiber. The injected 366 mW signal from this device will be power
scaled to 16.4 W. The power scaling will be accomplished in two separate 10/125 um PM Yb-
doped active-fiber amplification stages. The active fiber will be pumped by two 976 nm pump
diodes, coupled from 105/125 um multi-mode fiber, with peak powers at 10 W and 65 W,
respectively. The desired beam output characteristics of the low power YDFL are a power output
greater than 15 W, a center wavelength near 1064 nm, and a narrow linewidth, less than 0.25 nm.
Additionally, noise from secondary radiative processes, such as amplified spontaneous emission
(ASE) is undesirable. Therefore, a 40 dB signal-to-noise ratio is to be maintained. Instabilities
such as free lasing and self-pulsing are also undesirable and are minimized. These instabilities are

explained further in Chapter 2.



The following chapters provide a summary of the theory and history of fiber laser systems and
their subcomponents. An analysis of the completed YDFL is performed. Included are relevant
engineering considerations, sub-component and holistic system characterizations, and optimal
operating specifications. The experimental procedures and fiber processing techniques utilized to
optimize the system and obtain relevant characterizations are described. Characterizations on the
final beam profile, spectral output, power scaling, conversion efficiency, beam polarization, and

related temperature dependencies are provided.



CHAPTER 2: THEORETICAL BACKGROUND & CONSIDERATIONS

This section provides a general framework of already known physical sciences that were
considered in the development of the low power YDFL. The architectures and subcomponent parts
of fiber laser systems are contextually reviewed, prompting the investigation of fiber waveguides,

amplification media, semiconductor laser diodes, and common fiber laser instabilities.

2.1 Fiber Lasers

Over 60 years ago, in 1960, T. Maiman expanded on Townes’ concept of infrared and optical
MASER (Microwave Amplification by Stimulated Emission of Radiation) and developed the first
LASER (Light Amplification by Stimulated Emission of Radiation) [5, 6]. A laser is a device that
emits energy in the form of highly coherent and monochromatic electromagnetic waves via
stimulated emission in the ultraviolet-visible-infrared (UV-VIS-IR) wavelength range. The laser
developed by Maiman utilized a solid rod of ruby that was pumped by a broadband flashlamp. Not
long after the invention of the first laser, however, E. Snitzer published a paper on the
demonstration of laser action from a barium crown glass fiber doped with neodymium ions (Nd**)

in 1961 [7]. This laid the foundation for a new class of laser systems that utilized fiber waveguides.

Despite the original demonstration in 1961, fiber lasers did not rise in popularity until the
advancement of fiber manufacturing processes and technologies in the late 1990s. The
development of efficient semiconductor laser diode technologies and double-clad (DC) fiber
pumping mechanisms, explained further in Chapter 2, have greatly increased the efficiency of fiber
laser systems [8-10]. Since then, fiber lasers have been renowned for high diffraction-limited
average power, which was possible due to the high optical intensities maintained by the

waveguiding properties of optical fiber [11, 12]. Fiber laser systems are considered to be more



durable and compact than their free-space counterparts, leaving less room for misalignments to
occur from external disturbances on the system. Additionally, they have high plug-in efficiency
and are less costly to build than conventional laser devices [12]. These are factors which have led

to fiber’s adoption in many HEL applications.

2.1.1 High Power YDFLs & Advantages of MOPA Architecture

Ytterbium has become an increasingly leading rare-earth element used as a primary dopant in fiber
based HELs [13]. It grew in popularity due to its broad gain bandwidth, spanning over 100 nm in
the near-IR range (975-1180 nm) and the convenient overlap of its absorption band (900-980 nm)
with widely available pump laser diode sources [12]. These qualities, combined with the low
quantum defect experienced by laser diode pumping, high permissible levels of Yb-dopant
concentrations in fiber, and efficient DC fiber pumping and thermal management techniques has
led towards ytterbium’s adoption for countless high power laser projects. In LPL, YDFLs with

multi-kW average output powers and single mode operation have been demonstrated [14].

In the construction of high-power YDFLs, standard laser resonator architectures, such as Fabry-
Perot architectures, shown in Figure 1, can prove to be problematic. The broad gain bandwidth of
Yb-doped fiber, without fiber Bragg gratings (FBGSs), can lead to the generation of linewidths on
the order of 10nm [15, 16], which is too broad to meet the intended purpose of our narrow linewidth
system. The intracavity field intensities can be significantly higher than those emitted in optical
resonators. The high intensities stimulate disruptive nonlinear processes such as the Kerr effect,
stimulated Raman scattering, and stimulated Brillouin scattering leading to a tradeoff between
beam quality and power [17, 18]. Additionally, the high intracavity intensities present in optical

resonators result in increased thermal activity within the laser cavity. Preventative measures



against these instabilities are difficult to implement due to the closed resonator system in which

amplification takes place. Characteristics of a high-quality signal, such as narrow linewidth, are

often decoupled from high power generation in optical resonators because of these effects.
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Figure 1: Architecture for a Fabry-Perot fiber laser cavity. This architecture utilizes the standard

resonator concept to promote stimulated emission.

To work around these limitations, a particular fiber laser architecture has been established that

utilizes a technique known as injection locking. A low power, high quality, optical master

oscillator is fine-tuned to achieve desired spectral and spatial profiles and is injected into an optical

gain media. Optical pumps then saturate the optical gain media, raising electrons to their excited

states, allowing the injected signal to subsequently induce stimulated emission at the signal

wavelength [19]. This setup is known as a MOPA laser architecture, depicted in Figure 2.



In a MOPA, the signal is amplified unidirectionally, resulting in a more linear relationship between
internal intensities and the emitted output power. As a result, MOPAs are less susceptible to the
degenerative processes that affect signal development in high power optical resonators. This
provides more room for power scaling while minimizing the disruptive effects caused by intensity

dependent nonlinearities.

The separation between the signal development and amplification stages allows for the
implementation of beam quality maintenance devices, like isolators and cladding light strippers,
at various stages of the signal’s development in the MOPA. It also allows for the introduction of
advanced thermal management techniques since the heat produced from cladding pumped gain
media can be spread over longer lengths of fiber. This provides flexibility for the minimization of
instabilities, such as ASE, between intermediate amplification levels [20], while retaining the
original signal quality. The output can also be continually cascaded into further amplification

stages.



Fiber
Electrical Amplifying
Signal Media

Filter
]

Qutput

Isolator/Collimator

Optical | Diode Laser

Seader Diode = Fiber
Combiner

I
—_—

1 Stage Amplifier

Figure 2: Architecture for a MOPA laser. This architecture utilizes a seed signal that is scaled by

optically pumped fiber amplifying media.

2.2 Optical Fiber Amplification & Gain Media

The rare earth element utilized as the laser active dopant in this system is ytterbium. It is present
as the trivalent ion, Yb®" in the host 10/125 pm silica-based fiber, SiO,. This section provides
information on the use of ytterbium as the doping agent for the spectrally fixed fiber laser. Details
regarding ytterbium’s electron energy levels, absorption/emission spectra, and the amplification

dynamics are provided.
2.2.1 Ytterbium Energy Levels & Absorption/Emission Spectra

Pumping and amplification occurs from transitions between the various sublevels of the Yb
electron excited and ground state Stark level manifolds. The Yb®* ion features the 2Fs;; and 2F7
energy levels between which broad absorption and emission bands exist, Figure 3, due to the

inhomogeneous media, SiO>, the Yb is present in. There are strong absorption bands near 915 nm



and 976 nm and strong emission bands between 980-1150 nm. The broad gain bandwidth allows
for the development of Yb-based laser systems spectrally tunable over 90 nm [21]. Additionally,
due to the proximity between the ground state and pump state energy levels, there is an observed
quasi-three-level behavior that exists in Yb-based gain media. This behavior is exhibited in the
reabsorption of the emission laser wavelength, resulting in the overlap in the absorption/emission

spectra.

cA 3000

2Fsn

o
O,
=
=
|

2000 -

1500 -

860nm
920nm
976nm
976nm
1035nm
1090nm

Absorption

Emission

Cross Section [1072'm™ ]

2F1n 0 I
850 900 950 1000 1050 1100 1150
Wavelength ). [nm]

Figure 3: [Left] Ytterbium electron energy levels and sublevels. The 2Fs, lines denote the excited
state sublevels, and the 2F7; lines denote the ground state sublevels [22]. [Right] Typical

absorption/emission spectra of Yb3* doped silica fiber, SiO2 [23-27].

Transitions between energy levels can occur from either radiative or nonradiative processes.
Spontaneous emission and stimulated emission are the processes by which radiative decay to lower
energy levels occur, whereas the non-radiative processes include intra-material interactions that
release energy largely in the form of thermal energy. This difference in energy, called the quantum

defect, is represented by q in the following:



q= hvpump — hVygger

Where q represents the quantum defect (in J or eV), Planck’s constant is given by h = 6.626*10"
3)s = 4.14*10%eVs where 1eV = 1.602*10°]). Additionally, Veump and Viaser are the frequencies
(in Hz) of electromagnetic radiation for the pump and signal. The quantum defect experienced by
a 976 nm pumped Yb3* for 1064nm lasing is 99.3 meV. This is less than the 349 meV defect
experienced by 808 nm pumped neodymium (Nd**) 1064 nm lasing. For this reason, less heat
generation and greater pumping efficiency is observed in Yb-doped lasers operating at 1064 nm

[23].

