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ABSTRACT

Laser sources operating in Mid-IR (2 — 5 um) spectral range have many important applications in
spectroscopy (e.g. environmental monitoring), medicine (e.g. laser surgery), and fundamental
science (e.g. attosecond pulse generation and metrology). Fiber lasers offer technological
advantages of high efficiency, compactness, stability, and high mode quality, but typically
operate in Near-IR spectral range, because they are based on technologically-mature fused-silica

glass which is ill-suited for signal transmission beyond 2um.

This thesis explores high energy pulse generation in Mid-IR (~3um) using ZBLAN glass based
optical fiber lasers. ZBLAN glasses are becoming the material of choice for fiber lasers
accessing mid-IR, since their transmission-window long-wavelength edge extends to ~4 um,
much longer than that of fused-silica glass. Our work focused on Er-doped ZBLAN fibers, which
offer significant practical advantages, such as compatibility with standard telecom-grade pump
diodes operating at 980nm, where pump-to-signal conversion efficiency can exceed quantum
defect limit due to beneficial energy transfer up-conversion processes, and thus leads to record

high average powers in Mid-IR.

The main achievement of this work is that we extended ns-scale pulsed energies achievable with
Er:ZBLAN fiber by an order of magnitude (from ~10? pJ to ~1mJ) while preserving diffraction-
limited (i.e. single transverse mode) output beam quality. This was enabled by using Er:ZBLAN

fibers with core sizes of 30um and 50um which significantly exceed single-mode limit, and

Xiii



developing techniques of preserving single-mode propagation of high energy pulses in these
large mode area fibers. This work serves as the basis for the ongoing work on developing the
first femtosecond-pulse fiber CPA system operating in Mid-IR spectral region, as well as for

future work on spatial and temporal coherent combining of multiple Mid-IR fiber lasers.

As a related effort, we proposed and simulated several novel machine learning algorithms to
optimize coherent pulse stacking (CPS) performance. CPS is a coherent time domain pulse
combining technique. Among all methods, we find that the MSPGD achieves best performance

and can be potentially advantageous for CPS to increase the system operation efficiency.
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Chapter 1 Introduction

1.1 Background and motivation

Albert Einstein first described stimulated emission processes in his 1916 paper [1], which
became the foundation for the new type of light sources (quantum light generators - masers and
lasers) only in 1950s. In 1951, Charles H. Townes [2] suggested that stimulated emission at
microwave frequencies could oscillate in a resonant cavity, and thus can be used to produce
coherent electromagnetic radiation. In 1954, Townes and his student James Gordon [3] directed
excited ammonia molecules into a resonant cavity to demonstrate the first microwave maser,
which oscillated at 24 GHz. Theodore Maiman developed the first red laser emission from a ruby
crystal (chromium-doped corundum) in 1960 [4]. Following this breakthrough hundreds of
crystals and glasses doped with rare-earth ions have been used for generating coherent laser
emission at different wavelengths. Over the past half century laser technology has made
tremendous progress, and at present lasers are found almost everywhere in daily life. Lasers had
become an integral part of modern society, being used for many applications in manufacturing,
construction, telecommunication, automotive technology, medicine, security, etc. Depending on
the type of gain medium, lasers can be classified into several different types - gas lasers, solid-
state lasers, fiber lasers, liquid (dye) lasers, and semiconductor lasers (laser diodes). Fiber lasers

are known as being robust, compact, efficient, high power, and producing high quality



(diffraction-limited) beams, and are thus widely used in various high power and high energy

laser systems.

Over the past two decades, there was a continuous increase in fiber laser power. In the late
1990s, the output power of fiber lasers was on the order of 10W, while by the 2010s powers of
up to 100kW have been achieved [5]. This was achieved using ytterbium-doped silica-glass
fiber (YDF) lasers. The light emission at ~1um of YDF lasers is via an electronic transition (2Fz
- 2Fsp2), which provides with a small quantum defect, thus minimizing heat generation, and also
has a negligible excited state absorption and non-radiative decay [4]. Other rare-earth-doped
fused-silica glass fiber lasers also have been demonstrated to produce relatively high powers
[5,6]. However, fused silica fiber has transmission cutoff at around 2um [8], and thus cannot be

used for lasers and amplifiers operating in mid-IR.

In contrast to silica glass, fluoride and chalcogenide glasses have low phonon energy, and thus
are transparent in mid-infrared spectral range. Rare-earth doping of these host glasses can
provide with multiple lasing transitions in mid-IR. Among these, Er:ZBLAN fiber lasers
operating at around 3 pm have a number of advantageous properties, and thus had attracted a

considerable of research.

1.2 Applications of Mid-IR and LWIR laser sources

The spectral regions of Mid-IR and LWIR have many different applications. This section

summarizes some of the most promising applications for Mid-IR and LWIR laser sources.



Medicine

Lasers operating around 3 um have great potential for medical applications as a replacement of
traditional surgical tools, since they have capability of cutting at the level of a single cell [9].
This is because the fundamental stretching vibration of OH bond is located at ~3 um, and water
is the dominant constituent in soft tissue. Fig. 1.1 shows the water absorption spectrum,
indicating that the absorption coefficient reaches ~10000 cm™ at ~2.8 pum, constituting the
highest absorption peak in infrared. Therefore, laser radiation at ~3 pum can be effectively
absorbed by soft tissue, which enables the minimum wound size [10]. For example, the width of
the scars formed from the wounds made by an ultrafast mid-IR laser were half the size of the

scars produced using scalpel [9].
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Figure 1. 1: Absorption spectrum of liquid water. [10]

CO:z2 laser is still most popular for medical applications. However, bulk Er:YAG systems

operating at 2.94 um have started to replace COz2 lasers, since water absorbs ten times more at



2.94 pum than at 10 um, as shown in Fig. 1.1. Er:YAG laser systems have already been
successfully applied into several medical areas such as dermatology, otolaryngology, dentistry,
ophthalmology, biopsy, lithotripsy, angioplasty and osteotomy [11-18]. In general, different cell
tissue requires different laser power and energy. Hard tissues, such as bone and dental enamel,
need high power CW and pulsed 3 um lasers. For soft tissues lower power lasers can be used,
since the mechanisms of laser-tissue interactions there are different from those in the hard
tissues, and involve photo-disruption, plasma-induced ablation, thermal, photochemical, and
photoablation [19]. Apart from the optical power, it is also essential to control laser exposure
time for achieving high process quality. For instance, photochemical, thermal effects need
continuous wave (CW) or microsecond pulse duration lasers, while plasma-induced ablation and
photo-disruption needs the nanosecond range pulse duration. Moreover, there are some other
medical applications requiring shorter pulses at ~3um, such as optical or corneal transplant
surgery, and stapes surgery. In 2007, it was shown that 3 um ultrafast lasers have a great

potential for damage-free medical applications [9].

Fiber laser operating at 3 um have a great potential to replace the Er:YAG in some specific
areas, because they have several advantages for medical applications. In 2000 a CW Er®* doped
fiber laser operating at ~3pum was demonstrated to ablate chicken breast tissues [20]. Incisions
have been rapidly made without carbonization or charring. Moreover, rare-earth doped fluoride
fiber lasers could be tuned to achieve laser emission at specific wavelengths around 3 um to

provide precise control of the beam penetration depth.



Spectroscopy

The MIR spectral range, in particular the range from 2.5 pm to 5um, is the well-known
molecular fingerprint region, within which majority of organic and inorganic molecules have
strong absorption lines, as shown in the Fig. 1.2 [10]. These absorption lines are due to the
fundamental vibrational-rotational modes of molecular bonds. A thorough understanding of
molecular structure and dynamics often involves detailed spectral analysis over a broad
frequency range. Therefore, broadband lasers sources operating in the mid-infrared can be used
for spectroscopy, trace gas detection and monitoring applications with high temporal and spectral

resolutions.
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Figure 1. 2: Molecular mid-infrared fingerprints absorption line in the spectral region between
2.5 and 5 um [2].

Laser frequency combs in the Mid-IR spectral range have been used for precise measurements of
molecular structure and dynamics since the late 1990s. Frequency comb spectroscopy uses

coherent combs to simultaneously provide large spectral bandwidth, high-frequency precision,



and high brightness. Using mode-locked lasers for parametric down-conversion is one of the
approaches for generating MIR frequency combs [21]. Due to high sensitivity and accuracy over
a broad spectral bandwidth, frequency-comb spectroscopy can identify and quantify molecular

species for remote sensing and microscopy applications.

Supercontinuum generation in fluoride fiber can produce ultra-broadband spectra with high
brightness, well suited for spectroscopy applications. In 2013, Weigiang Yang, et al. [22]
reported high power all fiber mid-IR supercontinuum generation in a ZBLAN fiber, covering the
spectral range from 1.9 to 3.9 um with 7.11 W average power. Consequentially, tunable ZBLAN
fiber-based systems have been utilized for detection of molecular species around 3 pum. In 2018
Majewski et al. demonstrated tunable Dy-doped ZBLAN fiber laser tunable from 2.95 pum to
3um, which covers molecular absorption of OH, NH and CH-based molecules located in Mid-IR
region [23]. In 2019 Woodward et al. developed a swept-wavelength mid-infrared fiber laser,
exploiting the broad emission of dysprosium, and using an acousto-optic tunable filter to achieve
electronically controlled swept-wavelength operation from 2.89 um to 3.25 um, which is used

for real-time remote sensing of ammonia gas [24].

Strong-field physics and attosecond science

Strong field physics is exploring interactions of intense electromagnetic fields with the binding
electric fields of matters. Since Keldysh et al. [28] introduced a theoretical framework to
characterize atomic ionization as a process that evolves with the intensity and wavelength of the
fundamental field, strong field physics has developed into a mature field of research for tracking

electronic and structural dynamics on the attosecond time scale. Semiclassical recollisional



model can be used to qualitatively understand strong-field interactions. The dimensionless

adiabaticity parameter y defining tunneling conditions in the model is [29]:

where I, is the ionization potential of the target atoms, U,, « 1A% is ponderomotive energy, | is
the laser peak intensity, and A is the central driving wavelength. There are many benefits when
using Mid-IR laser sources instead the ubiquitous Ti:sapphire lasers working at 0.8um [30].
First, strong field re-collisions occurring at low peak intensities has the ability to avoid
appreciable ground-state depletion. Moreover, the longer-wavelength field is also beneficial for
reducing the inherent limitations associated with the attosecond pulse chirp, and can generate
high-quality attosecond bursts via high-harmonic generation with higher cutoff energies

(I, + 3.2U, o« A*). Experimental demonstration by Tenio et al. in 2012 is shown in Fig.1.4 [31].
The ultrahigh harmonics (up to orders greater than 500) have been generated by guiding a 330
TW/cm?, 3.9 um, 80-fs pulse in high-pressure helium gas, producing a bright supercontinuum
that spans the entire electromagnetic spectrum from ultraviolet to the soft x-ray region, and

which corresponds to a 2.5 attosecond (single x-ray cycle) transform-limited pulse.
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Figure 1. 3: (a) Schematic illustration of the coherent kilo—electron volt x-ray super-continua
emitted when a mid-IR laser pulse is focused into a high-pressure gas-filled waveguide. (b)

Fourier transform-limited pulse duration of 2.5 attoseconds.[31]

Laser-driven particle acceleration

Although the majority of laser acceleration work up to date have been done using Ti:sapphire
lasers, use of mid-IR laser pulses to drive dielectric laser-accelerators can mitigate the problem
of laser-induced breakdown in dielectric structures at high optical intensities, relax structure
fabrication requirements, and allow greater pulse energies to be injected into the structure. In
2013, Igor Jovanovic et al. developed a robust scheme for 500uJ seed pulse generation at 5 um

using a 2mJ high-energy 2-um pump source [32].

