Divided Pulse Nonlinear Compression: A Scalable Technique
to Overcome High-Power Nonlinear Compression Limitations

by
Gregory W. Jenkins
Submitted in Partial Fulfillment of the
Requirements for the Degree
Doctor of Philosophy
Supervised by Professor Jake Bromage

The Institute of Optics
Arts, Sciences, and Engineering
Edmund A. Hajim School of Engineering and Applied Sciences

University of Rochester
Rochester, New York

2022

ii

Table of Contents
Biographical Sketch ....................................................................................................... iv
Acknowledgements .......................................................................................................vii
Abstract........................................................................................................................... x
Contributors and Funding Sources .................................................................................xii
List of Tables ...............................................................................................................xiii
List of Figures .............................................................................................................. xiv
1.

Introduction ............................................................................................................. 1

2.

High Average and Peak Power Laser Technology .................................................... 3

3.

HAP-TDR Laser System........................................................................................ 21

4.

High Power Pulse Compression ............................................................................. 47

5.

Divided Pulse Nonlinear Compression: A Method to Scale Pulse Energy and

Compression Factor Beyond Gas Ionization Limitations ............................................... 69
6.

Experimental Demonstration of DPNLC and Analytic Recombination Model ....... 94

7.

Overcoming Gas Ionization Limitations with DPNLC ......................................... 127

8.

Application of DPNLC for Temporal Contrast Improvement ............................... 144

9.

Conclusion .......................................................................................................... 160

References................................................................................................................... 170
Appendix A:

Linear Pulse Propagation .................................................................... 182

iii

Appendix B:

Resonator Stability and ABCD Beam Propagation .............................. 193

Appendix C:

Nonlinear Pulse Propagation ............................................................... 202

Appendix D:

List of Symbols .................................................................................. 212

Appendix E:

List of Abbreviations .......................................................................... 222

iv

Biographical Sketch
Gregory W. Jenkins was born and raised in Colorado. His interest in math and science was
sparked early by a number of excellent teachers, which pushed him into studying physics.
In 2016, he graduated magna cum laude from the Colorado School of Mines with a
Bachelor of Science in engineering physics and a minor in mathematical sciences.
Gregory joined the research community during his college years through summer
internship programs at Wright Patterson Air Force Base. There, he developed new
measurement techniques and took data for ongoing technology development. He moved on
to nonlinear optics research at the Colorado School of Mines and also had the opportunity
to investigate novel active pupil shaping technologies at ASML.
In 2016, Gregory joined the University of Rochester’s Institute of Optics for his
graduate work. He joined the Laser Technology Development Group at the Laboratory for
Laser Energetics (LLE) under group leader Dr. Jake Bromage to join the laboratory’s push
for higher average power systems. He was supported by the Horton Fellowship, an
invaluable resource for all the students that have contributed to the LLE’s work. In addition
to this doctoral work, he received a Master of Science in Optics in 2020.
Publications from this doctoral study
1. G. W. Jenkins, C. Feng, and J. Bromage, “Simultaneous contrast improvement and
temporal compression using divided-pulse nonlinear compression”, Opt. Express
(submitted).

v

2. G. W. Jenkins, C. Feng, and J. Bromage, “Energy scaling beyond the gas
ionization threshold with divided-pulse nonlinear compression”, Opt. Lett. (in
review).
3. G. W. Jenkins, C. Feng, and J. Bromage, “Alignment Tolerances Analysis for
Divided-Pulse Nonlinear Compression”, J. Opt. Soc. Am. B 38(10), pp. 3199-3205
(2021).
4. G. W. Jenkins, C. Feng, and J. Bromage, “Overcoming gas ionization limitations
with divided-pulse nonlinear compression”, Opt. Express 28(21), pp. 31943-31953
(2020).
5. D. H. Froula et al. “Flying Focus: Spatial and Temporal Control of Intensity for
Laser-Based Applications”, Phys. Plasmas 26, 032109 (2019).
Conference Proceedings
1. G. W. Jenkins, C. Feng, and J. Bromage, “Energy Scaling Beyond Gas-Ionization
Thresholds with Divided-Pulse Nonlinear Compression”, in CLEO: 2022,
(submitted).
2. G. W. Jenkins, C. Feng, and J. Bromage, “Simultaneous spectral broadening and
contrast improvement using divided-pulse nonlinear compression” in OSA Laser
Congress 2021, JM3A.39, Virtual.
3. G. W. Jenkins, C. Feng, and J. Bromage, “Overcoming gas ionization limitations
with divided-pulse nonlinear compression”, in 9th EPS-QEOD Europhoton
Conference, 2020, Fr-M2.7, Prague, Czech Republic (Virtual).

vi

4. G. W. Jenkins, C. Feng, R. Cuffney, and J. Bromage, “Thin-disk Yb:YAG
regenerative amplifier system for high-average-power applications”, in 2018
Siegman International Summer School on Lasers, Hven, Sweden.

vii

Acknowledgements
First, I want to extend a huge thank you to Dr. Chengyong Feng. Chengyong went above
and beyond to always be available when I needed help or advice during my research.
Chengyong improved my lab skills, supported and critiqued my new ideas, and helped
guide me through competing literature to make this work research-quality. Working with
Chengyong was as good as having a second advisor.
I want to thank my advisor, Dr. Jake Bromage. Beyond his deep scientific
understanding, Jake’s project management skills taught me how to keep this work on track:
when to push harder for better results and when to call it sufficient, when an idea should
be explored in more detail and when it should be killed quickly, and how to present my
work for the best impact. The success of this research would not have been possible without
the countless hours Jake gave to its review and constructive criticism.
Of course, there are many other members of the laser technology development
group I want to thank. Dr. Robert Cuffney, who managed my lab, was always helpful with
the smallest lab improvement, and lended his fiber expertise for the integrated fiber
amplifier. Dr. Benjamin Webb, who always found the time for helpful discussions on
subjects ranging from the grating compressor to competing divided pulse methods. Drs.
Christophe Dorrer and Erik Power who were always engaged and gave great constructive
criticism during my presentations and reviews. Dr. Seung-Whan Bahk who built a ShackHartmann sensor I used to measure the beam profile and wavefront throughout this thesis.
And Robert Holcomb, who became my best resource for quick writing or experiment
feedback.

viii

I would also like to thank Dr. Dustin Froula, Dr. Xi-Cheng Zhang, and Kareem
Garriga who gave me generous access to their time and laboratories for THz projects
beyond this research work. I have a much broader scientific background thanks to their
influence.
I want to thank the publications department at LLE, including Mike Franchot,
Jessica Weart, Jennifer Taylor, Jennifer O’Brien, Rodi Keisidis, Heather Palmer, and Lisa
Steppenbacher, for their time revising and redrawing my manuscripts. My thesis, papers,
and presentations are all higher quality thanks to their tireless attention to detail.
I also want to thank the electronics, facilities, and mechanical engineering
departments at LLE, including Wade Bittle, Tom Buczek, John Szczepanski, Ryan
Fairbanks, Mark Romanofsky, Mark Sickles, Keith Shaughnessy, and Dale Green. The
HAP-TDR laser system would never have become operational without the home-made
timing boxes, interlocks, active cooling, and custom grating mounts they delivered quickly
and smoothly. Additionally, their support for the vacuum and gas systems required to
operate the hollow-core fiber was critical for this work.
I want to thank Amy Rigatti for the wavefront measurements of our calcite plates
that diagnosed recombination issues and her helpful feedback on the best way to fix them.
I also want to thank Drs. Bruno Schmidt and Gabriel Tempea of few-cycle Inc. who
went above and beyond in customer support to help me solve the ablation problem in the
300-µm fiber and built a custom fiber tip just for the purpose. Without this solution, the
final demonstration of gas ionization improvements would not be nearly as convincing.

ix

Finally, I want to thank my parents for so much more than can be listed here. From
their years of support and encouragement to all their investments in my education, they
removed all the obstacles in my path and made my journey to and through this doctorate
program possible.

x

Abstract
A key technology for generating ultrafast, high-energy laser pulses is temporal
compression through self-phase modulation in noble gases. Noble gases are ideal for high
energy applications due to their high damage thresholds and flexibility through the gas
species and pressure. Therefore, they have scaled nonlinear compression to the order of
hundred millijoules pulse energy while maintaining high beam quality and average power.
Further scaling is limited however, as the enormous pulse energies available from state-ofthe-art ytterbium amplifier technology have surpassed the gases’ ionization thresholds.
Plasma effects encountered beyond the ionization threshold, especially plasma defocusing,
degrade the output pulse and prevent scaling to higher energies.
In this thesis, I will develop a method to overcome the gas ionization thresholds
and scale spectral broadening methods to higher energy – divided-pulse nonlinear
compression. In divided-pulse nonlinear compression, a high-energy pulse is divided into
multiple low-energy pulses that are spectrally broadened. The low-energy pulses have peak
intensity below the gas’s ionization threshold and are able to pass through the spectral
broadening stage with high efficiency, even when the single, high-energy pulse cannot.
After spectral broadening, the low-energy pulses are recombined back into a high-energy
pulse and compressed to a short duration. In this thesis, I will demonstrate both that the
method overcomes the gas ionization limitations and that the recombination and
compression steps can be implemented with high efficiency, leading to high-quality, highenergy, well-compressed pulses.
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In the course of this demonstration, I had to develop other tools that will be
beneficial for future high-energy temporal compression systems. I improved existing pulse
propagation equations that model the nonlinear spectral broadening processes in a hollowcore fiber and used the improved equations to quantify the detrimental effects of gas
ionization. Alignment tolerances for the pulse division and recombination steps are tight,
so I developed an analytic alignment tolerances model to quantify the effects of alignment
errors and identified a useful compensator to loosen the tolerances. Finally, I also identified
a new use for divided-pulse nonlinear compression that I will demonstrate, temporal
contrast improvement, which rejects the prepulses and amplified spontaneous emission
produced by many high-power laser amplifier systems.
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1. Introduction
Ytterbium (Yb) laser technology has matured over the past decade and scaled
available laser powers to unprecedented levels. Yb systems can provide joules of energy
and kilowatts of average power, all while maintaining a high repetition rate. These numbers
represent orders-of-magnitude improvements over previous pulsed, high-average-power
technologies, and should allow huge energy scaling of applications such as optical
parametric amplification [1, 2], high-field terahertz generation [3], laser-plasma wakefield
acceleration [4-6], and more.
Yb’s gain bandwidth is relatively small, so typical systems produce pulses on the
order of hundreds of femtoseconds to picoseconds [7]. Therefore, to efficiently pump
applications requiring ultrashort pulses, the pulses must first be temporally compressed.
However, nonlinear spectral broadening methods cannot handle the extreme pulse energies
produced and form a bottleneck for the energy available for ultrashort applications. The
highest energy temporal compression demonstration to our knowledge was only able to
handle 112 mJ of energy [8], a full order of magnitude less than the joules of energy
available from Yb systems [9]. New techniques and technologies are required to take
advantage of the full energy.
In this thesis, I will develop such a method to scale laser pulse compression methods
to higher energies: divided-pulse nonlinear compression (DPNLC). DPNLC has been
implemented to overcome self-focusing in silica fibers [10] and has been demonstrated
with good efficiency with titanium sapphire lasers [11-13], but has not been applied to
overcome temporal compression limitations until now. I will develop a pulse propagation
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model to quantify the gas ionization limitations currently bottlenecking energy scaling,
describe how DPNLC works (with special emphasis on differences between Jacqmin et
al.’s titanium sapphire work and our Yb system), and implement DPNLC experimentally.
The experimental demonstration will show the effects of gas ionization degrading the
compression, and then show that the effects are overcome with DPNLC.

1.1 Thesis outline
The first two chapters of this thesis are devoted to the high-power Yb laser
technology that is driving the recent advances in energy scaling. We will discuss the new
geometries, gain materials, and their advantages in Chapter 2 and then we will build such
a system in Chapter 3. Next, we will discuss the temporal compression methods that can
reduce the pulse duration of Yb-based technologies to drive ultrashort applications. We
survey many such methods to pick the appropriate one for our laser in Chapter 4 and then
describe its energy scaling limits in Chapter 5. Finally, we implement DPNLC in Chapters
5-8 to overcome those limitations. Our final result will show an energy improvement of 3×
using DPNLC, with more improvement possible if we had a higher energy laser.
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2. High Average and Peak Power Laser
Technology
The breadth of high power lasers is enormous and beyond the scope of this thesis. At one
extreme, there are gas and diode continuous wave lasers run at many kilowatt average
powers; but without pulsing the laser, the peak power is limited to be equal to the average
power of the laser. Therefore, the peak power is insufficient to drive many nonlinear
applications of interest. At the other extreme, lasers like OMEGA and OMEGA-EP at the
Laboratory for Laser Energetics (LLE) can generate pulses with kilojoules of energy and
lasers such as the Extreme Light Infrastructure Nuclear Physics project can generate
petawatts of peak power. However, the repetition rate of such lasers is severely limited, so
they cannot drive processes requiring high average power or gather many shots of data
quickly. We are interested in lasers that can provide both high average and peak powers,
or HAPP lasers. HAPP lasers produce pulses on the order of femtoseconds-picoseconds
and as much energy per pulse as possible to produce high peak powers. At the same time,
the pulses must have high repetition rate, meaning kilohertz greater, so they have the
average power necessary to drive low-efficiency nonlinear processes.
In this chapter, we will provide a brief history of HAPP laser technology and key
innovations that led to the powers achievable today. Then we will describe the current
state-of-the-art technology, high-power Yb amplifiers, in more detail. The laser system we
will build in the next chapter is based on this new Yb technology.
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2.1 HAPP Laser Technology
The first femtosecond laser technology was demonstrated in the 1970s from
passively mode-locked dye lasers [14]. Dye lasers use organic molecules diluted in a
solvent as the gain material and provide a number of advantages:
•

Dye lasers are good for large bandwidth applications. The dyes have large emission
bandwidths (~100 nm), and an even wider range of emission wavelengths can be
accessed by replacing the dye [15]

•

Dye lasers can achieve high gain (on the order of 103 per centimeter) so few passes
through the gain material are required [15]

•

Dye lasers have high efficiency. Many dyes have more than 90% quantum
efficiency so little energy is lost to waste heat [16].

Dye laser technology broke many important barriers for ultrashort pulse generation. They
first broke the 100-fs barrier using colliding-pulse mode-locking in 1981 [17], a feat that
was quickly improved to generate 27 fs pulses in 1985 [18] and 6-fs, few-cycle pulses in
1987 [19] . However, dyes had a few downsides that limited scaling to the HAPP powers
we are interested in here. Most dyes have a short excited lifetime (~ns) so they cannot store
significant energy [15] , which limits the dye lasers to µJ energies and MW peak powers
[1] . The dyes also degrade under the incident laser light so they must be constantly
circulated from a reservoir and occasionally replaced, making them difficult to handle and
store. Finally, some of the relevant dyes are toxic or carcinogenic. With the emergence of
a second generation of solid-state laser technology, dye lasers have mostly been replaced.
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Today they are used for applications such as spectroscopy which require wavelengths hard
to generate from solid-state lasers [15] .
In the 1980s, a second generation of solid-state laser technology replaced dye lasers
for ultrafast applications. Two key developments led to the second generation’s growth:
1. The development of solid-state laser materials, especially titanium-doped sapphire
(Ti:Sa). Ti:Sa has a broadband emission spectra capable of competing with dye lasers and
power scaling capabilities many orders of magnitude greater than dye lasers [20].
2. The development of chirped pulse amplification (CPA) [21]. In CPA, a seed pulse is
stretched in time to a pulse hundreds of times longer. After the pulse is stretched, the pulse
is introduced to the laser amplifier and amplified up to high energy. The amplified pulse is
still stretched in time, reducing its peak intensity to prevent amplifier damage or nonlinear

Figure 2-1 Illustration of chirped pulse amplification. A seed pulse is stretched in time to reduce its peak
intensity. The stretched pulse is amplified and then compressed by a grating compressor. The intensity of the
final compressed pulse is much larger than the amplifier could accommodate without nonlinear distortions
or damage.
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distortions, a problem that was significant before CPA [21]. Finally, after the pulse is
amplified to high energy, it is recompressed back down to a short duration to achieve the
maximum intensity that can be directed onto the laser target.
CPA is called chirped pulse amplification because stretching the pulse requires
spreading its frequency content out in time. After the stretching step, the frequency of
electric field either increases or decreases with time across the pulse, so the pulse is called
“chirped,” taking its name from the frequency variations in a bird’s chirp. For the
mathematics describing the pulse stretching and compression, we refer the interested reader
to Appendix A. CPA is a powerful technique still used today with newer laser technologies
that have started to replace the Ti:Sa technology from this generation of lasers.
By employing both the new Ti:Sa materials and CPA, the second generation of
HAPP laser technology was unsurpassed for decades as the workhorse of ultrafast laser
science. For the high repetition rate/ high average power sources we are interested in, Ti:Sa
lasers have been scaled to tens of Watts of average power [22] and tens of millijoules pulse
energy [23] . The technology was eventually limited by thermal properties of the Ti:Sa gain
medium. As we will discuss in more detail in Section 2.3.1, Ti:Sa has a large quantum
defect so it generates more waste heat than current state-of-the-art materials. It also cannot
be doped in the high concentrations required to take advantage of new laser architectures
designed for high power operation.
Currently, a third generation of lasers based on new gain material geometries and
Ytterbium(Yb)-doped materials has started to overtake Ti:Sa technology for HAPP
applications. The next section reviews the advantages of the new geometries and materials.
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2.2 Third Generation HAPP Architectures

Figure 2-2 Survey of high power Yb amplifier systems. We plot a few examples of the highest average
powers and pulse energies that can be achieved with each of the geometries discussed in this chapter: thin
disk [9, 24-27], Innoslab [28-30], and fiber [31-34].

We have conducted a review of record-breaking, HAPP, Yb systems and displayed
the results in Figure 2-2. These record breaking systems show orders of magnitude
improvements over second-generation Ti:Sa systems. Yb thin-disk amplifiers have been
able to generate more than 1 joule pulse energies while retaining a repetition rate of 1 kHz
[9]. At the other extreme, Yb fiber lasers have been scaled up to more than 10 kW average
power [34]. These advancements are due to the low quantum defect of Yb gain materials
and new laser geometries that can efficiently extract waste heat from the gain material to
mitigate thermal effects: fiber, Innoslab, and thin-disk geometries.
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2.2.1 Fiber
High power fiber amplifiers operate using a long optical fiber as the gain medium.
The fiber core confines the pulse and is doped with rare-earth elements like Yb to provide
gain. Typically, the fiber is not pumped along the core but along the high-NA, inner
cladding of a double-clad fiber design [35] or from the side [36], as high-power diode lasers
have low radiance and cannot be coupled into the core efficiently [37] . As the fiber can be
kilometers long, large gain can be achieved in a single pass through a fiber.
Fibers are excellent for high power applications because the large surface area to
volume ratio of the fiber allows heat generated in the fiber to be efficiently dissipated.
Therefore, fiber lasers can function continuously at kilowatts of average power with just
heat dissipation into the air [38] . However, fiber lasers are the most limited in their peak
power/pulse energy scaling. Because the pulse is confined to a small central core, its
intensity can be large even after stretched out by CPA. The high intensity pulse
accumulates nonlinear distortions that can destroy the temporal, spectral, and spatial
characteristics of the pulse, especially over the long interaction lengths of the fiber
amplifier [39].
The obvious solution to scale to higher pulse energies in fiber is to increase the size
of the fiber core to decrease the intensity, but that inevitably lets the fiber support many
transverse modes. The superposition of many transverse modes in the fiber is problematic
because it generates spectral and spatial modulations and reduces the beam focusability.
Efforts have been made to design large-mode-area fibers, which are fibers that have a large
core but still support only a few modes, such as large-pitch photonic-crystal fibers (LPF’s).
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The structure of such a photonic-crystal fiber is shown in Figure 2-3(a). Instead of
confining light using a core and cladding with different indexes, photonic-crystal fibers use
micro-structured holes to guide light within the central core. In LPF’s, the micro-structured
holes have been designed so higher-order modes are delocalized from the core, as shown
in Figure 2-3(b-f); that is, the overlap between the high-order mode and core is small, so
most of the mode energy is contained in the cladding. Only the fundamental mode of the
fiber has large overlap with the core and can extract gain from the dopant in the core.
Therefore, LPF’s discriminate against high-order modes and keep nearly single mode
operation through the preferential gain of the fundamental mode. At the same time, the
core can be scaled to sizes larger than 100-µm diameter to reduce nonlinear effects and
allow pulse energy scaling [39] .

Figure 2-3 Structure of large-pitch photonic-crystal fiber for high power fiber lasers. (a) Structure of air holes
(white) structured into the fiber glass (blue) to confine the modes. (b) Fundamental mode supported by the
fiber has 75% overlap of the mode field with the ion-doped core. (c-f) Higher order modes have the majority
of their energy shifted into the micro-structured cladding, and therefore have lower overlap with the core and
lower gain. The percentages in white give the percentage of mode energy inside the ion-doped core. Image
reproduced with permission from Limpert et al. [39] © Springer Nature.

Fiber laser’s excellent thermal properties have allowed Müller et al. to demonstrate
more than 10-kW average power [34], the highest average power displayed on Figure 2-2.
Additionally, the development of LPF’s has successfully scaled fiber lasers to the millijoule
level. In the highest fiber-laser pulse-energy demonstration shown on Figure 2-2, Stark et
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al. generated 3.6 mJ pulse energy from a single fiber amplifier. The group then coherently
combined twelve such amplifiers to scale to even higher energy (23 mJ) [31]. While this
demonstration represents orders of magnitude improvement in pulse energy from high
power fiber lasers, it is apparent that fiber lasers still struggle to generate the pulse energies
the other geometries can generate. The development of LPF’s is not sufficient to
compensate for nonlinear limitations encountered at high pulse energy in the fibers.
Additionally, as the fiber core is made larger and shorter to reduce nonlinearities, the fiber
loses its advantageous large surface area to volume ratio, and its thermal dissipation
becomes worse.
2.2.2 Innoslab
Innoslab amplifiers use a thin, rectangular gain crystal wedged between two heat
sinks for efficient thermal management, as shown in Figure 2-4(a). The small crystal

Figure 2-4 Innoslab amplifier geometry. (a) Side view shows thin crystal provides short path length for heat
extraction to heat sinks. (b) Top view shows how beam can expand with each pass through the crystal to
provide constant peak intensity. (c) View of full resonator shows pump radiation coupled in through dichroic
mirrors and the seed laser confined by the resonator mirrors for multiple passes before being ejected at the
output. Image reproduced with permission from [29] © IEEE.
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thickness between the two heat sinks allows for efficient heat removal from the entire
crystal and minimizes the thermal gradient across the crystal. Larger crystal dimensions in
the other two directions allow large energy storage for laser amplification. Resonator
mirrors direct the laser beam through the gain crystal multiple times to accumulate large
gain and then the pulse is ejected after a single trip through the resonator.
Aside from good thermal management in the thin crystal, Innoslab geometries have
a couple of important advantages [29] :
•

The one-dimensional heat flow provides less wavefront distortions than a
comparable rod geometry.

•

Rectangular shape of the gain crystal matches the output of pump diode bars.

•

Parasitic lasing is suppressed by grinding the crystal faces that do not have laser
light passing through them.

•

The beam diameter grows each round trip through the resonator so the peak
intensity is roughly constant. The constant intensity keeps nonlinear effects small,
damage thresholds controlled, and the gain saturation constant.

•

Single-pass resonator geometry accumulates smaller wavefront abberations than
multi-pass geometries.
The survey of high power Yb laser geometries in Figure 2-2 shows that Innoslab

amplifiers can reach average powers of kilowatts and pulse energies of tens of millijoules.
However, they still cannot reach the best pulse energies demonstrated by thin-disk systems.
The wavefront errors induced by thermal gradients scale with the crystal aspect ratio. To
accommodate higher energy pulses, the beam diameter and the crystal thickness must be
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increased, decreasing the aspect ratio and increasing thermal distortions [29]. As such, the
highest pulse energy Innoslab amplifiers are limited to lower average powers. The highest
energy Innoslab amplifier demonstration to date to our knowledge produced 150-mJ pulses
[40] but was limited to less than the kilohertz repetition rate we considered for HAPP
applications.
2.2.3 Thin Disk
The final high-power geometry surveyed in Figure 2-2 is thin-disk lasers. This category is
also the most important for our work; the laser system built in the next chapter will be
based on thin-disk technology. Thin-disk technology (also sometimes called active mirror)
was introduced in 1994 by Giesen et al. [41]. As shown in Figure 2-5, the gain medium is
a thin, disk-shaped crystal mounted on a water-cooled heat sink. The thin

Figure 2-5 Thin-disk amplifier geometry. (a) Gain material is a thin disk glued to a heat sink. An antireflection
(AR) coating on the front face allows pump and seed light to penetrate the gain material and a high reflection
(HR) coating on the back face reflects the pump and seed light back through the disk. The location of the
heat sink behind the disk allows heat extraction through the disk in the direction of beam propagation,
minimizing thermal lensing. Image reproduced with permission from Ref. [1] © The Optical Society. (b) A
parabolic mirror and prism-retro-reflector system focuses the pump light (orange) onto the thin disk for many
passes so a large amount of energy can be absorbed by the disk. The seed beam (yellow) enters through a
hole in the parabolic mirror to pass through the thin disk and is reflected back out through the same hole.
Image courtesy of TRUMPF Group.
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dimension of the crystal is typically on the order of hundreds of micrometers, while the
disk diameter can be multi-centimeter-scale to allow large energy storage. The pump and
seed lasers enter the large face of the disk through an anti-reflection coating and propagate
along the thin dimension. The lasers reflect off a thin-film, high-reflection coating on the
back face of the disk and pass through the thin dimension again to exit the gain medium.
This geometry offers a few unique advantages that make it the best geometry for
thermal management when scaling to high pulse energy:
•

The thin dimension on the order of hundreds of micrometers allows efficient heat
extraction through the entire crystal.

•

The disk aperture can be increased to accommodate higher pulse energies without
increasing the disk thickness. Therefore, if the aperture area is doubled as the pulse
energy is doubled, the thermal performance remains the same.