Stimulated emission is the only process desired for laser amplification as it contributes to the
generation of largely monochromatic, coherent light. For efficient laser action to be achieved,
radiative and non-radiative processes other than stimulated emission need to be limited. The
theoretical considerations needed for the optimization of these processes for efficient laser action

is provided in the next section.
2.2.2 Ytterbium Fiber Amplification Dynamics

The following simplified set of carrier rate equations can be derived by statistically representing

the ground and excited energy levels of a Yb-doped silica fiber amplifier as [27-29]:

dn,
a (Ri;+ Wi)N; — (Ry; + Wy + AN,
dn,
a (Ry; + Wy, + Ay )N, — (Ryx + Wio)N,

Where Ajj represents spontaneous decay rates, Wi; is the stimulated emission rates, Rjj the pumping

rates all measured in Hz. Ni & Nj are the population densities (in m), with i and j indicating the
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relevant energy levels. A more dynamic statistical representation of the quasi-three-level behavior
is provided by T. Taira for Yb gain media [30]. In these simplified equations, ASE, is assumed to
have a negligible impact on the transition rates. Under steady-state CW conditions, N1+N2 =1, the

transitions rates can be derived as:

1 I
R,,=0o, —2 R, =g, -
12 ap hvp 21 ep hvp
_ Is _ Is
W12 = Osp h_vs WZI = Osp h_vs

Where o2 and aep are the absorption/emission cross-sections for the pump (in m?), oas and oes are
the absorption/emission cross-sections for the signal (in m?), I, and Is are the intensities (in W/m?),
and vp and vs are the frequencies of the pump and signal respectively. The pump saturation power,
Ps (in W), which is the power at which increases in pump power no longer contributes to an increase

in the emission power, can be expressed as [23]:

hva

B (Uep + Uap)T¢p

N

Where A is the cross-sectional area of the gain medium (in m?) and ¢, is the pumping quantum
efficiency, which is a measure of how efficiently pump power is converted into laser signal power.
This is separate from the quantum defect, which is the difference in energy between a pump and
signal photon. ¢, = 0.92 for a seeding and pump wavelength of 1064 nm and 976 nm, respectively
[23]. T denotes the upper-state lifetime (in s) and gap and agep are the absorption and emission cross
sections at the pump wavelength, measured in units per area (in m?). The unsaturated gain, per
unit length, L (in m), is Go, and the single pass gain, expressed in dB, equal to 10log(Pout/Pin), is

provided as g(4).
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Gy = goL = F—NUalL

S

g) = 10log(Gy)

The unsaturated gain is a characteristic of laser operation at power levels beneath that of maximum
output power. When a gain media is saturated, the population inversion reaches a level that cannot
support any additional stimulated emission. This is because all of the available ions for stimulated
emission are already in the excited energy states. In unsaturated gain laser option, the relationship
between input pump power and output signal power is approximately linear. The relationship

becomes nonlinear when operating in the saturated regime.

Modern Yb®* fiber amplifiers achieve power conversion efficiencies greater than 75% [12, 27]
with amplifier gain between 10-30 dB/m, from Ter-Mikirtychev [23]. The calculated gain for Yb-

fiber at various signal and pump wavelengths is provided in Figure 4.
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Figure 4: Calculated gain spectra for a Yb-doped germanosilicate fiber (1000 ppm by weight)

with 910 nm and 975 nm pumps [27].

The 1064 nm Yb-doped fiber laser transition has a relatively long upper state lifetime, although it
varies strongly with different hosts materials, dopant concentration, and temperature [31]. These
variables can contribute to increased or decreased quenching, or suppression, of fluorescence in
the gain media. Yb doped glass fibers feature an upper state lifetime on the order of 1 ms at room
temperature [31, 32] whereas Nd doped glass fibers feature shorter lifetimes in the ps regime [33,
34]. This comparison persists for Yb and Nd doped in yttrium aluminum garnet (YAG). Here,
Yb:YAG features a longer upper state lifetime at 950 ps and Nd:YAG has a shorter lifetime at 230
Ms [23, 35-37]. The longer upper state lifetimes for Yb contributes to lower transition cross-

sections for Yb doped gain media. This is beneficial for pulsed laser operation; however, it can

prove to be detrimental for CW laser operation.
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Yb:YAG features relatively sharp absorption lines as the ions are imbedded within a homogeneous
crystal lattice. In Yb-doped fibers, the ions are loosely embedded in and inhomogeneous glass
matrix. This results in broader absorption bands than their crystal host counterpart, making them
more versatile with respect to potential pumping candidates. Decreased selectivity of transition
wavelengths, however, can lead to increased ASE, and furthermore, a decrease in laser
performance and signal amplification. Additionally, one must also consider temperature-related
effects. One of the most common effects seen in laser gain media is thermal broadening. At higher
temperatures, the distribution of molecular velocities relative to the observer broadens which
results in Doppler-broadened spectral lines, that blurs the fine details in high spectral quality

signals.

2.2.3 Ytterbium Fiber Modeling

To ensure efficient absorption and amplification at the signal wavelength, the appropriate lengths
and concentration of Yb-doped fiber must be utilized. The fiber used in the construction of the Yb-
doped MOPA fiber laser is the polarization maintaining large mode area Yb-doped double clad
fiber with a 10/125 pm core/cladding fiber diameter (PLMA-YDF-10/125-HI-8) from Coherent,
Inc. The dopant concentration of the Coherent, Inc. fiber is proprietary, however, the cladding

absorption near 975 nm is provided to be 6 dB/m.

Using a credible third-party modeling software, RP Fiber Power (Version 7; R. Paschotta, 2020)
[38], the necessary lengths of fiber needed for efficient pump absorption was calculated. The
software assumes constant dopant concentration and perfect pump power coupling into the core
then utilizes the known rate equations and absorption/emission cross-sections of ytterbium to

estimate pump absorption and signal gain.
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First, the expected concentration of Yb*" ions present in the Coherent fiber was approximated
using a fiber amplifier small signal gain approximation [38, 39]. In the approximation, a negligible
signal and small pump power is modeled through the fiber featuring an active core diameter of 10
pm. The concentration of ions needed to approximate pump absorption to 6 dB/m is then acquired
to be Nyp ~ 85*102 cm3. Once the estimated dopant concentration was found, the experimentally
measured amplifier injection powers, (see Chapter 4) for the signal and pump were used to estimate
fiber lengths for efficient pump power conversion. 348 mW seed and 8.18 W pump power were
modeled for amplifier 1 and 4.68 W signal and 56.1 W pump power were modeled for amplifier

2. The results from the modeling software are provided in Figure 5.

Pump-Signal Conversion vs. Fiber Length
Amplifier 2
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Figure 5: RP Fiber Power fiber length approximations for efficient pump power conversion [38].

Referencing the results from the modeling software, an increase in pump power conversion is
observed as fiber length increases. There is sufficient pump absorption, = 95% total pump power,
at fiber lengths greater than 1.5 m and 2.5 m for the first and second amplification stages. Due to
variations between the assumptions of the modeling software and the actual experimental
parameters, such as perfect pump power coupling and negligible losses at the fiber splice points,

fiber lengths greater than 1.5 m and 2.5 m will be utilized. Experimentally, the lengths of
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amplifying fiber chosen are 2.5 m and 4.5 m. Ultimately, in Chapter 4, they are tested for pump

power absorption and ASE generation to determine if they meet the requirements of the system.

2.3 Semiconductor Laser Diodes

As briefly introduced in the history of fiber lasers, it was the growing efficiency and availability
of laser diodes sources that contributed towards the practicality and advancement of fiber laser
technology. The ability to continuously produce high optical power at a variety of specific
wavelengths was essential for efficiently pumping the narrow absorption windows of rare-earth
doped laser gain media. This section summarizes their operation and role within fiber laser

systems.

In semiconductor laser devices, electrons are excited from stable low energy states to high energy
states via the application of an electric potential. This process is called excitation and when it
occurs an electron ‘moves’ from the valence band to the conduction band of a material leaving
behind a ‘hole’ in its stead. The high energy states are unstable; therefore, excited electrons return
to their previous low energy states in a process known as relaxation. The recombination of the
electron and the hole in the relaxation process can be either radiative or nonradiative. It is radiative
recombination that results in the emission of optical energy, luminescence, whereas non-radiative

recombination contributes to non-optical forms of energy transfer, such as thermal energy.

The energy required to induce an electron transition to the conduction band is called the bandgap
energy, Eg. This energy is the difference between the valence and conduction band. This energy
difference can be met by a single photon of wavelength A4 = hc/Eq or by external application of an
electric potential. Excited electrons, upon interaction with an incident photon with sufficient

energy will emit two coherent photons of equal energy and phase. The so-called quasi-Fermi levels
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are given by Ef and Ef. These are the levels used to describe the distribution of charge carriers in

a non-thermal equilibrium state. See Figure 6 for a graphical representation of the semiconductor

bandgap structure.

Conduction Band
| |

Valence Band

— [ | Eﬁ_.

hw E

Figure 6: Semiconductor band structure depicting direct bandgap transitions between the

conduction and valence bands [40]. Indirect bandgap transitions may include phonon-coupling.

The electron and hole concentrations, developed from the injection of electrical current in

semiconductor devices are given by n and p (in m™) respectively:

EC_EFC)

n = N.exp (— T

p = Nyexp (—%)

Nc - (ZRmZ;kBT)3/2
Nu - (anZ;kBT)3/2
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Where E¢ and Ey are the respective conduction and valence band energies (in J or eV), N¢ and N¢
are the effective density of states (in m) [41]. The Boltzmann constant is provided by ks =
1.38*102% J/K = 8.62*10° eV/K. T is temperature (in K) and me and mp are the effective masses

of electrons and holes (in kg).

We see that when the operating temperature of a semiconductor increases, there is a corresponding
increase in the width of the distribution of carrier energies leading to spectral broadening.
Additionally, the center wavelength of laser diodes increases with increasing operating
temperature. This quality is measured as the wavelength temperature coefficient, and it is the result
of temperature dependent bandgap variances and the thermal expansion/contraction of the
semiconductor active media which can affect the optical properties of the emitted wavelength.
These effects are characterized for the selected laser diodes used in the construction of the YDFL.
The thermal effects are not ideal, and an investigation of several diode cooling mechanisms will
be performed in Chapter 3. Cooling methods will be employed to mitigate the degree of thermal

broadening and wavelength shift so that the system operates optimally.