In laser wake-field acceleration, critical power threshold for relativistic self-focusing decreases
with the increase of laser wavelength squared, and the ponderomotive force that pushes the
electrons outwards and drives the Wakefield also scales as laser wavelength squared. Thus, Mid-

IR sources can significantly increase accelerated charge, compared to NIR sources. First laser



plasma Wakefield acceleration driven by ultrashort mid-infrared (IR) laser pulses is reported by
D. Woodbury et al. [32] using A = 3.9 um, 100 fs, 0.25 TW pulses, where relativistic electron

acceleration up to ~12 MeV was achieved.

1.3 Current status of fluoride fiber lasers

Fiber lasers are well known for their robustness, stability, compactness, high beam quality, and
high average power. Yb-doped silica fibers operating at 1um, Yb/Er co-doped silica fibers
operating at 1.55um, and Tm-doped silica fibers operating at 2um are relative mature
technologies [34-36]. However, the longest laser wavelength from a silica fiber reported is
2.188um, due to the sharp transmission cutoff for wavelengths longer than 2.2um [8]. Fluoride-
glass fibers are well suited for operation in Mid-IR. In 1975, M. Poulain et al. [37] reported the
first heavy metal fluoride glass (HMFG) ZrF4-BaF2-NaF ternary system. In 1981, Shibata
Shuichi et al. [38] first reported the ZBLAN glass, which is comprised of 53 mol% ZrF4, 20
mol% BaFz, 4 mol% LaFs, 3 mol% AlFs and 20 mol% NaF. Until now, ZBLAN is still one of
the most successful compositions, operating in the 2.5-4.5um range. Since ZBLAN glasses are

mainly composed of ZrF4, they are often called ZrFs-glass fibers or ZrFs-fibers.

Because of the low phonon energy (580 cm) of ZBLAN glass [39] the theoretically predicted
minimum loss in mid-IR is < 0.01 dB/km. Current commercial ZBLAN fibers exhibit typical

background attenuation of ~10 dB/km at ~3jum, and thus there is significant potential to further
reduce this loss by increasing the purity of the material. Moreover, low phonon energy enables

high solubility of rare earth ions, which can reach up to 10 mol.%, thus enabling heavily doped



ZBLAN fibers. The attenuation of ZBLAN fibers (Le Verre Fluoré), compared to that of low-OH

silica fibers is shown in Fig. 1.5 [40].
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Figure 1. 4: Theoretical loss spectra for a typical ZBLAN optical fiber (solid gray line), silica
optical fiber (dashed blue line), industry best manufactured ZBLAN fiber(solid red line) as

function of wavelength (um) [40]

In addition to ZBLAN(ZrFs)-based fluoride fibers, InFs based fluoride fibers are commercially

also available for using in Mid-IR. Compared with ZBLAN, InFs have slightly higher glass

transition temperature (300 °C) and lower phonon energy. It is worth emphasizing that InFs-

based fibers have availability to provide with broader spectral transmission (up to >5.5 um) than

ZBLAN, as shown in Fig. 1.6 [41]. Also, refractive index of InFs is larger than that of ZBLAN.

These benefits make InFs fiber attractive for supercontinuum sources. In 2016 Gauthier, Jean-

Christophe, et al. reported the first InF3-based supercontinuum source with the spectrum

extending from 2.4pum to 5.4um [42]. Since this thesis is mainly focusing on high-power, high-

energy fiber amplifier in Mid-IR region, we will further limit ourselves to discussing only

ZBLAN based fibers.
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Figure 1. 5: ZBLAN (dashed line) and InFs (solid line) glasses transmission windows. [41]

AlFs fiber is well known for enhanced chemical durability and strength. The Young’s Modulus
63.8 GPa of AlFsis higher than that of ZBLAN glass (52.7 GPa). The glass transition and
melting temperature of AlFs-based bulk glasses are 392 °C and 650 °C, respectively [43], which
are almost 2 times of that of ZBLAN. Thanks to their outstanding chemical and mechanical
properties, AlFs fibers are usually used as end-capps for protecting ZBLAN fiber facets in high
power/energy fiber lasers systems, and also used for Er:YAG and Er:YSGG lasers as delivery

fibers in medical applications.

Several rare earth ions, such as Ho®*, Pr3*, Dy®*, Er®* ,that can be doped into ZBLAN glass, can

be used in fiber lasers operating at around 3 um, as shown in Fig. 1.7. However, there is a
number of significant advantages for Erbium doped ZBLAN fibers, which use 4|11/2 — 4I13/2

Er-ion transition for broadband gain at around 2.6-2.9 um compared with other dopants

operating at similar wavelengths. Widely available, efficient, robust and reliable telecom-grade
laser diodes operating at 976nm can be used to pump this 4|15/2 — 4I13/2 Er transition, while

e.g. Ho®* needs pumping at 1.15 pm, and Dy3+ needs pumping at 1.1 um, which are not
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compatible with existing high power pump diodes. Furthermore, high concentration Er-doped
(>1mol.%) ZBLAN fibers have high pumping efficiencies (up to 49.5%) due to 1-to-2 pump-to-
signal photon conversion (see chapter 2), which especially important for high power lasers — up

to 70W reported so far with an Er:ZBLAN fiber [44, 45].

7 T T
e O 3+ /4 4 n
S E (= g
> 5 345, .5 =
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Figure 1. 6: Emission cross section for rare earth ions doping materials [41]

Table 1.1 [46] summarizes properties of ZBLAN glass with a comparison to those of silica glass.
Infrared edge of ZBLAN glass is much longer than that of silica glass, but stability, chemical
durability, and mechanical robustness of ZBLAN glass is much worse than those of silica glass.
One of the most import problem occurring at high power in ZBLAN glass is the photo-
degradation through OH diffusion, limiting fiber durability. For example, as reported in [47]
Er:ZBLAN fiber laser operated without protection for less than 10h for 20W level output due to

the OH-diffusion. Furthermore, laser induced damage threshold at air-glass surface (always

12



lower than glass bulk damage threshold) is the other limitation for high power lasers. As reported
in [48] measured ZBLAN fiber damage threshold of ~3GW/cm? for 10-ns pulses at 2.8um is
much lower than 475GW/cm? measured in fused silica using 7.5ns pulses at 1.064um [49]. To
mitigate these issues, it is necessary to use highly stable material spliced as an endcap at each
end of the fiber to protect ZBLAN fiber tips from OH diffusion, and to significantly improve
laser operation lifetime. Additionally, endcaps also allow expansion of the output beam to lower

the beam intensity at the output interface to below glass damage threshold [50].

Glass property Silica ZBLAN
Approximate transmission range (1 mm thickness, T > 10%) (um) 0.16-4.0 0.22-8.0
Maximum phuncm energy (cm y 1100 600
Transition temperature (°C) 1175 260
Specific heat (J/(g-K)) 0.179 0.151
Thermal conductivity, W/(m-K) 1.38 0.628
Expansion coefficient (10"%/K) 0.55 17.2
Density (g/cm®) 2.20 4.33
Knoop hardness (kg/mm?*) 600 225
Fracture toughness (MPam'?) 0.72 0.32
Poisson’s ratio 0.17 0.17
Young’s medulus (Gpa) 70 58.3
Shear’s modulus (Gpa) 31.2 20.5
Bulk’s modulus (Gpa) 36.7 47.7
Refractive index (@ 0.589 um) 1.458 1.499
68 76
1.3 1.6
1 0.85
11.9 -14.75

Table 1. 1: Comparison of basic properties between silica and ZBLAN glasses [37]

Different glass materials,suchas AlFs, GeO2, SiO2, Al20O3 can be used as endcaps for protecting
the ZBALN fibers. AlFs appears to be the best endcapping solution for the ~3um high-power
lasers. The refraction index of AlFs (nairs = 1.46 [51]) is close to that of the ZBLAN glass
(nzsLan = 1.48 [52]), thus effectively reducing Fresnel reflections at the joint between the two
materials in an endcap, therefore avoiding the internal lasing in high power amplifier systems.

Moreover, the mechanical and chemical prosperities of AlFzare much better than ZBLAN glass
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[50], thus they can protect ZBLAN fibers from OH-diffusion induced degradation and intense

laser induced optical damage.

Before the splicing procedure, the clean and flat facet of fibers need to be cleaved shown in Fig.
1.8 (a). The cleaver we used is Vytran LDC401A. Different from the fused silica fiber cleaving,
the soft glass fiber needs to be straightened thermally, and use of micro-backstop is also
necessary to reduce the offset and vibrations during the straight cleaving. Due to the low
transition temperature of ZBLAN and AlFs glasses Iridium filament splicer (Vytran LFS4000),
working robustly at low powers, must be used fluoride fiber splicing. The splicer has the offset
shown in Fig. 1.8(a), necessary due to the significant transition temperature and chemical
composition difference and between ZBLAN and AlFs3 (260 °C for fluoride, 390 °C for AlFs).
During splicing procedure, AlFs fiber can be pushed in a controlled manner into sufficiently
heated ZBLAN fibers, using an optimized splicing program with respect to the offset, gap
distance between two fiber facets, and other aplicing parameters. With this technology a
permanent and robust joint can be created as shown in Fig. 1.8 (b). The AlF3 usually needs to be
polished or cleaved at an angle to avoid internal lasing, as illustrated in Fig. 1.8 (c). The single
mode laser output beam in Fig. 1.8(d) indicates the distortion-free interface between the fiber and

endcap glasses.
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18/250 um Er:ZBLAN, 250 pm AIF; fiber

Iridium
(a) filament (b)

(c) (d)

Figure 1. 7: Photographs of (a) clean and flat fiber facet of 18/250um Er:ZBLAN (left) and
250um AlFs (right). The iridium filament offset has also been shown; (b) Robust endcaps of
ZBLAN and AlFs; (c) 12° angle polished endcaps; (d) Undistorted laser output beam from active
ZBLAN fiber for endcap testing.

1.4 Objective and motivation

Objective of thesis is to validate feasibility of high-power and energy short pulse fiber-based
sources in the mid-IR spectral range. Such sources by themselves have numerous interesting
applications in this spectral range (see chapter 1.2). Mid-IR source development is closely linked
to the ongoing work on efficient parametric frequency down conversion into LW-IR spectral
range [25,27,88]. Fig. 1.9 shows the key aspects of the envisioned Fiber Laser-based Sources of
TW Peak Power Ultrashort Pulses at 10-12um. High energy fiber based mid-IR sources under
development are intended to be pump and, seed sources for LWIR OPCPA. This thesis is

focusing on the initial steps of the whole project, and explores high energy generation potential
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with Er:ZBLAN fibers. This is also intended to serve as a basis for future Fiber CPA systems and

coherent combining work.

100x1ns pulse burst at 2.8pum
Pump design ~200-600 parallel channels (assuming 2-6mJ per channel)
Er:ZBLAN fiber Beam
[ TR .
Stretcher amplifier array Combiner
L)

- I — —
Amplitude and Phase |_—! control system l -
Modulator Pair T
+ J

—Y

Er:ZBLAN fiber based 100x1ns 1.2-1.5) pulse burst at 2.8um
ML Oscillator + Amplif.
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DFG source of ~100fs +———————%¢—» system
pulses + pulse stretcher = &I
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|

stretched pulse —_—

80fs 80mJ = 1TW @ 10-12pum

Figure 1. 8: Key aspects of Fiber Laser-based Sources of TW Peak Power Ultrashort Pulses at
10-12pm
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Chapter 2 Modeling of High Energy Er:ZBLAN Fiber

Amplification

2.1 Abstract

Numerical model of erbium-doped fluoride fiber amplifier is presented in this chapter. Using this
model we simulated 30pum-core and 50um-core Er:ZBLAN fiber amplifiers, and compared the
calculated results with the experimental data to calibrate this model. This model can predict the
stored energy of the fiber amplifier, which can help guiding the high-energy fiber laser

experiments.