•

The pump and seed spots are typically one to two orders of magnitude larger than the
disk thickness, so a one-dimensional thermal gradient is obtained in the direction of
beam propagation. In contrast, rod, fiber, and Innoslab geometries produce a thermal
gradient perpendicular to the beam propagation, which creates more detrimental
thermal lensing.
The thin-disk geometry is also robust against nonlinear effects because the large

mode area on the disk and the short propagation distance through the disk reduce
nonlinearities accumulated in the gain medium [42]. Indeed, thin-disk systems have
produced multi-millijoule level pulses without nonlinear distortions even in CPA-free
amplifiers [43]. As we will discuss in the next chapter, the nonlinear phase accumulated in
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our thin disk is negligible compared to the nonlinear phase accumulated in the Pockels cell,
so scaling to higher pulse energy is often limited by the Pockels cell rather than the thin
disk.
The short propagation distance in the crystal creates problems for pump absorption
and seed gain. After one pass through the disk, only small fraction of the pump light is
absorbed. For sufficient pump absorption, a parabolic mirror and prism-retro-reflector
system refocus the pump light back onto the thin disk many times, as shown in Figure
2-5(b). Commercially available pump systems can refocus the pump light back onto the
disk up to 72 times for efficient absorption [42]. Similarly, the thin disk has low gain per
pass for the seed laser. Therefore, to provide large gain, thin-disk amplifiers require many
passes (typically nearly a hundred) through the disk to extract all of the energy stored in
the disk.
The comparison of laser geometries in Figure 2-2 shows that thin-disk lasers can
achieve the highest pulse energies surveyed, with more than one joule obtained by Wang
et al. [9]. However, the repetition rate of thin-disk lasers, and therefore average power, is
limited compared to the other methods because the low gain per pass requires thin-disk
amplifiers to use regenerative amplifier or multi-pass amplifier cavities. Regenerative
amplifiers are limited by the Pockels cell which can be driven only up to hundreds of kHz
with state-of-the-art drivers. To overcome Pockels cell limitations and achieve the highest
repetition rates plotted in Figure 2-2, Dietz et al. [26] and Negel et al. [27] had to switch
to a multi-pass geometry with an array of 34 and 40 mirrors, respectively, reflecting the
beam back onto the thin disk. In contrast, fiber and Innoslab amplifiers can provide high
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gain with a single pass through the gain material, so their repetition rate can be increased
without building complicated new mirror structures.
2.2.4 HAPP Architectures Summary
We have discussed three important laser geometries that have scaled third
generation HAPP laser technologies to record average powers and pulse energies: fiber,
Innoslab, and thin-disk geometries. The large surface area to volume ratio of fiber lasers is
ideal for thermal dissipation, which has allowed fiber geometries to be scaled to tens of
kilowatts average power. Thin-disk lasers have been scaled to Joule pulse energies because
the disk diameter can be increased to accommodate larger energies without degrading the
thermal performance. These geometries have been combined with CPA to record setting
results, summarized on Figure 2-2. Unfortunately, Ti:Sa cannot take full advantage of the
new geometries, so Yb-doped gain materials dominate these record setting results. We will
discuss the advantages of Yb-doped materials over Ti:Sa in the next section.

2.3 Third Generation HAPP Materials
2.3.1 Dopant Materials
The second change fueling the increasing powers in the third generation of HAPP
laser systems is a switch from Ti:Sa to Yb-doped gain materials. Table 2-1 compares Ti:Sa
specifications to Yb:YAG – the material we will use to build our regenerative amplifier
next chapter.
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Table 2-1 Comparison of Ti:Sa laser specifications to Yb:YAG. Important specifications giving Yb:YAG the
advantage for high power applications are its lower quantum defect, larger 𝜎-𝜏 product, and larger doping
percentage. All reported numbers are measured at room temperature.

Pump Wavelength
(nm)
Emission
Wavelength (nm)
Smallest quantum
defect
Emission cross
section, 𝝈𝒆
(𝟏𝟎−𝟐𝟎 𝒄𝒎𝟐 )
Fluorescence
lifetime, 𝝉𝒍 (µs)
Product 𝝈𝒆 × 𝝉𝒍
(𝟏𝟎−𝟐𝟎 µ𝒔 𝒄𝒎𝟐 )
Typical doping
(at. %)
Thermal
Conductivity
(𝑾/𝒎 𝑲)
Emission
Bandwidth
(FWHM, nm)
Reference

Ti:Sa

Yb:YAG

488, 532

940, 969

800

1030

33.5%

5.9%

41

1.89

3.2

1,300

131

2,457

0.25

12

33

11

135

9

[20, 44]

[44] [45]

The table shows Yb:YAG systems have a number of advantages for high power
applications. First is the quantum defect. Laser operation requires a gain material with three
or more energy levels [46], so the emitted photons will always have a longer wavelength
and lower energy than the pump photons. The energy difference between the pump and
emitted photons is lost and becomes waste heat that puts a thermal load on the laser. We
quantify the waste heat generated by the percent difference in energy between the pump
and emitted photon, called the quantum defect (QD):
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𝑄𝐷 =

𝐸𝑝 − 𝐸𝑙 𝜆𝑙 − 𝜆𝑝
=
,
𝐸𝑝
𝜆𝑙

(2-1)

where 𝐸𝑝 and 𝐸𝑙 are the energies of the pump and lasing photons, respectively, and 𝜆𝑝 and
𝜆𝑙 are the wavelength of the pump and lasing photons. Yb:YAG’s quantum defect of 5.9%
provides many times improvement over Ti:Sa’s 33.5% defect, so Yb:YAG generates much
less waste heat for the same stored energy.
The next advantage Yb:YAG has over Ti:Sa is a much longer fluorescence lifetime.
The total energy that can be stored in a gain medium is proportional to the product of its
emission cross-section and fluorescence lifetime, (𝜎𝑒 𝜏𝑙 ). Table 2-1 shows that the
fluorescence lifetime of Yb:YAG is so much larger than Ti:Sa that the 𝜎𝑒 𝜏𝑙 product is over
an order of magnitude larger. Therefore, more energy can be stored in the gain material,
and more energy can be transferred to the amplified pulse.
The final advantage Yb:YAG has over Ti:Sa is the typical doping percentage. Ti:Sa
cannot be doped in high percent concentrations without concentration quenching reducing
its fluorescence lifetime [41], but Yb:YAG can be doped to >20 atomic percentage (at. %)
without any such problems [45]. The gain per pass through the gain medium is proportional
to the product 𝑁 × 𝐿, where 𝑁 is the atomic density of excited ions and 𝐿 is the length of
the gain material. The thin-disk geometry requires a short interaction length 𝐿 to have good
thermal properties, so it requires the large doping concentrations achievable with Yb to
have appreciable gain. Maximally-doped Ti:Sa would not provide sufficient gain to be
useful.

18

The table also shows a significant weakness of Yb technology for directly
producing ultrashort pulses: its emission bandwidth. The shortest duration for an optical
pulse is limited by its time-bandwidth product [47]:
𝜏 Δ𝜔 ≥ 𝑐𝑜𝑛𝑠𝑡.

(2-2)

In Eq. (2-2), 𝜏 is the pulse duration and Δ𝜔 is the bandwidth of the pulse spectrum. 𝑐𝑜𝑛𝑠𝑡.
is a constant that varies with the pulse shape but is always on the order of 1. Common
values of 𝑐𝑜𝑛𝑠𝑡. are ≈ 0.44 for Gaussian pulses and ≈ 0.315 for sech2 pulses, when
measured as the full width at half maximum (FWHM). Because Yb has a much smaller
emission bandwidth than Ti:Sa, it produces much longer pulses. Indeed, Ti:Sa-based
amplifiers routinely produce multi-millijoule pulses with durations ~30 𝑓𝑠 while the Yb
demonstrations surveyed on Figure 2-2 have durations on the order of 1 ps for such pulse
energies. Therefore, for many ultrashort applications, Yb systems must employ postcompression spectral broadening methods after the amplifier to reduce their pulse duration.
We will discuss these post-compression methods in more detail when we implement one
in Chapter 4.
Another advantage of Ti:Sa is the excellent thermal conductivity of sapphire. The
high thermal conductivity allows Ti:Sa gain materials to be cooled efficiently to counteract
the large thermal load from Ti:Sa’s quantum defect. Efficient cooling allowed scaling Ti:Sa
amplifiers to tens of Watts and kept their average power performance competitive with Yb
amplifiers until just recently.
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2.3.2 Host Materials
Besides the dopant material, solid-state laser properties can be changed by varying
the host material. We have been focusing on YAG because it is mature and because we
will use Yb:YAG for our regenerative amplifier in the next chapter. Table 2-2 compares
some other possible hosts for Yb lasers. The table shows that changing the host doesn’t
significantly change the wavelength or quantum defect of the laser. However, changing the
host does create large variations in the 𝜎𝑒 𝜏𝑙 product and emission bandwidth.
Table 2-2 Comparison of Yb3+ host materials at room temperature. For birefringent hosts, the thermal
conductivity is reported as the average conductivity between the two axes.
Yb:YAG
Yb:CALGO
Yb:KGW
𝒀𝒃: 𝒀𝑽𝑶𝟒
(𝒀𝒃: 𝒀𝟑 𝑨𝒍𝟓 𝑶𝟏𝟐 ) (𝒀𝒃: 𝑪𝒂𝑮𝒅𝑨𝒍𝑶𝟒 ) [𝒀𝒃: 𝑲𝑮𝒅(𝑾𝑶𝟒 )𝟐 ]
Pump
Wavelength
(nm)
Emission
Wavelength
(nm)
Best
quantum
defect
Emission
cross section
(𝟏𝟎−𝟐𝟎 𝒄𝒎𝟐 )
Fluorescence
lifetime (µs)
𝝈𝒆 × 𝝉𝒍
𝟏𝟎−𝟐𝟎
(
)
𝝁𝒔 𝒄𝒎𝟐
Max doping
(at. %)
Thermal
Conductivity
(𝑾/𝒎 𝑲)
Emission
Bandwidth
(FWHM,
nm)
Reference

𝒀𝒃: 𝑳𝒖𝑺𝒄𝑶𝟑

940, 969

979

981

985

976

1030

1015-1040

1023-1060

10181050

1041

5.9%

3.5%

4.1%

3.2%

6.2%

1.89

0.75

3

0.7

0.9

1,300

420

233

310

850

2,457

315

699

217

765

12

13

25

2

-

11

6.6

3.3

7

3.5

9

60

25

30

22

[44, 45]

[44, 48]

[44, 49]

[44, 50,
51]

[52-54]
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The large 𝜎𝑒 𝜏𝑙 product for Yb:YAG shows it is the best material for storing large
amounts of energy. Therefore, Yb:YAG is favored for high energy amplification. The
larger bandwidth of other materials is favorable for generating shorter pulses. Indeed, we
will use a Yb:KGW oscillator in the next chapter to seed our amplifier with a broad
bandwidth to counteract gain narrowing and use a Yb:YAG amplifier to amplify to high
pulse energy.

2.4 HAPP Laser Technology Conclusions
We have overviewed the current state-of-the-art in HAPP laser technology. Yb
based systems employing new geometries for thermal management have pushed achievable
pulse energies into the range of joules while keeping a high enough repetition rate to drive
kilowatt average powers. These results represent orders of magnitude increases over
previous technologies. However, a weakness of Yb media is its limited gain bandwidth,
which cannot produce pulses as short as Ti:Sa and dye laser technology. Therefore, postcompression methods after the laser amplifier must be employed to reduce the pulse
duration for many applications.
In the next chapter, we will describe a high power Yb amplifier we built using thindisk technology. The system is a thin-disk, regenerative amplifier that produces 10-W
average power in 10-mJ pulses. That does not compete with the record setting systems
displayed on Figure 2-2 but does give us enough pulse energy to demonstrate and improve
the ionization limits that plague such high energy technology in the post-compression step.
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3. HAP-TDR Laser System
The first portion this PhD work was spent building a high-power, thin-disk regenerative
amplifier based on the Yb:YAG thin-disk technology discussed in the last chapter. The
system is called the high-average power thin-disk laser system, or HAP-TDR. In this
chapter, I will summarize HAP-TDR’s operation and discuss a few key design
considerations in its construction.

3.1 HAP-TDR Overview

Figure 3-1 Schematic of HAP-TDR. AOM: acousto-optic modulator, CFBG: chirped-fiber Bragg grating,
and YDFA: Ytterbium-doped fiber amplifier.

An overview of HAP-TDR is shown in Figure 3-1. HAP-TDR is a CPA laser
system so it starts with a mode-locked oscillator producing short pulses. The pulses are
stretched in time, or chirped, using a pair of chirped-fiber Bragg gratings (CFBG’s) to a
pulse duration ≈2 ns to reduce their peak intensity and prevent nonlinear distortions, as
discussed in the last chapter. An acousto-optic modulator (AOM) is used as a pulse picker
to reduce the repetition rate to 1 MHz and the pulses are amplified in a Ytterbium-doped
fiber amplifier (YDFA). Then the pulses are injected into the main regenerative amplifier
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cavity, based on the Yb:YAG thin-disk technology discussed in the last chapter. The
regenerative amplifier further down-selects to 1 kHz and amplifies the pulses up to 12 mJ.
Gain narrowing during this step reduces the pulse duration but does not significantly
change the spectral phase of the pulses. Finally, a grating compressor removes the spectral
phase originally applied by the CFBG’s and compresses the pulse to its new transform
limit. The output of the system contains a little more than 10-W average power, 1-kHz
pulse repetition rate, and 1.2-ps output pulse duration [measured as the full-width at halfmaximum (FWHM)]. Each subsystem will be explained in more detail in the following
sections.

3.2 Oscillator
HAP-TDR starts with an oscillator purchased from Light Conversion, FLINT 1.0
[55]. The FLINT uses a Yb:KGW gain medium, chosen because the gain bandwidth of

Figure 3-2 Commercial Yb:KGW oscillator that provides HAP-TDR seed pulses. Image reproduced with
permission from lightcon.com [55] © Light Conversion.
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Yb:KGW is large enough to support <100 fs pulses, as discussed in the last chapter. The
oscillator is mode-locked using Kerr-lens mode-locking and outputs 80-fs pulses.
Measurements with an autocorrelator confirmed that the output pulse duration was
80.8±0.2 fs. The output power is far too high for the single-mode silica fiber optics in the
next steps, so the output is attenuated to 17 mW using two half-waveplate (HWP) +
polarizer power throttles. Then the output is focused into a single-mode fiber for the
stretching, pulse picking, and first amplification steps.

3.3 CFBG Stretcher

Figure 3-3 Picture of one CFBG used to stretch seed pulses before amplification.

Next, the pulses are stretched using two chirped fiber Bragg gratings (CFBG’s)
from TeraXion [56]. In a normal fiber Bragg grating, a periodic refractive index is written
into the fiber through ultraviolet light exposure [57]. The period of the index modulation
is used to make the fiber a wavelength sensitive high reflector through the Bragg condition.
The grating equation is
𝑚𝜆
= Λ[sin(𝜃𝑖 ) − sin(𝜃𝑑 )],
𝑛0

(3-1)
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where 𝑚 is the diffraction order, 𝑛0 is the refractive index of the material, Λ is the period
of the modulation (or distance between maxima in the refractive index pattern), 𝜃𝑖 is the
angle of incidence, and 𝜃𝑑 is the angle of diffraction. In the fiber, light can only travel
forward or be reflected straight backward in the fiber so 𝜃𝑖 = 90° and 𝜃𝑑 = −90°, which
gives the Bragg condition for reflection [58]:
𝑚𝜆
= 2Λ.
𝑛0

(3-2)

By tuning the modulation period, the fiber Bragg grating becomes a wavelength sensitive
reflector. Furthermore, the grating length and the strength of the modulation set the
bandwidth of the reflection. In a chirped fiber Bragg grating (like the CFBG’s used in HAPTDR) the modulation period monotonically decreases so the reflected wavelength changes
along the length of the fiber [57]. Therefore, each wavelength penetrates a different
distance into the fiber and the short wavelengths are delayed relative to the long
wavelengths, as illustrated in Figure 3-4. An output pulse from the CFBG’s is therefore
chirped and stretched in time, with the long wavelengths leading the short wavelengths.
The CFBG’s used to construct HAP-TDR provide 95 𝑝𝑠 2 group-delay dispersion
each and reflect 6 nm of bandwidth. After the two CFBG’s, the pulse duration is

Figure 3-4 Sketch of CFBG operation. A periodic refractive index modulation reflects energy back along the
fiber. By changing the period along the length of the fiber, short wavelengths penetrate deeper into the fiber
and are delayed relative to long wavelengths, chirping the pulse and stretching the pulse in time.
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approximately 2 ns. The CFBG’s also provide approximately -2.3 𝑝𝑠 3 third-order
dispersion, a number chosen to match the grating compressor that recompresses the pulses
at the end of the system. For the mathematical details of how spectral phase broadens the
pulse, we refer the interested reader to Appendix A.

3.4 AOM Pulse Picker

Figure 3-5 Schematic of light diffracting off an AOM. The sound wave traveling across the AOM creates a
periodic variation in refractive index. By switching the sound wave on and off, the light can quickly be
switched between the diffracted and transmitted channels.

Next, an AOM acts as a pulse picker to reduce the repetition rate of the seed laser.
An AOM uses the acousto-optic effect to diffract light into different channels, as illustrated
in Figure 3-5. The acousto-optic effect uses sound to change the refractive index of a
medium. As sound is a wave, it will create a periodic change in refractive index, with a
period (Λ) that matches the wavelength of the sound. Light will diffract off the periodic
refractive index and the diffraction can be turned on and off by turning the sound wave on
and off. Therefore, the light can quickly be switched between two different channels by
turning the sound wave on and off.
For maximum diffraction efficiency, the AOM must satisfy a more generalized
version of the Bragg condition. We derive the generalized Bragg condition from the grating
equation (3-1) by setting the diffracted angle equal to the incident angle (𝜃𝑑 = −𝜃𝑖 ). In
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this case, all the partial reflections from the periodic variation add in phase for maximum
diffraction efficiency. Then the generalized Bragg condition is [59]
sin(𝜃𝑖 ) =

𝑚𝜆
.
2 𝑛0 Λ

(3-3)

The AOM used for HAP-TDR is a Gooch & Housego, Fibre Q, fiber-coupled AOM
[60], shown in Figure 3-6. We switch the sound wave on and off at a 1-MHz repetition rate
to pick single pulses from the pulse train and reduce the repetition rate of the laser from 76
MHz to 1 MHz. The reduction in repetition rate allows each pulse to extract more energy
from the fiber preamplifier.

Figure 3-6 AOM used to reduce the seed repetition rate.

3.5 Fiber Preamplifier
Next, the pulses are amplified in homebuilt Ytterbium-doped fiber amplifiers
(YDFA’s) before the main regenerative amplifier. The layout of the YDFA’s relative to
the other fiber optics are shown in Figure 3-7. The YDFA’s are not located after all the
other fiber optics as the order of this discussion might imply, but rather mixed to
compensate losses from each step. Losses from fiber-fiber couplings are large and the
CFBG’s and AOM inherently lose a lot of power. Therefore, the YDFA’s are split into two
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stages and placed after the lossy stages to prevent the power from dropping below the

Figure 3-7 Schematic of the entire integrated fiber amplifier. First, the oscillator beam (in red) is coupled into
the fiber. Then the pulse is directed by a circulator (CIRC) into the first CFBG. The CIRC also couples the
reflected light from the CFBG into the first YDFA. An AOM after the first YDFA pulse picks to reduce the
repetition rate down to 1 MHz, and then there is a second stage of amplification to compensate losses from
the AOM and fiber couplings. A second CFBG stretches the pulse further and the pulse is finally coupled to
free space and sent to the regenerative amplifier cavity. A faraday rotator prevents amplified spontaneous
emission and backreflections from the regen from entering the fiber amplifier.

saturation power of the YDFA’s. If the power were allowed to drop extremely low before
a final amplification step at the end of the fiber system, the pulses would only extract a
small percentage of the gain. The output pulse energy would be lower, and the amplified
spontaneous emission from the fiber system would be higher.
Table 3-1 reports the power measured at each location labeled in Figure 3-7. The
losses create order of magnitude drops in the pulse energy over the course of the system.
The net result is that the YDFA’s amplification mostly compensates fiber-component and
connector losses; the YDFA’s only amplify the pulse energy from 0.2 nJ to 1.3 nJ. The
losses could be improved significantly by splicing the fibers together instead of using
physical-contact, angled-polished connectors, but the connectors allow us to diagnose and
fix problems in each subsystem faster if one stops working.
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Table 3-1 Table of powers measured at each location labeled in Figure 3-7. Each step incurs large losses so
the net effect of the YDFA’s is mostly to compensate those losses.

Location

Power (mW)

Rep Rate (MHz)

Pulse Energy (nJ)

0

16.8

76

0.2

1

6.8

76

0.09

2

4.2

76

0.055

3

0.033

76

0.004

4

8.6

76

0.11

5

0.065

1

0.065

6

9.0

1

9

7

7.7

1

7.7

8

2.1

1

2.1

9

1.3

1

1.3

3.6 Regenerative Amplifier
Next, the pulse is injected to the main regenerative amplifier (or “regen”), shown
in Figure 3-8. The schematic starts at the Faraday rotator from the fiber amplifier section.
First, the pulse must be trapped in the cavity for amplification. The p-polarized pulse is
injected into the cavity through a thin-film polarizer (TFP) and goes through one roundtrip of the cavity. A HWP rotates the pulse polarization 90° to s-polarization so it reflects
off the TFP on the second pass. The Pockels cell turns on after the pulse’s first pass and
acts as a second HWP that cancels out the rotation from the HWP. As long as the Pockels
cell is on, the pulse remains s-polarized and trapped in the cavity. Pulses that enter the
cavity before the Pockels cell turns have their polarization rotated back to p-polarization
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by the HWP on their second round-trip and are ejected through the TFP after two roundtrips. Pulses that enter the cavity after the Pockels cell turns on have their polarization
double-rotated by the Pockels cell and HWP and are ejected through the TFP after one
round-trip. Therefore, the Pockels cell acts as a second pulse picker that reduces the
repetition rate to 1 kHz. Only the pulses that enter the cavity one round-trip before the
Pockels cell turns on are trapped in the cavity for amplification.
The pulse that is trapped in the cavity is amplified with each pass through the thin
disk. We designed the cavity to pass the beam through the thin disk twice per round-trip to
double the gain, but the gain is still small because the disk is so thin. Therefore, the Pockels
cell traps the pulse in the cavity for 87 round-trips to extract the full gain. After 87 roundtrips, the pulse energy is maximized and the Pockels cell turns off to eject the pulse from
the cavity. In addition to maximizing the energy, saturation of the gain medium improves
the pulse-to-pulse stability

Figure 3-8 Schematic of regenerative amplifier cavity. Silver mirrors in the figure are plane mirrors; blue
mirrors are curved and set the cavity mode. PC: Pockels cell, TD: Thin disk, TFP: thin-film polarizer, HWP:
half-waveplate.
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The curved mirrors in the cavity (colored blue in the figure) set the cavity mode
and were chosen to make the cavity dynamically stable to thermal lensing in the thin disk.
The cavity design will be discussed in detail in Section 3.6.4.
3.6.1 Pulse Buildup Model
We modeled the pulse buildup with amplification following the formulism from
Koechner [61]. First, the thin disk stores energy as it is pumped and approaches its steadystate inversion 𝑁𝑠𝑠 :
𝑁𝑠𝑠 = 𝜏𝑌𝑏 𝑅𝑝 (1 +

𝜎𝐴
𝜎𝐴
)−
𝑁 ,
𝜎𝑒
𝜎𝑒 𝑌𝑏

(3-4)

where 𝑁𝑌𝑏 is the doping density of the thin-disk, 𝜏𝑌𝑏 is the fluorescence lifetime of
Yb:YAG, 𝑅𝑝 is the pumping rate to the excited state, and 𝜎𝐴 /𝜎𝑒 are the absorption/emission
cross-sections of the pump and lasing wavelengths, respectively. This inversion gives an
initial small signal gain coefficient 𝑔0 = 𝜎𝑒 𝑁𝑠𝑠 . Next, the pulse is amplified for many
round-trips using the formula
Φ𝑚+1 = Φ𝑆 (1 − 𝑙) ln{1 + [𝑒 Φ𝑚 /Φ𝑠 − 1]𝑒 𝑔𝑚 𝐿𝑌𝑏 } ,
where Φ𝑚 is the pulse fluence after 𝑚 round-trips, Φ𝑠 = 𝜎

𝐸𝑙

𝑒 +𝜎𝐴

(3-5)

is the saturation fluence, 𝐸𝑙

is the energy of a photon at the lasing wavelength, 𝑙 is the cavity losses for one round-trip,
𝐿𝑌𝑏 is the thickness of the thin disk, and 𝑔𝑚 is the small-signal gain coefficiency of the mth
round-trip. After 𝑚 round-trips, much of the stored energy has already been extracted from
the thin disk, so the small-signal gain is reduced according to
𝑔𝑚 = (1 − 𝜂𝑚 )𝑔0 ,

(3-6)
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𝜂𝑚 =

Φ𝑚 − Φ0
,
𝑔0 𝐿𝑌𝑏 Φ𝑠

(3-7)

where 𝜂𝑚 is the extraction efficiency after 𝑚 round-trips. To remove spatial dependence,
the inversion, pump rate, and laser fluence are all averaged over a Gaussian profile. For
further details on how to average over the profile or calculate the pump rate, we refer the
reader to Ref. [46], Appendix E.
We plot the modeled pulse energy buildup in Figure 3-9(a). We initially estimated
cavity losses of 2%, which gave our target 12-mJ output energy with 64-W pump power
and 100 round-trips. Now that the regen is operational, we have updated that number to
3% to match the observed output of the regen. The figure shows the pulse energy builds up
to 12 mJ after 90 round-trips in the regen with 70-W pump power, in good agreement with
the measured 12-W output after 87 round-trips and 69-W pump power. After the peak at
12 mJ, the pulse energy begins to decrease. At this point, all of the energy has been
extracted from the thin disk so further round-trips do not accumulate gain, only cavity
losses.