Assuming an equal concentration of electron and hole concentration, the following rate equation

can be formulated, from Numai [41]:

an _ J _ _n L1
dt ~ ed G(n)S Tn - +

Where S is the photon density (in m), G(n) is the stimulated emission amplification rate (in s%),
Jis the injected current density (in Am™2), the charge of an electron is given by e = 1.602*107° C,
d is the active layer thickness (in m), n is the carrier concentration (in m), and t, is the carrier
lifetime given by the radiative, 7, and nonradiative tnr, recombination lifetimes expressed in
seconds. Below threshold, photon density is nil, so S = 0, and in steady state operation there is no
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change in carrier concentration over time, so dn/dt = 0. This allows us to represent the carrier

concentration, n, and furthermore, the threshold current density, Ji, as:

ed

J
n=-=rt ==n
2 Tn Jon = T

Each semiconductor laser diode has a characteristic current threshold condition that is required
before lasing is achieved. The threshold current is the point at which enough current is applied to
induce population inversion, where the concentration of carriers in the excited state surpasses that
of the ground state in the active medium. The threshold current varies with the respective material,

temperature, and geometric properties of the diode.

When the current supplied through a semiconductor increases beyond the threshold condition, the
ratio of optical power output with respect to the injected current is characterized by the slope
efficiency, Sqj [41]. The “dj” stands for differential junction, associated with the differential
behavior of the diode junction. This efficiency is often depicted in power-current (P-I) curves for
individual diodes, showcased in Figure 7. This value is utilized to characterize the general
effectiveness of laser diodes and it will be experimentally obtained for the semiconductor laser
diodes chosen in the development of our laser system. We will observe variations in the efficiency

due to changes in temperature.
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Figure 7: General laser diode P-I curve featuring slope efficiency and temperature dependence,

where T1 < Tz [41].

The Yb fiber laser system that is the subject of this thesis features two semiconductor devices that
are utilized as the pump sources for the gain amplifier. Wavelength matching of the gain media
absorption bands is a primary limiting factor for pumping components. Conveniently, many
commercially available high-efficiency diodes, are based on direct band gap gallium arsenide
(GaAs), Eg = 1.441eV, or indium phosphide (InP) materials, Eq = 1.35eV, that operate in a
wavelength range (940-980 nm). This complements the absorption band of ytterbium ions.
Commercially available semiconductor devices made from these materials tend to be stable in their
emission bandwidths and power-current curves. Additionally, they can be purchased prepackaged
with fiber couplers for straightforward integration into fiber systems. The semiconductor laser
diodes that have been chosen to pump the YDFL feature stable emissions at 976 nm that help to
optimize the amplification process. The seed laser diode features a linear polarization state that
will be maintained through the use of PM fiber throughout the YDFL’s construction.
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2.4 Laser Instabilities

As a fiber laser is developed, instabilities may arise that can affect the laser action of the system.
The instabilities can be induced by a variety of internal and external mechanisms that result in
fluctuations in the quality of the laser emission. Some common laser instabilities include thermal
broadening of spectral lines, linear and nonlinear scattering processes, and external perturbations
[42, 43]. In the MOPA being developed here, the laser instabilities that are the most prevalent and
limiting are ASE and internal parasitic lasing [44]. These instabilities can determine the maximum
gain that can be achieved in fiber amplifiers [45, 46]. This section will provide a brief context on
the cause of these instabilities, their impact, and the methods implemented in design to minimize

them.

2.4.1 Amplified Spontaneous Emission

The fluorescence from spontaneous emission that occurs in optical gain materials can be amplified,
given the right conditions. Traditionally, spontaneous emission is known to emit optical radiation
omnidirectionally, however, when confined within a highly saturated waveguiding media such as
doped active fiber, the spontaneous emission propagating along its length can compete with the
signal for gain. The spontaneous emissions can undergo amplification similar to that of stimulated

emission in a media with high gain [45, 47].

Since the emission gain linewidth for Yb-doped fiber pumped at 976 nm extends from 1030-1100
nm, we can expect fluorescence emissions anywhere in this wavelength range since spontaneous
emission is not driven by any particular signal and is susceptible to a range of Stokes’ shifting
processes. As a result, ASE is seen as an undesirable effect within MOPA laser emissions. It is the

dominant noise term in fiber amplifiers, blurring the emission linewidth with unwanted frequencies
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that lie outside the primary signal linewidth. It also suppresses signal amplification by exhausting
excited energy state populations. Additionally, as ASE propagates through a laser system, the noise
can become continually amplified in latter amplification stages, increasing the level of noise
surrounding the primary signal and decreasing the apparent signal-to-noise ratio. This is why it is

crucial that ASE is minimized at every intermediate stage within the fiber laser system.

ASE cannot be fully eliminated internally within high gain media because it is a result of the same
optical processes needed for stimulated emission,. As a result, to ensure that the subsequent
amplification of ASE remains manageable, methods involving the careful balancing of fiber length
and pump intensity to maximize signal amplification and minimize ASE amplification, have been

developed [48, 49].

Increasing fiber length or dopant concentration allows for more pump absorption and transition
into the signal frequency emission. However, extending past the fiber length and dopant
concentration threshold at which the maximum pump absorption is met, allows for the signal to be
reabsorbed and emitted in the form of spontaneous emission. The effects of ASE may also be
minimized by strengthening the signal power relative to that of the pump. In the construction of
the MOPA YDF laser, amplified fiber lengths and signal powers incident at each amplification

stage will be set such that the ASE amplitude is at a 40-50 dB difference from the signal peak.

2.4.2 Parasitic Lasing & Self Pulsing

Parasitic lasing is a phenomenon in which unintentional laser action takes place for an enclosed
beam path “by virtue of some internal feedback”, from Svelto [45]. In fiber optics, this
unintentional laser action can be triggered by reflections on the end-facet of a fiber, in most cases

caused by non-optimal cleave angles that result in total internal reflection (TIR) of meridional rays
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with complimentary incident angles with the fiber end. These reflections contribute towards the
development of a quasi-resonator cavity within an amplification fiber that exists for a fraction of
the light propagating through the fiber. This leads to the generation of optical amplification modes,
separate from the primary, that can induce laser action at undesirable frequencies, hence the term,

parasitic lasing.

Observing laser emissions suffering from parasitic lasing on a spectrum analyzer may reveal spikes
of optical power separate from the primary signal [50]. This contrasts with the broader gain
windows observed in the spectral output of ASE. Parasitic lasing is detrimental to fiber laser
systems for the same reason ASE is, as they both contribute to the generation of undesirable
frequencies in a laser’s emission which subtract the gain availability from the primary signal

intended to undergo amplification.

Internal resonances may also contribute towards the development of self-pulsing in a fiber laser
system. Parasitic lasing and self-pulsing is most prevalent when there are a large quantity of excited
ions that are left unstimulated by the signal, and therefore available for laser action in separate
channels [50]. Self-pulsing is a phenomenon in which short pulses with high peak power are
generated through resonant laser instabilities. They can be caused by a multitude of internal laser
instabilities such as mode-competition and gain fluctuation which become more prevalent in
systems where random resonance is induced. The powers generated by self-pulsing can be
catastrophic for high peak power pulsed laser systems as well as CW systems [50, 51], as the peak
powers generated from self-pulsing can exceed the damage threshold of the passive fiber

components or the active fibers themselves.
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In a MOPA fiber laser, amplification is obtained without inducing an effect where the signal passes
through the amplifying media multiple times. In their construction, it is important that the
amplified fiber ends are angularly cleaved, following a technique outlined later in Section 2.5.1,
to avoid TIR when sampling the laser emission. This helps to avoid the creation of internal
resonances that may lead to internal instabilities such as parasitic lasing and self-pulsing that are
detrimental to the concept of a MOPA fiber laser system. Isolators may also be used to remove

backwards propagating light.

2.5 Fiber Wavequides

The general design of an optical fiber is centered around their waveguiding capability which is the
ability to channel optical energy through defined spaces and directions. Optical fibers may come
prepared with additional characteristics that can manipulate the polarization, modality, and power
of the traversing optical signal. This section summarizes these capabilities and outlines the

structures needed to maintain them.

2.5.1 Principles of Fiber Waveguides

The structure for a standard step-index fiber waveguide includes multiple layers starting with a
core at the very center with a surrounding cladding, Figure 8. Additionally, optical fibers may
come prepared with a buffer, made of a polymer material. The polymer may feature a lower index
of refraction than the cladding to enable the cladding to act as a waveguide. The addition of a
polymer may also function as a guard, protecting the inner cladding from external elements. A
fiber jacketing material may also be added to further strengthen and protect the fiber from the

stresses it may be exposed to in processing and use.
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The index of refraction of the core, ncore, IS engineered to be higher than that of the cladding,
Ncladding, t0 take advantage of TIR. This is the phenomenon that allows fibers to act as waveguides
for particular wavelengths, and it can be verified using Snell’s Law. If (Ncore = N1) > (Ncladding = N2),

82 cannot exceed a critical angle, 8¢, shown in Figure 8 and given by:

n;sin(6;) = n,sin(6,)

2

0. = arcsin(
nq

External Media (n < n2)

Cladding (n2<n1)

Core (n1)

\/

Figure 8: The structure of a fiber waveguide. The buffer and jacketing are not shown [52].