2.2 Background and introduction

Erbium is a common doping element widely used in fused silica fibers to provide gain at around
1.55um for optical telecommunications [53]. However, Erbium doped fluoride glass fibers
operating at around ~2.8um is a relatively new gain medium which had attracted significant

recent research efforts [54-60]. Numerical and theoretical analysis is important to gain insight
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into Er* doped fluoride glass fiber operation at ~2.8um, which is very useful to guide laser
system design and experimental implementation. In this chapter, section 2.3 describes Erbium
ions energy level structure in ZBLAN glass fibers, and the three methods used to overcome
“bottlenecking” of the 2.8um transition: Er®* and Pr3* co-doping [54-56], cascading ot 1.55um
and 2.8um transitions in Er3* [58-61], and energy transfer upconversion (ETU) in heavily doped
Er3* [62-65] fluoride fiber lasers; and section 2.4 formulates the rate equations for heavily doped
Er:ZBLAN fibers. These rate equations are much more complicated than traditional three level
systems, since they have to include the energy transfer up-conversion (ETU) processes. Section
2.5 presents fiber amplifier modeling results after including light propagation equations as well
as proper boundary conditions. This model can consider continuous-wave (CW) as well as
pulsed lasers and amplifiers. Different from the previously published simulation and modeling
results for Er:ZBLAN fibers, we added the amplified spontaneous emission (ASE) terms to the
terms describing pump and signal propagation. These equations are solved using shooting
method to resolve the boundary value problems (BVPSs). Section 2.6 presents model calibration
and parameter tuning using experimentally measured small signal gain. With this calibrated
model we describe Er:ZBLAN fiber amplifiers quantitively, predicting stored energies in 30-pum
and 50-um core Er:ZBLAN fiber amplifiers that were used in subsequently described

experiments.

2.3 Er®* energy levels in ZBLAN glass

Fig. 2.1 shows the energy levels of Er3* ions in ZBLAN glass fibers. Ground state absorption of

976nm pump excites Er®* into “l11/2 level, and the relevant laser transition at 2.8um occurs
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between 4l11/2 and *l132 levels. However, the lifetime of the upper laser level (*l112) is 6.9ms,

which is smaller than that of the lower laser level (*1112) in this three-level laser system (which is

9ms). Consequentially this “bottlenecks” the 2.8um transition, leading to 1.55um lasing

occurring between 4l132 and #1152 levels. There are three ways to mitigate this population

bottleneck.
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Figure 2. 1: Energy levels diagram of Erbium ions in ZBLAN glass. 2.8um transition is

4112 — 113, and 1.55um transition is *l1z2 — *lispe2

First is that Er®* and Pr3* co-dopeding in ZBLAN glass fiber can be used to avoid this population

bottlenecking [54]. The energy level diagram of Er3* and Pré* in ZBLAN is shown in Fig. 2.2.

The Er®* ion excitation energy caused by the GSA of 790nm pump into the level *lgo2 can transfer
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to the 1Galevel of Pr3* , while the energy of the Er3* ions which decayed into the #1132 level can
transfer to the 3Fs level of Pr3*. These excited states of Pr3* will decay to the ground state by fast
non-radiative relaxation. Measurements reported in [57] indicate that the energy transfer (ET)
from #1112 is significantly slower than that of the ET from the level #113.. Therefore, this last ET
process can de-sensitize the lower laser level of the 2.8um transition. Thus, the Er3* and Pr3* co-
doped ZBLAN fiber laser simplifies to the traditional four-level laser system. The drawback of
this method is that it causes significant heating, since most of the pumping energy is wasted by

the non-radiative relaxation processes in Pr3*.
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Figure 2. 2: Energy level diagram of Er*and Pr3*ions in ZBLAN glass, indicating the processes
that are relevant for the operation of high-power diode pumped Pr3*-codoped Er3* fiber lasers
operating at the transition #l112 — “l132. GSA is the ground state absorption. ESA is the excited

state absorption.

Another way to de-excite the *l132 level is to cascade the 2.8 um laser transition simultaneously

with 1.55 um transition in low-doped Er laser to mitigate the population bottlenecking. The
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relevant details of the energy level diagram is shown in Fig. 2.3. The GSA at 976 nm is used to
pump the fiber laser. The laser can be built forming the oscillator cavity for both the 2.75um,
occuring between 4l11/2 and #1132 levels, and the 1.55um, occuring between #1132 and #1152 levels,
signals. The radiation at 1.55um can deplete the ion population in the “I132 level, thus decreasing
the lifetime of the lower 2.8um laser level. However, this cascaded Er3* doped fiber laser scheme
IS not suitable for high power generation in double-clad fibers, since it requires large pump

irradiances, and hence is more suitable for core pumped fiber lasers whose pump power is

limited.
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Figure 2. 3: Simplified energy level diagram of Er3+ showing the pump and laser transitions
(left-hand side) in the cascade regime as well as potential parasitic processes (right-hand side)

that can lead to additional heat generation. [58]

The most effective method, which is also compatible with high power generation, is to utilize the

heavy doping of Er®* (usually larger than 6 mol.% ) in ZBLAN glass to remove the ~2.8um laser
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transition bottleneck through energy transfer up-conversion (ETU) processes [66,67]. ETU
processes occur in the upper and lower lasing levels as shown in Fig. 2.4. As shown in Fig. 2.4,
ETU: reduces the population in the lower laser level #1132 by transferring excitation energy of
one ion to the higher level “lo12 and the excitation energy of a second ion to the ground level
*11572 , thus reducing the bottlenecking of the lower laser level #1132. Simultaneously ETU: also
occurs reducing the population in the upper laser level #1112, which is not useful. As reported in
[68], the measured ETU1 rate of 3.6x10%3 m3s! is significantly larger than measured ETU?: rate
of 1.2x10%® m3sL, Therefore, the useful ETU1 process is the dominant one. Since the ETU
process is proportional to the erbium ions concentration, the population bottlenecking can be
effectively removed by using heavy doping of Er3* ions. Furthermore, the ETU process allows a
recycling of the excitation, because half of the excited ions is upconverted to the higher *lo/2
level, decay from which populates the upper laser level again. This can enhance the quantum
efficiency by a factor of two, and slope efficiencies of up to 50% which exceed the Stokes
efficiency of 35% were demonstrated experimentally [44]. In this thesis work we use only the

heavily doped Er®* ZBLAN fiber lasers and amplifiers.
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Figure 2. 4: Schematic diagram of energy levels of heavily erbium doped ZBLAN fiber lasers,

and the energy transfer up-conversion (ETU) processes between two erbium ions.

2.4 Rate equations for Er:ZBLAN fiber laser

According to the energy level diagrams of heavily erbium doped ZBLAN fiber shown in Fig.2.4,

the rate equations for the population densities at each energy level N; are given by [67]:
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(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

Here N; is the ion population density of i energy level. Variables z and t are used to account for
the population density changes along the fibers over time. The t; is the intrinsic lifetime of it
energy level in the system at low doping concentrations, including radiative and multi-phonon
relaxations. W;; describes the energy transfer up-conversions process of two ions between the
levels i and j. W, and W,, represent the ETU1 and ETU?2 transition rates from the lower (*l13/2)

and the higher (*l1112) lasing energy levels of the ~2.8um transition respectively. Ws, represents



the cross relaxation (CR) parameter from the thermally coupled *Sar2, 2H11/2 energy levels. B;; are

the branching ratios, describing the probability of ions decaying from level i into level j.

The R;s, and Ry, Stands for the pumping rates of the ground state absorption (GSA), and of the

excited state absorption (ESA) defined as:

pYpOGsa (’11))

A
Rgsa(z, t) = hedyy, No(z, [P (z,t) + P, (z,t)] (2.8)

pyp OEsa (Ap)

A
Resa(z,t) = hedy,s N,(z,)[Py (z,t) + P, (z,t)]
e

(2.9)
Here 1,, denotes the pump wavelength of 976nm, h is the Planck constant ,and c is the speed of

light. oesa and cesa are the GSA and ESA cross sections at the pump wavelength, respectively.
Fig. 2.5 shows the typical GSA and ESA cross sections of Er®* vs wavelength, measured at room

temperature.
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Figure 2. 5: Measured cross sections of ground state absorption (GSA) and excited state
absorption (ESA) for Er:ZBLAN around 980nm [69]

25



A,y represents the effective mode area for the fiber core. Py (z,t) and P, (z,t) are the forward
and backward propagating pump powers, respectively. The overlap factor y,, is calculated from

the ratio of fiber core area and fiber pump cladding area of a double-clad fiber. Rgj stands for the

spontaneous emission from the laser transition given by:

A A
Rep(r,) = 225Dy 6y 92 0] [0 + P (2] (2:20)
heAesy 91

where A, denotes the signal (laser) wavelength. Overlapping factor y, denotes the power filling
(2.11)
factor for the signal. Assuming the fiber core area is uniformly doped by Er3* within the core

radius 7,,,.. , the doping concentration as a function of radius is given by:

Po Ifr < Teore
p@)=-{:
0 otherwise
The power filling overlap factor for the signal y, between the doping and a specific mode can is
defined as:
v =1— 28 (2.12)
Here w, is the mode field radius, given by:
wo = 0.65 + 1.619V 1> + 2.876V ¢ (2.13)
where V is the normalized frequency. o is the emission cross-section, whose dependence on
the wavelength is shown in Fig. 2.6 [70]. b1 and b2 are Boltzmann factors for the #1132 and #1112
laser levels. g, = g, = 2 are Kramers’ degeneracies [67]. P (z, t) and P, (z, t) denote forward
(moving in the same direction as the pump) and backward (moving in the opposite direction as

the pump) signal powers along the z axis, respectively.
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Figure 2. 6: Emission cross section for #1112 — #1132 (solid line), excited-state absorption cross
section for #l132 — #1172 (dashed line). The line with two arrows indicates the full width at half-
maximum (FWHM) [70]

2.5 Er:ZBLAN fiber amplification model

In continuous wave region, the power evaluation of the pump light along the fiber is shown to
be:

dpnE
T pde(Z) =~ [O-GSANO(Z) — O-ESANZ(Z)] X pl—,i_(Z) — app;,—r(z) (2.14)

where a,, represent the background loss coefficients of pump light. For the signal propagation in

amplifier system, the amplified spontaneous emission (ASE) must be considered. ASE is the
most important factor, since it depletes the population in the laser upper level, therefore limiting
the stored energy. The source of ASE is spontaneous emission (SE), by which an atom,
molecule, or ion in an excited state decays to a lower-energy state, resulting in the creation of a

photon. If the SE happens in the gain fiber, a fraction of the photons emitted is coupled into fiber
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modes, and tis hen amplified while propagating along the fiber. The number of photons that are

coupled into fiber modes is given by [71]:

dn(v) = 2hvdvo,(v)n,I;, = 2T, ae()l)nza—félxl (2.15)
k

The signal and ASE light evaluation equation is given by:

dp¥(z) g
+ ;Z = —VsOskE [b2N1(Z) - (gz

1

) B % pE@)
N hc3
—asps (2) + 205N, (Z)?A/1
s (2.16)

where a is the background loss coefficient for the signal. The pump power and signal power at

the fiber ends are limited by the boundary conditions shown in Figure 2.7.

Forward pumping 1‘?’;,;r Backward pumping B,
Py out Forward signal P Backward signal P;-| P out

m—)

Figure 2. 7: Boundary conditions at the fiber ends. P’ is the forward pump power; P;* is the

forward seed power; P, is the backward pump power; Py is the backward seed power.

The original rate equations (2.1) - (2.7) include all 6 energy-levels. For simplicity, we only
consider bottom three levels (*l1s2, 132 and #l112). The reason is that the lifetime (~ps) of the
upper levels is much smaller than that of the bottom laser energy levels (~ms). Moreover, the

cross relaxation and energy transfer up-conversion (ETU) from different energy levels have been
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included in parameters W, and W,,. The other terms are responsible for non-radiative

relaxations wasted by thermal effects.

The rate equation ODEs (2.14) and (2.16) are solved numerically using the Runge—Kutta method
[72] within the range from z = 0 to z = L. However, for backward propagating pump and signal
boundary values are known at z = L, not at z = 0. The shooting method [73] can be utilized here
to solve this type of boundary value problems (BVPs). The idea is to transfer the BVPs to initial
value problems (I\VVPs). The equation sequence begins with an initial guess for the boundary
value (E.g., p, (z) = guessing backward pump power through). Then, the output power at z=L
resulting from this “guess” initial value need to be calculated, and compared to its original
boundary value. By trial and error, the initial guessing value is improved until the boundary

conditions are matched.