Figure 3-9 Energy and B integral buildup in regen. (a) Energy buildup plot shows pulse energy increase to
maximum 12 mJ after 90 passes through regen. (b) B-integral plot shows pulse has accumulated about 1.25
radians nonlinear phase before its ejection after 90 passes.
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We used the same model to estimate the B integral in the cavity. B integral
quantifies the nonlinear distortions accumulated through propagation and is calculated
according to [62]
87
2𝜋𝑛2 𝐿
𝐵=
∑ 𝑄𝑚 ,
1.672 𝜆𝑤02 𝜏𝐹𝑊𝐻𝑀
𝑛=1

(3-8)

where 𝑛2 is the nonlinear index of the material, 𝐿 is the propagation distance, 𝑤0 is the
1⁄ beam radius, 𝑄 is the pulse energy during the mth pass through the cell, and 𝜏
𝑚
𝐹𝑊𝐻𝑀
𝑒2
is the FWHM pulse duration1. With this calculation, we choose a beam size to limit the B
integral to less than 1. By limiting the B integral, we mitigate nonlinear effects in the regen,
especially self-focusing which could collapse the beam into a filament and damage the
cavity components.
B integral is accumulated in the Pockels cell, air between mirrors, and the thin disk,
but due to the small nonlinear index of air and small thickness of the thin disk, calculations
show B integral in the Pockels cell dominates. We estimate an effective nonlinear index of
𝑛2 = 5.2 × 10−16 𝑐𝑚2 /𝑊 [63] for the Pockels cell, 𝑛2 = 5.7 × 10−19 𝑐𝑚2 /𝑊 [64] for the
air, and 𝑛2 = 6.5 × 10−16 𝑐𝑚2 /𝑊 [65] for the Yb:YAG thin disk. The accumulated
integral with each pass is plotted in Figure 3-9(b), which shows the B integral in the Pockels
cell dominates. While we chose the beam size in the Pockels cell to limit B integral to less
than 1, Figure 3-9(b) shows that the as-built regen has slightly more than that specification,
with an estimated 1.45 radians B integral.

1

The pulse duration also changes with each pass due to gain narrowing. However, as the majority of the Bintegral buildup occurs within the last few round-trips, we model the pulse duration as constant 500-ps output
duration, chosen to match the output duration, for simplicity.
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3.6.2 Pockels cell
The Pockels cell acts as a voltage controlled waveplate. It is made of beta barium
borate (BBO), a uniaxial material with ordinary index 𝑛0 and extraordinary index 𝑛𝑒 . The
pulse is injected along the optic axis so no polarization rotation occurs when no voltage is
applied to the Pockels cell. Then voltage is applied to the Pockels cell to rotate the
polarization through the Pockels effect. We define the coordinate system (𝑥̂, 𝑦̂, 𝑧̂) so the
voltage is applied along the axis (1, 0, 0) and 𝑧̂ is the optic axis along which light
propagates. Then the Pockels effect will change the refractive indexes along the principle
axes (1, 1, 0) and (1, -1, 0) according to [66]

and

1
𝑉
𝑛01 (𝐸) ≈ 𝑛0 − 𝑟22 𝑛03 ,
2
𝑑

(3-9)

1
𝑉
𝑛02 (𝐸) ≈ 𝑛0 + 𝑟22 𝑛03 ,
2
𝑑

(3-10)

respectively. 𝑉 is the applied voltage, 𝑑 is the crystal thickness, and 𝑟22 is the linear electrooptic coefficient of BBO. Therefore, a pulse polarized along the 𝑥̂ or 𝑦̂ directions will
accumulate retardance
𝜙(𝑉) =

2 𝜋 𝐿 𝑛03 𝑟22 𝑉
,
𝜆𝑑

(3-11)

where 𝐿 is the crystal length.
Our Pockels cell is the Chiron 7 from Gooch & Housego [60]. The crystal has a
clear aperture (𝑑) of 7.0 mm and used two back-to-back 19-mm crystals to create an
effective length (𝐿) of 38 mm. With those crystals, we experimentally measured a half-
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wave voltage of 9.5 kV. At this point, the Pockels cell acts as a HWP oriented at 45° and
rotates the polarization by 90°.
The clear aperture of the Pockels cell was set by nonlinear interactions in the
Pockels cell. The beam size in the Pockels cell was chosen to be 1.15 mm (1⁄𝑒 2 radius) to
limit the B integral (as discussed in Section 3.6.1). Then the clear aperture of the Pockels
cell was chosen to be three times larger than the beam diameter to prevent clipping in the
cell.
BBO has a relatively low electro-optic coefficient, so other electro-optic crystals
such as potassium dihydrogen phosphate (KDP) and the deuterated version (DKDP) are
often preferred for Pockels cells. However, BBO is ideal for high power applications
because it has lower near-infrared absorption and a weaker piezo-optic effect. BBO’s low
absorption is necessary at high average power to prevent crystal heating. Crystal heating
will change the cell’s optical properties through the thermo-optic effect and impact the
temporal contrast and wavefront of the amplified beam. BBO’s weak piezo-optic effect is
also necessary because it maintains constant birefringence during high-voltage operation.
When a strong electric field is applied to a piezo-electric material, it creates stress that
propagates across the crystal as a phonon. The phonon propagates along the crystal lattice
and creates a periodic change in the refractive index through the piezo-optic effect as it
propagates. For short amplification times, the pulse can be amplified and switched out of
the cavity before the phonon has time to propagate across the crystal and cause this
problem. For large amplification factors with many passes, as is required for our thin-disk
regen, the Pockels cell has to remain switched on for approximately a microsecond. This
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gives the phonon sufficient time to propagate across the cell and cause index ripples. With
some electro-optic materials, the refractive index ripples could be problematic, but for
BBO, the piezo-optic effect is so small it will be less than 5% of the electro-optic index
change [67].
As mentioned in the last section, the 90° polarization rotation from the Pockels cell
cancels the rotation from the HWP so the pulse is trapped in the cavity while the Pockels
remains on. In daily operation, the Pockels cell is switched on for 1.125 µs to trap the pulse
for 87 round trips. Figure 3-10 shows the pulse energy buildup measured on a photodiode
looking at the leakage from one of the cavity mirrors. With each pass through the regen,
the pulse is amplified and builds up to higher energy. At time = 0 s, the pulse has reached
its maximum energy and the Pockels cell is switched off to eject the pulse from the cavity.
When amplification is allowed to continue longer, the pulse energy begins to visibly

Figure 3-10 Pulse buildup inside regen measured on a photodiode. Each peak is separated by the round-trip
time of the cavity, 13 ns, and shows the strength of the pulse after each round-trip. The pulse energy is
maximum at time = 0 s so the Pockels cell is switched off to eject the pulse from the cavity.
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decrease on the photodiode with each round trip, implying that all the gain has been
extracted from the thin disk. With each further round-trip, the pulse slowly loses energy to
cavity losses.
3.6.3 Thin-Disk Pump
We pumped the thin disk with a fiber-coupled diode laser from Optical Engines
[68] and increased the pump power until we achieved 12-W output power at 69-W pump.
As discussed in Chapter 2, the thin-disk absorption is too small to absorb a significant
amount of pump energy with only one pass through the disk. Therefore, a parabolic mirror
and prism-retro-reflector system is placed around the thin disk that gathers the pump energy
reflected from the disk and refocuses it back onto the disk 20 times. We imaged the pump
light scattered off the thin disk to show how the refocused beam can be aligned to make a

Figure 3-11 Pump spots aligned on thin disk. (a) Parabolic mirror is well aligned, all the refocused spots
overlap into a clean pump spot, the center circle. The outer circle is produced by spontaneous emission
scattering off the cooling finger. (b) Parabolic mirror is poorly aligned. The first few pump spots still overlap
near the center of the disk but subsequent reflections and refocuses walk off the center of the disk to create
all the pump spots seen in this image.
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clean pump spot. When the parabolic mirror is well aligned, all the refocused spots overlap
on the thin disk and make a single, round pump spot, as shown in Figure 3-11(a). If the
parabolic mirror is slightly misaligned, the pump spots do not overlap on the thin disk, and
many refocused spots are visible, as shown in Figure 3-11(b).
3.6.4 Cavity Design
When we inject the seed beam into the regen, it will diffract over the long
propagation distance of many passes. Curved mirrors refocus the beam to compensate for
diffraction, and over the course of many round-trips the seed beam will take on the mode
of the laser cavity. Equations for the cavity mode and cavity stability are an essential part
of laser design and are included in Appendix B. Here we will describe a further step in the
cavity optimization for high average powers.
When pumping the gain medium with high power, the quantum defect of the
medium leads to heating of the material. Foster and Osterink [69] have shown the heating
leads to a thermal lens in the gain medium that changes the laser stability and output beam
profile. As discussed in Chapter 2, Yb-doped thin disks are excellent for high power
systems because the small quantum defect of Yb minimizes heating and the thin-disk
geometry minimizes thermal lensing. As Yb systems have been scaled to higher power, the
thermal problems become important again. Therefore, we designed the laser cavity to be
stable under thermal lensing of the thin disk following the work of Hanna et al. [70] and
adapting the work to our ring cavity.
The linear cavity considered by Hanna et al. is shown in Figure 3-12. Plane mirrors
1 and 2 form the end mirrors of the cavity, the beam on mirror 1 is the output of the cavity
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Figure 3-12 Linear cavity for thermal stability design. Beam starts well collimated in the region marked L,
which is chosen long enough to fit the Pockels cell. Then a telescope resizes the beam to match the pump
spot on the thin-disk head. The thin disk is curved so it has focal power represented by 𝑓𝑅 that recollimates
the beam. By choosing parameters that match Hanna et al.’s conditions below, the system is invariant to
changes in the thin disk’s focal power, so thermal lensing will not change the size of the cavity mode on the
thin disk.

that will be ejected by the Pockels cell. The lens labeled 𝑓𝑅 represents lensing from the
disk, including the disk curvature and thermal lensing. Lenses 𝑓1 and 𝑓2 form a telescope
that sets the beam size on the thin disk and the output of the cavity. The distances between
lenses are labeled on figure. Distance 𝑑 + 𝛿 is the typical spacing for a collimating beam
expander 𝑑 = 𝑓1 + 𝑓2 plus a defocus term 𝛿. Hanna et al. derived generalized G parameters
for this cavity of the form
𝐺1 = 𝑀 (1 −

Δ
),
𝑓𝑇

(3-12)

and
𝐺2 =

1
Δ
1
1
(1 − ) (1 − 𝑀2 𝐿′ ( +
)) ,
𝑀
𝑓𝑅
𝑓𝑇 𝑓𝑅 − Δ

(3-13)

where 𝑀 = −𝑓2 /𝑓1 is the magnification of the telescope, and new parameters are defined
to simplify the math: Δ = 𝑙2 − 𝑓2 , 𝑓𝑇 =

𝑓22
𝛿

, 𝐿′ = 𝐿 − 𝑓1 . The spot sizes at the output of the

cavity (𝑤1 ) and at the thin disk (𝑤2 ) are given by
1⁄
4

𝜆𝐿′
𝑀2 𝐺2
𝑤1 = √ [
]
𝜋 𝐺1 (1 − 𝐺1 𝐺2 )
and

,

(3-14)
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1⁄
4

𝜆𝐿′
𝑀2 𝐺1
𝑤2 = √ [
]
𝜋 𝐺2 (1 − 𝐺1 𝐺2 )

.

(3-15)

Hanna et al. proved that the beam size on the thin disk is insensitive to thermal lensing in
1

the thin disk when 𝐺1 𝐺2 = 2.
These results were applied to design the regen cavity. We chose 𝑤1 to be one-third
of the Pockels cell aperture to prevent clipping, as discussed previously, and chose 𝑤2 to
match the cavity mode to the pump spot on the thin-disk head. Then by dividing equations
(3-14) and (3-15) and applying the thermal stability condition, it is apparent that these
choices set the values of 𝐺1 and 𝐺2 :
𝐺2 =

𝑤1
√2𝑤2

𝐺1 =

,

1
.
2𝐺2

(3-16)

(3-17)

The cavity is still under-defined because multiple values of 𝑀 and 𝐿′ can be chosen to meet
these beam sizes,
𝑀 𝐿′ =

𝜋𝑤12
𝜋𝑤22 𝐺2
=
.
2 𝜆 𝐺2
𝜆

(3-18)

We chose 𝐿 to be large enough to fit the Pockels cell between mirror 1 and lens 1 and chose
𝑓1 = 500 𝑚𝑚 to match commercially available Layertec curved mirrors. Then the cavity
was fully defined with eq. (3-18) setting the magnification of the telescope and eqns.
(3-12) and (3-13) setting the remaining distances.
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Figure 3-13 Ring cavity designed from thermally stable linear cavity.

Next, the thermally stable linear cavity was adapted to a ring cavity by placing two
linear cavities back to back as shown in Figure 3-13. The cavity mode is collimated at
mirrors 1 and 2 to match the plane mirrors [46], therefore, the back-to-back cavity design
here matches the beam size and radius of curvature at both locations. Also note, the thin
disk is split into two back-to-back contributions, 𝑓𝑅 , in the ring design, so the value of 𝑓𝑅
used to design the cavity is twice the focal length of the thin disk. This ring cavity was built
as shown in Figure 3-8, and indeed was measured to have good thermal stability.
We quantified the thermal stability by measuring the output beam profile as the
regen power is ramped up. The beam size on the thin disk is unchanged with thermal
lensing and the output beam (the beam on mirror 1) only changes slightly. Figure 3-14
shows that the output beam profile remains Gaussian as the power is ramped up and the

Figure 3-14 Output beam profile from regen as power is ramped up. Thermal lensing makes the output beam
shrink slightly with power, but the change is minimized by the thermal stability design.
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beam radius (measured as 1⁄𝑒 2 radius) only decreases from 1.15 mm to 1.13 mm. This
change is statistically significant, 10 measurements of same beam profile give a standard
deviation of 0.001 mm, but small enough that it does not affect the grating compressor or
hollow-core fiber after the regen.
3.6.5 Output Power Drift

Figure 3-15 Regen output power over a day’s operation. A thermal air wedge forms in front of thin disk as it
heats up and slightly misaligns the cavity. As the cavity is misaligned, its power drops. Tilting a cavity mirror
to compensate the air wedge realigns the cavity and completely recovers the power. The cavity mirror was
tilted to compensate at about 0:30, 0:50, 1:50, 3:15, and 5:00 as is visible from the sudden jump up in power.

The regen output power was ramped up to 12 W, a value sufficient to give 10-W
power after losses in the grating compressor. However, the output power slowly decreased
over the course of the day as shown in Figure 3-15. The figure shows that the power starts
at 12 W but decays to 11.5 W after running for a half hour. The problem was found to be
an air wedge that forms in front of the thin disk from thermal effects [71]. As the thin disk
heats up, it heats the air in front of itself and the hot air rises, leading to a temperature
gradient in the air in front of the thin disk. Through the thermo-optic effect, the temperature
gradient becomes an index gradient that tilts the beam propagation like a wedge. The air
wedge misaligns the seed beam from the cavity and the beam slowly walks off the pump
spot on the thin disk, so it doesn’t extract the full gain. Several groups have seen this effect
and corrected it by changing the gas in the cavity [71, 72], mounting the thin disk vertically
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instead of horizontally [73], using a grating end mirror [74], or actively compensating the
drift [75].
We compensated the air-wedge by tilting one of the cavity mirrors after the power
decays to compensate the pointing change. Figure 3-15 shows the power decayed over the
first half hour from 12 W to 11.5 W; then we tilted a mirror to compensate the air wedge
and the power completely recovered to 12 W. Throughout the day, this pattern repeated.
The power decayed on the timescale of half an hour to an hour, and each time a tilt to the
cavity mirror completely corrected the power back to 12 W. Over the course of the day,
the thermal effects equilibrated so the mirror had to be tilted less often, about 2 hours
between compensations compared to a half hour at the start of the day. This is how the
regen was operated for the rest of our experiments, with small mirror tilts correcting the
power drift throughout the day.

3.7 Grating Compressor
Finally, a grating compressor, shown in Figure 3-16, compresses the pulse to 1.2 ps.
We use multilayer dielectric gratings from Plymouth Grating Laboratory [76] and operate
slightly off Littrow angle for maximum efficiency. The gratings have line spacing 1,760
lines/mm, the beam is incident at 61°, and the slant distance of the compressor is 1.88 m.
Following the calculations of Treacy [77], the compressor applies -190 𝑝𝑠 2 second-order
phase and 4.8 𝑝𝑠 3 third-order phase, values matched to the phase applied by the CFBG’s
plus a small amount of material dispersion from the transmissive optics in the cavity.
Indeed, the CFBG’s were ordered after the grating compressor because the CFBG’s can be
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Figure 3-16 Grating compressor built to remove the pulse chirp. Mirror M1 steers the beam into the
compressor and grating G1 diffracts each wavelength onto different paths. Mirrors M2 and M3 fold the
compressor so it fits more compactly on the table and grating G2 removes the angular dispersion. Finally,
mirror M4 reflects the beam back on itself so it passes through the same path in the grating compressor again.
Mirror M4 is slightly tilted up so the output beam passes over mirror M1 and exits the grating compressor.

fabricated to match the dispersion to multiple orders [78].
One detail of note in our compressor is that we use a plane mirror for the
retroreflector M4, where a roof mirror is more common. M4 is slightly tilted upwards so
the beam passes over M1 on the output. Because each wavelength travels a different path
length in the compressor but has the same tilt from M4, each wavelength is shifted upwards
a different amount, and the output beam is spatially chirped. We simulated the spatial chirp
accumulated and found that it is negligibly small. The spatial chirp is 0.2 mm/nm, that is,
wavelengths with 1 nm difference are shifted by 0.2 mm relative to each other. As the laser
bandwidth is small (1.24 nm FWHM) and the beam radius is large compared to the spatial
chirp (2.3 mm 1/𝑒 2 radius), the simulated transform limited pulse duration only changes
~10 fs across the beam. Therefore, the plane mirror avoids the additional cost and
complexity of a roof mirror with negligible spatial chirp.
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We built the compressor and measured the compressed pulse duration with a
second-harmonic-generation frequency-resolved-optical-gating system (SHG-FROG, or
FROG) from Mesaphotonics [79]. An SHG-FROG system functions much like an
autocorrelator by splitting a pulse in two and recombining the pulse replicas in a nonlinear
crystal to generate second harmonic light, as drawn in Figure 3-17. The delay between the
replicas is scanned by moving a delay stage in one arm, and the second harmonic intensity
changes as the replicas’ overlap changes. FROG goes a step beyond the autocorrelator by
measuring the spectrum of the second harmonic at each delay, instead of just the intensity.
The measurement creates a spectrogram of generated frequency and intensity versus time.
Then a phase retrieval algorithm retrieves the pulse shape and phase from the spectrogram
[80].
We used the FROG measurements to optimize the pulse compression, eventually
giving the excellently compressed pulse shown in Figure 3-18. For best spectral phase
compensation we fine-tuned the slant distance by moving G2 back and forth along the
beam path. After the first alignment, we measured a slightly asymmetric pulse with 1.25 ps

Figure 3-17 Schematic of an SHG-FROG system. Image reproduced from [81].
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duration (FWHM) due to uncompensated 3rd-order spectral phase. Changing the incident
angle on G1 by 0.17° (and realigning G2 to match) changed the ratio of 3rd to 2nd-order
phase in the grating compressor and gave the excellent compression displayed in Figure
3-18(a). The final compressed pulse duration is 1.20 ps FWHM.

Figure 3-18 Compressed pulse measured after grating compressor. (a) Temporal domain shows pulse
compressed almost exactly to its transform limit with pulse duration of 1.2 ps. (b) Spectral domain shows
Gaussian pulse spectrum and a small amount of remaining spectral phase on the pulse.

The FROG also measures the output pulse spectrum and spectral phase, shown in
Figure 3-18(b). The bandwidth is 1.24 nm (FWHM), reduced from the original 6-nm
bandwidth after the CFBG’s by gain narrowing in the amplifier stages. The residual
spectral phase is small, remaining less than 0.05 rad everywhere there is significant spectral
intensity.
We measure 11.2 W power immediately after the grating compressor. Some energy
is lost to diffraction into higher grating orders and some loss is due to normal transport
losses (imperfect reflectivity of mirrors and mirrors operated slightly off optimum angle).
This number is higher than the 10 W specified for HAP-TDR in Section 3.1, because we
have to account for transport losses to the laser target as well. In later chapters, HAP-TDR’s
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“target” will be the hollow-core fiber we use to spectrally broaden the pulses. Transport
losses reduce the power to 10.3 W before the hollow-core fiber, therefore, the hollow-core
fiber experiments can be carried out with the full 10 W power specified for HAP-TDR.

3.8 HAP-TDR Conclusions
This chapter summarized the operation of HAP-TDR, the high-power, thin-disk,
regenerative amplifier laser system we constructed. HAP-TDR is based on chirped-pulse
amplification and the high-power Yb technologies discussed in the last chapter. It starts
with a commercial oscillator that produces broadband seed pulses. The seed pulses are
stretched by CFBG’s, amplified by a fiber amplifier and a Yb:YAG regenerative amplifier,
and then compressed in a grating compressor. The final output delivers 10-W, 1.2-ps pulses
at a repetition rate of 1-kHz. From the power and repetition rate of the laser, we infer nearly
10 mJ of energy is in each pulse, though in later chapters we will measure that a significant
amount of the power is also found in prepulses and amplified spontaneous emission.
As discussed in Chapter 2, Yb systems like HAP-TDR have scaled average and
peak powers to levels orders of magnitude higher than previous laser technologies. The
weakness of Yb systems is their relatively long pulse durations. HAP-TDR produces 1.2ps pulses, a value in line with the high energy Yb demonstrations surveyed in Chapter 2.
In the next chapter, we will discuss methods to overcome this weakness: post-compression
spectral broadening methods.
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4. High Power Pulse Compression
Post-compression spectral broadening methods leave the main laser chain unmodified and
temporally compress the pulse after the grating compressor. In this chapter, I will overview
such methods for high average and peak power lasers and then select an appropriate method
for HAP-TDR. Then, I will implement the chosen method on HAP-TDR and demonstrate
successful compression of HAP-TDR’s pulse to a level appropriate for many applications,
such as high-field THz generation, which I review specifically.

4.1 Temporal Compression for THz Secondary Sources
As discussed in Chapter 2, the pulse durations of Yb-based systems are limited by
the gain bandwidth of Yb. Figure 4-1 includes the same systems surveyed in Chapter 2, but
this time plots the pulse duration vs. pulse energy. The figure shows that Yb-doped-glass

Figure 4-1 Survey of high power Yb amplifier pulse durations.

48

fiber lasers can produce high energy pulses with durations on the order of hundreds of
femtoseconds. The crystal-based hosts used in Innoslab and thin-disk lasers typically
produce longer pulses on the order of a picosecond. The longer pulse durations are
especially visible for the highest pulse energies, as gain narrowing for large amplification
factors reduces the bandwidth.
There are many high power applications that Yb:YAG technology could scale if it
could support shorter pulse durations:
•

High-field terahertz (THz) sources [3]

•

Laser-plasma wakefield accelerators [4-6]

•

Thompson X-ray sources [82]

•

Attosecond pulse trains [83-85]

•

Ultrafast Spectroscopy [86-89].

As HAP-TDR was initially proposed to drive high-field THz sources, I will focus on that
application. Laser amplifiers can pump high-field THz sources using either optical
rectification [90] or two-color ionized plasma emission [91]. As the frequencies of the
infrared and THz are so different, the Manly-Rowe relations imply that the energy
efficiency of both processes is limited to ~1% [92]. Therefore, THz generation demands
the high average powers Yb technologies can provide to produce significant THz power.
In optical rectification, a pump pulse generates a THz pulse through 𝜒 (2) difference
frequency generation, as illustrated in Figure 4-2. For high conversion efficiency, the pump
pulse’s bandwidth must be sufficient to include both the signal and idler photon to stimulate
optical rectification. Therefore, pump pulses for optical rectification are on the
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Figure 4-2 Energy level diagram for optical rectification. A pump photon is consumed to generate an idler
and THz (signal) photon through difference frequency generation. Note the tiny energy of the THz photon
compared to the pump and idler photons, which limits the process to low conversion efficiency.

order 10-100 𝑓𝑠 to provide sufficient bandwidth. If the pump bandwidth is too small,
spontaneous parametric down conversion can still generate some THz components, but the
process suffers greatly reduced efficiency [93]. Two-color plasma emission has the same
bandwidth limitations; the only difference being that two color plasma operates through
𝜒 (3) four-wave mixing processes.
Ti:Sa lasers have been the workhorse for THz generation for years due to their
maturity, high average and peak powers, and above all broad bandwidths. By employing
the post-compression techniques we will discuss in this chapter, Yb-systems have reached
a maturity to compete with Ti:Sa systems for THz generation. Hekmat et al. [94] have
proven post-compression’s benefits for THz generation with an impressive optical
rectification demonstration. The group spectrally broadened 580-fs pulses from a
Yb:LuAG modelocked oscillator in a multipass cell and temporally compressed them to
88-fs. They compared the THz generation with and without the temporally compression
and found an improvement 8.5×, from 72 µW average THz power to 614 µW. Kramer et
al. [95] also used a multipass cell for temporal compression to demonstrate the current
record for average power of single-cycle THz pulses. The group used a Yb:YAG Innoslab
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amplifier producing 344-W average power pulses compressed to 70-fs and generated the
record 144-mW single-cycle THz pulses through optical rectification in lithium niobate.
Therefore, similar temporal compression techniques should be employed on the HAP-TDR
laser system to make it a better pump source.