The numerical aperture (NA) is a measurement of the maximum acceptance angle of a fiber and it
is a characteristic commonly associated to optical fibers. Rays entering the fiber at ®max will be
incident on the core-cladding interface at the critical angle, which is the angular threshold for

which TIR can persist, as shown in Figure 8. The NA is given by:

NA = [n? —ni = nsin(Pmax)
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When outcoupling fiber light into free space, the fiber end must be prepared such that the cleave
angle minimizes internal reflections at the fiber end, Figure 9. This is important as MOPA fiber
lasers are highly susceptible to damage from backwards propagating light since they can contribute
toward the development of free-lasing instabilities. To minimize internal reflection, the cleave

angle, 6, must satisfy the following inequality:

n 1 n
cosI(Z2) <0 < sinI(—) —cos™I(D)
ny ny ny

A r n
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- /-\
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Figure 9: In (a) the extreme meridional ray is reflected on itself. In (b) the extreme meridional ray
is totally internally reflected at the end surface. If the angle & is made larger than this value, more
of the useful rays will be totally reflected and thereby lost for purposes of amplification, from

Tynes, A. R. [53].
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Optical fibers can be manufactured to support either single or multimode operation. This is
dependent on the NA, wavelength and radius of the fiber core, a. A fiber mode refers to the various
spatial configurations light can populate within a fiber. Figure 10 showcases various fiber
propagation modes and the conceptual difference between single-mode and multimode fibers. The
number of guided modes can be determined by the V number. Single-mode operation is obtained
for V 5 2.405 [23]. Hence, we expect lower diameter cores in single-mode fibers. The fiber that
will be utilized to carry the primary signal in the construction of the Yb-doped MOPA fiber laser
is a 10/125 pum fiber with a core NA of 0.075. To carry a signal of 1064 nm, the V number can be
calculated as such:

-6
pe (10 * 10 m)

2
V= —7NA= e 10-m

(0.075) = 2.214 $ 2.405

=

ni
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Figure 10: [Left] Multimode fiber, top, represented with various optical wave spatial
configurations and single-mode fiber, bottom. [Right] The projection of a single and multi-mode
emissions in the transverse plane. Single-mode fiber emissions follow the fundamental transverse

electromagnetic (TEMoo) gaussian intensity profile.
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This verifies that the condition for single mode operation is met for the signal carrying fibers. The
pump, however, will be experiencing multimode operation as it traverses a larger radial cross
section within the cladding of the fiber. The effective radius of the inner cladding is 62.5 um and
the first cladding NA is 0.46. This results in a V number of 185.08, satisfying the multi-mode
condition. For multi-mode fibers, the number of modes can be approximately provided as M =
4V?/n? [23], which is 13883 modes for pump light traversing the signal fiber. A diagram of mode
effective index of refraction as a function of V number that depicts available mode profiles can be

found in this resource, [54].

The fiber used to carry the signal features a DC PM structure, Figure 11. This double-step-index
fiber profile is used to confine pump light within the fiber waveguide while featuring a high
extinction ratio from the incorporated stress rods. The method used for sustaining a set polarization
state is outlined in Section 2.5.3. In DC fibers, the cladding is designed to effectively guide high-
power pump, however, for efficient coupling into the fiber core, there must be sufficient interaction
of pump light with the fiber core. In Figure 11, a diagram is provided that shows the ability for
stress rods to contribute towards the coupling of pump power in skewed optical rays that may

otherwise remain unabsorbed.
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Figure 11: [Left] Double cladding polarization maintaining (DC PM) fiber with a low index

polymer coating [23]. [Right] Stress rod assisted pump mixing for efficient pump power coupling.

2.5.2 Polarization Maintaining Fiber

In PM fiber manufacturing, a modified glass material is placed symmetrically to the fiber core
within the heated fiber preform. When the fiber is drawn out, the modified material forms rods that
run along the length of the fiber within the fiber glass cladding. This material is designed to have
properties that apply stress to the fiber core when they cool. The stresses are applied in a way that
induces birefringence, developing axes of ordinary and extraordinary refractive index in the fiber
core. Electromagnetic waves propagating down the fiber will encounter the different indices of
refraction depending on their orientation within the fiber core. This creates an effect where the
linear polarization of the traversing signal is maintained regardless of any extrinsic stressors that
are applied on the fiber from bending and straining. This method describes the processing of Panda

PM fibers which will be used in the development of the Yb-doped MOPA fiber laser; however,
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other fiber profiles exist that accomplish the same task. Alternate fiber profiles are provided in

Figure 12.

a b C d

Figure 12: PM fiber designs include (a) those with circular stress rods in the cladding, also known
Panda PM fibers, (b) those with an elliptical stress-applying member surrounding the core in the

cladding, (c) those with bowtie stress rods, and (d) those with an elliptical core, from Yablon [55]

For Panda PM fibers, a strong birefringence effect is induced within the fiber with a slow axis
developed in line with the two stress rods and the fast axis orthogonal to it. Light polarized along
the slow axis experiences a higher index of refraction and travels more slowly than light polarized
along the fast axis. Since light can be transmitted in both axes, PM fibers cannot act as linear
polarizers. Instead, they are constructed to have high extinction ratios, >20 dB/m. This is a
measurement of the ratio of light that transfers into other polarization states per meter of fiber that

light travels.

When a fiber is bent or strained, small variations in the birefringence, observed by the signal, are
induced. These variations can induce changes in the quality of the signal due to intermodal
coupling. The variations vary with wavelength and increase proportional to the bending, twisting,
and heating the fiber is subject to. PM fiber is constructed so that there is an internal stress applied

that is magnitudes greater than the extrinsic stresses that a fiber is subject to in ordinary use. This
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keeps the birefringent properties of the fiber relatively stable and helps to maintain a high-quality

signal that retains its polarization, coherence, and modality over the length of the fiber.

2.5.3 Passive Fiber Components

Passive fiber components are optical devices with fiber coupled inputs that serve particular
functions when integrated into a fiber system. They do not require external application of energy,
and instead function independently when placed along the optical path of propagation. In the case
of building a Yb-doped MOPA fiber laser, the passive fiber components that are used include

isolators, pump combiners, a cladding light stripper, FBGs, and a circulator.

All devices are obtained from industry sources and come with set operating specifications, except
for the cladding light stripper which was constructed in lab. This section provides context on the
judgment and selection of each device utilized in the construction of the Yb-doped MOPA fiber
laser. The components are listed in Table 1, and their manufacturer specifications, where available,

are also provided.

Table 1: Passive fiber component operating specifications.

Passive Fiber | Center Wavelength | Maximum CW |n2:3:)i(0n Min Extinction
Device and Range (nm) | Input Power (W) Loss (dB) Ratio (dB)
Isolator 1080+£15 20 1 25

(2+1)x1 Pump + | 1020-1080nm Signal 50/port 0.5 Signal 20

Signal Combiner | 780-1000nm Pump

0.78 (Port 1-2)| 23 (Port 1-2)

Circulator 1064+20 20/port
0.57 (Port 2-3)| 26 (Port 2-3)
Volume Bragg 1064+0.25 i i i
Grating -
Cladding Light i i i i
Stripper
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Fiber optic isolators are used to block backwards propagating light in a fiber system which may
damage the seed or pump laser diodes or contribute to internal instabilities, such as free lasing.
They instill unidirectional propagation by way of Faraday rotators and polarization dependent free-
space elements.. Similar to isolators, circulators utilize a mixture of Faraday rotators and free space
polarization dependent optics such that light entering one of the three ports exits out of the
subsequent port. As a result, forward propagating light entering port 1 exits from port 2 and light
that may be back reflected, incident on port 2, will exit on port 3, and so forth, depending on the
design of the component. The circulators are implemented to allow for the sampling of reflected

optical energy from later amplification stages that will be added to this YDFL.

The pump combiner combines multiple input fibers into a singular output fiber. It confines pump
power into the cladding of the output fiber, making cladding pumping of subsequent active fibers
possible. The pump fibers are multimode and fuse into the internal cladding of the output fiber,
whereas the signal fiber core is paired to the output core, one-to-one. Cladding light strippers are
used to remove excess pump light from the fiber cladding. The fiber cladding is exposed, and a

high index polymer is applied to it so that section of the fiber loses its waveguiding properties.

A schematic of the input/output ports of each external passive fiber component is provided in
Figure 13. FBGs are different in the sense that they appear internally within a fiber waveguide.
The internal fiber material is exposed to an intense UV source to periodically vary the internal
index of refraction profile of the fiber in such a way that a Bragg grating is produced within the
fiber core. This grating structure allows for wavelength selection and is present at the output fiber

coupled ports of the seed and pump diodes.
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Figure 13: Schematic of fiber coupled passive devices.

Each device has an operating wavelength condition where the device is most effective at
performing its function. The devices are selected for use at the Yb-doped MOPA fiber laser signal
and pump wavelength, 1064 nm and 976 nm. Only the pump combiner is expected to process 976
nm light. In addition to the wavelength condition, each device also features a recommended
maximum average input power for CW operation. Operation at powers greater than this may

damage the fiber device.

The fiber isolator, pump combiner, and cladding light stripper feature insertion losses and
minimum extinction loss ratios, measured in decibels. The insertion loss is a measurement of the
fraction of input power that is lost as optical energy traverses the component. It is gained from the

following equation:

P
dB = 10log ( ;uf)

In

The extinction ratio is a measurement of the polarization maintainability of a component. The
values listed show the maximum ratio of power that is interchanged between polarization states
within the device. The devices chosen feature relatively low, but non-negligible, insertion losses

(<1 dB) and high extinction ratios capabilities (>20 dB) making them ideal for signal power and
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polarization preservation through various stages in the fiber laser system. The insertion losses will
be periodically checked against the manufacturer specifications throughout the laser’s construction

to ensure the devices are functioning properly.

34



CHAPTER 3: LASER DESIGN & ENGINEERING

This chapter summarizes the work invested into the design, construction, and characterization of
the ytterbium fiber MOPA laser system. Industry standards for fiber processing are combined with
techniques developed in lab to ensure optimal performance, reliability, and safety of the laser
system. The engineering considerations investigated, combined with the data collected throughout
the laser’s construction, are verified with theoretical expectations serving as a proof of concept,

supporting the validity of this work.

3.1 Laser Architecture

The MOPA laser architecture in Figure 14 is constructed to develop a low power, 366 mW, narrow
linewidth, 59.1 GHz, seeding signal at 1064 nm to higher power (16.4 W) while maintaining the
initial signal characteristics. It consists of three separate laser diodes: a seeding laser diode to
generate the leading optical signal and two mid-power (10 W, 60 W) pump diodes to pump the
Yb-doped active fiber at 976 nm and scale the output power of the 1064 nm signal.