The analysis is similar for pulsed fiber amplifiers, but numerical modeling must deal with both
temporal and spatial domains for pump, signal, and ASE power evolution equations, which is

given by:

dpz(z,t)  10pi(zt)
+—L + £ = —V¥pl06saNo(z, ) — 0gsaN(2,8)] X pj (2, 1)

0z Vp ot
+
—a p_(Z: t)
pPp (2.17)
opt(z,t) 10pi(zt) g
+ Saz + V. Sat = —V¥s0sE [sz1(Z, t) — (g_i) b, N, (z, t)] X ps(z,t)
3
c
—aspi(z,t) + 205N, (2, t)Tgﬂi (2.18)
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Comparing with the CW analysis, the ODE is transformed into the partial differential equations
(PDEs). To solve these equations, we need to know the initial pump power at the ends of fibers
and the signal input pulses energy as the time progress. The boundary conditions are shown

below:

Pump: py (0) =P, pg(L) =P,
Signal: p(0,t) =pin(t) piLt) =0
ASE: Pase(0,t) =0 Pase(L,t) =0 (2.20)

We use the finite difference methods to approximate the solution of the partial differency
equations. The idea is to lay down a grid of the independent variables, and discretize the PDEs.
Thus continuous-value problem is changed into a discrete-value problem consisting of a finite
number of equations [73]. Both time and spatial domains are discretized into the points as shown
in Fig. 2.8. Let M and N be the total number of steps in the z and t directions, and let h = L/M
and k = T /N be the step sizes in the z and t directions. A small value of h and k is necessary to
minimize the truncation errors, which is the fundamental error of the finite-difference
approximation. However, the small step size increases computational speed proportionally with
the number of steps. Therefore, h size should be chosen carefully, accounting for specific

computational conditions, and the required error magnitudes.
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Figure 2. 8: Mesh of the finite different method. The filled blue circles represent known initial

and boundary value; the open circles represent unknow value needed to be determined.

To solve this PDEs, the shooting method must be implemented similarly to the CW case. A
sequence of 1\VVPs is produced via the guessing. Then these IVVPs are solved and compared with
the initial boundary value. By trial and error, the initial guess is improved until the boundary

value is matched.

2.6 Model calibration and prediction

In the experiment, two different fibers are used: 1.9m 30um-core-diameter and 3.2m 50um-core-
diameter Er:ZBLAN fibers. The mode field diameters are 26pum and 37um calculated using
equation (2.13), respectively. The parameters used in the rate equations are shown in table 2.1

[67]:
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Parameters

Value

T1, T2 [mS]

9.0,6.9

13, T4, Tg [HS]

10, 120, 570

ﬁZlJ 320

0.37,0.63

B32, B31, B3o

0.99,0,0.01

543! 342! 5411 340

0.85, 0.006, 0.004, 0.14

Bsa, Bs3, Bs2, Bs1, Pso 0.34, 0.012, 0.015, 0.18, 0.44

Table 2. 1: typical values of intrinsic lifetime 7; and branching ratios g;;

The established energy transfer (ET) parameters for different doping concentration were
measured in bulk ZBLAN glass in [74] as shown in the table 2.2, which is on the order of
magnitude of 1023 m%s. That is named as “strongly interacting” (SI) parameters. In 2011, Gorjan
et al [68] introduced the “weakly interacting” (WI) approach, and later in 2012, it was extended
by Stuart Stuart D. Jackson [67]. The WI approach assert that the rates of the interionic energy
transfer processes in Er¥*-doped fluoride fibers may be much weaker compared to the measured
rates taken from bulk glasses. The WI parameters were measured by Gorjan through fitting the

experimental data to a set of equations. The common WI parameters are shown in table 2.2.
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parameter value
Er3* | mol.% 0.25 1 1.22 1.7 6 5 8.75
Concen-
tration | ions/m3 [x1026] 0.4 1.6 1.96 2.7 6.4 8 14
S| Wso 0.6 0.48 0.6 0.8 1.9 2.4 33
Wi x1072m3/s 1.3 1.3 1.4 2.2 2.8 6.7
Wos 0.16 0.2 0.3 0.8 1.0 1.9
Wi Wso 0.1 0.12 0.17 | 0.38 0.46 0.6
Wi; x107%2*m3/s 0.4 0.4 0.4 0.6 0.8 1.8
W 0.08 0.09 0.1 0.2 0.26 0.43

Table 2. 2: Macroscopic known energy transfer parameters in Er3*: ZBLAN for different doping
concentrations. Parameters from two regimes are included: strongly interacting (SI) and weakly

interacting parameters (WI).

However, not all the parameters are measured directly. For example, the ESA cross-section o3,
and the stimulated emission cross section o3, are indirectly determined from spectroscopic
measurements using the JuddOfelt and McCumber theories [60]. The parameters have the tuning

range used in the simulations as shown in the table 2.3.

Parameters Typical value Range Tuned Value
037 (10725 m?) 1.1 0.0-2.0 1.0
035 (10725 m?) 4.5 0.5-5.7 3.6
b, 0.113 0.1-0.2 0.06
bs 0.2 0.1-0.2 0.2
W,,(10723 m3/s) 0.8 0.0-0.8 0.3

Table 2. 3: Typical indirectly measured variable parameters and the ranges used in the

simulations.

Also, the WI ETU parameters varies with the doping level. There is no specific value for the 6

mol.%. In our simulation, thus, we tweaked these parameters to achieve agreement between the
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model predicted small signal gain and the experimental data (see chapter 4.5), as is shown in Fig.

2.9, The tuned parameters are shown in last column in table 2.3.
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Figure 2. 9: Comparison of small signal gain of the experimental data (red dots) and the
simulated data (blue line) for (a) 30-pum-core-diameter and (b) 50-pum-core-diameter Er:ZBLAN

fiber amplifier

The specific fiber parameters used in the model are 3.2 m length, the core size 50um, the mode
field diameter 34pum (for 0.12 NA core), and the Er®* doping concentration is 6 mol%. 20W from
the 976nm pump laser is evenly split to pump the amplifier through the two ends of the fiber.
The pump evolution along the fiber is shown in Fig. 2.10 (a), and the amplified spontaneous
emission (ASE) in Fig 2.10 (b). Fig. 2.10 (c) shows the ion population densities along the fiber,
indicating population inversion distribution along the fibers. However, because this fiber is
heavily doped, the pump is highly absorbed at the both ends of the fiber, thus population
inversion (N2-N1) at each end is much larger than that in the middle of the fiber. Time variation
of the population densities in the level 1, level 2 and level 3 respectively are shown in Fig. 2.10
(d), indicating the gain recovery time of approximately 1-2ms at 20W pumping, which is

consistent with the experimentally demonstrated values reported in Chapter 4.5. This suggests
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that for the maximum energy extraction pulse repetition rate should not exceed 500Hz to 1kHz

range.
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Figure 2. 10: At 20W pumping, simulated pump absorption(a), ASE(b) and (c) population

density along 3.2m fiber amplifier; (d) time variation of the population density.

This model can be used to predict the stored energy. Stored energy is the total photon-flux
energy that a fiber amplifier can generate, which mainly depends on pump power and ASE.

Stored energy can be calculated as the formula:

L
Estore = hUAmodej (NZ(Z) - N1(Z))dz (2.212)
0
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Where A,,,,4¢ IS the mode area. N, and N, are the Erbium ion concentrations in the upper and
lower levels, which need to be integrated along the fiber. The predicted stored energies are
shown in Fig. 2.11. For 30um fiber, the stored energy is >350uJ at 30 W pump power. The more
interesting results is in 50um core fiber, where the stored energy can be up to ~mJ, indicating a

potential goal for an experimental demonstration.
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Figure 2. 11: Predicted stored energies for (a) 30-pum-core-diameter and (b) 50-um-core-diameter
Er:ZBLAN fiber amplifiers.

36



Chapter 3 Large Core Er:ZBLAN Fiber Energy

Exploration

3.1 Abstract

We explored the generation of high energy ns-short pulses in the mid-IR wavelength range using
large core Er:ZBLAN fiber amplifiers. The highest energies achieved were ~0.7-mJ at 2.72-um
in 11.5-ns long pulses, with the corresponding peak power of 60.3 kW, obtained with a 70-pm
diameter core fiber amplifier pumped at 976 nm and seeded by an KTiOAsO4-based optical
parametric oscillator/ amplifier (OPO/OPA) system. These pulse energies are 3 times higher than
previous high energy results using Mid-IR Fiber laser systems. These preliminary results enable

us to pursue mJ-range pulse generation in large core Er:ZBLAN fiber amplifiers.

3.2 Introduction and motivation

Er:ZBLAN is a relatively new type of fiber material, and previous work using this material has
largely focused on exploring high-power CW mid-IR lasing [75-77]. More recently, there has

been increased interest in exploring pulse generation in the mid-IR using these fibers [78, 79]
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due to their potential applications in spectroscopy, laser surgery, defense, gas monitoring, and

IR-laser pumping (see chapter 1.2).

Q-switching was the dominant approach for exploring high-energy pulse generation with ~100-
ns or longer pulse durations. For example, Frerichs et al. reported the first Q-switched 3-um fiber
laser using an acousto-optic modulator, obtaining 2.2-pJ, 100-ns pulses, corresponding to a peak
power of 2.2 W [82]. Passive Q-switching and mode-locking have also been demonstrated with

an average power of a few milliwatts by using InAs or gallium saturable absorbers [83, 84].

Since the publication of this early work, there has been a continuous improvement in output peak
powers and pulse energies. In 2011, Tokita et al. reported 100-pJ and 90-ns pulses,
corresponding to the peak power of 0.9 kW [85]. In 2017, generation of 150 puJ and ~100-ns
pulses, corresponding to ~1.6-kW peak power, was reported by Yanlong et al [86], which is the
highest pulse energy reported prior to the results produced by our research group. The
motivation for this work is to achieve higher pulse energies and shorter pulse durations than
previously published work using Er:ZBLAN fiber lasers and to understand the limits for high-
energy storage and extraction. Also we seek to demonstrate the optical-damage limitations of
high-energy extraction with ns-range pulse durations and compare to mature fused-silica glass

fibers operating below 2.2 pm.

This chapter presents the methods used to generate high-energy pulses in large-core Er:ZBLAN

fibers. An experimental test system was configured as a pulse-seeded fiber amplifier. Section 3.3

presents the seed source, a KTiOAsO4-based pulsed optical parametric oscillator/optical
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parametric amplifier (OPO/OPA) system, which provides high seed-pulse energies for
Er:ZBLAN amplifier energy extraction testing. Section 3.4 discusses the high energy result by
Er:ZBLAN fiber amplifiers: 0.7-mJ energy in 10-ns long pulses are demonstrated from a 70-pum
core Er:ZBLAN fiber amplifier. Section 3.5 presents the nonlinear measurement and analysis in

fiber amplifiers. Section 3.6 discusses the limitations of the parametric amplifier system.

3.3 High energy nanosecond 2.75-pum parametric source

To explore the use of Er:ZBLAN fibers for high energy results, we used a 2.75-um parametric
source developed by Prof. Jovanovic’s research group [87] as the seed. A schematic of the

experimental setup of the KTA-based MOPA system is shown in Fig 3.1.