4.2 Review of Temporal Compression Methods
To overcome gain narrowing and provide the short pulses for these applications,
some groups have tried changing the laser architecture to directly produce shorter pulses.
One method is through the coherent combination of many low-energy amplifiers [96, 97].
The low-energy amplifiers do not suffer the significant gain narrowing found in a high
energy amplifier and combining many low-energy channels achieve high pulse energies.
However, it takes many channels to reach millijoule pulse energies, increasing the
complexity, cost, and footprint of the system significantly. Other groups have demonstrated
intracavity spectral broadening to compensate gain narrowing in the amplifier [98, 99].
However, as the spectral broadening is most efficient with unchirped pulses, this method
loses all of the power scaling advantages from CPA.
The simplest method to generate shorter pulses in most cases is post-compression
spectral broadening, where the laser is unmodified and the pulse is spectrally broadened
and temporally compressed after the main laser chain. Here, I will overview postcompression methods capable of temporal compression for millijoule or higher pulse
energies. These methods include spectral broadening through self-phase modulation
(SPM), cascaded quadratic nonlinearities, and filamentation. After the spectral broadening
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step, all of these methods require a grating compressor or chirped mirrors to temporally
compress the spectrally broadened pulse to its new transform limit.
SPM-based spectral broadening occurs any time an optical pulse propagates
through a medium with a Kerr nonlinearity, where refractive index depends on pulse
intensity according to
𝑛 = 𝑛0 + 𝑛2 𝐼(𝑡).

(4-1)

In Eq. (4-1), 𝑛0 is the linear refractive index, 𝑛2 is the nonlinear refractive index, and 𝐼(𝑡)
is the pulse intensity as a function of time 𝑡. As the pulse propagates through such a
medium, it accumulates nonlinear phase
Φ𝑁𝐿 (𝑡) = 𝑘0 𝑛2 𝐼(𝑡)𝐿,
where 𝑘0 =

2𝜋
𝜆0

(4-2)

is the wavenumber of the pulse with central wavelength 𝜆0 and 𝐿 is the

length of medium. Fourier transforming the time-domain representation of the pulse to the
frequency domain shows that this nonlinear phase will reshape the pulse spectrum and,
with a few exceptions, broaden the pulse’s bandwidth, as illustrated in Figure 4-3. After
the pulse is spectrally broadened, it can be compressed to a shorter duration, typically with

Figure 4-3 Spectral broadening through SPM. (a) A pulse is coupled into a hollow-core fiber where it
accumulates nonlinear phase through the Kerr effect. (b) A Fourier transform shows that the nonlinear phase
broadens the pulse bandwidth significantly.
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a series of mirrors with dispersive coatings [100] (called chirped mirrors) that are
commercially available from several vendors.
Large spectral broadening from SPM requires high intensity over a long distance
to maximize nonlinear phase. However, optical pulses diffract as they propagate, so their
intensity will decrease as they propagate over a long distance. To confine the pulse and
maximize nonlinear phase, the pulse can be guided within a hollow-core fiber, or it can be
repeatedly focused after diffraction like in multi-pass cell and multi-plate methods.
Hollow-core fiber (HCF) uses a glass fiber to guide the pulse within a hollow
central core. The hollow core is filled with a gas that provides the nonlinearity for spectral
broadening. Typically, noble gases are used to fill the core due to their high ionization
threshold and lack of a Raman response. HCFs do not operate on total internal reflection;
the index of the glass cladding is greater than the index of the gas core. Therefore, light is
only partially reflected at the interface and HCFs tend to be lossy. An expression for the
energy loss coefficient for an ideal hollow-core fiber is [101]
𝑢

2 𝜆2 𝑣 2 +1
0

𝛼 = (2𝜋1 )

𝑎3 √𝑣 2 −1

(4-3)

,

where 𝑢1 ≅ 2.405 is the first zero of the zero-order Bessel function (because Bessel
functions describe the modes of an HCF), 𝑎 is the fiber radius, and 𝑣 =

𝑛𝑔𝑙𝑎𝑠𝑠
𝑛𝑔𝑎𝑠

is the ratio

between the refractive indices of the cladding and core. For an HCF with a large radius,
the loss becomes tolerable and the fiber can be used to confine light over long distances.
However, the fiber must be held straight to avoid bending losses which are severe. Typical
interaction lengths in an HCF are on the order of a few meters, limited by the length of
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fiber that will fit on an optical table while held straight. Spectral broadening in an HCF is
an extremely popular method as it was uniquely the best method for spectral broadening of
high energy pulses until the recent emergence of multi-pass cells.
Multi-pass cells (MPC’s) operate by using a cavity, called a Herriott cell [102, 103],
to confine the pulse for many passes back-and-forth between curved mirrors through the
nonlinear material to accumulate nonlinear phase, as illustrated in Figure 4-4. I further
separate MPC’s here into two groups: gas-filled MPC’s (GMPC’s) and bulk MPC’s
(BMPC’s). GMPC’s fill the Herriott cell cavity with gas to generate nonlinear phase
(typically a noble gas for the same reasons as HCF’s) while BMPC’s place a solid material
near the focus of the cell. Solid materials have a higher nonlinearity but lower damage
threshold than the gases so BMPC’s are limited to lower energy pulses. GMPC’s are
required for spectral broadening of multi-mJ pulses.
Another method to spectrally broaden high-energy pulses is cascaded quadratic
nonlinearities (commonly called cascaded 𝜒 (2) ). In cascaded 𝜒 (2) spectral broadening, the
pulse propagates through a second-order nonlinear material near its phase-matching

Figure 4-4 Schematic of MPC built by Kaumanns et al. in Ref. [104]. (a) Curved mirrors #2 and #3 form a
Herriott cell that confines and refocuses the beam for 45 passes through the cell. Mirror #1 matches the beam
to the mode of the cell. (b) Beam pattern on mirror #2. With each pass through the cell, the beam is incident
on a different part of mirror #2. Reproduced with permission from Ref. [104] © The Optical Society.
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condition for second-harmonic generation. The energy in the pulse will transfer back and
forth between the fundamental frequency and second-harmonic frequency, and the
fundamental pulse will accumulate a nonlinear phase with each oscillation that mimics the
nonlinear phase from SPM [105].
One final method for high-energy spectral broadening is filamentation. In
filamentation, a pulse is focused through a noble gas and the competing processes of
diffraction, self-focusing, and plasma defocusing keep the beam size small over a long
(~few cm) distance. Over this distance, the gas ionizes, so its refractive index decreases
according to [106]
𝑛 ≅ 𝑛0 −
where 𝜔𝑝2 (𝑡) =

𝑒 2 𝜌(𝑡)
𝑚𝑒 𝜖0

𝜔𝑝2 (𝑡)
,
2 𝜔02

(4-4)

is the plasma frequency for a gas with free-electron number density

𝜌(𝑡), 𝑒 is the electron charge, 𝑚𝑒 is the mass of an electron, and 𝜖0 is the permittivity of
free space. The gas is originally un-ionized but becomes ionized as the high-intensity pulse
photo-ionizes gas molecules. Therefore, the free-electron density (and therefore refractive
index) looks like a rising ramp as the pulse passes through it. The rising ramp
predominantly broadens the spectrum by generating a long blue-shifted tail. Along the
filament, 𝜒 (3) , 𝜒 (5) , 𝜒 (7) , …, nonlinear processes also generate significant nonlinear phase
and contribute to spectral broadening [106]. However, a weakness of this method is that
the generated spectrum varies significantly across the pulse profile. The compressed pulse
duration is only short near the peak of the beam profile and remains long near the wings of
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the profile [107]. Additionally, this method accumulates large losses when the spectral
broadening factor is increased.
I have collected a representative sample of each of these spectral broadening
methods and plotted them in Figure 4-5 for comparison. The plot includes results from
BMPC’s [108-111], GMPC’s [8, 99, 104, 112-114], HCF’s [115-123], cascaded 𝜒 (2) [124129], and filamentation [130-138].

Figure 4-5 Survey of high energy spectral broadening methods. HAP-TDR requires a large compression
factor at a high pulse energy of 10 mJ. Only GMPC and HCF are able to provide significant spectral
broadening for >10 mJ pulses and are the appropriate choice for HAP-TDR.

The conclusion of this survey is that only GMPC’s and HCF’s are appropriate for
temporal compression of HAP-TDR due to its large pulse energy. The use of solid materials
for spectral broadening in BMPC’s and cascaded 𝜒 (2) limits those methods to lower pulse
energies. There is one demonstrated filamentation result at the level HAP-TDR’s pulse
energy but that result has only 15% efficiency [138]. Therefore, filamentation is not
appropriate to handle HAP-TDR energy levels either.
All the surveyed methods can achieve high energy throughput for small
compression factors. But as the compression factor increases, the efficiency of each method
tends to decrease and only GMPC’s and HCF’s have demonstrated large compression
factors while maintaining their energy throughput. GMPC’s are the clear winner in energy
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throughput, and can keep >90% throughput even with the largest compression factor
demonstrated by any method [8]. However, MPC’s are limited by the reflection bandwidth
of the curved mirrors making up the Herriott cell. At large bandwidths, the mirrors become
more lossy, and that loss adds up over many mirror reflections. Fritsch’s BMPC [109] is
able to reach a compressed pulse duration of 16 fs, but that is the MPC demonstration with
lowest efficiency (60%) due to the reflection losses. Therefore, none of the MPC results
are able to reach single-cycle pulse durations. As mirror technology improves, MPC’s hope
to push into the few-cycle regime [139], but only HCF and filamentation have
demonstrated compression down to few-cycle pulse durations (<10 𝑓𝑠).
Based on this review, either an HCF or a GMPC would be appropriate to temporally
compress HAP-TDR. We chose the HCF for its mechanical simplicity. We ordered
stretched, flexible HCF from few-cycle Inc. [140] with inner diameters ranging from 300
µm to 500 µm and will demonstrate HAP-TDR compression to less than 200 femtoseconds
in the next section.

4.3 Temporal Compression of HAP-TDR Laser
The input apparatus for the HCF is shown in Figure 4-6. The beamline starts in the
blue box where the HAP-TDR output beam emerges from the grating compressor. The
beam is expanded and there is empty space left in the beamline for experiments in
subsequent chapters. Then the beam is focused with a two-lens system and coupled into
the fiber. To efficiently couple into the fiber, the beam profile must be matched to the
fundamental mode of the fiber [101]:
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𝑢1 𝑟
),
𝑎

𝐹(𝑟) = 𝐽0 (

(4-5)

where 𝐽0 is the Bessel function of the first kind and 𝑟 is the radial coordinate. The best
match between the Gaussian output of laser and the Bessel mode is found when the 1/𝑒 2
radius of the beam satisfies 𝑤0 = 0.6426𝑎 [141]. For the 500-𝜇𝑚 diameter HCF, the beam
was therefore focused to a radius of 161 𝜇𝑚 (which was met to within ±4𝜇𝑚 as measured
by attenuating the beam and directing it onto a camera). The two lenses in the focusing
system (focal lengths 500 mm and -250 mm) provided enough degrees of freedom to set
both the size and the location of the focus at the HCF tip.
Input coupling to the HCF also required a pointing stabilization system, labeled
MRC after the company it was purchased from (MRC Systems GmbH) [142]. Without the

Figure 4-6 Apparatus for coupling to HCF input. A power throttle sets the power in the HAP-TDR beam and
a two-lens system focuses the beam down to match the HCF input. A pointing stability stystem labeled
‘MRC’ controls the position of the focus to prevent the beam from drifting off the fiber tip.
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MRC system, the focal spot drifted across the HCF tip too much to in-couple efficiently.
We quantified the beam drift at the fiber tip by attenuating the beam and directing it to a
camera placed at the fiber tip location. A homemade beam centroid program tracked the
beam drift over time, with results shown in Figure 4-7. Without the MRC system, the beam
centroid has a root-mean-square (RMS) drift of 31 𝜇𝑚 and occasional spikes up to 150 𝜇𝑚
error. The drift is not caused by any moving parts, just lab vibrations exacerbated by the
long path length and the long focal length of the focusing lens. A 50-𝜇𝑚 systematic drift
in the vertical direction was also measured in this data. We attribute the systematic drift to
the thermal wedge that forms in the regen cavity over time. After the regen mirror was
realigned to compensate the thermal wedge, the beam moved back to its vertical location
at the start of the test.

Figure 4-7 Measured beam centroid drift at the HCF tip. (a) without the MRC system and (b) with the MRC
system. The MRC system does an excellent job removing the beam drift at the tip so that the beam can
coupled into the HCF with high efficiency.
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The MRC system was able to correct the beam drift. The MRC system operates by
using piezo actuators on two mirrors (the first mirror is located in the grating compressor)
to center the beam on two detectors. The detectors have sufficient sensitivity that the
system can operate using the light leaked through two of the turning mirrors. MRC detector
2 is placed at the focus of the beam leaked through a turning mirror, an equivalent plane to
the focus at the fiber tip. As the beam walks off the detector due to vibrations or thermal
drift, the piezo actuator moves to compensate the vibration and re-center the beam on the
detector (and therefore the HCF as well, provided there are not significant non-commonpath errors). As shown in Figure 4-7(b), when the MRC system is turned on, the beam
centroid stabilizes. The long term drift from thermal effects is removed and small
fluctuations are reduced to an RMS centroid error of 2 µm. The new RMS error is much
smaller than the HCF diameter so the beam can in-couple efficiently and stably over time.
After losses from the grating compressor and transport optics, a maximum average
power of 10.3 W was measured immediately before the HCF. For spectral broadening
experiments, a power throttle made from a HWP and a polarizer varied the power between
~100 mW (the lowest acceptable power for the MRC system) and 10 W, or pulse energies
ranging from 100 µJ to 10 mJ. The HCF chosen was 1.8-m long - the longest that could fit
on our 3-m optical table due to the vacuum chambers that extend 0.5 m past the fiber on
either side - with an inner diameter of 500 µm. The HCF and vacuum chambers were filled
with 0.87-bar argon for spectral broadening, and to prevent self-focusing and ionization in
the air. The choice of these parameters and their scaling will be discussed in the next
chapter.
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Figure 4-8 HCF throughput power at optimum alignment. A throughput of 87% was obtained at best
alignment, a value that does not fluctuate significantly with input power or gas fill.

When optimally aligned, 87% laser energy and the full 10-W power passed through
the HCF, with full data displayed in Figure 4-8. This level of power never optically
damaged the fiber. The figure shows that filling the HCF with argon gives the same
throughput as when the HCF is evacuated, indicating that there are no losses from selffocusing or ionization. The theoretical maximum efficiency is 93%, which includes 2%
losses from coupling the Gaussian beam to the Bessel fundamental mode, and 5% losses
from linear propagation losses along the 1.8-m fiber. The discrepancy between the
theoretical maximum and measured HCF throughput is most likely caused by bending
losses [139] or an imperfect beam profile at the HCF tip. The HCF is stretched tight
between the two gas chambers to hold it straight and reduce bending losses. If the HCF is
pulled too tight, it cannot stand the tension and it breaks. Indeed, I broke two HCF’s during
the course of this thesis by pulling the fiber too tight, trying to minimize bending losses.
After the HCF, the beam is recollimated and directed to devices that measure the
output specifications, as illustrated in Figure 4-9. The devices include a power meter to
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measure the power at both the HCF output and the chirped mirror compressor output, a
Figure 4-9 Apparatus for measuring HCF output. The output beam is recollimated and directed to
measurement devices. Important measured specifications are the output power, output spectrum, beam
profile, and compressed pulse duration. S-H: Shack-Hartmann

spectrometer that measures the broadened spectrum, a Shack-Hartmann (S-H) sensor that
measures the beam profile, and a Mesaphotonics SHG-FROG system that measures the
compressed pulse duration. After the HCF, the pulse’s bandwidth is increased significantly,
as measured in the spectra shown in Figure 4-10, and the bandwidth broadens more and
more as the power is increased. Also plotted on Figure 4-10 are simulated spectra generated
using a modified nonlinear Schrödinger equation (described in detail next chapter). The
measured spectra agree well with the simulations except for a central peak at 1030 nm. The
central peak is at the same wavelength and bandwidth as the pulse before compression.
Therefore, we infer that the central peak is caused by low-intensity amplified spontaneous
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emission (ASE), prepulses, and postpulses. The ASE and pre-/postpulses are
Figure 4-10 Pulse spectra measured after the HCF for various input powers. Measurements agree fairly well
with simulations, especially at high powers, except a for central peak from low intensity ASE and pre/postpulses.

too low intensity to acquire nonlinear phase and broaden their own bandwidth, so their
spectra remain unchanged [143]. In chapter 6, I will estimate that the ASE and pre/postpulses contain 17% of the total laser energy. In Chapter 8, I will develop a contrast
improvement method that rejects the ASE and pre-/postpulses, proving that this is the
origin of the central peak in the spectrum.
The FROG also gave measurements of the broadened spectra, shown in comparison
to the spectrometer in Figure 4-11. The FROG measurements agree well with the
spectrometer except the FROG spectra do not have the central peak. The low intensity ASE
and pre-/postpulses do not have sufficient intensity to generate measurable second
harmonic, so the FROG only measures the spectrum of the main pulse.
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Figure 4-11 Comparison of spectra measured by FROG and spectrometer. The measured spectrum at 5 W is
a little off, but the spectra measured for the other powers agree well. The FROG measurement supports
attributing the central peak to ASE and pre-/postpulses because it shows the central peak is too low intensity
to generate measureable second harmonic. Note, this figure looks simlar to Figure 4-10 but plots the measured
spectrum from the FROG instead of the simulated spectrum.

The Shack-Hartmann sensor measured the beam profile after recollimation, as
shown in Figure 4-12. The figure shows that the beam profile is essentially the fundamental
mode of the fiber with no higher-order features. The profile shows a strong central lobe
with weak rings intrinsic to the Bessel mode of the fiber. The rings are slightly asymmetric,
with higher intensity below the main lobe than above. We observed that the symmetry of
the rings could be fine-tuned with small changes in the alignment of the input fiber tip,
alignment changes so small they did not change the energy throughput. At perfect
alignment, the rings are symmetric and barely visible, as shown in the 10-W image. The
rings become asymmetric for lower powers, likely due to small alignment changes from
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Figure 4-12 Beam profiles after HCF. Clipping on a transport mirror causes cutoff on the left edge of all these
images but there are no defects in beam profile at any power.

the MRC system at lower powers. The beam size changes slightly with power, and the peak
shrinks at high powers due to Kerr and thermal lensing in the output window and
collimating lenses. There are no obvious defects in the beam profile at any power level,
except for a cutoff at the edge of every image caused by clipping on one of the transport
mirrors.
After spectral broadening, the maximum-energy pulse was temporally compressed
with chirped mirrors from Layertec [144]. Simulations predict best compression with
39,000 𝑓𝑠 2 group delay dispersion (GDD) so I tried a few combinations of chirped mirrors
around that value and measured the results with the FROG: results shown in Table 4-1.
The compressed pulse duration did not change much with GDD near best compression;
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noise (estimated from successive FROG scans to be ≈5 𝑓𝑠) in the pulse duration was larger
than any duration change from GDD. A better metric to quantify the best recompression is
the temporal Strehl ratio, the ratio of the measured pulse’s peak power to the transformlimited pulse’s peak power, where the theoretical maximum is unity.
Table 4-1 Optimization of chirped mirror compression. Testing a few different combinations of chirped
mirrors gave the optimum GDD to maximize the temporal Strehl ratio. Numbers presented here are calculated
by averaging over five FROG scans.

GDD (𝒇𝒔𝟐 )

𝝉𝑭𝑾𝑯𝑴 (𝒇𝒔)

40,000
41,000
43,000
45,000

176
176
173
174

𝑷
𝑷𝒕𝒓𝒂𝒏𝒔
0.91
0.93
0.94
0.91

At best compression with 43,000 𝑓𝑠 2 GDD, the pulse has a FWHM duration of 173
fs (FWHM) and a temporal Strehl ratio of 0.94. The temporal profile of this optimized
pulse is shown in Figure 4-13, where the pulse power is normalized so that the integrated

Figure 4-13 Temporal profile of best compressed pulse as measured by the FROG. The temporal compression
is excellent with a pulse duration comparable to the transform limit and only a little power shifted out of the
main peak into the side peaks. The peak power is increased 4× compared to the input pulse.
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energy is equal for each pulse. The pulse is compressed very well, almost at its transform
limit. There is only a little energy shifted out of the main peak and into the side peaks by
residual spectral phase.
As discussed in Chapter 3, the HAP-TDR output power drifts over time due to
thermal effects. The power drift will affect the compressed pulse by reducing the amount
of nonlinear phase accumulated, thus reducing the spectral broadening and changing the
optimum GDD for temporal compression. I quantified this drift by taking FROG data over
a period of two hours (and again averaging over 5 measurements at each time) as the regen
power drifted, with the data displayed in Table 4-2. The results show that HAP-TDR’s
power drift makes very small changes to the compressed pulse quality. The HCF input
power drifted by more than 10% but the compressed pulse duration only increased by 5 fs.
Therefore, the stability of the pulse compression is excellent, the thermal drift affects the
output power more than the pulse compression.
Table 4-2 Stability of pulse compression. Measurements over two hours show that the compressed pulse
duration remains stable to within a few femtoseconds even as regenerative amplifier power decays from
thermal effects. The temporal Strehl ratio also remains constant to within 1% over the two hours.

Time (min.)

Power (W)

𝝉𝑭𝑾𝑯𝑴 (𝒇𝒔)

𝝉𝒕𝒓𝒂𝒏𝒔 (𝒇𝒔)

0
15
30
45
60
75
90
105
120

10.4
10.2
10.2
10.2
9.9
9.8
9.6
9.5
9.2

179
176
176
176
177
180
179
181
184

178
176
176
177
177
180
178
182
184

𝑷
𝑷𝒕𝒓𝒂𝒏𝒔
0.94
0.95
0.95
0.96
0.95
0.96
0.95
0.95
0.95
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Figure 4-14 Spectral phase ripples preventing perfect temporal compression. (a) Simulation shows that
second-order phase from the chirped mirrors fits the spectral phase at the output well except for some ripples
generated between the spectral lobes. (b) Measured residual phase after compression with chirped mirrors
shows little spectral phase remaining. What does remain matches the simulated ripples.

The natural next question to ask is if the compression can be improved to increase
the temporal Strehl ratio closer to its limit of 1.0. However, compression is limited by phase
ripples intrinsic to the SPM spectral broadening process. The plot in Figure 4-14(a) shows
the spectral phase at the output of the HCF. The chirped mirrors provide 2𝑛𝑑 -order phase
which gives the parabolic fit to the simulated phase. The phase has ripples around that fit
that cannot be compensated with 2𝑛𝑑 order phase. It would require precise control of very
high-order spectral phase to compensate the ripples, which is technology that does not exist
at these power levels. The FROG scan in Figure 4-14(b) shows the residual phase after
compression with chirped mirrors and confirms that the uncompensated phase is due to the
phase ripples.
Finally, I quantified the increase in peak power from the HCF. The pulse duration
is reduced by more than a factor 6× but energy losses make the peak power increase less
than this value. The HCF itself had 87% throughput, and more losses were accumulated
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from transport optics and the chirped mirrors. After the chirped mirror compressor, 6.7-W
average power was measured. Therefore, using the pulse shapes retrieved by the FROG
and an initial pulse energy of 10 mJ, I estimate peak powers of 7.8 GW before temporal
compression and 34 GW after temporal compression, an improvement of 4×.

4.4 Temporal Compression Conclusions
In this chapter, we successfully upgraded HAP-TDR’s pulse duration to less than
200 femtoseconds. HAP-TDR’s output was 1.2-ps long which is unsuitable for pumping
many applications such as THz generation. A review of demonstrated temporal
compression methods showed that only HCF’s and MPC’s could provide large temporal
compression factors at HAP-TDR’s pulse energy with high energy throughput. We chose
to use an HCF and demonstrated compression from 1.2 ps to 175 fs. The compressed pulse
duration is reduced by a factor of 6×, and the peak power is increased by a factor of 4×.
More importantly, for THz applications, the increased bandwidth is sufficient to stimulate
the process of difference frequency generation and improve the THz generation efficiency
significantly.
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5. Divided Pulse Nonlinear Compression:
A Method to Scale Pulse Energy and
Compression Factor Beyond Gas
Ionization Limitations
The last chapter gave the results of temporally compressing the HAP-TDR laser without
explaining how some of the parameters were chosen. In this chapter, I will explain what
processes limit the spectral broadening (and therefore temporal compression) in the HCF
and how those limits inform the parameters chosen in the last section. Then I will introduce
and simulate a method to overcome those limitations – divided pulse nonlinear
compression. The simulations will show that divided pulse nonlinear compression allows
the HCF to be used at larger pulse energies and larger compression factors.