KEY
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10/125um PM Fiber
105/125pum Fiber

Pump 1
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10/125um Active PM Fiber

el |

Fiber Splice
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Figure 14: Ytterbium doped fiber MOPA architecture. Two independent Yb-fiver amplification
stages are connected with intermediary components to generate a power amplified signal while

minimizing instabilities.
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Each of the individual blocks represents an active or passive fiber component that serves a unique
purpose in the development of our system. The isolators are implemented to prevent backwards
propagation of optical energy. The pump combiners merge the signal and pump inputs into the
active fiber. The cladding light stripper is used to remove any excess pump light that may be
present at the end of the second amplifying fiber to prevent damage to the circulator, which is not
graded for 976 nm. Lastly, the circulator is included to provide the operator with a sampling point
for backwards propagating light that may develop in further amplification stages this system will

be attached to in the thermal blooming experiments.

Two separate stages of Yb-doped fiber amplifying media are utilized to limit ASE generation. The
first amplification stage consists of 2.5 m of Yb-doped fiber and the second stage utilizes 4.5 m.
Relying on a single stretch of active fiber would result in the oversaturation of the gain media
without sufficient power from a driving signal to encourage a particular lasing mode. By separating
the amplification stages, we can maintain an adequate seed-to-pump power ratio, reducing gain
competition between stimulated emission at 1064 nm and the development of ASE from other

transitions that are not properly stimulated.

The system is mounted onto a 15x18x0.5-inch water-cooled aluminum base plate with threaded
holes to keep the diodes, active fiber, and fiber components secured and cooled during use. Fiber
spools and mandrels are utilized for fiber management and a beam dump is integrated for back
reflected light emitting out of the unused pump combiner inputs and the circulator back reflection

sampler, modeled in Figure 15. Figure 16 displays the actual layout of the fiber laser system.
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Figure 15: Modeled layout of the ytterbium doped fiber MOPA depicting fiber management

techniques and various types of fiber.
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Figure 16: Physical layout of ytterbium doped fiber MOPA on aluminum base plate. (a) Seed laser

diode. (b) Pump 1 laser diode. (c) Pump 2 laser diode. (d) Fiber mandrels for active fiber cooling.
(e) Fiber spools for passive fiber management. (f) Brass tubing for water cooling. (g) Beam dump

for unused fiber ends. (h) Isolators. (i) Pump combiners. (j) Cladding light stripper. (k) Circulator.

3.2 Fiber Processing

In the construction of this fiber optic system, multiple waveguides, each serving their own
purposes, are coupled into one another to ensure efficient signal pass over. In the efforts of building
a continuous fiber laser system, the output of one fiber is bound onto the input of another in a
process known as splicing. Fiber splicing, however, involves a lot of meticulous preparation for

processing that can become more complex depending on the fiber properties. These steps will be
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outlined in this section. Prior to the splice taking place, the involved fiber ends need to be stripped,

cleaved, aligned, and recoated.

Both the multimode and single mode fibers utilized in the construction of the low power Yb fiber
laser feature a double clad structure. A centered inner core is covered by a glass cladding of lower
index followed by a polymer coating of even lower index. The outer polymer layer acts as a second
cladding, so it is important that this layer does not become damaged. This polymer coating is
stripped in preparation for fiber splicing. The polymer must be removed prior to splicing because
it does not melt and bind at the same temperatures needed for the glass core and cladding which
are much more similar in their thermal properties. The temperatures required for fusion splicing
range from 2000 to 3000°C. The low index acrylate, used to coat most fibers, melts at
approximately 150°C [56]. In the engineering of this fiber laser system, stripping of the fiber
polymer outer layers is done manually using a razorblade that is slid across the fiber cladding

surface.

After stripping the polymer, the exposed cladding is wiped clean with lint-free wipes to remove
any dust and remnant particles that may remain from the fiber strip. If further cleaning is necessary
after cleaving the fiber, an ultrasonic rinsing in an alcohol bath containing methanol may be
performed. Figure 17 depicts a cleaved fiber end before and after thorough cleaning. Note that the
following figures of PM fibers do not accurately depict the fiber core diameter due to the presence

of the fiber stress rods.
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Figure 17: (Left) Poorly cleaned 10/125 uM PM fiber with dust and polymer residue left on the

fiber glass cladding after mechanical razorblade stripping. (Right) A separate 5/125 uM PM fiber

after wiping with a Kimtech wipe and an ultrasonic bath in alcohol.

After cleaning, the fibers are cleaved using an electronic cleaving device. To do this, both ends of
the fiber are tensioned and a diamond sharp edge scribing tool is repeatedly struck against the
exposed fiber cladding until a fracture is created. The number of presses and amount of tension
applied must be optimized for each individual fiber type and diameter. Accurate cleave angles
were found when the fiber was tensioned 210 g for the pump diode LMA 105/125 um fiber, the
5/125 pum PM, and 10/125 um PM fibers. Defects are common. Cases where the fiber end is left
chipped or improperly angled, result in the cleave needing to be repeated. Improperly cleaved

fiber ends increase core distortion and loss experienced at the spliced joint [57, 58].

To increase the chances for a successful splice, fiber ends were prepared to have a clean cut and
angle < 0.4°. Angled cleaves are sometimes desired. Cases where the output of a fiber is to be

sampled required cleave angles between 4 and 6° to minimize chances for internal reflection at the
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fiber end [32]. Figure 18 showcases the angled and flat cleave cases utilized throughout the

construction and characterization of the fiber laser.

Figure 18: (Left) Angle cleaved 10/125 uM PM fiber prepared for efficient outcoupling of the
optical energy (4° > 6 > 6°) to minimize risk for self-pulsing and self lasing [53, 58]. (Right) Flat

cleaved 10/125 puM PM fiber prepared for splicing (6 < 0.4°).

Upon preparing both fibers for splicing, alignment of the fiber ends is performed using the Fitel
Ring of Fire Fusion Splicer. The prepared fibers are loaded into chucks of the appropriate diameter
to be held in place and positioned. The Fitel Fusion Splicer features optical diagnostic equipment
so that the user may observe the fiber ends for cleanliness and uniformity. This is where Figures
17-18 are retrieved. A check of the relative angle between the two fibers was also obtained. The
flatter the surface, < 1° angle in the X and Y planes relative to each other, the more likely the
outcome a successful splice becomes. In PM fiber, there is an added variable of aligning the
internal stress rods running along each fiber. Once aligned, the fibers are pushed together between
three electrodes, a few millimeters across, and an electrical arc discharge is applied across them

through the air to heat and melt the fiber tips together.
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Due to the variable nature of splicing, each splice must be tested for imperfections. Common
imperfections include the misalignment of the internal stress rods in PM fiber and the development
of bubbles within the fiber from poorly cleaved fiber tips. To test each splice, a stress test is
performed, bending the fiber to extreme radii of curvature. If the fiber breaks at the location of the
splice, then the fiber processing steps are repeated. Additionally, if the fiber passes the stress test,
a test of power loss is performed. Splices that result in significant drop in the laser output power
through the splice (>0.3 dB) are also repeated. Power loss greater than this indicates leaking or
heating at the fiber splice point which may be catastrophic at higher powers. Figure 19 showcases

various fiber splices attempted in this laser’s construction.

Figure 19: (A) Satisfactory 105/125 um LMA fiber splice. (B) Satisfactory 10/125 um fiber splice.
(C) Unsatisfactory 10/125 um PM fiber splice due to imperfection at left fiber end. (D)

Unsatisfactory 10/125 pum PM fiber splice due to misalignment of PM fiber stress rods.

D
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Splices C and D were eventually redone due to poor quality. Note the extremely small visual
identifiers of a bad splice. This is why the tests mentioned earlier are so necessary to perform as
they provide a better indicator of splice quality. After satisfactory splicing, a liquid polymer of

appropriate index is applied over the stripped portion of fiber and is UV-cured to a solid coat.

A list of all splices in the construction of the Yb-based MOPA fiber laser are provided in Table 2.

Table 2: All finalized splice specifications in Yb-doped MOPA fiber laser. PM denotes the
polarization maintaining signal carrying fibers. MM denotes the multi-mode fibers coupled onto
the pump diodes.

Splice Estimated
Splice Relative [Program &| Arc | Gap | Estimated | Extinction
# Description | Angle (°) Type Power | (um) | Loss (dB) | Ratio (dB)
Seed > Isolator No. 16 PM-
1 1 0.54 PM 39 23 0 44.61
Isolator 1 > No. 16 PM-
2 Comb 1 0.21 PM 36 23 0 40.17
Pump 1> No. 5 MM-
3 Combiner 1 0.62 MM 39 20 0 -
Combiner 1 > No. 16 PM-
4 Yb-Fiber 1 0.36 PM 39 20 0 39.66
Yb-Fiber 1 > No. 16 PM-
5 Isolator 2 0.69 PM 39 23 0 44.45
Isolator 2 > No. 16 PM-
8 Combiner 2 1.43 PM 39 21 0.01 44
Pump 2 > No. 5 MM-
9 Combiner 2 1.31 MM 42 21 0 -
Combiner 2 > No. 16 PM-
6 Yb-Fiber 2 1.03 PM 39 21 0 42.6
Yb-Fiber 2 >
Cladding Light No. 16 PM-
7 Stripper 1.27 PM 39 21 0.02 4457
Cladding Light
Stripper > No. 16 PM-
10 Circulator 1.09 PM 39 22 0 43.76
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All splices listed have been successfully stress tested and feature negligible losses, including those
with relative angles exceeding 1°. Two separate splice programs were utilized: No. 5 and No. 16
for single mode polarization maintaining fibers and multimode fibers respectively. The Fitel
Fusion Splicer was set to have an arc power of 39 units for fibers of 125 um cladding diameters
for optimal results. Each fiber is pushed 10 um inward upon splicing, so a gap spacing of
approximately 20 pum is required upon fiber positioning. For the PM fiber, an estimated extinction

ratio of approximately 40 dB more than suits the polarization maintenance needs of the system.