-
el 2
i fKTAz”
1.06 um Nj 1.75pm/
_ oPORM f; ‘
] | KTA1 ™
M1

Figure 3. 1: Experimental setup of KTA-based MOPA system [87]

This KTiOAsO4-based MOPA is pumped by a Spectra-Physics Q-switched Nd:YAG laser

(Quanta-ray PRO-250-10H), which is seeded by a Lightwave injection seeder to provide single-
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longitudinal-mode operation. The pump laser can deliver 1.064-um, 10-ns, 10 Hz pulses with
tunable energy of up to 1.4 J at a repetition rate of 10 Hz. The RMS energy stability and pulse-
to-pulse timing jitter are 2.4% and 0.46 ns, respectively [88]. This MOPA system starts from the
master oscillator (OPO), which employs a 5 mmx5 mmx20 mm KTA crystal (KTAL in Fig 3.1)
from Castech Inc. The crystal is XZ cut at 8 = 59 for type-Il (e0-0) phase matching. Two coated
mirrors (M1 in Fig 3.1) generated a simple parallel plane cavity with a length of ~24mm, which
has high transmission at the pump wavelength at 1.064 pm and idler wavelength at ~1.74 pum,
and high reflection at a signal wavelength ~2.75um. The pump beam is imaged by using a
telescope from the laser to the OPO crystal, which also collimates and demagnifies the beam to
minimize the angular dephasing and to increase the peak power for the parametric process. Since
the laser focuses within the telescope, the light path is protected by the vacuum tube. The idler
beam with a wavelength of 1.75um is extracted after the OPO stage and is collinearly combined
with the imaged, demagnified, and collimated 1064nm pump in a 5 mmx5 mmx25 mm KTA
crystal (KTA2 in Fig. 3.1) with the same cut as KTAL in the next OPA stage by using short-pass
dichroic mirrors (M2 in Fig 3.1) with a 1.5um cutoff wavelength. Then the signal beam is

extracted by a dichroic mirror M1 to seed the Er:ZBLAN fiber amplifier in the next stage.

This parametric seed source (OPO/OPA) is wavelength tunable and thus allows maximization of
the spectral overlap between the seed-pulse spectrum and the Er:ZBLAN amplifier gain
spectrum. Since the OPO/OPA signal spectrum is narrower than the Er:ZBLAN fiber amplified
spontaneous emission (ASE) spectrum, spectral matching was achieved by tuning the seed-pulse
spectrum to approximately the center of the ASE spectrum, as shown in Fig. 3.2 (a). The

measured temporal trace of 11.5-ns long seed pulses from this OPO/OPA system is shown in
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Fig. 3.2 (b). Because the OPO/OPA output energy can be adjusted by changing the pump pulse
energy from the Nd:YAG laser, this arrangement allows us to select any seed energy as needed
from a range of spanning from a few-pJ up to 2-mJ shown in Fig.3.3. This was more than
sufficient for Er:ZBLAN fiber amplifier seeding experiments, in which the highest seed energies

used were below 200 pJ.
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Figure 3. 2: (a) Measured spectra of OPA idler signal and Er:ZBLAN fiber ASE. (b) Measured
signal pulse trace from OPO/OPA system.
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Figure 3. 3: KTA MOPA system output energy vs pump energy.
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3.4 Large core Er:ZBLAN fiber amplifier experiment result

The fiber amplifier setup that was used for carrying out high-energy pulse experiments is built
using a 0.8-m long piece of 70-um core Er:ZBLAN double-clad fiber (Fiberlabs, Inc.) as shown
in Figure 3.4. The fiber core is highly doped (6 mol. % Er3+ concentration) and has a numerical
aperture (NA) of 0.12. Both fiber ends are polished at 12° to prevent ASE and amplified signal
feedback into the core, suppressing lasing. The fiber inner-cladding diameter is 250-um, which is
surrounded by the 460-um diameter polymer outer cladding, providing a pump-guiding NA of

0.55.

This amplifier is pumped usinga 976-nm pump diode, which is coupled to a delivery fiber with a
400um diameter core and NA of 0.22. The available pump power from this diode significantly
exceeds the powers used in the reported experiments since heating of the 70-um core Er:ZBLAN
fiber limited the usable pump power. To mitigate heating, the 976nm pump beam exiting the
delivery fiber was evenly split into two beams to pump the amplifier through both fiber ends. For
thermal management, both ends of the Er:ZBLAN fiber amplifier were mounted onto water-
cooled metal fixtures, and the protruding bare-fiber portions were additionally cooled using
forced air flow. The 976-nm pump and 2.7-um signal are coupled into and out of the Er:ZBLAN
fiber using CaF2 lenses, which exhibit high transmission for both wavelengths. The lenses were
uncoated, resulting in the total Fresnel losses of 5% and 8% per lens for signal and pump beam,
respectively. Dichroic mirrors (with high reflectivity at 2.7 pum, and high transmission at 975 nm)
designed for 45° incidence were used to separate signal and pump beams at the amplifier input

and output.
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Figure 3. 4: Experimental setup of the 70-um-core Er:ZBLAN fiber pulse amplification system

The measured amplified pulse energy from a 70-um core Er:ZBLAN fiber as a function of the
total coupled pump power (evenly split between both ends) for different seed-pulse energy is
shown in Fig. 3.5. The pump power coupling efficiency in these measurements was 85%. All
energy measurements in these experiments were done using a pyroelectric energy meter (Ophir
PE10-C). The three lowest curves in the figure correspond to the amplification of seed pulse
energies of 16.2 pJ, 39.5 uJ, and 81.3 pJ. For these measurements, we kept the seed pulse energy
fixed while varying the pump power. Up to ~450 pJ of amplified pulse energy was produced at
the highest pump power for the 81.3-pJ input. In order to explore the maximum extraction of the
stored energy, we also characterized this amplifier with 142.5-J seed pulses (the upper curve in
the Fig. 3.5). In this case, the highest output energy reached was 693 J at 12.9 W of coupled
pump power. Since the measured pulse duration is 11.5 ns, the corresponding peak power at this

highest energy is 60.3 kW. Comparing this “top” curve with the lower ones in Fig 3.5, one can
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observe that it does not converge to zero at zero pump power, which is due to a significant
fraction of the output consisting of the input-seed energy. This indicates that in this case the

amplifier was operating under deep-saturation conditions.
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Figure 3. 5: Measured 70-um-core fiber output energy for different input seed energy

For verification, we used the Frantz-Nodvik model [89] to estimate the amount of stored energy
in this amplifier under various pumping levels. This can be done at each pump power level by
comparing the small-signal gain, measured with a weak, seed signal that does not saturate the
amplifier, to the high-energy pulse gain, measured with several different seed energies, each
sufficiently high to cause partial amplifier saturation. This comparison allows the determination
of the energy extraction efficiency for each seed-pulse energy [90], from which, using the
measured output energy, one can calculate the stored energy in the fiber amplifier at this

pumping level. The formula can be written as:
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Where G, is the small signal gain, G, is the actual pulsed saturated gain, E,,,, and E;,, are the
output energy and input energy respectively, and n stands for energy extraction efficiency. First
in the experiment, the small-signal gain G,, measured at output energies well below saturation, is

shown in Fig. 3.6 (black curve).
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Figure 3. 6: Measured stored energy and small-signal gain of 70-um-core Er:ZBLAN fiber

The relationship between n and G, can be derived by equation (3.1). Fig. 3.7 shows two different

curves with small signal gain with 12.9 dB and 18.7 dB respectively. The pulsed gain can be
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calculated from measured output amplified energy, which is able to derive the extraction

efficiency (x-axis in Fig. 3.7). Thus, the stored energy can be calculated using the formula:

Estore = % For instance, the measured stored energy 492uJ at G, = 18.7dB and 230uJ at

G, = 12.9dB is marked in Fig. 3.7.
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Figure 3. 7: Energy extraction efficiency vs saturated pulse gain

The estimated stored energy varying with pump power is also shown in Fig. 3.6 (red curve). One
can see that this estimate indicates a near-complete extraction of the stored energy by the 142.5-
pJ seed. Indeed, measured output energies for this seed are approximately equal to the sum of the

input and the stored energy.

The achieved energy in the experiments with the 142.5-u1J seed were limited by a consistent
optical damage at the output facet of the fiber shown in Fig. 3.8, occurring every time coupled
pump power was increased above the level used for reaching ~690-uJ output pulse energy.
Because this is the preliminary experiment, the fiber ends in our experiments were not protected

by endcaps at that time, limiting the achievable pulse energy. We anticipate that this surface
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damage will be eliminated once the protective endcaps are fused to the fiber ends in the future
experiments (see chapter 4). Note also that there was a significant fiber heating at both ends of
the fiber: the fiber tip temperature reached 110° C at 12.6 W of coupled pump power. We
associate this with the high Er-doping concentration in the fiber, as well as with the fact that the
pumping wavelength was exactly at the absorption peak, thus maximizing the heat load at each
fiber end. Further mitigation of this heating should be achievable by partial detuning of the pump

wavelength off this absorption peak.

Figure 3. 8: damaged Er:ZBLAN fiber output facet

3.5 Nonlinearity in Er:ZBLAN fiber amplifiers

Self-phase modulation (SPM) gives rise to an intensity-dependent nonlinear phase shift, which is

given by [91]:

¢NL = VPOLeff (3.2)
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where y = (n,wq)/(cAerr(w)) is the ZBLAN fiber nonlinear coefficient at the carrier
frequency w0, corresponding to the central wavelength at 2.8 um, where n2 = 2.1 x 1072 m?/W is
the nonlinear refractive index of the ZBLAN fiber, c is the speed of light in vacuum, and
Agrr(wo) is the effective mode field area of the fiber core. P, is the peak power of the fiber; L s ¢
is fiber effective length. For a signal at 2.8um, a fiber with a 70 um core diameter, y =

1.22 x 1075 W-Y/m, and the peak power is 60.3kW. So, the nonlinear phase caused by SPM is
0.255. From published data, the spectrum broadening is initially observed in 15.5um core
diameter single mode fiber amplifier at 52.7 pJ for ~5ns pulses [92]. In this condition. SPM
induced nonlinear phase is 0.937, which is ~4 times than our large core fiber amplifier results.
Thus, the SPM indued spectrum broadening can be ignored in our experiment. The Input seed
and amplified signal are also measured in Fig. 3.9, and no spectral broadening was observed,

indicating the energy we achieved is below the SPM threshold.
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Figure 3. 9: measured input and output spectrum of 70pum-core Er:ZBLAN fiber amplifier at

690uJ pulse energy
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Furthermore, the critical peak power for Raman threshold is given by:

9rP Lesr
Acrr

16 (3.3)
Where Raman-gain coefficient g for ZBLAN at 2.8 umis 1.15 x 10713 m/W. and calculated
Raman threshold P§" is 6.76 x 10° W. Thus, stimulated Raman scattering cannot occur at
60.3kW amplified peak power. From the published data on the stimulated Raman scattering in
ZBLAN glass [93] the expected long-wavelength shift at 2.72 um is ~430nm, corresponding to
~17-THz Raman frequency shift. The output spectrum measured in the 2—4 um range at the
highest output pulse energies is shown in the Fig. 3.10. It does not show any presence of
stimulated Raman scattering, thus indicating the absence of nonlinear effects at the highest
achieved pulse energies and peak powers. Also, according to [91] if the laser linewidth is

exceeding 10MHz, Stimulated Brillouin Scattering (SBS) cannot be effectively excited. The

input signal ~200Ghz linewidth indicated the SBS can be ignored.
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Figure 3. 10: measured output spectrum of 70pm-core Er:ZBLAN fiber amplifier in the 2—4-pm
range at 690 pulse energy
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3.6 Limitation of parametric source

We achieved 0.7mJ from a 70pum-core-diameter Er:ZBLAN fiber amplifier, but There are some
limitations of parametric OPO/OPA sources. Figure 3.11 shows a near-field transverse beam
profile of the 2.72um idler from the OPO/OPA stage measured by the InSb camera (Xenics
Tigris-640) [15]. The beam has a flat-top spatial profile which is shown in Figure 3.11 (a). The
2.1x1.8 mm signal shows a larger ellipticity of 1.15 and exhibits a stronger intensity lobe on the
left side of the beam profile, which is in the walk-off direction. The beam quality analysis (M?)
for the OPO/OPA stage was performed using a CaF2 lens with a focal length of 100 mm. The

formula for M2 is given by:

2

M2
W2(z) = W2[1 + (ﬂwoz)z(z — 7p)] (3.3)