5.1 Limitations on Nonlinear Temporal Compression
As a laser pulse propagates through the gas in the HCF, it accumulates a nonlinear
phase Φ𝑁𝐿 [145]:
Φ𝑁𝐿 =

𝑛2 𝜔0
𝑃𝐿
𝑐 𝐴𝑒𝑓𝑓 0 𝑒𝑓𝑓

(5-1)

where 𝑃0 is the peak power of the pulse, 𝐴𝑒𝑓𝑓 ≅ 0.48𝜋𝑎2 is the effective mode area of the
HCF’s fundamental mode, and 𝐿𝑒𝑓𝑓 is the effective length. The effective length is the
length of the fiber (𝐿) reduced by fiber losses (𝛼) according to 𝐿𝑒𝑓𝑓 = (1 − 𝑒 −𝛼𝐿 )/𝛼. The
nonlinear phase broadens the pulse’s spectrum by approximately the factor 𝐹 [146],
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𝐹=

Δ𝜔𝑆𝑃𝑀
4
2
≅ √1 +
Φ𝑁𝐿
,
Δω0
3√3

(5-2)

where Δ𝜔0 and Δ𝜔𝑆𝑃𝑀 represent the pulse’s bandwidth before and after spectral
broadening in the HCF, respectively. The bandwidth is measured as the standard deviation
of the pulse’s spectrum, a better metric than FWHM for the many-lobed spectra generated
by SPM. These expressions indicate that obtaining extremely high spectral broadening
factors requires maximizing the nonlinear index 𝑛2 , the peak power 𝑃0 , and the fiber length
𝐿𝑒𝑓𝑓 , and minimizing the fiber core size 𝐴𝑒𝑓𝑓 . As those parameters are maximized and
minimized, two thresholds eventually degrade the output pulse: self-focusing in the gas
and photo-ionization of the gas [145].
The first limit, self-focusing, sets a limit on the nonlinear index and peak power.
For large 𝑛2 and 𝑃0 , self-focusing reshapes the pulse profile and couples significant energy
into higher-order modes of the fiber. Energy in higher-order modes will reduce the quality
of the output pulse through spatiotemporal couplings, modal dispersion, and increased fiber
losses. An expression for the steady-state peak power in the second-order mode was given
by Tempea and Brabec [147], later corrected in Ref. [148],
2

2

𝑃2
16 𝜋 𝑛2 𝑃0
2𝑃0 𝑛2
=[ 2
] ≅( 2 ) ,
2
2
(𝑢2 − 𝑢1 )𝜆0
𝑃1
𝜆0

(5-3)

where 𝑢1 = 2.405 and 𝑢2 = 5.52 are the first and second zeros of the Bessel function, and
𝑃1 and 𝑃2 are the peak powers in the first and second order modes. Tempea and Brabec
chose a second-mode power threshold of P2 /P1 <9%, which limits the nonlinearity to
𝑛2 𝑃0 < 0.15𝜆20 ,

(5-4)
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and limits the nonlinear phase to
Φ𝑁𝐿 < 0.3𝜋𝜆0

𝐿𝑒𝑓𝑓
.
𝐴𝑒𝑓𝑓

(5-5)

A useful property of gases for nonlinear broadening is that their nonlinear index is
nearly proportional to the gas pressure (𝑝) with constant of proportionality 𝜅2 . Therefore,
Tempea and Brabec’s 9% threshold can be met regardless of the pulse’s peak power by
tuning the gas pressure to remain below 𝑝9% ,
𝑛2 = 𝜅2 𝑝,
𝑝 < 𝑝9% = 0.15

𝜆20
.
𝜅2 𝑃0

(5-6)
(5-7)

Once the gas pressure is set to control self-focusing, Eq. (5-5) indicates that the spectral
broadening can still be increased by optimizing the fiber area 𝐴𝑒𝑓𝑓 , as depicted in Figure
5-1. The optimum fiber diameter for our 1.8-m-long HCF is around 150 𝜇𝑚, indicating
that we could increase the spectral broadening significantly by reducing the diameter of the
HCF from 500 𝜇𝑚. However, as the fiber diameter is reduced, the peak intensity of the
pulse increases and the second limit, gas ionization, will onset and degrade the output. As
I will show in more detail in Section 5.5, gas ionization causes huge energy losses in the
HCF by defocusing energy into high-loss, high-order modes. It also impedes pulse
compression by generating a long blue-shifted tail in the pulse spectrum that cannot be
compressed with the 2nd order spectral phase from chirped mirrors or a grating compressor.
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Figure 5-1 Spectral broadening factor as a function of fiber diameter. Spectral broadening factors plotted here
are computed from Eq. (5-2) with gas pressure set at 𝑝9% . There is clearly an optimum fiber diameter for
each fiber length that maximizes the spectral broadening. For fibers smaller than this optimum, fiber losses
dominate and 𝐿𝑒𝑓𝑓 becomes small. For fibers larger than the optimum, the large fiber area 𝐴𝑒𝑓𝑓 reduces the
spectral broadening. For high pulse energy, gas ionization forces fiber operation to occur at diameters larger
than the optimum.

Vozzi et al. [145] and subsequent authors [123] have tried to quantify the limits on
gas ionization by requiring that the refractive index change from the Kerr effect dominate
the refractive index change from plasma effects (𝑛𝑝 ); this is,
𝑛2 𝐼0 > 1,000 𝑛𝑝 .

(5-8)

For gas ionizations that break this inequality, they argued, the plasma effects were no
longer negligible and had to be accounted for. Vozzi et al. used this inequality to define a
minimum fiber diameter (𝑑𝑚𝑖𝑛 ) that could be used before plasma effects became
significant and calculated 𝑑𝑚𝑖𝑛 at a wavelength of 780 nm for various pulse energies and
durations. The results could be approximated with the simple expression
𝑑𝑚𝑖𝑛 = 𝐶𝑔𝑎𝑠 𝜏 −𝐶1 𝑄 𝐶2 ,

(5-9)
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where 𝑄 is the pulse energy and 𝐶𝑔𝑎𝑠 (which varies by gas species), 𝐶1 = 0.45, and 𝐶2 =
0.51 are numerically fit to the threshold of the inequality in Eq. 5-8. Fan repeated the work
at 1030 nm and found similar results for Yb systems [123]. However, their work is not
directly applicable to HAP-TDR because it used the Ammosov-Delone-Krainov (ADK)
theory of photo-ionization, which is not appropriate for the low peak intensities and long
pulse durations from HAP-TDR.
The ADK theory is a good approximation in noble gases for peak intensities greater
than 1014 𝑊/𝑐𝑚2 but does not include the multi-photon ionization observed at lower
intensity. For picosecond Yb:YAG pulses, multi-photon ionization is significant and must
be included. A better gas ionization model for HAP-TDR pulses is the Keldysh model of
gas ionization [106], which includes both tunnel ionization and multi-photon ionization. I
plotted a comparison of different ionization rate theories for the gases used in this thesis
work, argon and xenon, in Figure 5-2. HAP-TDR reaches a peak intensity on the order of
1013 𝑊/𝑐𝑚2 in the HCF. For both gases, Figure 5-2 shows that the ADK theory
underestimates the ionization rate at this intensity by several orders of magnitude (and
similarly, the multiphoton theory would overestimate the ionization rate). Therefore, the
Keldysh model must be used to accurately model gas ionization for HAP-TDR. All three
ionization rates are calculated from the formulism given by Couairon and Mysyrowicz
[106].
With an appropriate ionization model for HAP-TDR, I repeated Vozzi et al.’s work
and estimated a minimum fiber diameter allowable before gas ionization effects become
problematic. I assumed gas pressure set at the 9% limit given by Tempea and Brabec and
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Figure 5-2 Comparison of ionization rate theories. (a) Ionization rate of argon. (b) Ionization rate of xenon.
For both gases, the more common ADK theory underestimates the ionization rate at HAP-TDR intensities of
1 × 1013 − 3 × 1013 generated in different fibers in this work. Therefore, the full Keldysh theory of photoionization must be used.

used Vozzi et al.’s threshold inequality given in Eq. (5-8) and present the results in Figure
5-3. The figure shows that gas ionization limits the HCF to be larger than 400-𝜇𝑚 diameter
for argon gas and larger than 700-𝜇𝑚 diameter for xenon gas. These limits are considerably
larger than the optimum diameter for spectral broadening; Figure 5-1 indicated that the
optimum diameter for our 1.8-m-long HCF was 150 𝜇𝑚. Therefore, gas ionization makes
selection of the appropriate fiber diameter a trade-off between spectral broadening and

Figure 5-3 Minimum HCF diameter before gas ionization effects become significant for HAP-TDR. In argon,
fiber diameters greater than 400 𝜇𝑚 must be used to spectrally broaden HAP-TDR’s 10-mJ pulses without
ionization effects. Xenon is even easier to ionize and requires a HCF diameter of 700 𝜇𝑚.
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input pulse energy. With large diameter fibers, large pulse energies can be accommodated
but spectral broadening is reduced. With small diameter fibers, spectral broadening is
increased but pulse energies must be reduced to prevent gas ionization. This trade-off is
fundamental and at the heart of the motivation for divided-pulse nonlinear compression.
5.1.1 Optimum Gas Choice
The simplest method to avoid gas ionization is to use a gas with a higher ionization
threshold. I have included a table of noble gases along with their ionization potentials and
nonlinear indexes in Table 5-1 for comparison. Only noble gases are considered because
noble gases lack the Raman effect and because the ratio between their ionization potential
and nonlinearity is better than molecular gases [139]. The best gas choice has a large
ionization threshold so that gas ionization effects are small. So if argon gives ionization
problems, a gas with higher ionization threshold (neon or helium) could be used instead.
The chosen gas must also have a high nonlinearity so it can be used at a reasonable pressure.
When switching from argon to neon, the nonlinear index is reduced by a factor of ten, so
Table 5-1 Noble gases, their ionization potentials, and their nonlinear refractive indexes.

𝒏𝟐 (𝒎𝟐 /𝑾 @ 1 bar)

Helium

Ionization Potential
(eV) [149]
24.587

Neon

21.565

9.3 × 10−25 [151]

Argon

15.759

9.8 × 10−24 [152]

Krypton

13.999

2.78 × 10−23 [152]

Xenon

12.129

5 × 10−23 [153]

Gas

3.5 × 10−25 [150]
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neon has to be used at ten times higher pressure to get the same nonlinearity. The windows
on our HCF’s gas chambers cannot hold such a high pressure; they are only rated up to 2.5
bar. For higher pressures, the windows would have to be made smaller and thicker, but that
increases the self-focusing in the window and can impede coupling into the fiber [123].
Therefore, argon is the appropriate choice for the HCF; it is the gas with the highest
ionization potential that we can run at a safe pressure.
I should now address why I have included xenon information on the plots in Figure
5-2 and Figure 5-3. Although Vozzi’s ‘rule of thumb’ indicates that HAP-TDR pulses
should be limited to fibers >400 𝜇𝑚 diameter in argon, I have been able to spectrally
broaden all 10-mJ available energy through the smallest fiber in our lab (300 𝜇𝑚) with
only minimal ionization effects observed. This is not totally unexpected; Vozzi’s ‘rule of
thumb’ in Eq. (5-8) is only based on the plasma effects being small and does not quantify
the degradation from the plasma effects. A more exact ionization model will be presented
in Section 5.4 to quantify the degradations. To generate large plasma effects with the laser
energies available in this work, I used xenon for its low ionization potential. In Chapters 4,
6, and 8, argon is used to give the best spectral broadening with no plasma effects. In this
chapter and Chapter 7, xenon will be used to highlight the plasma effects and demonstrate
the utility of DPNLC.

5.2 Methods to Overcome Gas Ionization
A few different methods have been attempted to scale pulse energies past the limits
given in the last section. One method is to polarize the pulse circularly instead of linearly
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[154, 155]. The photo-ionization from a circularly polarized pulse is lower than the
ionization from a linearly polarized pulse with the same intensity. Therefore,
HCF’s/GMPC’s can use smaller radii/focuses before gas ionization becomes a problem.
However, this method not scalable, it only provides a small factor of improvement in pulse
energy before the circularly polarized pulses begin to ionize the gas as well.
Another method to overcome ionization thresholds is to fill the HCF with a pressure
gradient of gas [156]. The pressure gradient is applied by constantly pumping the gas
chamber at the input of the HCF down to vacuum (or low pressure 𝑝𝐿 ) and filling the
chamber at the output of the HCF with high gas pressure 𝑝𝐻 . The gas slowly diffuses along
the fiber and creates the pressure gradient
𝑧
𝑝(𝑧) = √𝑝𝐿2 + (𝑝𝐿2 − 𝑝𝐻2 ).
𝐿

(5-10)

This method is useful to overcome ionization and self-focusing problems at the input of
fiber. It also cleans the fiber mode because higher-order modes incur high losses with
propagation along the first length of the fiber, where self-focusing is low. However, this
method reduces the nonlinearity accumulated in the fiber because low nonlinear phase is
accumulated along the first length of the fiber where gas pressure is low. The output
nonlinear phase is approximately two-thirds the nonlinear phase from HCF filled with
static pressure 𝑝𝐻 .
A final method to scale pulse energy in spectral broadening systems is to use a
higher-order mode of the system (but still a single mode). Kaumanns et al. demonstrated
this method in a GMPC by converting the beam from a Gaussian to a Laguerre-Gaussian
“donut” mode (𝐿𝐺01 ) using a vortex plate [8]. The Laguerre-Gaussian is a mode of the
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Herriott cell so it propagates through without distortion, while its peak intensity is
approximately 2.7 times lower than the peak intensity of an equivalently propagating
Gaussian mode. Using this method, Kaumanns et al. were able to reduce the ionization in
their GMPC and scale the pulse energy up to 112.4 mJ. Their compression factor was also
excellent, and the pulses were compressed from 1.3 ps down to 37 fs. A similar method
could be employed in HCF, but likely with worse efficiency. The HCF also has “donutmodes” with lower peak intensity [101] which can be propagated without coupling to other
modes [157]. However, there would be a trade-off as the higher-order modes in an HCF
have larger propagation losses and a more complex polarization structure.

5.3 Divided Pulse Nonlinear Compression: A New Method to Overcome
Gas Ionization Limitations
The new scientific contributions from this thesis are based on a more scalable
method to overcome ionization limits – divided-pulse nonlinear compression (DPNLC). In
DPNLC, a high-energy pulse is divided into multiple low-energy pulses that are broadened
in the spectral broadening stage, as depicted in Figure 5-4. After spectral broadening in the
fiber, the low-energy pulses are recombined back into one high-energy pulse. DPNLC has
been used previously to keep the peak power below self-focusing thresholds [10] and has
been demonstrated in HCF with good efficiency by Jacqmin et al. [11-13], but has not been
used to overcome gas ionization thresholds before. In this chapter, I will simulate how
DPNLC can scale the pulse energy beyond gas ionization thresholds without sacrificing
spectral broadening.
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Figure 5-4 Illustration of one, two, and four pulse DPNLC. Birefringent plates with extraordinary axis “e”
and ordinary axis “o” are used to separate the pulses temporally, and identical birefringent plates and a
polarizer recombine the pulses. Red arrows indicate the pulse polarization and the distorted pulse shape after
the fiber indicates an arbitrary reshaping by nonlinear processes in the fiber. The polarization is chosen so
the polarization in the HCF is always vertical and horizontal.

With DPNLC, a gas-filled HCF can overcome both the self-focusing and gas
ionization thresholds. First, the pulses are divided to reduce their intensity and avoid gas
ionization. Figure 5-3 indicated that a 700-𝜇𝑚 diameter HCF was required to spectrally
broaden HAP-TDR’s 10-mJ pulses in xenon gas. By dividing to two, 5-mJ pulses or four,
2.5-mJ pulses, I will demonstrate that 500-𝜇𝑚 and 300-𝜇m diameter fibers can be used,
respectively, thus increasing the spectral broadening. Then, after the pulses are divided, the
pressure of the gas is set to meet the self-focusing threshold given by Eq. (5-7). The
pressure of the gas doubles every time the pulse energy is halved, so the nonlinearity
(𝑛2 𝑃0 ) is equal for any number of pulses. DPNLC has the advantage of being more
scalable than other methods, in principle, because the pulse division can be scaled to 2𝑁
pulses with 𝑁 divisions. Therefore, the total energy transmitted by the fiber can increase
by a factor of 2𝑁 .
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5.4 Hollow Core Fiber Nonlinear Propagation Model
To simulate the pulse propagation in the HCF, I developed the following nonlinear
pulse propagation model. It is based on a multi-mode nonlinear Schrödinger equation as
written in Ref. [158] and includes gas ionization and plasma defocusing terms as written
in Ref. [155]. The code was tested against theoretical and experimental results [13, 115,
147, 159] to ensure its accuracy. In this chapter, I will simulate how plasma effects degrade
the output pulse and how DPNLC can remove the degradations. Then, in Chapter 7, I will
experimentally confirm the simulations here.
To simulate the pulse division and recombination, I assume an input pulse that is
Gaussian in time and divided into one, two, or four pulses by zero, one, or two birefringent
plates, respectively (see Figure 5-4). Numerically, the pulses are divided by halving their
amplitude and applying a group delay of 3.5 the pulse duration to one of the pulses (this
group delay is chosen to prevent cross-phase modulation between the divided pulses). After
the fiber, the pulses are recombined by applying the same group delay to the leading pulses
and summing the fields (while retaining the polarization information).
If the pulses are still in-phase after the fiber, the recombined polarization is linear
and the pulses are considered perfectly recombined. However, if phase artifacts appear in
some pulses but not others, the pulses will not combine uniformly, seen as an elliptical
polarization that varies across the pulse [160] and parasitic side pulses that appear when
recombining four or more pulses [161]. Applications that are polarization sensitive, such
as THz generation by optical rectification discussed last chapter, require that the
polarization ellipticity pattern be removed with a polarizer. The energy transmitted by the
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polarizer is considered recombined and any energy rejected by the polarizer is lost. In this
chapter, gas ionization and its associated plasma effects will be the only effects that reduce
recombination efficiency. Other effects that can reduce the recombination efficiency are
unequal nonlinear phase accumulated by unequally divided pulses, cross-phase modulation
(XPM) between pulses, and differential group delay dispersion (GDD) in the birefringent
plates, but these effects can all be eliminated with good system design. I simulate equally
divided pulses to remove the unequal nonlinear phase accumulation, separate the pulses by
3.5 the pulse duration to eliminate XPM, and neglect the differential GDD due to the
small bandwidth of HAP-TDR’s pulses. Indeed, simulations that include the XPM and
differential GDD effects but omit plasma effects predict >99% recombination efficiency
for all simulations presented in this chapter. Experimentally, Jacqmin et al. have observed
recombination efficiencies of 95% [11, 12], and we will also demonstrate high
recombination efficiency in Chapter 6, so the high recombination efficiencies predicted
here are reasonable.
Next, the beam profile at the input of the fiber is taken to be Gaussian with the
optimum 1/e2 radius for coupling into the first-order mode (𝑤𝑜𝑝𝑡 = 0.643𝑎, as given in
Chapter 4). The beam is projected onto 20 modes that are then simulated along the length
of the fiber. The modes, propagation constants, and loss coefficients of an HCF were all
given by Marcatili and Schmeltzer [101]
𝐹𝑚 (𝑟) = 𝐽0 (

𝑢𝑚 𝑟
),
𝑎

𝑢𝑚 2
1 𝑢𝑚 2
) ≈ 𝑘(𝜔) {1 − [
] },
𝑎
2 𝑘(𝜔)𝑎

𝛽 (𝑚) (𝜔) = √𝑘(𝜔)2 − (

(5-11)

(5-12)
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𝛼 (𝑚) (𝜔) =

2
𝑢𝑚
𝑣2 + 1
,
𝑘(𝜔)2 𝑎3 √𝑣 2 − 1

(5-13)

where 𝐹𝑚 gives the beam profile of the 𝑚-th mode in the radial (𝑟) direction (rotational
symmetry assumed), 𝑢𝑚 is the 𝑚-th zero of 𝐽0 (𝑟), 𝛽 (𝑚) is the propagation constant of the
𝑚-th mode as a function of frequency, 𝑘(𝜔) is the free-space propagation constant
evaluated with the gas’s refractive index [𝑘(𝜔) = 𝑛(𝜔)𝜔/𝑐], 𝛼 (𝑚) is the loss coefficient
of the 𝑚-th mode as a function of frequency, and 𝑣 is the ratio of refractive indexes between
(0)

the glass cladding and gas core [𝑣 = 𝑛𝑐𝑙𝑎𝑑 /𝑛(𝜔)]. The carrier wave 𝑒 𝑖[𝛽0

𝑧−𝜔0 𝑡]

of the

fundamental mode is removed from the field and the full electric field can be built from its
modes as
(𝑚)

(𝑚)

𝐴𝑝𝑜𝑙 (𝑟, 𝑧, 𝑡) = ∑ 𝐴𝑝𝑜𝑙 (𝑧, 𝑡) 𝐹𝑚 (𝑟) 𝑒 𝑖Δ𝛽0

𝑧

(5-14)

+ 𝑐. 𝑐. ,

𝑚

where 𝐴𝑝𝑜𝑙 = 𝐴𝑥 , 𝐴𝑦 gives the field in the horizontal and vertical polarizations
(𝑚)

respectively, 𝑧 is the coordinate along the length of the fiber, Δ𝛽0

= 𝛽(𝜔0 )(𝑚) −

𝛽(𝜔0 )(1) is the wave-vector mismatch between the modes, and 𝑐. 𝑐. indicates the complex
conjugate of the first term. As depicted in Figure 5-4, one-pulse simulations have one pulse
with horizontal polarization, two-pulse simulations have one pulse in horizontal and one
pulse in vertical polarization, and four-pulse simulations have two pulses in each the
horizontal and vertical polarizations.
To simulate fiber propagation, I modified the model from Horak and Poletti [158]
with plasma terms from Malvache [155] and propagated each mode according to
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(𝑚)

(𝑚)

𝜕𝐴𝑥
𝜕𝑧

=

̂ 𝐴(𝑚)
𝐷
𝑥

𝑖𝜔0 𝑒 −𝑖Δ𝛽0
+
𝑐
𝐾𝑚𝑚

=

̂ 𝐴(𝑚)
𝐷
𝑦

𝑖𝜔0 𝑒 −𝑖Δ𝛽0
+
𝑐
𝐾𝑚𝑚

𝑧

̂𝑥 𝐴𝑥 ] ,
∬ 𝑟 𝑑𝑟 𝑑𝜃 𝐹𝑚∗ [𝑁

(5-15a)

̂𝑦 𝐴𝑦 ] ,
∬ 𝑟 𝑑𝑟 𝑑𝜃 𝐹𝑚∗ [𝑁

(5-15b)

and
(𝑚)

(𝑚)

𝜕𝐴𝑦
𝜕𝑧

𝑧

̂
where 𝐾𝑚𝑚 = ∬ 𝑟 𝑑𝑟 𝑑𝜃 |𝐹𝑚 |2 is the self-overlap integral of mode 𝑚. The operator 𝐷
represents dispersion and linear losses for each mode and can be written in the frequency
domain as
̂ = 𝑖[𝛽 (𝑚) (𝜔) − 𝛽0(1) − 𝛽1(1) × (𝜔 − 𝜔0 )] −
𝐷
(1)
where 𝛽1 (𝜔) =

𝜕𝛽(𝜔)(1)
𝜕𝜔

|

𝜔0

𝛼0 + 𝛼 (𝑚)
,
2

(5-16)

is the inverse group velocity of the fundamental mode and

shifts the simulation to the reference frame of the fundamental mode, 𝛼0 represents gas
absorption, and the dispersion properties are evaluated with index data from Börzsönyi et
al. [64].
̂ represents the Kerr and plasma effects and can be written as
The operator 𝑁
̂𝑝𝑜𝑙 =
𝑁
(1 +

(5-17)
𝑖 𝜕 3 𝜒 (3)
𝑖 𝜕 𝜔𝑝2 (𝐴) 𝜇0 𝑐 𝐼𝑝 𝑊(𝐴)[𝜌0 − 𝜌(𝐴)]
2
)
|𝐴𝑝𝑜𝑙 | − (1 −
)
−
,
|𝐴|2
𝜔0 𝜕𝑡 8 𝑛0
𝜔0 𝜕𝑡 2 𝑛0 𝜔02
𝑛0

where 𝜒 (3) is the nonlinear susceptibility of the gas, 𝜇0 is the free-space permeability, 𝐼𝑝 is
the ionization energy of the gas, 𝜌0 is the gas atomic density, and 𝐴 is the amplitude of the
2

electric field 𝐴 = √|𝐴𝑥 |2 + |𝐴𝑦 | used to calculate the ionization rate 𝑊(𝐴). The first term
̂ describes the Kerr effects including self-steepening, the second term describes the
in 𝑁
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change in refractive index of the gas due to plasma formation, and the third term describes
energy lost to photo-ionization. XPM between the two polarizations is not included because
XPM was shown to be negligible as long as the pulses were separated by more than 3 the
pulse width [161]. As discussed in Section 5.1, the ionization rate is calculated according
to Keldysh theory from Couairon and Mysyrowicz [106] with experimental correction
factors measured by Augst [162]. The plasma density is calculated at each step according
to
𝑡

𝜌(𝑟, 𝑡, 𝐴) = 𝜌0 [1 − 𝑒 − ∫−∞ 𝑊(𝐴) 𝑑Τ ] ,

(5-18)

and then used to calculate the plasma frequency according to
𝜔𝑝2 (𝑟, 𝑡, 𝐴) =

𝑒 2 𝜌(𝑟, 𝑡, 𝐴)
,
𝑚𝑒 𝜖 0

(5-19)

which is the same as defined in Chapter 4. The maximum fractional ionization in a single
step of these simulations was never greater than 3% so higher-order plasma effects are
neglected. Propagation along the HCF was carried out by integrating Eq. (5-15) with a
split-step Fourier algorithm with embedded fourth-order Runge-Kutta as given by Balac
and Fernandez [163].

Finally, the output pulses were recombined by delaying the leading pulse, summing
the fields, and then cleaning polarization interference effects with a polarizer. This step can
be written mathematically with Jones matrices [164]. The two pulse recombination, Figure
5-4(b), is given here as an example.
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1. Delay the leading pulse: The electric field in the vertical polarization is delayed
by 3.5 the pulse duration.
[

𝐴𝑥 (𝑡) 𝐺𝑟𝑜𝑢𝑝 𝑑𝑒𝑙𝑎𝑦
𝐴𝑥 (𝑡)
] →
[
]
𝐴𝑦 (𝑡)
𝐴𝑦 (𝑡 − 3.5 𝜏𝐹𝑊𝐻𝑀 )

(5-20)

2. Rotate to the new coordinate frame: The field is rotated from vertical/horizontal
polarization (𝐴𝑦 /𝐴𝑥 ) to plus 45°/minus 45° polarization (𝐴𝑝 /𝐴𝑚 ).
1 1
[
√2 1

𝐴𝑝 (𝑡)
1 𝐴𝑥 (𝑡)
][
]= [
]
−1 𝐴𝑦 (𝑡)
𝐴𝑚 (𝑡)

(5-21)

3. Reject polarization interference effects: The field in the 𝑝̂ polarization is
recombined and the field in the 𝑚
̂ polarization is rejected.

5.5 Gas Ionization Improvements with DPNLC: Simulation Results
I simulated pulse broadening in the HCF using the model from the previous section
and HAP-TDR laser parameters. In these simulations, the pulse energy is 10 mJ, with 1.2ps FWHM duration and 1030-nm central wavelength. The fiber is 1.8-m long and filled
with xenon gas (xenon parameters previously given in Table 5-1). The xenon pressure was
set to half of 𝑝9% from Eq. (5-7) so that coupling to higher-order modes was negligible in
the absence of ionization. A gas pressure of half of 𝑝9% is standard throughout this work
and is how the pressure was chosen in the last chapter. This pressure corresponds to 0.17,
0.34, and 0.68 bar of xenon for one, two and four pulses respectively. Then by varying the
fiber diameter, I varied the strength of the plasma effects. Plasma effects coupled noticeable
energy into the first 10 modes, so simulations were carried out with 20 modes for
robustness.
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5.5.1 Plasma Effects on Pulse Energy

Figure 5-5 Simulated energy losses from plasma effects and improvements with DPNLC. Onset of ionization
is clearly visible around 540 𝜇𝑚, 400 𝜇𝑚, and 300 𝜇𝑚 for one, two, and four pulses respectively, and plasma
effects create large energy losses for fiber diameters past onset. By dividing to two or four pulses, smaller
diameters can be used without energy loss.