3.3 Thermal Management of Diodes & Fiber Components

Due to the dependence many of the device components have with temperature in regard to their
operating efficiencies, careful considerations were put into the thermal management of the fiber
laser system. Laser diodes are known to release thermal energy during use and the active/passive
fiber components used can also contribute to heat generation. As discussed in Chapter 2, rising
laser diode operating temperatures contribute to spectral broadening and wavelength drift in their
emissions to not center on areas where peak gain is acquired for the Yb-doped fiber. This section
details the investigation of the thermal impact and the steps taken to minimize it throughout the

laser’s construction.

Central to the thermal management methods implemented in this design is the active cooling of
the aluminum base plate on which all the system subcomponents are mounted. De-ionized water,
chilled to 16.2°C, is pumped through the aluminum baseplate. To optimize efficient heat transfer
between the base plate and active/passive fiber components, the components must be bound to the
cooled plate with a thermally conductive material in-between. The diodes and passive fiber

components often come encased in metallic casings that are excellent thermal conductors,
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however, in direct binding to the aluminum baseplate, the metal-on-metal contact is typically
imperfect and features pockets of air which acts as a thermal insulator between the two metals. For
this reason, a test of various accessible thermally conducive materials is administered to optimize

the heat transfer between the laser subcomponents and the baseplate.

The thermal conductivity tests administered features the layout displayed in Figure 20. A 10 W
resistor is driven by a power source to generate heat into an aluminum plate. It is pressed into a
second aluminum plate that is cooled to a set temperature, 16.2°C. A thermistor is used to measure
the temperature in the top and bottom aluminum plates. Between the two plates lies a plastic
thermal insulator with a height of 0.1016 mm and a 25.4 mm by 25.4 mm (1 x 1 inch) cutout. In

the cutout, various thermal conductors are inserted and tested for thermal conductivity.

Thermistor 2

Thermistor 1

L Thermal Insulator

Thermal Conductor
(25.4%25.4*0.1016 mm)

[ Chilled Water Input/Output

Figure 20: (Left) X marks the area where thermally conductive materials are applied. (Right)
When the plates are pressed closed, the thickness of the plastic thermal insulator defines the height

of the thermal conductor.

As a control, Figure 21 showcases the thermal exchange when no insulator or conductor is placed

between the two plates.
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Figure 21: The resistor is driven, producing 10 W of heat at t = 20 s, raising the temperature of

both plates to 38°C. It is powered off at t = 180 s and both plates fall to equilibrium at 17.8°C,

slightly above the water temperature due to the influence of the surrounding room temperature.

The maximum operating temperature is determined to be 38°C with no external temperature
control. This lies outside the manufacturer specified operating temperature for the laser diodes that
will be used as pump sources in the construction of the fiber laser system. This justifies the need

for investigation into thermal management methods as the heat generation of the pump diodes may

very easily exceed 10 W.

The materials to be tested consist of thermal epoxy, a pink and blue thermal heat pad, carbon filler-
based thermal paste, and a graphite pad. They were chosen for their general availability and use in

industry for thermal management applications. Logging the change in temperature over time after
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the resistor is driven for various conducting materials provides the following data, represented in

Figure 22:
05 Thermal Conductivity Tests
Material - AT
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Pink Pad - 4.50°C
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Figure 22: The temperature logs for various materials in the thermal conductivity test. The solid
lines represent the data from the top thermistor and the dashed lines represent the data from the

bottom resistor for t = 0 s to 450 s. Each material approaches a thermal equilibrium as the resistor

is driven.

From the data presented in Figure 22, we can intuitively conclude that all materials provide some
degree of thermal management, however the carbon paste and graphite pads provide the best

support. The thermal conductivity of each material is determined by the following relationship:
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. Ph
~ ATA

Where P is the power of heat generation, given by the resistor driven by substantial current, h is
the height of the thermal conductor, AT is the difference in temperature between the top and bottom
plates, and A is the surface area of heat transfer given by the square cutout. Using the data in Figure
22, the conclusion is further supported by the calculated thermal conductivity values, provided in

Figure 23, with some error introduced by thermistor accuracy.
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Figure 23: Calculated thermal conductivity of each tested material. The carbon paste and graphite

pad feature thermal conductivities more than twice that of their counterparts.
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Due to its molecular layered structure, graphite is best utilized to conduct heat over the length and
width of its body as it may prove to be less effective for transferring heat through vertical thermal
displacement. The graphite pad is used to cool only the second pump diode, in line with the
manufacturer specifications, likely due to featuring a relatively concentrated hot spot that is small

relative to the total diode package size.

The decision to secure the laser diodes and fiber components to the water chilled aluminum
baseplate using the carbon paste as the heat transfer medium was decided as it is supported by the

empirically gained evidence to be an efficient thermal conductor and it has a relative ease of use.

In addition to the cooling mechanisms implemented to dissipate heat, steps have also been taken
to minimize the total amount of heat generated. Assuming that the semiconductor inefficiencies
not contributing to heat generation are negligible, we can safely assume that the difference in the
supplied electrical power to emitted optical output power, primarily contributes to heat generation.
This difference can be measured. The laser diodes are driven by supplying a voltage across the

diode input pins. The total supplied power to the diode is given by Ohm’s Law:

V =1IR

P=1V = I°R

Where V is voltage, | is current, R is resistance, and P is power. Taking the difference of the
electrical input power and the output optical power, provided by a power meter, provides the power
loss contributing to heat generation. Assuming that the internal operating losses of the laser diodes
remain constant, we find that the power input-output difference is heavily dependent on the
resistivity encountered at the diode connector interface where the input power is supplied. Initially,
alligator clips were used to connect the diodes to the power supplies. Sleeve connectors were used
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to replace the alligator clips for maximized contact area between the power supply and the diode

bias connector pins.

When the alligator clips were used to supply I = 9 A of current to the pump 1 laser diode, a
potential difference of V = 2.23 V, measured through the function generator, was required. The
measured optical output power was 6.06 W, resulting in a power differential of AP =1V - 6.06 W
= 14.01 W which we can assume corresponds linearly with heat generation. The operating
temperature of the diode operating in this regime was measured to be 23.9°C. With the new
connectors, 9 A was supplied with only a 2.01 V potential supplied across the diode pins. The
output optical power was measured at 6.77 W, resulting in a new power differential of 11.32 W.
The operating temperature of the diode operating package was measured to be 19.4°C. Optimizing

the connectors provided greater operating efficiency of the laser diode.

To support the conclusions gained from the thermal conductivity experiments and the relating
considerations on thermal management, including proper diode forward biasing, the pump 1 diode
was operated in two cases. In the first case the laser diode was scaled to near-maximum output
power without the active cooling from the base plate or modified connectors. In case 2, the laser
diode was actively cooled by being secured to the base plate with a thin layer of carbon paste and
was biased using sleeve connectors. The laser output power and diode packaging temperature were

logged in each operating regime and is presented in Figure 24.
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Figure 24: Characterization of diode output power at 976 nm with and without thermal generation

and displacement considerations.

It is apparent that the modifications made drastically aid in maintaining a consistent operating
temperature for the laser diodes. Due to the change in operating temperature and the connectors
utilized, the measured slope efficiency for the pump 1 laser diode increased from approximately
0.72 WI/A to 0.81 WIA, yielding a change greater than 25% in output power of the diode when

driven at 9 A.

Additionally, knowing that the center wavelength of the laser diode emission is also temperature
dependent, according to the manufacturer specifications, these changes prove even more necessary
as it is crucial that the pump power remains near the 976 nm absorption band for Yb®". The total
change in temperature, AT, between the cooling and non-cooling case for the pump 1 diode was
approximately 6°C. The pump 1 and pump 2 laser diodes feature center wavelength temperature
coefficients of 0.02 nm/°C and 0.01 nm/°C. The center wavelength drift and FWHM broadening
were measured experimentally for the pump 1 diode and are presented in Figure 25. Additional

diode output characteristics are provided in Chapter 4.
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Figure 25: [Left] Pump 1 FWHM vs. output power and [Right] center wavelength vs. output

power with temperature control considerations.

3.4 Intermediate Beam Sampling Methods

To ensure each stage of the Yb-doped MOPA fiber laser was operating satisfactorily, the optical
emission of the laser after every spliced component is sampled for spectral quality and power.
Although beam sampling may prove trivial at times, requiring no more than direct coupling into
measurement devices straight out of the fiber end, sometimes more complex methods are required

to accurately retrieve data critical to characterizing the development of the laser system.

Standard pyroelectric heat-based IR power meters are utilized to characterize optical output power.
Because the power meters operate generally within the UV-VIS-IR range, they are unable to
accurately differentiate between optical emissions within a few nanometers, spectrally, of each
other. For this reason, dichroic mirrors are used to spatially separate the emissions where both

1064 nm signal and 976 nm pump emissions are known to be present.

To collect spectral data at each measurement point, an Optical Spectrum Analyzer (OSA), with an

accompanying fiber coupled input, from Anritsu Corporation is used. Because the OSA has a

52



maximum intensity load where powers in excess may cause damage to its internal workings, no
more than 1 mW of average CW power is coupled into the OSA fiber input at any given point in
time. For this reason, in addition to the raw fiber ends unable to be connected end-to-end with the
OSA fiber connectors, the output of the laser system is coupled through an array of free-space
optics. Figure 26 depicts the optical setup utilized for efficient beam sampling, allowing for the

retrieval of power and spectral data simultaneously.

1064 nm
Collimating Beam  Dichroic
Lens Splitter Mirror

Power Meter

z (976 nm)
y X
Fiber

Coupler Iris
OSA

z |_/

y X Focusing
Lens

Figure 26: Optical setup utilized for simultaneous retrieval of optical power and spectral quality

measurements.