Where W, is the beam width at the waist, and z, is the waist position. For a single-mode
diffraction limited beam, the M?value is 1. For an arbitrary beam, diffraction effects are stronger
than for a single mode beam so the M2 value will always be larger than 1. As shown in Figure
3.11(b), the beam quality factors of the 2.1 mmx1.9 mm signal beam from the KTA OPO/OPA
stage were measured to be Mx? = 2.0 for the horizontal direction and My? = 1.9 for the vertical
direction [87]. This type of non-gaussian laser beam is used for seeding the large core multi-
mode ZBLAN fibers. The output beam of the Er:ZBLAN fiber amplifier is multi-mode without

any doubts.
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Figure 3. 11: time-integrated beam profile time-integrated beam quality(M?) measurement for
OPO/OPA stage [87]

Moreover, the commercial pumped laser is a Spectra-Physics Quanta-Ray flashlamp-pumped Q-
switched Nd:YAG laser (PRO-250-10H). The laser operates at a fundamental wavelength of
1.064 um at 10 Hz, which is used for pumping OPO/OPA systems. The generated idler (~1.74
pm) and signal(~2.75 pm) are also 10 Hz. This low reptation rate prevents the KTA based
OPO/OPA system from achieving high average power. For Er:ZBLAN fiber amplifer system,

while the system has a promising pulse energy, the laser average power is limited to 7mW.
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Chapter 4 Single Mode High-energy Pulse Generation

Using LMA Er:ZBLAN Fiber Amplifiers

4.1 Abstract

We explored and demonstrated single transverse mode, high energy, nanosecond short pulses in
the mid-IR wavelength range using 30pum and 50um large core Er:ZBLAN fiber amplifiers. The
highest energies achieved are ~750 puJ at 2.78-um in ~100ns long pulses, with a corresponding
peak power of ~7.5 kW, obtained with a 50-um diameter core fiber amplifier pumped at 976 nm
and seeded by a ring-cavity single mode g-switched Er:ZBLAN fiber lasers. To the best of our
knowledge, these results are the first and highest pulse energies and peak powers in single
transverse mode achieved from large core Er:ZBLAN fiber lasers at wavelengths longer than

2.5um with nanosecond pulses.

4.2 Background and Introduction

Recently, there have been numerous experimental studies exploring generation of high energy

(100pJ to ~1mJ range) pulses and powers in mid-IR at ~2.8 pum using large core Er:ZBLAN
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fiber lasers and amplifiers, with core sizes ranging from 30um to 115um [94, 95]. However,
since these fiber cores are multimode, all the achieved high energies were produced in
multimode output beams. For many applications it is preferable to maintain diffraction-limited
output beam quality. In this Chapter, we demonstrate two methods that it is possible to achieve
robust single mode high energy pulses from large core Er:ZBLAN fibers, which surpass the
limitation of the single mode fiber pulse energy generations [115]. In section 4.3, the single
mode source will be designed and developed as the seed for LMA fiber amplifiers. In section
4.4, the single mode excitation is introduced. This technique can produce a single mode output
laser beam using multimode fibers. In section 4.5, we experimentally demonstrate high energy
pulses in a single transverse mode from 50um and 30um core Er:ZBLAN fibers in mid-IR at
~2.8um. In section 4.6, high-order mode filtering techniques will be introduced, which are more

robust than single mode excitation techniques.

4.3 Single mode g-switch laser development

To replace the low rep-rate non-gaussian KTA OPO/OPA surrogate source, we designed and
developed a single mode g-switched fiber laser source. The schematic setup is shown in Fig.4.1.
Unlike with conventional linear cavity g-switched lasers [85, 96], we built the ring-cavity g-
switched fiber lasers. This cavity can generate linear polarized light, which can propagate
through an isolator and into the amplifier with low loss. In the setup, 4m, 18um-core-diameter
double-cladding Er:ZBLAN (FiberLabs Inc.) fiber was used as an active gain medium. The
doping concentration is 6 mol.%. The fiber was spliced with 450um-long AlFs as endcaps to

protect the ends from the pulsed damage and degradation. Both ends are polished at an angle of
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12° to avoid parasitic lasing. The inner cladding diameter is 250pum and NA is >0.5. The outer
polymer cladding is 450um in diameter. The pump absorption in the inner cladding at 976nm
was measured as ~3dB/m. The fiber ends were hold by the water-cooling chuck holders with V-
shaped grooves. Two 20mm plano-convex CaF2 lens were used to form the cavity to focus the
beam into the fiber and collimate the beam in free space. An isolator with 30-dB isolation
(Faraday Photonics LLC.) is used in the cavity to block the converse ASE. An Acousto-optic
modulator (AOM) made by germanium (ISOMET Corporation.) was inserted in the cavity as a
g-switch, which is driven by a pulsed RF source at 1220MHz. We used the first order mode of
AOM for g-switching since the diffraction efficiency of AOM is only 70%. Q-switching with
zero order will be limited by the diffraction efficiency for high energy operations. The half-
wave-plate before the AOM is for controlling the polarization of beam through the AOM to

maximize the diffraction efficiency.
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First order

4m, 18um core
Er:ZBLAN fiber

(b)

Figure 4. 1: (a) Schematic of ring cavity g-switched Er:ZBLAN fiber laser. (b) photo of ring
cavity g-switched Er:ZBLAN fiber laser. The fiber is 4m 18um-core-diameter Er:ZBLAN and

polished at two ends.

The rep-rate of g-switch can vary from 100Hz to 5KHz. A pulse train at 1kHz is shown as Fig.

4.2 (a). The pulse duration is ~96ns as shown in Fig. 4.2 (b). The output energy as a function of
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the pump power is shown in Fig. 4.3. It is clear to see the maximum energy is limited by 45uJ at
2-3W. The output energy is still increasing as pump power increased, but the output energy is

kept constant. We believe it is feedback from the laser system which d::l‘estes the ion population
in the upper level in this three level system, which generates CW lasing when the pump power is

larger than 2W. However, this energy is still enough to seed the subsequent fiber amplifier stage,

as typically we usually use less than 20uJ to seed the pre-amplifier.
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Figure 4. 2: Screen shot of (a) 1kHz pulse train (b) pulse duration
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Figure 4. 3: Measured 18-um-core g-switched laser output energy and output power at different

pump powers.
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4.4 Single mode excitation technique with LMA fibers

Fibers with a large multimode core can produce a fundamental-mode output when used in
combination with single-mode excitation technique in a multimode core. The single-mode
excitation technique reported in [97] is illustrated in Fig. 4.4. The basic idea of this technique is
to use the mode-matched beam coupled into a single-mode fiber to quantify the beam quality of
the LMA fiber output. A gaussian beam is coupled into an LMA fiber, and the output laser beam
of the LMA fiber is coupled into a single-mode fiber with a pair of lenses to control the mode
field diameter, which acts as a spatial filter that only transmits the LPo1 (fundamental) mode and
filter the high order mode. The objective of this setup is to maximize the percentage of light with
fundamental mode. The measured power transmission through the single-mode fiber provides a
quantitative measurement of this percentage, and therefore of the mode quality at the LMA fiber
output. In a first step of experiment, the fundamental mode field diameter (MFD) of the two
fibers is calculated and measured. The two lenses between the two fibers are then selected for
perfect mode matching. The telescope can be inserted between the stages to adjust the MFD.
Finally, the launching conditions of the beam into the LMA fiber are adjusted to maximize the
transmission through the single-mode fiber. This system also requires very precise positioning of
the input beam, which should be strictly co-linear with the core axis, and very accurately

positioned in the two directions transverse to this axis [98].
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Figure 4. 4: Experimental setup to excite the fundamental mode in an LMA fiber

Moreover, the fundamental mode needs to be preserved while propagating along the fiber. The
structural properties and packaging of an LMA fiber influence whether the fundamental mode
will propagate undisturbed and reach the output without significant scattering into higher order
modes. Mode scattering in LMA fibers is caused by intrinsic random refractive-index variations
along the length of the fiber, characterized by a power spectrum S. Coupling occurs between two
modes when the Fourier component S(A) at the spatial frequency 2n/A corresponding to the beat
length A between the two modes is sufficiently strong. The strength of the single mode to higher
order mode coupling coefficient n increases with increasing magnitude of S(A), the formular is

given by [99]:

2

n
n= FS(A) 4.1)

Where n is the refractive index of the fiber and S(A) depends on stress-induced index
perturbations as well as micro-bends associated with the limited mechanical stiffness of a fiber
structure [6], both of which developed during fiber fabrication. Fibers manufactured using rod-
in-tube approach can exhibit significantly stronger scattering than fibers manufactured using

modified chemical vapor deposition. For index guiding LMA fibers [100],
4

D6

out

S(A) =

(4.2)
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where D,,,,; is the fiber outer diameter, the strong dependence on diameter reflects the strong
influence of fiber stiffness on the formation of micro-bends. This formula indicates that even a
moderate increase in fiber diameter D,,,; can significantly reduce scattering. It also shows that
mode scattering increases with increasing beat length between modes. According to this
approximation [101], beat length between the fundamental and the closest higher order mode
(typically the LP11 mode) in a step-index fiber is given by:

2.2nD?,
A=—r (4.3)

Where D, is the fiber outer diameter and A is the excited wavelength. Combined equations (4.1)

- (4.3). We can easily find the mode coupling efficiency 7 is given by:

6 p8

n
n=119—>- (4.4)

In the formula (4.4), mode coupling efficiency n proportional to n® and Dg, and inversely
proportional to A*. Thanks for the effort in the near-IR wavelength range, the largest core sizes
that could sustain such single-mode excitation were demonstrated to be in the 65um - 80um
range [102]. It indicates that n should be lower in mid-IR wavelength range for same fiber
geometry, which implies such single mode excitation should work for large core (<50um)

ZBLAN fibers operating at longer wavelength like 2.8um.

4.5 Single mode high energy pulse amplification

LMA fiber amplifier experimental setup is shown in Fig. 4.5. The setup consists of four parts: Q-
switched laser seed source, single mode fiber pre-amplifier, large core fiber amplifier and single

mode fiber filter setup for aligning amplification stage excitation in a single transverse mode. Q-
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switched laser source uses 4m single-mode doubled-cladding highly doped Er:ZBLAN fiber (6
mol. % Er3* concentration), which is presented in section 4.3. The repetition rate can be tuned
from 100Hz to 5kHZ. These seed pulses are coupled into the single mode 18um-core-diameter
fiber pre-amplifier using 25mm CaF2 lenses, the output energy of signal at 1kHZ is shown in

Fig.4.6 (a). And the output signal wavelength is shown as Fig. 4.6 (b).

18um single-mode
Fiber Amp

Single-mode 2.8 pm
qg-switch laser

Passive Single-mode Large core (30pym/50pm)
Fiber (Spatial Filter) Fiber Amp
Telescope

Flipper 1
Power-
i
ZFG single mode fibe Er:ZBLAN fiber, 6 mo|
Core: 14um, NA: 0.12 c
Energy-
meter

e: 30 or 50um, NA: 0.1 """

Figure 4. 5: Experimental setup of the Er:ZBLAN LMA fiber pulse amplification system;
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Figure 4. 6: (a) Energy and (b) wavelength from the single mode 18-pum-core Er:ZBLAN pre-

amplifier
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This pre-amplified seed can vary from 0 to ~180pJ, which is sufficient for seeding the
subsequential LMA fiber amplifier. The amplified signal is coupled in to LMA fiber amplifier
using CaF2 lenses, and a 40mm focal length lens is chosen to match amplifier fiber fundamental
mode. The LMA fiber amplifier uses highly doped (6 mol.% Er®* concentration) Er:ZBLAN
fiber (Fiberlabs, Inc), with a 50 um diameter and 0.12 NA core. The fiber inner cladding
diameter is 250 pum with >0.5 NA, and the outer cladding diameter is 460 um. Both fiber ends
are protected with AlFs as endcap to protect ZBLAN from damage and degradation. The angle of
the endcaps is polished as 12° to prevent lasing. We used a fiber coupled pump diode providing
up to 75 W at 976 nm from a 400 um and 0.22 NA delivery fiber, which was coupled into the
Er:ZBLAN fiber from two ends. And the output energies were measured using a pyroelectric
energy meter (PE 10-C P/N 7Z02932) which is shown in Fig. 4.7(a). The seed is kept at 30j.J
from 500Hz to 5kHz. The achieved output energies varied from 349uJ at 5kHz to 743uJ at
500Hz. We noticed the energy at 500Hz and that at 1kHz has the similar pattern. It indicates that
the gain recovery time of this 3.2m 50 pum core fiber at 21 W is around 1ms-2ms same as the
model prediction (chapter 2.6). And after single mode excitation, the measured beam quality of
the 50um core and 3.2m long fiber output after this procedure is shown in Figure 4.7 (b),

indicating M? ~1.245.