The most detrimental effect from the onset of gas ionization is energy loss, as
shown in Figure 5-5. Some energy loss is unavoidable, and ideally, energy would only be
lost to the linear propagation loss of the fundamental mode. This ideal case is plotted as a
black dotted line for reference. The output pulse energy tracks the ideal line well for large
fiber diameters, but with the onset of gas ionization at 540 𝜇𝑚 there is a sharp loss of
energy. As shown in the figure, DPNLC shifts the onset of gas ionization to smaller fiber
diameters and improves the output energy. Using two, 5-mJ pulses instead of one, 10-mJ
pulse shifts the onset of ionization to approximately 400-𝜇𝑚 diameter and retains the ideal
energy throughput all the way up until that point. Using four, 2.5-mJ pulses shifts the onset
to 300-𝜇𝑚 diameter. A key advantage of DPNLC, therefore, is that smaller fiber diameters
can be used without energy loss.
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Figure 5-6 Simulated energy loss channels. Energy losses for (a) two and (b) four pulse simulations show
that for diameters smaller than the onset of ionization, plasma effects cause both linear and recombination
losses to spike sharply. Energy lost directly to photo-ionization is relatively small. For one pulse (not plotted),
recombination losses are by definition zero and all energy losses can be attributed to increased linear fiber
losses (with a small contribution from photo-ionization).

Energy is lost through three channels:
1. linear fiber losses given by Eq. (5-13),
2. energy lost to ionize the gas atoms [third term in Eq. (5-17)], and
3. recombination losses when the divided pulses cannot be recombined efficiently
[energy in 𝑚
̂ -polarization in Eq. (5-21)].
The energy lost through each of these channels is plotted in Figure 5-6 to compare their
relative impacts. It is apparent that energy lost to ionize the gas is minimal. Energy is lost
primarily to increased linear losses and reduced recombination efficiency after the onset of
ionization. The linear fiber losses increase after the onset of ionization because the
generated plasma defocuses the pulse as is commonly observed in free space [106]. The
HCF lacks total internal reflection and fails to confine the defocused pulses, so a significant
amount of energy is defocused out of the fiber. In the modal decomposition, this appears
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as energy coupled to higher order modes which have much higher linear losses with
propagation.
The recombination losses are defined as the energy rejected by the polarizer after
recombination. Energy is lost to reduced recombination efficiency because the trailing
pulses pass through a gas-plasma mixture ionized by the first pulse and acquire phase
artifacts from the index difference. I did not try to compensate this phase artifact (for
example by changing the group delay in the recombination step) because recombination
losses spiked around the same fiber diameter that linear losses spiked at, so the fiber should
never be operated under those conditions anyway. An important result is that the divided
pulses can be efficiently recombined for all fiber diameters greater than the onset of
ionization. This indicates that DPNLC is not more sensitive to plasma effects than one
pulse spectral broadening and will not introduce any new sources of energy loss.
5.5.2 Plasma Effects on Pulse Duration
Simulations with one pulse show that plasma effects can significantly broaden the
pulse’s spectrum but make temporal compression unstable. Figure 5-7 plots the on-axis,
transform-limited pulse duration (measured as FWHM of intensity) after spectral
broadening in the HCF. The plasma effects cause huge spectral broadening and quickly
reduce the transform-limited duration to approximately 15 fs. The figure also plots the
compressed pulse duration after the chirped mirrors, assuming spectral phase up to second
order can be compensated. The figure shows that the Kerr effect can be compressed well
with the chirped mirrors but plasma effects add much more instability to the pulse
compression.
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Figure 5-7 Temporal compression of simulated one pulse spectral broadening. (a) Compressed pulse duration
for one pulse broadened by HCF. For large fiber diameters, the pulse can be compressed near its transform
limit and can be compressed to shorter durations with smaller fibers. After the onset of ionization, large
spectral broadening quickly reduces the transform limit to 15 fs but spectral phase compensation is much
worse. (b) Spectral intensity and phase for the output of a 600 𝜇𝑚 fiber shows that the Kerr effect can readily
be compensated by second-order phase, which leads to pulse compression near the transform limit. (c)
Spectral intensity and phase for the output of a 400 𝜇𝑚 fiber shows that plasma effects create significant
blue-shifted components of the spectrum that cannot be compensated well with second-order phase.

The plasma effects create a large blue-shifted tail in the spectrum and add highly
complicated phase ripples, as shown in Figure 5-7(c). The phase ripples are not
compensated well with a fit up to the second order in phase; therefore, the compressed
pulse duration does not approach the transform limit and is unstable, with small changes in
intensity creating large changes in pulse duration. For applications where the output
bandwidth is the only figure of merit and high quality compression is not as important, it
may be advantageous to drive the fiber past the onset of ionization and take advantage of
the large spectral broadening that plasma effects provide. For applications where the
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Figure 5-8 Temporal compression of simulated spectral broadening with DPNLC. Measured as the on-axis
pulse duration for (a) two pulses and (b) four pulses.

compressed pulse duration is important, the plasma effects should be avoided2.
DPNLC improves pulse compression by eliminating the plasma effects. Figure 5-8
plots the transform-limited and compressed pulse durations after DPNLC with two- and
four-divided pulses using the same definitions as the previous figure. With DPNLC, the
Kerr effect dominates down to smaller fiber diameters, and subsequent recompression
achieves shorter pulse durations before encountering the unstable spectral phases from
plasma effects. With one pulse, high quality recompression was only achievable down to
approximately 150 fs. With DPNLC and smaller fibers, that number can be improved to
110 fs and 70 fs with two and four pulses respectively.

2

Compression of both second and third-order spectral phase is possible by adding a prism compressor after
the chirped mirrors but does not change the conclusions of this section. Simulated pulse durations with
compression up to third-order phase still show unstable compression in the region with large plasma effects.
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5.5.3 Plasma Effects on Peak Power

Figure 5-9 Peak power of compressed pulses using DPNLC. Maximum peak power is obtained by using
DPNLC to spectrally broaden the pulses in small fibers without plasma effects. Even though the plasma
effects generate huge bandwidth and enable significant temporal compression to shorter pulse durations
(albeit with less stability), the energy lost from plasma defocusing is more significant in reducing the peak
power.

The final figure of merit that shows the advantages of DPNLC is the peak power of
the compressed pulse. Figure 5-9 plots the peak power of the pulse after compression with
second-order spectral phase. Because smaller diameter fibers provide more spectral
broadening, the general trend is that the smaller fibers give higher peak power. However,
after the onset of ionization, significant energy is lost and the peak power falls. DPNLC
with four pulses improves the optimum peak power achievable to about 80 GW, while only
60 GW were achievable with one pulse, and that number requires temporal compression in
the experimentally unstable region with large plasma effects.

5.6 DPNLC Conclusions
Spectral broadening in high-energy gas-based systems is limited by the processes
of self-focusing and gas ionization. I have summarized how these two processes limit
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spectral broadening in an HCF such that the only way to further increase spectral
broadening is by increasing the length of the fiber. Many techniques have been investigated
to overcome the limits and achieve larger spectral broadening at higher pulse energies, but
none have enabled large pulse energy scaling without significant trade-offs in the system.
Therefore, this thesis develops a new method, DPNLC, that allows simple scaling of the
maximum pulse energy with the number of pulse divisions.
In this chapter, I built a robust pulse propagation model to simulate how DPNLC
overcomes the gas ionization limitations in an HCF. The model shows that plasma effects
cause significant energy loss to plasma defocusing, but DPNLC keeps the pulse intensity
below ionization thresholds and avoids those losses. At the same time, DPNLC allows the
use of smaller fiber diameters so larger broadening factors can be obtained and higher peak
powers can be achieved. Alternately, that can be stated as DPNLC provides energy scaling
by allowing more pulse energy to be broadened in the same diameter fiber without
detrimental plasma effects. I will now experimentally verify the simulated benefits in the
next chapter and Chapter 7.
It is important to note that DPNLC will be useful to scale both HCF and GMPC
techniques, as both methods are limited by the same ionization thresholds. To overcome
the plasma effects in HCF, Fan et al. [123] were forced to switch from argon to neon gas
and use a large HCF (1-mm diameter, 3-m length). After adding on the length of the gas
chambers around the HCF, their total system was 8.6-m long. To overcome the plasma
effects in GMPC, Kaumanns et al. [104] were forced to build a new GMPC with length
increased from 3 m to 8 m and publish the new GMPC in Ref. [8]. The sizes of these
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systems are prohibitive for many laboratories. In contrast, DPNLC allows energy scaling
without prohibitive size increases.
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6. Experimental
Demonstration
of
DPNLC and Analytic Recombination
Model
To experimentally demonstrate the proposed benefits of DPNLC from the last chapter, a
few problems had to be overcome. We observed ripples in the pulse spectrum, fringes in
the beam profile, poor recombined energy, and fluctuations in time. In this chapter, I will
discribe how those problems were solved to give high efficiency pulse division and
recombination. In the process of solving alignment problems, I developed an analytic
recombination model that includes alignment errors in the birefringent plates. I expect this
model to be a simple and useful tool for tolerancing future DPNLC systems.

6.1 Experimental Apparatus for DPNLC
Modifications to the HCF input apparatus for DPNLC are drawn in Figure 6-1. The
changes are very simple and include adding a HWP and calcite plates in the beam to divide
the pulses before focusing into the fiber.
Calcite was chosen because of its large birefringence (Δ𝑛) and low differential
group velocity dispersion (Δ𝐺𝑉𝐷), following the work of Jacqmin et al. [165], and
repeated here at a wavelength of 1030 nm. The birefringence is defined as the difference
between the ordinary and extraordinary index of the crystal (Δ𝑛 = |𝑛0 − 𝑛𝑒 |). Large
birefringence is preferable because with larger birefringence thinner plates can be used.
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Figure 6-1 Apparatus for HCF input with DPNLC. The system is almost exactly the same as in Chapter 4,
but with a HWP and calcite plates added to divide the pulses.

Thinner plates have less differential GDD, less beam walk-off, and are less sensitive to
thermal effects (as I will discuss in Section 6.3.4).
Large birefringence is also necessary to keep the plates a manufacturable and
experimentally useful size. As stated in the last section, a group delay of more than 3× the
pulse duration is required to prevent XPM between the divided pulses. If the pulses are not
delayed by more than 3×, the tail of the leading pulse will overlap the rising edge of the
trailing pulse, and the overlapping pulses will accumulate an additional phase shift from
XPM. The XPM-induced phase shift prevents high-efficiency recombination and must be
avoided [161]. To meet this requirement, we used calcite plates with thicknesses of 6 mm
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and 12 mm to provide group delays of 3.6 ps and 7.1 ps, respectively. The group delay (Δ𝑡)
is calculated for a crystal with thickness 𝑑 through the relation
Δ𝑡 =

𝑑 Δ𝑛𝑔
,
c

(6-1)

where Δ𝑛𝑔 is the difference between the group index of the extraordinary and ordinary
axes. If a material such as yttrium lithium fluoride (𝑌𝐿𝐹) with smaller birefringence were
used, the crystals would have to be 47 mm and 94 mm thick, which is both costly and
inefficient.
Low differential GDD is required because imbalanced pulse dispersion prevents
high-efficiency recombination [161]. In the time domain, this can be understood because
GDD will reshape the pulse by broadening it in time. When the GDD along the two
birefringent axes are unequal, one divided pulse will be broadened more than the other,
and will have a lower peak intensity. Different peak intensity leads to unequal nonlinear
phase accumulated by each pulse and that phase artifact prevents high efficiency
recombination. This requirement is not as strict as in the work of Jacqmin et al., however,
because HAP-TDR’s 1.2-ps pulses are broadened less by GDD than Jacqmin’s 30-fs
pulses.
I also considered the damage threshold of each crystal as an important specification,
as the damage threshold sets the clear aperture of the crystal. However, most birefringent
plates ended up being limited by the damage threshold of the AR coating on the crystal,
not the crystal itself, so this point is moot.
A survey of common birefringent crystals considered by Jacqmin et al. is shown in
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Table 6-1 Properties of birefringent plates considered for pulse division and recombination. Red boxes
indicate problematic property that eliminated a crystal from consideration.

Material
Calcite
(𝑪𝒂𝑪𝑶𝟑 )
𝒀𝑽𝑶𝟒
𝑳𝒊𝑵𝒃𝑶𝟑
𝑻𝒊𝑶𝟐
𝑨𝒍𝟐 𝑶𝟑
𝒀𝑳𝑭

𝚫𝒏

𝚫𝒏𝒈

𝒇𝒔𝟐
𝚫𝑮𝑽𝑫 (
)
𝒎𝒎

Source

0.163

0.178

13.2

[166]

0.209
0.077
0.263
0.008
0.022

0.221
0.086
0.289
0.008
0.023

85
40
109
1.0
2.8

[167]
[168]
[169]
[170]
[171]

Table 6-1. Most crystals are eliminated due to low birefringence (Δ𝑛𝑔 < 0.1). Of the
crystals remaining, calcite was chosen as it has the smallest Δ𝐺𝑉𝐷 by far. A more
exhaustive consideration of birefringent crystals will be presented in Section 6.3.4, where
I consider thermal effects as well.
Beam walk-off in the crystal must also be considered if the crystals are cut at an
angle to the extraordinary axis. Jacqmin et al. demonstrated that crystals cut at an angle of
45° were useful for fine control of the retardance and group delay by angle tuning of the
plates [12] (discussed in more detail in Section 6.3.1). However, with our roughly
centimeter-thick crystals, such a cut angle would cause too much walk-off. Beam walk-off
is measured as the angle between the pointing vectors of the ordinary and extraordinary
pulses. The beam walk-off angle (𝛾) varies with the cut angle (Θ) as
𝛾(Θ) = atan [

(𝑛02 − 𝑛𝑒2 ) sin(Θ) cos(Θ)
].
𝑛𝑒2 cos(Θ)2 + 𝑛02 sin(Θ)2

(6-2)

If the beams walk-off each other too much, the recombination efficiency is reduced because
the high-intensity peak of one pulse will overlap with the low intensity wing of the other

98

and not sum to the correct polarization. Goodno et al. [172] have calculated that this effect
will reduce recombination efficiency (𝜂) for small errors according to
𝜂 = 1−(

𝛿𝑥 2
) ,
𝑤

(6-3)

where 𝛿𝑥 = 𝑑 tan(𝛾) is the beam walk-off and 𝑤 is the 1⁄𝑒 2 Gaussian beam radius. With
our roughly centimeter-thick crystals, calcite plates cut at 45° would make the beams walk
off each other by more than a millimeter, a significant problem with a beam size of only a
few millimeters. Instead, we used x-cut crystals, where the face of the crystal is cut
perpendicular to the extraordinary axis, to remove the beam walk-off. Without beam walkoff, I will demonstrate near perfect recombination efficiency in later sections. Using x-cut
crystals also maximizes the Δ𝑛 provided by the crystal and reduces the crystal thickness.
Based on all these considerations, we ordered x-cut calcite crystals with thicknesses
of 6 mm and 12 mm. I confirmed the group delay from the calcite plates by the measuring
the divided pulses produced by the plates in a second-harmonic autocorrelator. Figure 6-2
shows a typical autocorrelator trace measuring the divided pulses. There is a central peak
where each divided pulse overlaps with itself to give the strongest signal and there are two
side peaks where the divided pulses overlap each other. In one side peak, the leading
divided pulse in one arm of the autocorrelator overlaps the lagging pulse in the other arm,
and vice-versa for the other side peak. The time separation between the central and side
peaks therefore gives the time delay between the divided pulses. Five autocorrelator scans
were taken and averaged for each plate to measure the time delay and thickness of each
plate, with results shown in Table 6-2.
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Figure 6-2 Autocorrelator signal (normalized) from divided pulses. In the central peak, each divided pulse
overlaps with itself and in side peaks the divided pulses overlap each other. The delay between the central
peak and the side peaks therefore gives the time delay between the divided pulses.
Table 6-2 Measured pulse delays and thicknesses of each plate. All measured values are averaged over five
autocorrelator traces. Plates are slightly thicker than ordered but all give almost exactly the same group delay.

Plate

𝚫𝒕 (𝒑𝒔)

Plate Thickness (mm)

A

3.79

6.39

B

3.80

6.40

C

3.79

6.39

D

3.77

6.35

E

7.67

12.93

F

7.68

12.94

The table shows that all plates are slightly thicker than ordered. We ordered plates
with thickness 6 mm and 12 mm and received plates with thicknesses 6.4 mm and 12.9
mm. The plate thickness error was not a problem because the delay was still more than 3×
the pulse duration and the uniformity of the plate thicknesses was excellent. The group
delay is almost identical between plates. We estimated the uncertainty of our autocorrelator

100

Figure 6-3 Apparatus for HCF output with DPNLC. Again, the system is almost exactly the same as in
Chapter 4, but calcite plates, a HWP, and a polarizer are added to recombine the pulses. A flip mirror allows
transmission of the beam to a power meter so the recombination efficiency can be measured.

measurement at 1.3% so the plates are identical to within the uncertainty of our
measurement.
To recombine the pulses, the calcite plates are placed after the output beam
collimation as shown in Figure 6-3. A half-wave plate (HWP) rotates the pulse polarization
to p-polarized and then a thin-film polarizer (TFP) removes the polarization interference
effects discussed in the last chapter by rejecting the s-polarization. The alignment of the
calcite plates has to be quite precise and is discussed in detail in Section 6.3.

6.2 Problems Encountered in Demonstrating DPNLC
I implemented two-pulse DPNLC by inserting one set of calcite plates and doubling
the gas pressure of the argon to 1.74 bar. I cannot safely double the argon pressure again
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without risk of shattering the vacuum system windows, so four-pulse results are left to the
xenon experiments in Chapter 7.
6.2.1 Interference in Output Spectrum
The first problem encountered when implementing DPNLC was a reshaping of the
spectrum at the output of the HCF. Figure 6-4 shows the measured spectra immediately
after the fiber compared to the spectra measured without DPNLC. At both 5 W and 10 W,
the spectrum was broadened by SPM as expected, but fringes were observed in the spectra
that appear to be caused by interference between the two divided pulses. The fringe period
is approximately 1.0 𝑛𝑚/𝑝𝑒𝑟𝑖𝑜𝑑, which matches the period that would be expected from
the interference between two pulses with 3.6-ps group delay. This measurement was
repeated using the thicker 12-mm calcite plates and, as expected, the fringe period halved
to match the group delay of the new plates.
The pulse interference is problematic because it prevents recombination and may
impede the compression with chirped mirrors. The recombination efficiency measured

Figure 6-4 Measured interference fringes caused by DPNLC. Spectra show strong interferences fringes from
interference between the divided pulses.

102

while interference fringes are present is shown in Table 6-3. The recombination efficiency
is defined as the power transmitted by the polarizer divided by the sum of the transmitted
and rejected powers. For low powers (<2.5 W) the recombination efficiency is high, but
the recombination efficiency drops with increasing power down to 71% at 10 W.
Table 6-3 Recombination efficiencies before and after output spectrum interference is corrected. Polarization
ellipse rotation reduces the recombination efficiency as demonstrated by Jacqmin et al. [13]. By changing
HWP 1 and the birefringent plate axes so the divided pulses are s and p-polarized on the transport mirrors,
the problem is eliminated and high recombination efficiency can be obtained at any power.

Input Power (W)
0.25
2.5
5
7.5
10

𝜼 (with fringes)
92%
91%
83%
74%
71%

𝜼 (corrected)
98%
97%
95%
96%
97%

The divided pulses are supposed to be orthogonally polarized, so they should not
interfere and produce the observed fringes. The fringes presence, therefore, indicates that
the pulse polarization is changed somewhere in the system. Indeed, this problem was
already observed by Jacqmin et al. [13] and is caused by a small polarization change from
the transport optics before the fiber. In these experiments, the pulse before the calcite plate
was 𝑥̂-polarized, so the divided pulses were 𝑝̂ - and 𝑚
̂ -polarized. Reflection off the thinfilm, dielectric, transport mirrors at a 45° angle of incidence applied a different phase to spolarization and p-polarization components of the pulse [173],3 and changed the pulse
polarization from linear to slightly elliptical. Elliptically polarized light accumulating SPM

3

Here we must caution not to confuse p-polarization with 𝑝̂ -polarization. s- and p-polarizations refer to the
common designation of polarizations perpendicular and parallel to the plane of incidence on the mirror,
respectively, while 𝑝̂ and 𝑚
̂-polarizations (always with the ̂ symbol) refer to polarizations at plus and minus
45°.
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undergoes nonlinear ellipse rotation and will have its polarization rotated by the angle Δ𝜑
[174],
Δ𝜑 =

2 𝑛2 𝐼0 tan(𝜑0 ) 𝜔0 𝐿
sin(ΔΦ) ,
3 [1 + tan2 (𝜑0 )] 𝑐

(6-4)

where 𝜑0 is the polarization angle before reflection off the mirrors (equal to ±45° for the
𝑝̂ and 𝑚
̂ polarizations), and ΔΦ is the phase difference between the s- and p-polarizations
after reflection. After polarization rotation in the HCF, the two polarizations are no longer
orthogonal; instead, they are separated by an angle 90° + 2Δ𝜑. That is why the pulses are
able to interfere and create the spectral fringes, and why the pulses cannot be fully
recombined. The pulses are no longer orthogonal, so they cannot be aligned to the
orthogonal axes of the birefringent plates in the recombination step.
Fixing the spectral interference was simple, as it was caused by the diagonal 𝑝̂ and
𝑚
̂ polarizations incident on the mirrors. I rotated the input HWP so the pulse polarization
is 𝑝̂ before division and rotated the axes of the birefringent plates so the divided pulses are
s- and p-polarized. Then the pulses remained linearly polarized after reflection off the
transport mirrors. After this fix, the fringes were eliminated from the spectrum, as shown
in Figure 6-5, and I measured high recombination efficiency at any input power, as shown
previously in Table 6-3. The new recombination efficiency is limited by polarizer
imperfections. The recombination polarizer (Layertec 105612) reflects approximately
2.5% of incident p-polarization (as measured with one, linearly polarized pulse). Therefore,
the highest transmission achievable through this polarizer is 97.5%.
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Figure 6-5 Measured DPNLC spectrum with pulse division into s- and p-polarizations. The fringes disappear
because the pulses now remain orthogonal through the HCF. The difference between the two spectra here are
attributed to day-to-day fluctuations in the central peak height from day-to-day variations in the Pockels
cell/HWP/polarizer contrast in the regen.

6.2.2 Beam Profile Distortions
Another problem encountered with DPNLC was distortion of the beam profile after
recombination, shown in Figure 6-6(b). Although the distorted beam profile has the
appearance of more interference fringes, this problem was caused by wavefront errors in
the calcite plates. Figure 6-6(a) shows the transmitted wavefront measured through one of
the thin, 6-mm calcite plates. A sharp, triangle-shaped error is apparent in one quadrant of
the plate that causes a peak-to-valley (PV) wavefront error of 0.76 waves (measured at
wavelength 633 nm). Then the distorted beam profile is caused by propagation after
acquiring the wavefront error. The same wavefront defect was found in all four of the 6mm plates.
We were unable to test whether the wavefront error was caused by a bulk defect or
a polishing error on the surface. When attempting a reflection measurement, reflections
from both faces overlapped and ruined the interference pattern.
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Figure 6-6 Distorted beam profile caused by calcite plate wavefront errors. (a) Transmitted wavefront error
from one of the 6-mm plates. (b) Distorted beam profile measured when using that plate as the
recombination plate. No changes could be made to compensate the wavefront error, and the thin plates had
to be replaced.

The wavefront error was not found in the thick, 12-mm calcite plates, as shown in
Figure 6-7(a). The thick plates came from the supplier with a much better 0.10 PV
wavefront error at 633 nm without any sharp features in the wavefront. Without the
wavefront error, the thick plates were able to divide, spectrally broaden, and then

Figure 6-7 Recombined beam profile with improved calcite plate wavefront. (a) Transmitted wavefront
measurement of one of the thick, 12 mm calcite plates is good (<0.1 waves PV). (b) Beam profile after
DPNLC using the thick, 12-mm calcite plates. The pulses are successfully recombined without beam profile
defects once the wavefront errors from the thin plates are removed.
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recombine the pulses while keeping a defect free beam profile, shown in Figure 6-7(b).
Therefore, these plates are used for the remainder of this chapter. The thin plates were
replaced by the manufacturer for four-pulse experiments in Chapter 7.