The optical setup outlined above, although depicted sampling the output of the first amplification
stage, is used to characterize the laser at various stages of its development. A fiber launch stage is
positioned in front of a collimating lens on a 3-axis translation fiber launch stage for spatial fine

tuning. A beam splitter is used to redirect a portion of the incident light towards the OSA so as to
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not exceed the OSA’s damage threshold. The beam splitter reflects 4% of the incident light on the
front and back surfaces, allowing 92% of the total incident light to be transmitted through. The
redirected collimated light is focused on the end facet of the OSA fiber coupler. After the beam
splitter, the transmitted light is split by a dichroic mirror that is tuned to reflect 99% of incident
1064 nm light toward the signal power meter. The pump light is transmitted through the dichroic
mirror with minimal loss and is measured by the pump power meter. This allows for the measuring
of the signal and pump emissions independently. The values of power recorded are later corrected
for the losses experienced at each free space optical device. This optical measurement method is

used to retrieve the intermediary and final characterizations of the YDFL, presented in Chapter 4.
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CHAPTER 4: LASER CHARACTERIZATION

4.1 Laser Diode Characterization

The characterization of the optical input diode, used as the master oscillator, and the supporting
pump diodes is critical to the development of the Yb-doped MOPA fiber laser system. Since they
serve as the independently variable sources, they must be carefully characterized so that the
performance of subsequent active and passive fiber components in the system may also be
measured. This section provides a general description of the technical specifications of the laser
diodes used and the rationale behind their use and integration into the Yb-doped MOPA fiber laser.
The in-depth characterization of each diode retrieved in lab is compared against the manufacturer
specifications. These characterizations include the diode P-I curves and spectral outputs. All
measurements recorded in this section are obtained from emissions sampled directly out of the

diode coupled fiber ends, prepared with 4° cleave angles.

4.1.1 Seed Diode

The laser diode utilized to inject the seeding signal is the 1064-1-2-1 Aerodiode. The code
references the emitted center wavelength (1064), then diode type (1), followed by the driver type
(2), and form factor (1). This laser diode acts as the master oscillator of the system. This laser
diode emits a continuous wave single mode beam with high spectral purity centered at Ac =
1064.871 nm. It contains a built-in narrow emission spectrum FBG allowing it to maintain an
emission full width at half maximum (FWHM), Arwnm, of 0.223 nm with a maximum output
power, up to of 394 mW, according to the manufacturer specifications. The polarization state of
the emitted beam is linearly aligned to the slow axis of the coupled Nufern PM980 fiber that comes

prepackaged to the diode output facet. The diode is driven with a 12 V Butterfly 1064 Aerdiode
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CW laser driver with a maximum operating current of 800 mA. The diode driver inputs are
digitally adjusted. The diode contains an integrated thermoelectric controller (TEC) unit set to

35°C. The in-lab characterization details are provided in Figure 27.
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Figure 27: Seed laser diode characterizations. [Top] Seed spectral data. [Bottom] Seed P-I curve.
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The seed diode maintains a fairly narrow linewidth, Arwnm < 0.252 nm, as it is in the sub-
nanometer range. The spectral output remains stable over time and output power after 225 mW,
indicating impressive spectral consistency, however, minimal broadening is observed at higher
drive currents. The stability in the seeding signal is sufficient for continuous gain saturation in the
MOPA amplification process. The seed diode features a 0.49 W/A slope efficiency and will be run
at maximum output power, 800 mA for Pout = 366 mW. So, a Arwrm = 0.252 nm and a Ac = 1064.54
nm is expected when running the system for optimal amplification within the Yb-doped MOPA
fiber laser system. It is run at the maximum output setting since greater signal power assists in

maintaining lower levels of ASE.

4.1.2 Pump 1 Diode

The laser diode utilized to pump the first amplification stage is the 976LD-3-0-0 Aerodiode. This
laser diode emits a continuous wave multimode beam centered at A. = 975.5+0.5 nm, and Arwum <
0.7 nm, up to a maximum output power of 10 W, at 13 A drive current, according to the
manufacturer specifications. The diode has a standard operating temperature range of 20-30°C.
The diode also comes prepackaged with a diode-fiber combiner to a NA = 0.22 multimode 105/125

pm fiber. The in-lab characterization details are provided in Figure 28.
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The pump 1 diode, similar to the seed diode, features a narrow linewidth, but also experiences
linewidth broadening and wavelength drift with scaling output power and operating temperature,
as characterized previously in Section 3.3. The pump 1 diode features a 0.81 W/A slope efficiency
and was initially characterized up to 9 A drive current due to thermal related limitations in the
initial laser construction, however, during the characterization of the first and second amplification
stages, the diode is driven up to 11 A. The expected output power has been interpolated for drive
currents of 9.5, 10, 10.5, and 11 A respectively. At the chosen maximum output power, 11 A for
Pout = 9.190 W, and given the trendline for the center wavelength and full width at half maximum

measurements, we expect a Arwnm = 0.24 nm and a Ac = 976.0 nm.

4.1.3 Pump 2 Diode

The laser diode utilized to pump the second amplification stage is the Element-06 n-Light diode.
This laser diode emits a continuous wave multimode beam centered at A. = 9761 nm, and Arwnm
ranging between 0.3-1 nm, up to a maximum output power of 60 W, at 14 A drive current,
according to the manufacturer specifications. The diode has a standard operating temperature of
30°C. The diode also comes prepackaged with a diode-fiber combiner to a NA = 0.22 multimode

105/125 pm fiber. The in-lab characterization details are provided in Figure 29.
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Figure 29: Pump 2 laser diode characterizations. [Top] Pump 2 spectral data. [Bottom] Pump 2

P-1 curve.
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The pump 2 diode also features a narrow linewidth and experiences linewidth broadening and
wavelength drift with scaling output power and operating temperature. The pump 2 diode features
a tremendous 5.02 W/A slope efficiency and an Ithresh = 506 mA. Although characterized here up
to 9 A drive current for 42.8 W of output power the pump 2 diode was not driven past 4 A (17.7
W) so that the max input power of the following passive fiber components would not be exceeded.
Further information on the operating specifications of the passive components utilized in the
construction of the Yb-doped MOPA fiber laser can be referenced in Table 1. At the chosen
maximum output power to be utilized, 4.8 A for Pout = 21.54 W, we expect a Arwnm = 0.18 nm

and a Ac = 975.73 nm.

There are slight variations between the manufacturer and in-lab characterizations, which are most
likely due to the inability to meet the exact operating conditions utilized by the manufacturer.
Nevertheless, the diode characteristics measured are capable of satisfying the signal and pumping

needs of the Yb-doped MOPA fiber laser system being developed.

4.2 First Amplification Stage Characterization

This section provides an outlook on the active fiber pumping and signal characteristics. The optical
power injected into the first amplification fiber originate within the seed and pump 1 diodes, both
of which were characterized in section 4.1, however, both the signal and pump power pass through
multiple passive fiber components with known insertion losses. As a result, the input powers into
the first amplification stage that are referenced are characterized at the first combiner output before

the splicing of the first active fiber.

Since the seed current is always run at maximum output power, it was characterized at 800 mA of

injection current. It yielded a signal power output of 348 mW, down from the 366 mW measured
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directly out of the seed diode coupled fiber. This indicates a 0.22 dB difference, which is ideal,
considering the maximum insertion loss for the first isolator (1 dB) and pump combiner (0.5 dB)
and the accompanying splices that the signal traverses. The expected and measured losses for both
the signal and pump power and their expected sources are included in Table 3. The measured losses
being beneath the expected losses support the assumption that the devices are operating normally
and that the accompanying splices are satisfactory. With this data, an accurate characterization of

the first amplification fiber can be made.

Table 3: Passive fiber component insertion losses vs. the actual losses leading into the first
amplification fiber.

Traversed Passive Max Insertion Input Output Measured
Components Loss (dB) Power (W) | Power (W) Losses (dB)
Seed Isolator 1 + Pump
(800mA) Combiner 1 1+05 0.366 0.348 0.22
Pump 1
(11A) Pump Combiner 1 0.5 9.19 8.18 0.51

Approximately 2.5 m of PLMA-YDF-10/125-HI-8 double clad optical fiber is utilized in the first
amplification stage. 348 mW of 1064 nm signal power is injected into the fiber and the 976 nm
pump power, originating from the pump 1 diode, was varied. Figure 30 depicts the obtained
broadband spectral data and conversion efficiencies from the resulting amplification, measured out
of the approximately 4° angle cleaved active fiber end directed into the beam sampling optical

setup described in Section 3.4.
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Figure 30: Stage 1 amplification characterizations. [Top] 970-1070 nm spectral data and [Bottom]

conversion efficiency of 2.5 m Yb-doped active fiber averaging near 65%.

The spectral output includes the optical emissions before and after activating the pump 1 diode.
Before pump activation, only the signal spectrum is captured and the noise floor of the OSA is
observed at -66.5 dBm. Upon activating the pump 1 diode, a spike at 976 nm appears, due to

unabsorbed pump light exiting the active fiber and the noise floor is raised in the 970-1100 nm
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range due to ASE. This range lines up with the broader expected gain spectra for Yb-doped fiber,
provided in Figure 4. No evidence of parasitic lasing is observed. Unabsorbed pump power is not
ideal; however, the maximum observed ASE levels are measured approximately 50 dB below the
signal peak and sufficient pump conversion has been achieved. This signal-to-noise ratio is well

above the levels at which ASE becomes a threatening condition in latter amplification stages.

The total optical powers exiting the 2.5 m of active fiber are as follows: 4.83 W of signal and 1.34
W of pump. Therefore, the measured conversion efficiencies lie near 65% as 348 mW and 8.27 W
of injected signal and pump power results in 6.93 W of absorbed pump power being converted to
4.48 W of additional signal power. It is expected that a longer length of fiber would result in
additional absorption of the pump power, and a resulting increase in the conversion efficiency of
this amplification stage. However, increasing the fiber length too much may result in an increased
ASE to signal ratio as the signal is reabsorbed in under-pumped lengths of active fiber. Because
the current ASE levels are low, and the resultant emitted signal power is satisfactory, the design
of the first amplification stage is considered satisfactory for signal generation into the next stage

of the Yb-doped MOPA fiber laser.