61



Energy()

120 140 160 180 200
position(mm)

220 240 260

(@) (b)

Figure 4. 7: (a) Output energy from 50um core Er:ZBLAN fiber amplifier using 30pJ seed in
different rep-rate; (b) Mode quality of output beam from 50um core Er:ZBLAN fiber amplifier

To verify the stored energy, we used the Frantz-Nodvik model (chapter 3.4) to experimentally
estimate the amount of stored energy in this amplifier, under various pumping levels. The small
signal gain and measured stored energy is shown in Figure 4.8. One can see that ~80% of stored

energy is extracted with the 30pJ seed.
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Figure 4. 8: Small signal gain and stored energy of 50um core Er:ZBLAN fiber amplifier

However, perfect matching of the simulated data (chapter 2.6) with the experimental data could

not be achieved. The discrepancies come from two aspects (the error of the experiments). One is
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because the ZBLAN is soft glass material, and deforms especially at high power. It will affect
the coupling efficiency, thereby, affect the measurement accuracy. The other is the pump loss.
Pump leakage can reduce the population inversion in the laser system, and thus reduce the stored

energy.

We also performed an additional set of high-energy amplification experiments, in which the 50-
pum core fiber was replaced with a smaller-core fiber. Specifically, we used 1.9 m of highly
doped (6 mol. % Er®* concentration) Er:ZBLAN double cladding fiber (Fiberlabs, Inc), with the
30-pum diameter and 0.12-NA LMA core. The fiber inner cladding diameter was 300pm

with >0.5 NA, and the outer cladding diameter was 460pum. The measured amplified pulse
energies for 97.3-uJ seed for 5kHZ rep-rate is shown in Fig. 4.9 (a). The highest obtained pulse
energy in these experiments were up to 419uJ. In this 30-pum core fiber, the maximum achieved

pulse energy was limited by fiber end heating. The measured M?=1.289 is shown in Fig. 4.9 (b).

M? = 1.289

Output Energy()
.

L
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Figure 4. 9: Output energy from 30um core Er:ZBLAN fiber amplifier; (b) Mode quality of
output beam from 30um core Er:ZBLAN fiber amplifier
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4.6 High-order mode filtering in a coiled ZBLAN fibers

The other common way a large-mode-area (LMA) fiber h can produce a fundamental-mode
output is high-order mode filtering in a coiled fiber. This coiled-LMA technique is first reported
by Koplow in 2000 [103]. Compared with single mode excitation techniques, it is relative
insensitivity to external perturbations, and thus became the basis for the majority of current
commercial LMA fiber laser systems. Coiling-induced loss in an index-guiding fiber is caused
by frustrated TIR at the curved core-cladding interface [104]. Mode differentiation becomes
possible since the mode field penetration into the cladding increases with increasing mode order.

The bend loss formula for different mode order is given by [105]:

A3
/2,2 exp (_2 ,(:jl/geff)

2cx (4.5)

- QR}{{I‘Q'.Y'}/2 VzK‘m —1 (fya')K?n.+1 (’Yﬁ)

Where the 2a represntes power loss coefficient; k is field decay rates in core; y is field decay
rates in cladding and K,,, is modified Bessel functions. The main objective is to choose the
critical bending radius Rj; (at which the LPj; mode starts radiating into the cladding) such that it is
larger for all higher order modes than for the fundamental mode. The coil radius such that Ry, <
Reoit < Ry allows suppressing all higher order modes while preserving the fundamental mode. We
simulated a 30pum core diameter Er:ZBLAN fiber for bending loss for different mode orders. The
bending radius R, = 2.3 cm for 10dB/m LPa1 loss if we use commercial ZBLAN fibers with
0.12 NA. This coiling radius is even tighter than the break radius of ZBLAN. Thus, we try to

customize design the 30pm-core-diamdter with 0.1 NA, therefore AR = R,; — Ry, is larger. The
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bending radius R can go up to ~5¢cm, which is more convenient to packing this type of fragile

ZBLAN fibers.
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Figure 4. 10: LP11 and LPo1 modes calculated loss versus bend radius for a coiled 30um core
diameter LMA ZBLAN with different NA.
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Chapter 5 Mid-IR Fiber CPA Design

5.1 Introduction and background

Up till now, Er:ZBLAN fiber amplifiers for nanosecond range pulse have been thoroughly
explained and demonstrated in chapter 2 - 4. However, there is a lack of research for high energy
ultrashort pulses generation in Mid-IR range. Er:ZBLAN based Fiber CPA is an efficient way to
generate high energy femtoseconds pulses. In this Chapter, we will introduce the design of first
Mid-IR FCPA system. Our designed setup is shown in Fig. 5.1, which includes mode locking
seed and nonlinear amplifier to generate broadband high-energy pulses, stretcher to stretch the
ultra-short pulse to ~ns range, multiple amplifier stages to amplify nanoseconds pulses to ~mJ
range, and compressor to compress pulses into femtoseconds range. In this chapter, 5.2 will
introduce the details of mode locking laser and nonlinear amplifiers. 5.3 will introduce the initial

design of stretcher and compressor.
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Figure 5. 1: Schematic of Er:ZBLAN based FCPA

5.2 Mode locking and nonlinear amplifier

The mode locking oscillator is important for the FCPA system to generate single mode
femtosecond seed pulses. The nonlinear polarization rotation (NPR) mode locking oscillator we
built is shown in Fig. 6.2. We used 2.5m heavily doped Er3* concentration ZBLAN fibers
(LeVerre Fluoré) with 15 um core (NA = 0.12) and 240 * 260 um double D-shaped inner
cladding with NA >0.5. A quarter wave plate, a free space optical isolator and a half wave plate

as an artificial saturable absorber are inserted into the ring cavity.
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Figure 5. 2: (a) Schematic and (b) Experimental setup of Er:ZBLAN mode-locking system;

The oscillator produces, 3.35nJ, 222mW average power with 66.14MHz pulse train. The optical
spectrum at 2786nm with bandwidth 22 nm is shown as Fig 5.3 (a). Since the ZBLAN fiber has
the anomalous dispersion at ~2.8 um, the mode-locking pulse has a soliton shape. The
autocorrelation trace measurement is shown in Fig 5.3 (b), which indicate the pulse duration is

~380 fs.

68



a5t A I 3 1.54 x 380 fs
40 ,nl [ \

Intensity/dB

n o b
VoltagelV

l\|
N

50

i i

65 4 3 2 1 ¢
2700 2720 2740 2760 2780 2800 2820 2840 2860 ™
wavelength/nm

(a) (b)

Figure 5. 3: Measured (a) Output spectrum (b) autocorrelation trace of the oscillator.

Due to the low energy (~3nJ) and narrow spectrum bandwidth (~20nm) of the oscillator, we

decided to add a nonlinear amplifier before the stretcher to amplify the signal as well as broaden
the spectrum. According to the simulation, using 2.5m Er®*: ZBLAN fiber amplifier at 4W pump
power, the output pulses duration 91fs and bandwidth ~100nm is shown in Figure 5.4. The pulse

energy can go up to 25nJ.
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Figure 5. 4: Simulated Output (a) duration (b) spectrum of the nonlinear amplifier.
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5.3 Stretcher and compressor design

The stretcher and compressor are the most important parts for the FCPA system. An aberration-
free stretcher based on Offner-triplet is designed to provide pulse stretching. The schematic of

the stretcher is shown in Fig. 5.5.

Concave mirror,
R=1m

Convex mirror,

Figure 5. 5: Schematic of designed Offner stretcher.

The combination is composed of two spherical concentric mirrors. The first mirror is concave
while the second one is convex. This combination presents interesting properties for use in a
pulse stretcher. It is characterized by complete symmetry, so only the symmetrical aberrations
can appear, i.e., spherical aberration and astigmatism. But the presence of two spherical mirrors
whose radii of curvature ratio is 2 and of opposite sign cancels these aberrations [106]. This
combination has no on-axis coma and exhibits no chromatic aberration because all optical
elements are mirrors [107]. The grating for stretcher we plan to use is 600 grooves/mm with 120

x 140 mm dimension from Spectrogon Inc. The substrate material is Zerodur with 20mm
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thickness. From the table 5.1 [108], the thermal expansion coefficient of Zerodur is negligible
compared with another materials, which means the FCPA system can handle tens of watts. The
curvature radius of concave mirror 1m and the distance between mirrors is 0.5m. The input light
angle is 60.3° which is close to the Littrow angle 58.76° at 2.8um. The reflection efficiency for

Littrow angle at 2.8um is ~95%.

Material a (ppm/K)
Polycarbonate'® 70
Aluminum'® 22.7
Bronze'® ~ 17
Steel'® 10-17
Optical Glass N-BK7'7 7:1
Optical Glass N-ZK7'7 45
Borosilicate Glass Duran®/Pyrex®'® 3.3
Borosilicate glass E-6'° 29
Silicon carbide Boostec® SIC* 22
Fused silica®' 0.51
Titanium-doped fused silica ULE®?? 0 + 0.030
&ERODUR 0+ 0.007]

Table 5. 1: Thermal expansion coefficient of different materials

The phase function of this Offner stretcher is given by [106]:

w 2T
D =?PS—7AE (5.1

Where P, = AB + BC + CD + DE + EF (in Fig. 5.5) is the optical path length (OPL) and

second terms is responsible for phase corrections. Fig. 5.6 shows the time delay for the different
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wavelength. This Offner stretcher can stretch the ~100nm pulses (2750nm to 2850nm from

nonlinear amplimer) to ~1ns.

ns]

Time delay [

02|

0 2760 2770 2780 2790 2600 2610 2820 2630 2840 2850
wavelength fjnm]

Figure 5. 6: Time delay verses wavelength range from 2750nm to 2850nm.

In this FCPA systems, the phase accumulated due to dispersions from materials or dispersive

optical components can be expanded as Taylor series:

P (w) = Py + D1 (w — wy) + %(w —wo)* + %(w —we)+- (52)

Mo (w)
Sw™

Where &, = ( ) . The stretched pulse amplified by the Er:ZBALN fiber amplifier
wW=wq

need to compressed by the compressor. For several hundred femtoseconds pulses, the
compressor shown in Fig 5.7 is necessary to compensate the accumulated group velocity
dispersion (GVD) &, and third order dispersion (TOD) &, generated by stretcher and amplifiers
[71]. According to the dispersion parameters in ZBLAN fibers [108], calculated @&, and &4 for
the designed stretcher and 10m Er:ZBLAN amplifier is shown in table 5.2. the dispersion
accumulated by fiber is negligible compared with the designed Offner stretcher. Thus, the total

dispersions (last column in table 5.2) are close enough to that of stretcher. The compressor
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design is shown in Fig. 5.7. In experiment, compressor can compensate the total GVD and TOD

by adjusting he separation of gratings and the angles of incident beam.

Stretcher 10m Fiber Total
GVD (®, ) 70.1 ps? -0.86 ps> 69.24 ps?
TOD (@5 ) -1.56 ps® —4.4x10"2ps? -1.6 ps?

Table 5. 2: Second and third order dispersion for FCPA systems.
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Figure 5. 7: Schematic of designed Compressor.
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Chapter 6 Machine Learning Optimizer Algorithm for

Coherent Pulse Stacking

6.1 Abstract

We apply momentum stochastic parallel gradient descent (MSPGD) and policy gradient in
the context of algorithms to optimize coherent pulse stacking (CPS), and demonstrate their
increased effectiveness compared to traditionally used stochastic parallel gradient descent

(SPGD) algorithm.