6.3 Birefringent Plate Alignment
Alignment of the calcite plates is very sensitive; small alignment errors can lead to
large losses in the recombination step. Previous authors [161, 175] have analyzed the
alignment tolerances numerically and found that unequal pulse division leads to the divided
pulses acquiring unequal nonlinear phase through SPM. The unequal nonlinear phase
prevents perfect pulse recombination, leads to large recombination losses, and can also
create parasitic pre- and postpulses. During this work, I developed an analytic model that
describes the unequal pulse division that Guichard et al. and Kienel et al. analyzed
numerically. My analytic model is able to predict recombination tolerances accurately and
is faster and more flexible than numeric models, which require a loop of numeric solutions
for the nonlinear Schrödinger equation.
My analytic model also includes the angle of incidence (AOI) on the birefringent
plates. As the birefringent plate is rotated about its ordinary axis, the effective extraordinary
index (𝑁) changes according to [176]
1

𝑁(𝜃) =
√

cos 2 (𝜃)
𝑛𝑒2

+

.
sin2 (𝜃)
𝑛𝑜2

(6-5)
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As the extraordinary index is changed, the total birefringence of the plate will change
according to
𝜙(𝜃) =

𝜔0
𝑑[𝑛𝑜 − 𝑁(𝜃)] .
𝑐

(6-6)

Therefore, the AOI can be used to finely control the retardance from the birefringent plate.
Jacqmin et al. demonstrated the utility of this angle tuning by using the AOI as a
compensator to correct for unequal plate thicknesses [11]. My analytic model shows the
AOI can also be used as a compensator for unequal pulse division and thermal effects.
6.3.1 Analytic Recombination Model
I start by assuming a linearly polarized Gaussian pulse in time. The pulse is
polarized in the 𝑝̂ = 45° + 𝜑 direction, where the 𝜑 allows for polarization alignment
errors. The electric field envelope (𝐴) can be written with Jones matrices to describe the
polarization as
−

𝐴⃑ = [√𝑃0 𝑒
0

𝑡2
2𝜏2 ]

𝑝̂
,
𝑚
̂

(6-7)

2

where the field units are chosen so |𝐴⃑| gives the power of the pulse. I will continue to
label the polarization indicated by each row of the Jones matrix because I will be rotating
back and forth between the 𝑝̂ /𝑚
̂ and 𝑥̂/𝑦̂ coordinate frames. This pulse is then propagated
through the DPNLC system drawn in Figure 6-8.
First, the pulse has its polarization set by HWP 1 and is divided by birefringent
plate 1. The birefringent plate applies a retardance 𝜙1 and a group delay Δ𝑡 to the pulse
propagating along the ordinary axis, measured relative to the pulse along the extraordinary
axis, so the output divided pulses can be written as
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Figure 6-8 Apparatus for DPNLC showing the important angles for alignment. Birefringent plates with
extraordinary axis “e” and ordinary axis “o” divide and recombine the pulses. Again, red arrows indicate the
pulse polarization and the distorted pulse shape after the SPM stage indicates an arbitrary reshaping by the
nonlinear processes. The angles 𝜑 and 𝜃 are the important alignment errors analyzed here and represent
angular errors in the pulse polarization and crystal orientation, respectively.

−

(𝑡−Δ𝑡)2
2𝜏2 𝑒 𝑖𝜙1

cos(45° + 𝜑) 𝑒
𝐴⃑ = √𝑃0 [
𝑡2
− 2
sin(45° + φ) 𝑒 2𝜏

𝑥̂
]

(6-8)

,
𝑦̂

where we have rotated to the 𝑥̂/𝑦̂ coordinate frame. Next, the pulse propagates through the
SPM stage and accumulates nonlinear phase;

𝐴⃑ = √𝑃0 𝑒 −𝛼𝐿 [

cos(45° + 𝜑) 𝑒

−

(𝑡−Δ𝑡)2
2
−(𝑡−Δ𝑡)2 /𝜏2
2𝜏2 𝑒 𝑖𝜙1 𝑒 𝑖 2Φ𝑁𝐿 cos (45°+𝜑)𝑒

sin(45° + φ) 𝑒
𝑛 𝜔0 𝑃0

where Φ𝑁𝐿 = 𝑐 𝐴2

𝑒𝑓𝑓

2

−

𝑡2
2
−𝑡2 /𝜏2
2𝜏2 𝑒 𝑖 2Φ𝑁𝐿 sin (45°+𝜑)𝑒

𝑥̂
]

,

(6-9)

𝑦̂

𝐿𝑒𝑓𝑓 is the nonlinear phase accumulated in the case of equal pulse

division and I have included fiber losses through the term 𝑒 −𝛼𝐿 . In the final step, the second
birefringent plate applies a retardance of 𝜙2 (𝜃) and a group delay of Δ𝑡 to the pulse along
the ordinary axis, which is now the 𝑦̂ polarization;
2
𝐴⃑ = √𝑃0 𝑒 −𝛼𝐿 𝑒 𝑖𝜙1 𝑒 −𝑇 /2 ×

[

cos2 (45° + 𝜑) 𝑒 𝑖2Φ𝑁𝐿 cos

2(45°+𝜑)𝑒 −𝑇2

(6-10)
+ sin2(45° + φ) 𝑒 𝑖2Φ𝑁𝐿 sin
2 (45°+𝜑)𝑒

sin(45° + 𝜑) cos(45° + 𝜑) {𝑒 𝑖2Φ𝑁𝐿 cos

−𝑇2

− 𝑒 𝑖2Φ𝑁𝐿 sin

2(45°+𝜑)𝑒 −𝑇2 +𝑖Δ𝜙(𝜃)

2 (45°+𝜑)𝑒

−𝑇2

+𝑖Δ𝜙(𝜃)

𝑝̂
]

} 𝑚
̂
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where I have normalized the time variable 𝑇 = (𝑡 − Δ𝑡)/𝜏, defined the total retardance
Δ𝜙(𝜃) = 𝜙2 (𝜃) − 𝜙1 , and rotated back to the 𝑝̂ /𝑚
̂ coordinate frame.
The variable 𝜃 allows AOI tuning of the second birefringent plate to finely control
the retardance. Since the retardance is a nonlinear function of the AOI and is highly
sensitive to small differences in birefringent plate thickness, it is not useful to prescribe an
equation for the retardance as a function of AOI. It is enough to state that the retardance
can be tuned from 0 to 2π with small AOI changes on the second birefringent plate. Angle
tuning of the first plate is not included because it is redundant with tuning of the second.
As measured in Section 6.1, the group delay from each birefringent plate is within 30 fs,
so any difference in group delay is neglected for HAP-TDR’s picosecond pulses. Note that
the final expression in Eq. (6-10) assumes the axes of the second birefringent plate are
oriented perfectly. Practically, this assumption is good because the axes angle of the second
birefringent plate are easy to set by rotating it to maximum recombination efficiency and
because, as I will show, the alignment of the first birefringent plate has a much stricter
tolerance.
Other methods for pulse division and recombination have been demonstrated using
just one birefringent plate [177] or with free-space delay lines [178]. The analysis here is
equivalent for these systems as long as the retardance and delay from each plate is replaced
with the equivalent retardance and delay from a single plate or the free-space delay,
respectively.
The output power from the final field expression in equation (6-10) is given by
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2

𝑃𝑜𝑢𝑡

𝑃0 𝑒 −𝛼𝐿 𝑒 −𝑇
=
×
2

(6-11)
2

1 + sin2 (2𝜑) + cos2 (2𝜑) cos[2Φ𝑁𝐿 𝑠𝑖𝑛(2𝜑) 𝑒 −𝑇 + Δ𝜙(𝜃)] 𝑝̂
[
] .
2
𝑚
̂
cos 2 (2𝜑) {1 − cos[2Φ𝑁𝐿 𝑠𝑖𝑛(2𝜑) 𝑒 −𝑇 + Δ𝜙(𝜃)]}
I define the energy in the 𝑝̂ polarization as the recombined energy. This is equivalent to
HWP 2 rotating the 𝑝̂ polarization to be transmitted by the recombination polarizer and the
𝑚
̂ to be rejected. Then the recombination efficiency (𝜂) is defined as the energy in the 𝑝̂
polarization divided by the total energy at the output. The efficiency is calculated by
integrating Eq. (6-11) over time, which can be done numerically, or it can be expressed
analytically in the form of a power series:
∞

(−1)𝑗 [2Φ𝑁𝐿 sin(2𝜑)]2𝑗
1
2 (2𝜑)
2 (2𝜑)
𝜂 = {1 + sin
+ cos
cos[Δ𝜙(𝜃)] ∑
2
(2𝑗)! √2𝑗 + 1
𝑗=0

∞

− cos 2 (2𝜑) sin[Δ𝜙(𝜃)] ∑
𝑗=0

(−1)𝑗 [2Φ𝑁𝐿 sin(2𝜑)]2𝑗+1
(2𝑗 + 1)! √2𝑗 + 2

(6-12)
}.

When the system is well aligned and the AOI is set to make the retardance zero,
only the 𝑗 = 0 and 𝑗 = 1 terms in the sum in Eq. (6-12) are significant and angular
tolerances can quickly be prescribed from the approximation
2
𝜂𝑠𝑚𝑎𝑙𝑙 = 1 − 0.144Φ𝑁𝐿
sin2 (4𝜑) .

(6-13)

In the 500-𝜇𝑚-diameter HCF I have been using, the pulse accumulates 8.4-rad
nonlinear phase and I define high combination efficiency as greater than 95%. Therefore,
Eq. (6-13) prescribes a tolerance of 1.0° on the incoming pulse polarization, or 0.50° on
the angle of HWP 1. Eq. (6-13) also indicates that the tolerance tightens quickly as the
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nonlinear phase is increased, so for large nonlinearities the tolerance can become incredibly
tight. In the 300-µm fiber, 21-rad nonlinear phase will be accumulated and the angular
tolerance will tighten to 0.4° polarization error, or 0.2° error on HWP 1. In an extreme case,
Kaumanns et al. generated 55 rad nonlinear phase in an MPC [104]. Implementing DPNLC
in Kaumanns et al.’s system would have to meet a strict angle tolerance of 0.15°, or 0.08°
tolerance on HWP 1. These tolerances would be almost impossible to meet by hand,
precision rotation mounts must be employed to align the HWP to that precision.
Alternatively, we can include the effects of birefringent plate AOI tuning by using
the 𝑗 = 0 and 𝑗 = 1 terms and a small angle approximation for the retardance:
𝜂𝑠𝑚𝑎𝑙𝑙 = 1 −

2
cos 2 (2𝜑) 2Φ𝑁𝐿
sin2(2𝜑) 2Φ𝑁𝐿 Δ𝜙(𝜃) sin(2𝜑) Δ𝜙(𝜃)2
[
+
+
].
2
2
√3
√2

(6-14)

This expression shows that the AOI can be used to compensate polarization errors and
improve the recombination efficiency because the maximum recombination efficiency is
not found when the retardance equals zero. Rather, in this small angle approximation, the
optimum retardance is
Δ𝜙(𝜃)𝑐𝑜𝑚𝑝 = −√2Φ𝑁𝐿 sin(2𝜑)

(6-15)

and gives an improved efficiency of
2
𝜂𝑐𝑜𝑚𝑝 = 1 − 0.0193Φ𝑁𝐿
sin2 (4𝜑) .

(6-16)

I have plotted the improvement in recombination efficiency from AOI
compensation in Figure 6-9. For 8.4-rad nonlinearity, and again prescribing the tolerance
to maintain >95% recombination efficiency, AOI compensation can loosen the angular
tolerance from 1.0° to 2.8°, a tolerance that is easy to meet by hand. Figure 6-9(b) shows
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Figure 6-9 Recombination efficiency with and without AOI compensation. (a) Our 8.4-rad nonlinearity and
(b) Kaumann’s 55-rad nonlinearity. The recombination efficiency is evaluated using Eq. (6-12) with a
retardance of 0 for the uncompensated line and a retardance given by Eq. (6-15) for the compensated case.
Note that the x axis extends to 5° in (a) but only to 1° in (b) because the recombination efficiency decreases
so much more quickly in (b).

that with larger spectral broadening, like Kaumanns et al.’s 55-rad demonstration, the AOI
compensation can loosen the angular tolerance from 0.15° to 0.4°. AOI compensation is
essential in Kaumanns et al.’s case as polarization angle errors as small as 0.9° reduce the
recombination efficiency to 20%.
Another consequence of the AOI compensation described by Eq. (6-14) is that the
best pulse recombination cannot be found simply by scanning HWP 1 to maximize the
recombination efficiency. This simple approach would get stuck in a local maximum,
where the polarization and AOI errors compensate each other. The global maximum will
only be found where there is zero polarization error and zero AOI error. To find the global
maximum, it is therefore necessary to iterate between small changes in polarization angle
and AOI. Alternatively, one can set the AOI with zero nonlinearity applied to the system
to find the angle that makes the retardance zero. Then the nonlinearity can be applied and
the angle of HWP 1 optimized without effects of the AOI error.
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6.3.2 Correction for ASE
As shown in the spectra in Chapter 4, HAP-TDR has significant energy in ASE,
prepulses, and postpulses (which I will refer to as just ASE for the remainder of the chapter
for brevity). The ASE intensity is too low to generate nonlinear phase so it does not follow
the recombination efficiency predicted by Eq. (6-12). Rather, the recombination efficiency
is equal to the previous expression with the nonlinear phase set to zero
𝜂𝐴𝑆𝐸

1 + sin2(2𝜑) + cos 2 (2𝜑) cos[𝛥𝜙(𝜃)]
=
.
2

(6-17)

There is enough energy found in the ASE that this difference must be accounted for
when comparing the model to experiment. I estimated the amount of energy found in the
ASE by comparing the spectrum measured after the fiber to the simulated spectrum of a
pulse without ASE after the fiber. The comparison is shown in Figure 6-10. I simulated a
1.2-ps Gaussian pulse propagating through an Ar-filled, 500-µm HCF and adjusted the
simulated gas pressure to fine-tune the nonlinear phase and best fit the side lobes of the

Figure 6-10 Spectrum of divided pulses measured at output of HCF compared to simulation. By numerically
fitting the side lobes of the simulated, SPM-broadened Gaussian pulse to the side-lobes measured, I estimate
that the pulse accumulates 8.4 rad of nonlinear phase and 17% of the total laser power is contained in the
ASE/prepulses.
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measured spectrum. This fit gave the measurement for the nonlinear phase accumulated in
the HCF (8.4 rad). Then the amount of energy in the ASE is estimated by subtracting the
simulated spectrum from the measured spectrum and calculating the percentage of the
measured energy that remains in the central peak after subtraction. I estimated that 17% of
the power is in ASE, and all subsequent calculations in this chapter use that value.
6.3.3 Experimental Demonstration of Analytic Recombination Model
I experimentally confirmed the analytic recombination model laid out in Section
6.3.1 by measuring the recombination efficiency as the angle of HWP 1 and the AOI on
calcite plate 2 were varied. The 500-𝜇𝑚-diameter HCF was filled with 1.74-bar argon and
the pulses were divided and recombined using the thick, 12-mm calcite plates. I rotated
HWP 1 over a range of -5° to +5° (while rotating HWP 2 to match HWP 1) to set the
incoming polarization and measured the recombination efficiency at each value of
polarization angle error. Then I repeated the same measurement after making a small
change to the AOI on calcite plate 2. The data is in excellent agreement with theory, as
shown in Figure 6-11.
I experimentally defined the recombination efficiency as the amount of power
transmitted by the polarizer divided by the sum of transmitted and reflected powers, as
before in Section 6.2.1. The recombination polarizer reflects about 2.5% of incident ppolarization and transmits ≪1% of s-polarization, an imperfection that has been included
in the theory curves and is why the maximum recombination efficiency measured is 97%
instead of 100%. The vertical error bars of 1% reflect fluctuations in the third digit
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Figure 6-11 Measured recombination efficiency compared to analytic recombination model. Data shows
excellent agreement with theory at multiple values of retardance, even showing that 100% of both the main
pulse and ASE can be rejected by applying a retardance of π rad.

measured on the power meter. A high-precision piezo motor rotation stage with high
bidirectional repeatability (<0.003°) set the angle of HWP 1, so uncertainty in the angular
error is negligibly small. The theory curves are calculated by using Eq. (6-12) for the
recombination efficiency of the main pulse and Eq. (6-17) for the recombination efficiency
of the 17% ASE and taking their weighted average. As stated in Section 6.3.1, the
retardance cannot be calculated from the AOI without extremely precise measurements of
both the plate’s thickness and the AOI, so the retardance numbers given on the plots were
fit to the data rather than measured.
The data in Figure 6-11 show that the recombination efficiency drops off with
polarization angle error as predicted by Eq. (6-12) and then begins to increase again after
an error of 6.3°. In Figure 6-11(b), a change in AOI adds a retardance error and the
maximum recombination efficiency shifts away from a polarization error of 0°. Instead,
the optimum is found where the polarization angle error and retardance compensate each
other. The retardance also changes the symmetry of the recombination efficiency plot4,

4

I must caution that the symmetry alone should not be used to diagnose residual retardance. Simulations in
Section 6.3.5 will show that differential GDD in the birefringent plates has a similar symmetry breaking
effect for larger bandwidths or larger nonlinear phase values.
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most noticeably as the difference in minimum recombination efficiency for positive and
negative polarization angle errors. Finally, in Figure 6-11(c), a full π retardance is applied
by rotating the AOI on calcite plate 2 until 100% of both the ASE and main pulse are
rejected. This measurement confirms that the power series equation, Eq. (6-12), is still an
excellent model far from optimum alignment, where the small angle approximations used
in Eqs. (6-13), (6-14), and (6-16) break down.
Next, I demonstrated how the AOI on the second calcite plate can be used to reduce
the angular tolerance for HWP 1. I scanned the polarization angle error from -10° to 10°
again and optimized the AOI on calcite plate 2 for maximum recombination efficiency at
each point. The measured recombination efficiency agrees with Eq. (6-12) again, as shown
in Figure 6-12. As predicted, the recombination efficiency is less sensitive to HWP 1 angle
errors because the AOI error compensates some of the unequal nonlinear phase. The
recombination efficiency remains high for a larger range of errors and the minimum

Figure 6-12 Measured recombination efficiency with AOI compensation. The measured recombination
efficiency is improved at every value of polarization angle error, demonstrating how the AOI can be used to
reduce angular tolerances. Note that the theory line is numerically optimized using Eq. (6-12) rather than
taken from Eq. (6-15) because the plotted 10° angular errors are large enough that the small angle
approximation used for Eq. (6-15) breaks down.
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recombination efficiency measured is a much improved 61%. The same corrections for
ASE and polarizer imperfections are applied to the theory line drawn in the figure.
6.3.4 Thermal effects in the birefringent plates
I also noticed a slow drift in recombination efficiency over time caused by thermal
effects in the calcite. When the calcite is heated by the high-power laser beam, its refractive
indexes change through the thermo-optic effect. The thermo-optic coefficients for its two
axes are unequal; therefore, the total retardance of the plate changes. The change in
retardance due to thermal effects is given by
Δ𝜙𝑡ℎ𝑒𝑟𝑚 =

𝜔0 𝑑Δ𝑛
𝑑
Δ𝑇,
𝑐
𝑑𝑇

(6-18)

where 𝑑Δ𝑛/𝑑𝑇 is the difference between the birefringent plate’s thermo-optic coefficients
(10−5 /°𝐶 for calcite [179]), Δ𝑇 is the change in temperature of the plate, and 𝜔0 and 𝑑
are still the central frequency and plate thickness respectively. The effect of this retardance
on pulse recombination is the same as retardance from AOI changes; that is, it can be
modeled by replacing Δ𝜙(𝜃) → Δ𝜙𝐴𝑂𝐼 (𝜃) + Δ𝜙𝑡ℎ𝑒𝑟𝑚 in Section 6.3.1.
I experimentally verified that the drift is the result of thermal effects by measuring
the change in recombination efficiency as calcite plate 2 heats up and comparing it to the
retardance predicted by Eq. (6-18). First, I sent the full-power laser through calcite plate
1 and the HCF and waited an hour for them to thermally equilibrate. I blocked the beam
before plate 2 so it remained at room temperature during this time. Then I unblocked plate
2, quickly adjusted the AOI to give maximum recombination efficiency, and measured how
the recombination efficiency drifted as calcite plate 2 heated up. I measured the
temperature of plate 2 with a thermal camera (FLIR A655sc) for comparison with theory
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and averaged the temperature over the face of the plate. Any thermal gradient on the calcite
plate was too small to measure; the averaging served to reduce noise.
The results of this measurement are shown in Figure 6-13. The calcite temperature
change is small, only a little more than 1°C over the hour-long test. The measured
temperature drift was converted to a retardance drift using Eq. (6-18) and then used to
predict the drop in recombination efficiency using Eq. (6-12), using the same corrections
for ASE and polarizer imperfections as in the last section. I also measured the
recombination efficiency with a power meter for comparison. The recombination
efficiency predicted from the thermal drift agrees well with the measured data, showing
that thermal effects account for the entirety of the recombination drift in time. Error bars
are not included with this data since the temperature fluctuations are measured on a fine
enough time scale to show the uncertainty in measured temperature. At the end of the test,
the recombination efficiency could be recovered to 97% by changing the AOI of calcite

Figure 6-13 DPNLC thermal drift. (a) Measured temperature change of calcite plate 2 over the course of an
hour with the full 10-W laser power. (b) Recombination efficiency expected with measured thermal
retardance compared to the measured recombination efficiency. The measured recombination efficiency
agrees extremely well with the predicted drop from thermal effects, only disagreeing slightly at the end of
the hour, at which point thermal effects in other parts of the system can no longer be ignored.
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plate 2 again. Therefore, the AOI also serves as a perfect compensator for the thermal drift.
The reduction in recombination efficiency with thermal effects is problematic
because DPNLC is motivated by a desire to scale to higher powers. If the birefringent plates
are too sensitive to thermal effects, they will not be useful for scaling Yb-based systems
with high average power (although the peak power scaling remains). The AOI of the second
plate would have to be constantly adjusted throughout the day to compensate for thermal
effects. To reduce the problems from thermal effects, the fluence on plates 1 and 2 should
be made similar and the plates heated at the same time so the retardance change from one
plate cancels the other. Additionally, the plates should be made as thin as possible to
minimize the change in retardance due to thermal effects. Thin plates were already
preferred to minimize the differential GDD; however, the plates need to remain thick
enough to separate the divided pulses by more than 3× the pulse width or XPM between
the divided pulses becomes significant and reduces the recombination efficiency [161].
Different birefringent plates could also be chosen to reduce the thermal effects. Calcite was
chosen for its large birefringence and small differential GDD, as we compared in Table
6-1. With the picosecond pulses that Yb systems generate, the differential GDD is not as
significant as in the work of Jacqmin et al. and that constraint can be loosened in favor of
more thermally stable crystals. I conducted a survey of other materials that could be used,
with the results shown in Table 6-4. To minimize the thermal effect, the birefringent plate
thickness and differential thermo-optic coefficient should both be minimized. The plate
thickness is set by the pulse separation and birefringence, as given in Eq. (6-1), so it can
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be minimized by using materials with the largest birefringence. I therefore define the
thermal figure of merit (𝐹𝑂𝑀) for birefringent materials as
𝑑Δ𝑛 −1
𝐹𝑂𝑀 = Δ𝑛 (
) ,
𝑑𝑇

(6-19)

The material with the largest figure of merit should be least sensitive to thermal effects.
Table 6-4 List of alternative birefringent crystal choices and their thermo-optic coefficients. Unless otherwise
noted, all thermo-optic coefficients are from [179]. For biaxial materials, the axes with largest Δ𝑛 are listed
here. *𝛼-𝑇𝑒𝑂2 only measured out to 670 nm and is extrapolated to 1030 nm.

Material

𝚫𝒏

𝒅𝚫𝒏 𝟏𝟎−𝟔
(
)
𝒅𝑻
°𝑪

FOM (𝟏𝟎−𝟔 )

𝑻𝒊𝑶𝟐

0.263

1.9

0.138

𝜶-𝑻𝒆𝑶𝟐 *

0.144

0.085

𝒀𝑽𝑶𝟒

0.209

1.7
6.1
[167]

0.113

6.8

0.017

0.163

10

0.016

0.022

1.9
[171]

0.012

0.092

8.6

0.011

0.140

14.1

0.010

0.008

1.1

0.007

0.016

2.4

0.007

0.289

46

0.006

0.040

6.4

0.006

BBO
𝑩𝒂𝑩𝟑 𝑶𝟓
Calcite
𝑪𝒂𝑪𝑶𝟑
YLF
𝑳𝒊𝒀𝑭𝟒
KTP
𝑲𝑶𝟓 𝑷𝑻𝒊
LIO
𝑳𝒊𝑰𝑶𝟑
Sapphire
𝑨𝒍𝟐 𝑶𝟑
CDA
𝑨𝒔𝑪𝒔𝑯𝟐 𝑶𝟒
HgS
LBO
𝑳𝒊𝑩𝟑 𝑶𝟓
Quartz
𝜶-𝑺𝒊𝑶𝟐
𝑷𝒃𝑴𝒐𝑶𝟒
KDP
𝑲𝑫𝟐 𝑷𝑶𝟒

0.100

1.5
[187]
27

0.035

14

0.009

0.034

0.006
0.004
0.003

𝚫𝒏
Reference
[169]
[180]
[167]
[181]
[166]
[171]
[182]
[183]
[170]
[184]
[185]
[186]
[166]
[188]
[189]
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Material

𝚫𝒏

𝒅𝚫𝒏 𝟏𝟎−𝟔
(
)
𝒅𝑻
°𝑪
63

FOM (𝟏𝟎−𝟔 )

KNO
𝑲𝑵𝒃𝑶𝟑
KDA
𝑲𝑯𝟐 𝑨𝒔𝑶𝟒
𝑳𝒊𝑵𝒃𝑶𝟑

0.042[184]

20

0.002

0.077

0.002

GaSe

0.332

38
179
[191]

0.057

56

0.001

0.039

49

0.001

ADA
𝑨𝒔𝑯𝟔 𝑵𝑶𝟒
ADP
𝑯𝟔 𝑵𝑶𝟒 𝑷

0.139

0.002

0.002

𝚫𝒏
Reference
[190]
[184]
[168]
[191]
[184]
[189]

Table 6-4 shows that calcite is near the top of the list, but thermal sensitivity could
be improved significantly by switching to 𝑇𝑖𝑂2, 𝑇𝑒𝑂2 , or 𝑌𝑉𝑂4. All three of these crystals
have large enough birefringence that they could divide our pulses with a reasonable crystal
thickness, and all three have significantly better thermo-optic coefficients. However, all
three of these crystals also have worse differential GVD so they should not be used with
larger bandwidths. Additionally, this table does not consider the absorbance of the crystals
because comparable absorbance data could not be found for different crystals at 1030 nm.
The absorbance is an important metric because a crystal with larger absorbance absorb
more energy under the same laser power, eliminating any improvement that could be
gained from a smaller thermo-optic coefficient.
6.3.5 Breakdown of Analytic Recombination Model
Many effects in the birefringent plates and HCF are not included in the analytic
recombination model. Differential GDD was neglected because the bandwidth for our
picosecond pulses is too small for GDD to have significant impact. Self-steepening was
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neglected because although it reshapes spectrum, it has minimal effect on the
recombination efficiency. Gas dispersion and absorption were neglected because they are
negligibly small. Beam walk-off in the birefringent plates was neglected because x-cut
crystals are used to eliminate walk-off. XPM was neglected because the pulses were
separated by more than 3× pulse duration. The experimental results confirm that these
approximations are good, because the data agreed with theory. However, at some point,
these effects will become significant.
To predict when these omissions become significant, I have carried out simulations
at higher levels of nonlinearity that include all these effects (except the beam walk-off),
and found that differential GDD in the first effect that becomes significant. The simulations
are based on the pulse propagation model developed in the last chapter with full calcite
index data added, XPM terms added, and the plasma terms removed. For the case of 8.4radians nonlinear phase, the recombination efficiency is changed negligibly by the addition
of the new effects (as we proved with the experimental demonstration). For higher

Figure 6-14 Simulated recombination efficiency including all neglected effects compared to analytic
recombination model. (a) Simulation with 8.4 rad nonlinear phase corresponding to experimental conditions
in our 500-µm fiber. (b) Simulation with 21-rad nonlinear phase corresponding to experimental conditions
in our 300-µm fiber. With larger nonlinear phase, the differential GDD becomes more significant. It breaks
the symmetry of the plot and reduces the maximum recombination efficiency from 100% to 99.3%.
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nonlinearities, the differential GDD starts to impact the recombination efficiency, as
illustrated with 21-radians nonlinear phase in Figure 6-14(b). The figure shows that the
effect of differential GDD is to break the symmetry of the plot much like the AOI tuning
did. The maximum recombination efficiency is found at a small polarization angular error,
where unequal division by the calcite plates compensates the unequal broadening from
differential GDD and gives the divided pulses equal peak powers. Also, the minimum
recombination efficiencies are unequal at positive and negative angular errors. If the calcite
dispersion is removed from the simulations at 21 rad, the simulation and model agree again;
the other effects alone do not cause deviation from the analytic model. Differential GDD
is responsible for all the simulated deviations.