4.3 Second Amplification Stage & Final Characterization

In the characterization of the second amplification stage, the signal output of the first amplification
fiber acts as the signal input of the second amplification fiber, with the intermediate losses from
passive fiber components being considered. The excess pump light exiting the first active fiber is
dumped on the transition through isolator 2 since the pump light lies outside the operating
wavelength of that component. The measured losses through each passive fiber component is

recorded in Table 4.
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Table 4: Passive fiber component insertion losses vs. the actual losses leading into the second
amplification fiber.

Traversed Passive Max Insertion Input Output Measured
Components Loss (dB) Power (W) | Power (W) Losses (dB)
Signal Isolator 2 + Pump
9 Combiner 2 1+0.5 4.83 4.68 0.14
Residual
Pump Isolator 2 - 1.34 ~0 >40
Pump 2
(4.8A) Pump Combiner 2 0.5 21.54 20 0.32

The measured insertion losses lie below the maximum losses for the individual passive fiber
components, indicating satisfactory optical coupling. Approximately 4.5 m of Yb-doped fiber is
used in the second amplification stage. 4.68 W of 1064 nm signal power is injected into the fiber,
originating from the first amplification stage, and the 976 nm pump input power is independently
varied, originating from the pump 2 diode. Figure 31 depicts the broadband spectral data and

conversion efficiencies from the resulting amplification, measured using previous methods.

65



Amp 2 - ASE Spectral Output

0
Pump 1 (8.18W)
-10¢ Pump 2 (20W)
20} Pump 1 (8.18W)
T Pump 2 (56.1W)
1]
S 30} |— — —Pump 1 (8.18W)
@
= No Pump 2
é -40 ¢
g
50
<
-60 ¢
-70 . . Ncuise. Floor . .
980 1000 1020 1040 1060
Wavelength (nm)
“0: Amp 2 - Power Conversion Efficiency
| e PCE = 74% o
35 A
2 30f -~
. ”
% 25¢ //./
o »
© e
5 20 A~
E 15+t ,/
= «
S 10 e
[ ]
-
~
[ 3
0 : : : : -
0 10 20 30 40 50

Absorbed Pump Power (W)
Figure 31: Stage 2 amplification characterizations. [Top] 970-1070 nm spectral data and

[Bottom] conversion efficiency of 4.5 m Yb-doped active fiber.
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In Figure 31, the second pump diode is driven past the expected output power threshold of the
system. This is possible because the output is being sampled out of the second Yb-doped fiber,
therefore, the input power restrictions of the following passive fiber components are not yet
applicable. Interms of ASE generation, even at pump 2 injection powers significantly higher (56.1
W) than what is needed (20 W) to meet the final system specifications, there is still an approximate
51 dB difference between the ASE and signal peak amplitudes. Also observed, is a noticeably

higher conversion efficiency through the longer 4.5 m active fiber.

The total optical powers exiting the 4.5 m of active fiber are as follows: 17.7 W of signal and 2.75
W of pump. The calculated conversion efficiencies lie near 75% for the second amplifier as 4.68
W and 20 W of injected signal and pump power results in 17.25 W of absorbed pump power being
converted to 13.02 W of additional signal power. After splicing on the in-lab made cladding light
stripper and circulator, the final laser characterizations are performed. Table 5 lists the expected

and measured losses from the final passive fiber components.

Table 5: Final passive fiber component expected insertion losses vs. the actual measured losses.

Traversed Passive Max Insertion Input Output Measured
Components Loss (dB) Power (W) | Power (W) Losses (dB)
Seed Cladding Light Stripper +
Circulator 0+0.78 17.7 16.4 0.33
Residual
Pump Cladding Light Stripper - 2.67 0 >40

With these passive components spliced onto the system, the limiting factor for output power
becomes the maximum input power of the circulator, which is 20 W. All following
characterizations of the laser output power and spectral output become capped at 16.4 W of total
signal output power as a result due to the insertion loss experienced at the circulator. This

maximum output power is achieved with the following input parameter specifications:

67



The seed laser diode is driven at 800 mA for 366 mW signal power generation, resulting in 348
mW injection into the first 2.5 m amplifying fiber. The first pump laser diode is driven at 11 A for
9.19 W pump power generation, resulting in 8.18 W injection into the first 2.5 m amplifying fiber.
The subsequent amplification in the 2.5 m fiber results in 4.83 W of signal and 1.34 W of excess
pump emissions out of the end of the first active fiber, yielding a conversion efficiency of 65%.
Of that, 4.68 W of signal power is injected into the second 4.5 m amplifying fiber. The second
pump laser diode is driven at 4.8 A for approximately 21.54 W of pump power generation,
resulting in approximately 20 W injection into the second 4.5 m amplifying fiber. The subsequent
amplification in the 4.5 m fiber results in approximately 17.7 W of signal and 2.67 W of excess
pump emissions out of the end of the second active fiber, yielding a conversion efficiency of 75%.
Of that, 16.4 W of signal power is emitted out of the Yb-doped MOPA fiber laser system. The
pump power is stripped from the final emission. The final laser characterization is obtained when
running with these specific operating conditions. The final laser spectral data and P-I curve is

provided in Figure 32.
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69



This fiber laser system emits a high-quality CW single mode beam that is polarized along the slow
axis of the emitting PM optical fiber. The initial signal output power is scaled from 366 mW to
16.4 W while maintaining a Ac = 1064.8nm and a Arwnm Of 0.21 nm. A 46 dB difference between
the signal and ASE peak is observed with no evidence of internal parasitic lasing. and a total optical
conversion efficiency of approximately 72% are maintained within the active fiber. This efficiency
calculation accounts for the total signal power generated (17.7 W) minus the injected signal power
(348 mW) divided by the total injected pump power that was absorbed (24.17 W). This optical
conversion efficiency is in line with other 1 um CW Yb-doped fiber amplifiers pumped at 976 nm
optical conversion efficiencies ranging between 65% and 90%, [13, 16, 59-61]. Accounting for
system internal losses, i.e., wasted pump power and passive component insertion losses, a system
optical efficiency of 52% is calculated, as 16.4 W minus 0.366 mW of signal power is produced
from 9.19 W and 21.54 W of pump power from pump 1 and 2, respectively. The system electro-
optical efficiency is 27%. A final system amplification factor of Ar = 44.81 = 366mW/16.4W is

achieved.

The optical conversion efficiency of this system could be improved with increased fiber lengths
for both amplifying stages, as there was significant unabsorbed pump power measured at their
outputs (1.34 W and 2.67 W for amplification stages 1 and 2). However, this would have come at
the cost of increased ASE-signal levels. It was determined to prioritize signal quality over
conversion efficiency as the output of this system is intended to act as a seeding device for a

following high power amplification stage.
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CHAPTER 5: CONCLUSIONS

The constructed Yb-doped MOPA fiber laser system has been successfully constructed. All of the
specifications required for integration into the following Yb-doped fixed wavelength kilowatt fiber
laser system for the expected thermal blooming experiments have been met. Although the primary
objective of the laser’s construction has been achieved, secured operation of the system requires a
certain degree of understanding in the underlying photonics at play within the laser system’s

design.

The most notable operating characteristic of the Yb-doped MOPA fiber laser, to be considered, is
the booting up procedure. MOPA fiber lasers feature incredible risk in the powering on procedure
as the long lengths of active fiber can lead to the excessive amplification of unwanted frequencies,
modes, or pulses traversing the fiber components which become much more chaotic when strong
ASE is prevalent. The amplification potential for these instabilities can lead to the generation of

intra-fiber intensities that can damage the coupled fiber components or the fibers themselves.

This particular laser system was a victim of such risk. As the pump diodes were operating near
maximum pump power, the seed current was digitally altered by the operator. The change resulted
in the seed diode powering off before re-lasing at the designated output power. The brief moment
where the seed shutdown resulted in one of the active fibers to fracture and the permanent
damaging of the seed diode. Additional damage could also take place within the MOPA fiber laser
as the pumps were still actively pumping the active fiber for several seconds before an emergency
shutoff was activated. It is hypothesized that in this time, a frequency channel contributing to ASE
developed a resonant channel within the fiber laser system and was systematically amplified as it

successfully competed for gain within the active fibers. Such a case can lead to the generation of
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extremely high power picosecond optical pulses that far exceed the maximum operating conditions

of the fiber components.

It was noted, in the construction of the laser system, how crucial it was to log transmitted powers
through every intermediate component or splice performed in its construction. As multiple layers
are added to the holistic system, the operating limitations of every subsequent device would stack
and would need to be considered when operating the laser. For example, although the pump 2
diode could successfully pump the second amplification stage at its maximum operating power
with minimal ASE generation, it became crucial not to power it over 20 W as the maximum

insertion load of the following cladding light stripper and circulator would need to be adhered to.

In addition to the powering on sequence, it is critical that the laser diodes, active fiber, and coupled
fiber components are actively cooled during operation of the laser system. As detailed in Section
3.3, the diodes can heat significantly past their specified operating temperatures if no active
cooling mechanisms are implemented. The overheating of the semiconductor diodes can lead to
diode failure or extreme wavelength drift contributing towards disorder of the internal

amplification process.

Similar to the development of the thermal management approaches, there was a significant degree
of trial and error experienced in the initial stages of the laser’s development provided towards the
fiber processing techniques utilized in the construction of this system. Approaches taken for fiber
preparation for splicing and the methods used to check their quality thereafter were continuously
modified to produce techniques with greater success rates. Although this system features only 10
splices, more than double this amount resulted in failed splices. In the surviving splices, various

polymers and splice recipes were used to ensure proper throughput between the fibers.
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These considerations when building and operating a fiber laser system shows the need for a large
underlying base of knowledge on the innerworkings and risks associated with their development,

and more particularly, the development of MOPA fiber laser systems.
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