6.2 Introduction and background

The high-power, high-energy Er:ZBLAN fiber amplifier system including Fiber Chirped-
Pulse Amplification (FCPA) has been introduced and demonstrated in chapter 5. However,
FCPA focuses on amplifying a single stretched pulse and hence its performance is limited
by the nonlinearity and optical damage threshold in an optical gain medium. One way to
circumvent this limitation and reach higher output peak power is to amplify multiple

stretched pulses and coherently combine them in the time domain, producing a single pulse

74



at the output. In this chapter, we report several machine learning algorithms and optimizers
which can be applied into combining systems. Also, we demonstrate the superiority of the
machine learning algorithms including MSPGD and Reinforcement learning in the
simulation of Coherent Pulse Stacking (CPS) system to optimize the phases of a 9 equal-

amplitude pulse burst being stacked into a single output pulse.

6.3 Coherent Pulse Stacking (CPS)

Coherent Pulse Stacking (CPS) is a temporal combining technique, which can stack a burst
of pulses coherently into one pulse using a series of Gires-Tournois interferometers (GTI)
cavities [110, 111]. This technique extends the energy scaling capabilities of chirped pulse
amplification (CPA) by ~two orders of magnitude, thus reducing fiber array size by a
similar factor. However, analytically finding proper phases for pulse train is difficult due
to complexity of a CPS system. To be more specific, CPS uses several cavities composed
of mirrors and beam splitters, making it difficult to find the desired phases of a pulse train
that would result in a stacked pulse with maximum peak intensity. Therefore, a good
optimizer is required to efficiently find the correct phases and achieve maximum stacking
efficiency. Moreover, Coherent Pulse Stacking (CPS) is mathematically equivalent to deep
recurrent neural network [112] shown as Fig. 6.1(a), whose input layer and output layer
are pulse bursts, and each recurrent hidden layer is a GTI cavity, and the structure of a
hidden layer is shown in Fig. 6.1 (b). Forward propagation of a time series through the
network is equivalent to sending an input pulse burst through the GTIs, and

backpropagation from a single output node yields the impulse response of the cavity set.
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Figure 6. 1: (a) Deep recurrent neural network description of coherent pulse stacking. (b)
structure of the hidden layer [112]

x, = A,e™n is the input layer which corresponds to a time series of modulated pulses. c, is
representative of the stored electric field within the cavity. o, is a time series of the electric field

of the output pulses. Thus, the forward propagation is given by
op = Wexy + Wi 4
ce = Ws(Wrcemq + Wixy) (6.1)

Where W, = r is the electric field reflectivity of the cavity front mirror; W, = it = i(vV1 —12),¢

is the electric field transmission of the cavity front mirror; W5 = ae'®, § is the cavity phase, and

a is the cavity roundtrip loss. Backpropagation of a single stacked output pulse is used to train
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the neural network until a desirable input pulse burst shape is obtained. The loss function is the
mean-square-error between the ideal output pulse intensity and calculated intensity given by:

MSE = (ligea — Icalc)2 (6.2)

Thus, the convex optimization algorithm needs to find the optimal values.

6.4 Machine Learning Algorithms for Optimizing Coherent
Pulse Stacking

Conventionally, Stochastic Parallel Gradient Descent (SPGD) [110], as a model-free optimizer,
can be used in CPS to optimize both the pulse phase and cavity phases to maximize the output
power. However, SPGD as a convex optimizer cannot guarantee reaching the global optimal
solution given the existence of multiple non-optimal local maxima. Also, as the number of pulses
in the stacking sequence increases, convergence speed of the optimization algorithm needs to be
improved. In this part, we simulated four cavities and nine input gaussian pulses, which is shown
in Fig. 6.2. and use the time reversal method to calculate the cavity phases for these four cavities
and optimize 9 pulse phases for improving stacking fidelity using SPGD, momentum stochastic
parallel gradient descent (MSPGD) and policy gradient. Among these three methods, we find
that MSPGD achieves best performance and can potentially be advantageous for CPS to increase

the system operation efficiency [114].
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Figure 6. 2: Schematic of a four cavity Coherent Pulse Stacking (CPS) system

The SPGD algorithm is a local convex optimization algorithm that seeks to “climb the hill”

toward the local maximum (or minimum). The update rule of the iteration is given by:

Ukt = Uk + ysjksU* (6.3)

Where k is the iteration number. U = {U,, U,, ..., Uy} is a controllable vector corresponding to
the phase of pulses; N is the number of pulses. y is the learning rate, which is positive and the

hyperparameter in the system; §J is the output variation of the system performance.

MSPGD is a method that helps SPGD in the relevant direction and dampens oscillations [112]. It
does this by adding a fraction n of the update vector of the past time step to the current update

vector. The update rule of the iteration is given by:

Ut = Uk + vk (6.4)

VE = (1 —n)ysJcsur + nrx1 (6.5)
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Substituting (6.5) into (6.4):

Ut = U* + (1 —n)ysJk6U* + nrk?

= U* + (1 —n)ydJ*6U* + n(1 —n)ysJ*16UF + n2r*-2 (6.6)

Obviously, instead of randomly assigning an action in each iteration, it assumes the current
update vector has a relationship with previous update vector. The current vector comes from the
exponentially weighted average of the historical vector variation rather than only current vector
variation. It is easily shown that MSPGD degrades into SPGD if n = 0, which means the past
update variation is independent to the current update vector. Essentially, when adding
momentum, we push a ball down a hill. The ball accumulates momentum as it rolls downhill,
becoming faster and faster on the way. As shown in Fig. 6.3, the gradient §U gets smaller and
smaller when optimizing for SPGD, which is represented by the green solid arrow. However,
Momentum SPGD, to some extent, will supplement the gradient, which is represented by the
green dashed line. Thus, it can accelerate the convergence speed when training the deep recurrent

neural network.

<o MSPGD

Figure 6. 3: Comparison of SPGD (solid arrow) and MSPGD (dashed arrow), MSPGD

accelerate the convergence speed.
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In addition, MSPGD can avoid local maximum (or minimum). Since at the local optimal point,
even though the gradient §J% is zero, the momentum term »V*~1 is non-zero. Compared with

SPGD, MSPGD has the momentum to jump out of the local minimum as shown in Fig. 6.4.

(a) (b)

Figure 6. 4: Comparison of SPGD (a) and MSPGD (b), MSPGD can avoid local minimum point

because of the momentum term.

The momentum idea can be effectively shown with a contour plot in Fig. 6.5. Optimizing a cost
function with SPGD is like oscillating up and down along the y-axis, and the bigger the
oscillation up and down the y-axis, the slower optimizer progress along the x-axis. Intuitively, it
then makes sense to add something (e.g., momentum) to help us oscillate less along y-axis, thus
moving faster along the x-axis towards the global maximum (minimum). As a result, it leads to

faster convergence, reduced oscillation and potentially a better solution.

Intensity of the stacked pulse when

¢~ = optimzed phases Fraction of previous action

/

Intensity of the stacked pulse
when ¢,~¢y =0 Current action

(a) (b)

Figure 6. 5: Contour plot of SPGD (a) and MSPG (b)
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Policy gradient method [113] as a modal-based reinforcement learning algorithm can be applied
to solve the optimal coherent pulse stacking problem. Policy gradient methods assign specific
phase variance every step instead of random phase variance like in MSPGD or SPGD. In policy
gradient, the initial state S is defined as a random (or zero) vector, which is the phase of each
pulse. The reward R is the intensity of the maximum output pulse resulting from the pulse-
stacking. The action A is defined as how to tune the phase. Since the action is a combination of
continuous real numbers, the action space is too large to be learned for each possible action. For
this reason, instead of computing learned probabilities for each action, we found the statistics of
the probability distribution of actions by assuming that a policy follows a Gaussian distribution.

The probability density function for the action A is defined by:

(A|S,0) = exp{~(4-0)27(A-0)} 6.7)

1
(27:')1/”|Z|1/2

where 0 and X are the mean and the covariance of the Gaussian distribution. Since our
application is simple enough to be modeled as simple relationships, we select 6 as a policy
parameter and Z is chosen as a heuristically learned value. We used vanilla reinforce algorithm
with gradient ascent to learn the policy parameter 6. An update rule based on the gradient ascent

IS given by:

0 0+n-VoJ (6.8)

where the gradient of the expected return J is estimated by:

VoJ = (R — B)Vglogm(A|S,0). (6.9)
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Where B is the baseline chosen as average of rewards and updated through learning steps in this

work. The gradient of a log of a policy = is calculated by:

Volog 7(A|S, 0) = V, —%(A _)Tn1(A - 9)] _xl(4—0) (610

Let n be the number of input pulses (n=9 in this CPS simulation). The function f(S) calculating a
pulse intensity after stacking processes is known. 1 is a learning rate and Nitr IS the maximum

number of iterations. Flow diagram of vanilla reinforce algorithm is given:

Algorithm  Vanilla REINFORCE

Input: Sy, Niger, 0

Initialize: k< 1, B, <0, S « S

while k < Njter do
Randomly assign actions: Ay ~ N(;, I)
Compute a reward: Ry « f(S+ Ay)
Gradient ascent: 81 + 0 +7- (R — By)S™ (A — 6)
Update a baseline: By, %
kek+1

end

Fig. 6.6 shows the learning curves of all three algorithms. It is easily seen the output power
converged to a value close to 1 for all three algorithms. MSPGD converged fastest with only
~250 episodes. Policy gradient needs ~700 episode to converge. SPGD is the slowest algorithm.
Due to the environment noise, we added simulated gaussian random walk noise in the CPS. The
policy gradient is sensitive to the noise at the optimal point. Thus, MSPGD has a potential

advantage for coherent pulse stacking systems.
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Chapter 7 Summary and Perspectives

To summarize, this dissertation has accomplished the theoretical study and experimental
demonstration of high energy pulse generation in Mid-IR range using Er:ZBLAN fibers, which
also suggest the directions to pursue for the future. To be specific, based on the detailed
numerical model of this high energy amplification system, we completed a series of 70 um core
Er:ZBLAN LMA fiber high energy amplification experiments with the OPO/OPA seed source
operating at low repetition rate of 10 Hz, producing up to 0.7 mJ in ~10 ns pulses at 2.72 um
[65]. The experiments are 3 times improvement over the previous high energy results at these
mid-IR wavelengths as shown in Fig.7.1 and also demonstrated potential of Er:ZBLAN LMA
fibers for achieving mJ-range output pulse energies. Furthermore, we first demonstrated single
transverse mode high energy, high rep-rate, nanosecond short pulses in the mid-IR wavelength
range using large core Er:ZBLAN fiber amplifiers [116]. The single mode highest record
energies (Fig. 7.1) achieved are ~750 puJ at 2.78-pum in ~100ns, 1kHz pulses, obtained with a 50-
pum diameter core fiber amplifier pumped at 976 nm [115]. These nanosecond pulses
amplification results enable us to pursue ultrashort pulses high energy amplifications. The
chirped pulse amplification (CPA) system including Offner stretcher, compressor and multiple
amplifier stages are designed to amplify the ultrashort pulses. In the future, we will

experimentally build the Mid-IR fiber CPA, which has potential to generate ~mJ level
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femtosecond lasers at 2.7um due to the broad spectral bandwidth signal from nonlinear
amplifiers. Since of the nonlinear and optical damage limitation of CPAs, we purse to use the
time and spectral domain coherent combining techniques in Mid-IR spectral range to achieve
~10mJ femtosecond pulses. In terms of that, we proposed several novel machine learning
algorithms for optimizing coherent beam combination. The simulation results show the
effectiveness and superiorities in 1um CCC fiber based CPSA system [114]. We plan to
experimentally transfer these techniques into 2.8um range in the near future. The other published

achievements during my PhD have been listed in bibliography [116,117].
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Figure 7. 1: Summarization of high energy results at ~2.8um using fluoride fibers. The %

represents results in this thesis.
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