6.4 Experimental Demonstration of DPNLC
With all problems overcome and a thorough analysis of the alignment, DPNLC was
implemented on HAP-TDR successfully. I used the 12-mm calcite plates (to avoid the
wavefront errors caused by the 6-mm plates) and oriented their axes so the divided pulses
were s- and p-polarized on the transport optics. Then, I passed the full laser power through
the HCF and calcite plates to allow them to thermally equilibrate. I aligned the second plate
by pumping the HCF down to vacuum to remove the nonlinearity and finely adjusting the
AOI and plate axis of the second plate to give maximum recombination efficiency.
Removing the nonlinearity avoided the local maximum where polarization angle error and
AOI error compensate each other, so the recombination efficiency became a good metric
to set the AOI with high precision. Then, I refilled the HCF with argon to apply the
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nonlinearity and adjusted HWP 1 to provide equal pulse division. This step was an iterative
process between changing the angle of HWP 1 to equalize the pulse division and changing
the angle of HWP 2 to maximize the recombination efficiency. Through this alignment
procedure, I achieved the >97% recombination efficiencies presented in this chapter. For
the four-pulse DPNLC in Chapter 7, the alignment procedure is repeated for each plate pair
one at a time. The AOI is first set at zero nonlinearity and then the HWP 1 angle set at full
nonlinearity.
The recombined pulse was compressed with chirped mirrors and the compressed
pulse was measured using the SHG-FROG device. After compression, the beam contained
6.5 W power, comparable to the 6.7 W power measured with a single pulse in Chapter 4.
The difference is caused by losses in the 97% recombination efficiency. The compressed
pulse was 189-fs long and had a temporal Strehl ratio of 0.93, as shown in Figure 6-15.
This is only slightly longer than the 176-fs pulses measured with a single pulse reported in

Figure 6-15 Compressed pulse after spectral broadening through two-pulse DPNLC. The pulse has excellent
compression near its transform limit and has a compressed duration comparable to the one pulse compression
from Chapter 4.
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Chapter 4. The difference is attributed to uncertainty in gas pressure, not any change from
DPNLC. The gas pressure was doubled to give equal nonlinear phase for DPNLC, but the
pressure gauge resolution of 2 psig (0.14 bar), is more than enough to account for the
difference in pulse durations.
The output spectrum and beam profile were also unaffected by DPNLC, as
presented in the previous sections. Therefore, DPNLC can be implemented with no
degradation to the compressed pulse, as long as the gas pressure can be doubled to
compensate the reduction in peak power. At the same time, the peak intensity in the HCF
is reduced, which is expected to reduce gas ionization and will be explored in Chapter 7.

6.5 Experimental DPNLC Conclusions
The first attempt to implement DPNLC for spectral broadening of the HAP-TDR
laser system encountered several problems that needed to be addressed. Polarization
rotation on the transport optics caused the divided pulses to interfere, creating interference
patterns in the spectrum and reducing the recombination efficiency. The thin set of calcite
plates had a significant wavefront error that distorted the beam profile. Thermal problems
caused a drift of recombination efficiency over time. And finally, alignment of plates was
precise and had to be analyzed in detail.
All of these problems were overcome and I was able to use DPNLC to compress
HAP-TDR’s pulses from 1.2 ps to 189 fs. The compressed pulse duration, output power,
spectrum, and beam profile with DPNLC were all comparable to work done with a single
pulse in Chapter 4. Therefore, I demonstrated that DPNLC introduces no degradation to
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the compressed pulse as long as the gas pressure can be doubled to compensate for the
reduction in peak power.
Now everything is ready to demonstrate the real advantages of DPNLC, the
elimination of gas ionization problems. I will show those results in the next chapter.
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7. Overcoming Gas Ionization Limitations
with DPNLC
Now that DPNLC has been demonstrated with good efficiency and good compression, we
can move to the main advantage of DPNLC: overcoming gas ionization limitations. As
discussed in Chapter 5, there are two limits to energy scaling in hollow-core fiber: selffocusing and gas ionization. The self-focusing limits are easily taken into account by
changing the gas pressure to set the nonlinear index below problematic values. The gas
ionization limitations have proven harder to overcome, and I argued in Chapter 5 that no
group has developed a robust, scalable solution. In this chapter, I demonstrate that DPNLC
may provide the first scalable solution to overcoming gas ionization limitations.

7.1 300-µm Fiber In-coupling Problems
The 500-µm-diameter, argon-filled HCF has operated without ionization problems
for the previous chapters; HAP-TDR’s pulse energy is too low to ionize the argon. To
operate the HCF in an ionization-limited regime, I switched to a 300-µm HCF to increase
the peak intensity of the pulse and filled the HCF with xenon instead of argon to take
advantage of xenon’s low ionization threshold. However, the 300-µm HCF encountered an
in-coupling problem that prevented good energy throughput. When ramping up to high
power, a bright line of ionization appeared along the beam in front of the HCF, as shown
in Figure 7-1(a), and the HCF throughput dropped drastically. The theoretical maximum
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Figure 7-1 Images of ionization line preventing good HCF incoupling. (a) With HCF installed and (b) with
no HCF, only a gas chamber. Both pictures (a) and (b) are filled with 8 psig argon and have the 10-W HAPTDR beam passing through them.

throughput from the 300-µm HCF is 77%, a little less than the 500-µm HCF due to larger
propagation losses in the smaller fiber. At low power, the 300-µm gave good throughput
of 67%, but when ramping up to high power, the observed ionization line reduced that
value to 20-40%.
It would have been easy to attribute this problem to photo-ionization before the
fiber input. The 300-µm fiber requires a tighter focal spot which leads to higher intensity,
so it is reasonable to assume the intensity passed the threshold for gas ionization. However,
this explanation is insufficient because the HCF tip was required for ionization. I removed
the HCF and built a gas chamber around the same beam focus and saw zero gas ionization,
shown in Figure 7-1(b). Also, when the ionization line was present, there was no blue-shift
in the spectrum that would indicate photo-ionization. Therefore, the laser pulse is not
simply photo-ionizing the gas before the HCF.
The presence of the HCF tip alone also did not explain the reduced throughput.
When I set up the HCF and pumped it down to vacuum instead of filling it with gas, I
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Figure 7-2 HCF tip structure. The HCF itself is the glass cladding around a hollow core. To hold the fiber
straight and taut, a ceramic cover is glued to the end of the HCF and then glued into a metal tip. The metal
tip is held straight and aligned by the vacuum system.

measured the full 67% throughput over the full power range 1-10 W. Therefore, the
problem involves an interplay between the HCF tip and the gas filling the fiber.
We believe the problem is the result of collisional ionization between material
ablated from the fiber and the gas atoms. Figure 7-2 shows the parts that make up the HCF
tip. The HCF itself is a glass cladding that guides the light within a hollow core. Glued to
the entrance of the HCF is a ceramic cover that is then glued to a metal tip and held in place
by the vacuum system. If the focal spot of the laser is not directed straight into the hollow
core, it will be incident upon, and potentially ablate, the ceramic cover and glass cladding.
This problem is more pronounced for the 300-µm fiber because the 300-µm core is a
smaller target to hit than the 500-µm. Therefore, beam pointing errors and imperfections
in the focal spot shape increase the fluence on the 300-µm cladding and cover more than
the 500-µm. We think the increased fluence on the 300-µm cladding and cover is ablating
material off of the glass and ceramic, and the ejected material collides with the gas atoms.
The collision between ablated material and gas atom is what is ionizing the gas atoms, or
at least partially exciting the atom so photo-ionization is easier. Then, plasma defocusing
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from the gas-plasma mixture before the HCF tip reshapes the focus of the beam and
prevents good coupling into the HCF.
We know material is indeed being ablated off the HCF tip. After running the HCF
with high power for a few hours, the ceramic tip visibly lost material ablated off by the
laser. The sharp edge that used to be between the ceramic cover and glass cladding is
reshaped and blackened from the laser fluence. We also see a slow buildup of a white,
powdery contaminant on the vacuum tube walls. After cleaning the contaminant off the
walls and running the ablation for a few hours in vacuum, we confirmed the contaminant
is ablated material from the ceramic cover.
This collisional ionization hypothesis is also supported by slightly misaligning the
HCF tip to increase the laser fluence on the HCF cladding and ceramic. When slightly
misaligned, the ionization became much worse. The line of ionization became brighter, the
buzzing sound made by the ionization got louder, and the fiber throughput dropped even
further.
All of these observations support our theory that the ablated material is collisionally
ionizing the gas. However, we did not have a good test to prove the theory more rigorously
so we pushed forward with solutions.
I found two solutions that allowed 300-µm HCF operation at full laser power. The
first solution is the pressure gradient method mentioned in Chapter 5 [156]. I applied a
pressure gradient of gas along the fiber by continually pumping the input gas chamber
down to vacuum and filling the output chamber with argon. The gas then diffused along
the fiber and created a pressure gradient,
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𝑧
𝑝(𝑧) = √𝑝𝐿2 + (𝑝𝐿2 − 𝑝𝐻2 ),
𝐿

(7-1)

where 𝑝𝐿 is the low pressure at the input side and 𝑝𝐻 is the high pressure at the output side.
Because there is almost no gas at the input side, the ablated material cannot collide with
gas and ionize it. The laser power couples into the HCF well and the best transmission of
67% was measured for the full range of powers 1-10 W. However, this method reduced the
nonlinear phase accumulated because there is low gas pressure and therefore low 𝑛2 along
the early length of the fiber. I preferred the second solution which retained the full nonlinear
phase.
The second solution was to use a tapered HCF tip designed by few-cycle Inc. [192]
at the HCF input, drawn in Figure 7-3. The tapered HCF starts with a large hollow core in
the ceramic cover that tapers down to the HCF size at an angle 𝜃𝑡 . The taper increases the
surface area on the ceramic cover from 𝜋(𝑅 2 − 𝑎2 ) to

𝜋(𝑅 2 −𝑎2 )
sin(𝜃𝑡 )

. Therefore, the taper

Figure 7-3 Tapered HCF tip drawing. The ceramic cover starts with a large hole of radius R and then tapers
down to the HCF diameter slowly. The HCF is buried deep inside the ceramic cover so laser light can only
reach it after the full taper down to the fiber size. The taper increases the surface area of the ceramic, reducing
the fluence of the laser and reducing the amount of ablation.
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1

reduces the fluence of the laser on the ceramic by a factor of sin(𝜃 ). By making 𝜃𝑡 a small
𝑡

angle, the fluence can be reduced significantly. I found that the tapered tip eliminated the
in-coupling problems as long as the HCF was well aligned; 67% throughput was measured
for the full 1-10 W power. If the tapered tip was purposely misaligned slightly, so the focal
spot overlapped the ceramic more than necessary, the ionization line and in-coupling
problems would pick up again.

7.2 Experimental Results
Now that energy could be coupled through the 300-µm fiber, I demonstrated gas
ionization improvements using DPNLC. I filled the HCF with 0.17-bar xenon gas and used
it to spectrally broaden HAP-TDR’s pulses. I started at low energy with one pulse and
increased the pulse energy until ionization effects became apparent. As shown in Figure
7-4, 4-mJ pulses were able to pass without problems, but at 5 mJ, the xenon began to ionize
and plasma defocusing decreased the HCF throughput as predicted in Chapter 5. Past this
point, larger input energies do not give larger output energies, ionization clamps the output
energy at 2 mJ. The energy clamping is consistent with previous observations of ionization
in HCF [123, 138] and is explained by the ionization effects ceasing once plasma
defocusing reduces the pulse energy below the ionization threshold.
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Figure 7-4 HCF energy throughput with ionization effects in xenon. With only one pulse, high HCF
throughput is measured until the onset of gas ionization between 4 and 5 mJ. By splitting to two pulses, this
threshold almost doubles to 8 mJ and by splitting again to four pulses, the entire 10 mJ can be spectrally
broadened without ionization effects. Also plotted in dashed lines are simulation results using the model from
Chapter 5. The simulations model the observed results excellently.

Then I demonstrated the improvements from DPNLC by dividing to two and then
to four pulses (and doubling the gas pressure with each division to give the same nonlinear
phase, as discussed in Chapter 5). By dividing to two pulses, the ionization threshold almost
doubled and good energy throughput was measured up to 8 mJ. Beyond 8 mJ, the energy
throughput decayed and appeared to approach the same 2-mJ clamping energy measured
for the single-pulse case (although I would like to have measurements at higher powers to
be certain). Simulations show that the clamping energy approaches the same value because
the second pulse can be completely defocused out of the fiber. The second pulse is
defocused by two plasma sources, the plasma it generates and the plasma generated by the
first pulse. Therefore, the first-pulse plasma continues to defocus the second pulse, even
after the second pulse drops below the ionization threshold. At the end of the fiber, the
second pulse can be completely defocused out of the fiber while the first pulse is reduced
to the 2-mJ clamping energy.
Division to four pulses enabled all 10-mJ energy to be spectrally broadened without
ionization problems. I measured 6.6-mJ energy at the output of the HCF (four pulses with
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1.65 mJ each), the same energy as when the HCF is evacuated (i.e. at vacuum). Therefore,
gas ionization effects were completely eliminated.
I should note that the ionization effects caused large output power fluctuations on
a sub-second time scale. Therefore, energies reported here are measured by averaging over
a minute of power meter readings. The ionization effects are more sensitive to shot-to-shot
variations in the pulse energy, peak intensity, and focusing of the pulse, so small variations
in the input pulse can generate significantly different plasma effects. This effect will also
be seen in the output spectrum, presented later.
I simulated the output energy using my pulse propagation model from Chapter 5
and plotted the results on the same plot as the experimental results, Figure 7-4 (dashed
lines). To account for alignment imperfections, I assumed 85% of the laser energy is
coupled into the fiber instead of the theoretical optimum 98% coupling [193]. That number
is chosen to make the simulated throughput in vacuum the same as measured in experiment.
After this correction, the simulation results match the experimental results excellently. The
simulation predicts the observed gas ionization onset (4.75 mJ for one pulse, 8.25 mJ for
two pulse) and also predicts the clamped output energy of 2 mJ. The simulations also show
that the ionization onset does not double, but slightly less than doubles, because the second
pulse is more sensitive to ionization effects than one pulse would be. The second pulse
loses energy before the first pulse does, again because it is defocused by both its own
plasma and the first pulse’s plasma.
It is clear that these results are caused by ionization along the fiber, rather than
another problem, because the ionization was visible through the HCF walls, as shown in
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Figure 7-5. In the picture, the clear rectangle is a plastic cover protecting the HCF. The
HCF is the narrow line running left-to-right through the plastic cover. There are periodic
patches of light along the HCF, which are not present in the absence of ionization. Along
the first half meter or so of the fiber, the patches of light were very periodic with separation
of 7 cm between the patches. That separation matches the beat period between the first two
modes of the fiber, 𝐿𝐵 =

2𝜋
(1)

Δ𝛽0

, as previously observed by Malvache et al. [155]. This

implies that ionization was caused by self-focusing coupling energy into the second-order
mode. Although self-focusing was controlled with the gas pressure, it did couple some
energy into higher-order modes. First, energy was self-focused into the second-order mode,
on a length scale of half the beat period, increasing the peak intensity and increasing gas
ionization. Then, walk-off between the two modes caused the energy to couple out of the
second-order mode and back into the first-order, on a length scale of another half the beat
period, reducing the peak intensity and reducing the gas ionization. By the end of the fiber,
light patches no longer appeared, indicating the pulse energy had dropped to a point where
it could no longer ionize the gas, as expected from the clamped pulse energy observed
earlier.

Figure 7-5 Ionization tracks visible through HCF walls with one input pulse. The ionization is periodic with
beat period 7 cm along the first half meter of the fiber. By the end of this picture, that neat period has started
to break up, with weaker ionization patches following the main patch.
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I also observed patches of light caused by ionization in the two-pulse case.
However, with two pulses, the neat, periodic pattern observed in the one-pulse case was
distorted. The first few measurable patches were separated by 1.4 cm, 4.8 cm, and 2.0 cm,
respectively. I attribute the more random pattern here to plasma defocusing interrupting the
self-focusing of the second pulse, so it self-focused at locations different than the first
pulse.
Then I recombined the divided pulses with calcite plates following the alignment
procedure outlined in Chapter 6. The recombination efficiency and final output energy are
shown in Figure 7-6, where I have again defined the recombination efficiency as the power
reflected by the recombination polarizer divided by the sum of reflected and transmitted
powers. For low energies, the recombination efficiency is very high (97% limited by the
2.5% p-polarization reflection from the polarizer) for both two and four pulses. With the
onset of ionization at 8 mJ, the recombination efficiency dropped quickly for the two-pulse
case, as predicted in Chapter 5. The phase the second pulse accumulates when propagating
through the gas/plasma mixture generated by the first pulse prevents perfect recombination
and cannot be compensated by fine-tuning the AOI on the second calcite plate. I optimized
the AOI on the second calcite plate (or the fourth calcite plate in the four pulse case) for
maximum recombination efficiency at each energy but measured little improvement from
the optimization. Apparently the system was already well aligned and AOI tuning cannot
compensate the plasma phase artifacts.
For four pulses, I measured high recombination efficiency for the entire energy
range, with the recombination efficiency slowly decreasing to 89% at 10 mJ. I attribute the
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Figure 7-6 Measured recombination efficiency and final output energy from HCF compressor. (a) The
recombination efficiency measured is ideal for two pulses until the onset of gas ionization at 8 mJ. For four
pulses, the recombination efficiency shows a slow decay attributed to imperfect calcite plate alignment. (b)
Final output energy including losses in the HCF, recombination stage, and chirped mirror compressor.

slow decrease to alignment errors, as the 300-µm fiber increases the level of nonlinearity
and makes the alignment tolerances even tighter. I estimate 15-rad nonlinear phase
accumulated in the 300-µm fiber, leading to tighter tolerances than 8.4-rad nonlinear phase
from the 500-µm fiber.
Figure 7-6(b) shows the final output energy from the system measured after the
chirped mirrors. It includes all losses in the HCF, recombination stage, and chirped mirror
compressor. I measured 5.1-mJ output using four divided pulses, compared to 1.7 mJ using
one pulse. Therefore, even with only 89% recombination efficiency, DPNLC increased the
output energy of the HCF by 3×.
I measured the four-pulse spectrum after recombination, shown in Figure 7-7. The
spectrum has the typical side-lobed shape generated by SPM with two defects. The first
defect is the central peak attributed to ASE and pre-/postpulses from the regen. The second
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defect is interference fringes that indicate the presence of parasitic pre-/postpulses
generated by imperfect recombination. Guichard et al. [161] have simulated that such
parasitic pulses will be generated any time four or more pulses are recombined imperfectly.
The fringe spacing is 0.5 nm/period which corresponds with the 7.2-ps delay from the thick
calcite plates and indicates the separation of the parasitic pulses. Although the fringes are
large, they only indicate the presence of a small amount of energy [194]. The fringe
visibility is approximately 30% where the fringes are the largest (the shortest wavelength
lobe), which indicates that only 2% of the energy is in the parasitic pulses, following from
the equation for fringe visibility,
𝑉=

2√𝐼1 𝐼2
.
𝐼1 + 𝐼2

(7-2)

In this calculation, 𝐼1 and 𝐼2 are the spectral intensities of the main and parasitic pulse,
respectively, and I assume a similar spectrum for the main and parasitic pulse, so the
intensity ratio is equal to the energy ratio.

Figure 7-7 Four-pulse, 10-W, output spectrum. Spectrum is significantly broadened by SPM and will be
compressed to a shorter duration later. The spectrum has a central peak indicating significant ASE and
interference fringes indicating the presence of parasitic pre-/postpulses generated by imperfect
recombination.
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We were able to align HWP 1 precisely by using a high-precision, piezo-motor
rotation stage, but we were not able to align the axes of the birefringent plates as precisely.
The imperfect alignment is shown by the slow decay of recombination efficiency and
generation of these parasitic pulses. By adding a second high-precision rotation stage align
calcite plate 1 more precisely, I expect the alignment can be improved, the recombination
efficiency can be increased, and the parasitic pulses can be minimized.
I measured the beam profile after recombination and found that it did not change
measurably at any power even with the onset of gas ionization. Figure 7-8 shows the 10W output beam profile with (a) one, (b) two, and (c) four pulse division so it shows the
effects of (a) a lot, (b) a little, and (c) no ionization respectively. The beam profile looks
similar and is the same size to within 0.1 mm in both directions. Therefore, I conclude gas
ionization in the HCF does not significantly affect the pulse profile. This result is explained
by the modal cleaning properties of HCF [195]. Plasma defocuses the pulse along the first
length of the fiber, but as I stated earlier, ionization is only visible along the first meter or
so of the fiber. By the end of the fiber, the ionization has died down so no more energy is
defocused into high-loss, high-order modes. Along the last length of the fiber, the high
losses of the high-order modes clean the profile of the HCF and by the end of the fiber,
significant energy only remains in the low-loss fundamental mode. The output profile of
the HCF is essentially the fundamental mode, regardless of the amount of gas ionization.
I further confirmed the invariance of the beam profile to gas ionization by
measuring the 𝑀2 of the beam out of the HCF. The mathematical definition of 𝑀2 is
included in Appendix A. The 𝑀2 of the beam did not change significantly with pulse
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Figure 7-8 Pulse profiles showing effects of gas ionization. (a) One, (b) two, and (c) four divided pulses at
10-W input power. All beam profiles are 3.0 mm X 3.3 mm ± 0.1 mm and appear similar, showing gas
ionization in the HCF does not impact the pulse profile significantly. The sharp vertical line on the right side
of profile (b) is caused by clipping on the recombination calcite plate.

power, as shown in Table 7-1, or with number of pulse divisions, Table 7-2. Therefore,
neither gas ionization nor DPNLC changes the beam quality significantly.
Table 7-1 M2 measured for one pulse HCF compression as power is ramped up. Gas ionization onsets between
4 W and 6 W but 𝑀2 value only changes slightly. Therefore, gas ionization doesn’t significantly affect the
profile quality.

Power (W)
𝑴𝟐 (𝑴𝟐𝒙 × 𝑴𝟐𝒚 )

2
1.19×1.20

4
1.20×1.19

6
1.18×1.16

8
1.28×1.20

10
1.27×1.22

Table 7-2 M2 measured for divided pulses. 𝑀2 value appears to jump up by 0.05 in y-direction when DPNLC
is implemented to divide from one to two pulses, but the change is small and we conclude that the profile
quality isn’t significantly affected.

Divided Pulses
𝑴𝟐 (𝑴𝟐𝒙 × 𝑴𝟐𝒚 )

1
1.19×1.20

2
1.19×1.25

4
1.15×1.26

Finally, I compressed the four-pulse, 10-W output, with chirped mirrors, and
measured the compressed duration in the FROG. I scanned GDD’s between -16,000 fs 2
and -20,000 fs 2 and found best compression at -18,000 fs2 , with the best compressed pulse
shown in Figure 7-9. The best compressed pulse was 89-fs long, close to its transform limit
of 87 fs, and had a temporal Strehl ratio of 0.91. As predicted in Chapter 5, switching to a
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Figure 7-9 Four-pulse, 10-W, compressed pulse measured in the FROG. Pulse can be compressed down to
near its transform limit with a 91% temporal Strehl ratio.

smaller diameter fiber increased the nonlinear phase accumulated in the HCF and allowed
us to compress to a shorter duration. The 300-µm fiber compressed the pulse by a factor of
13×, while the 500-µm fiber only compressed the pulse by a factor 6× in Chapter 4.
I also attempted to compress the two-pulse, 10-W output to show the effects of gas
ionization. Again, I scanned a range of GDD’s by adding chirped mirrors and found best
compression at -16,000 fs2 . I estimated that the compressed pulse duration was 125 fs, but
the HCF output was too unstable to make a precision measurement. Due to gas ionization
effects, the output from the HCF fluctuated shot-to-shot, as shown by the large power
fluctuations. Power fluctuations are problematic for the FROG because it scans over many
pulses to make its measurement. The FROG trace was discontinuous instead of smooth,
and the retrieved spectrum did not agree with the spectrometer. To properly measure the
output pulse, a single-shot measurement would have to be implemented.
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Even though the FROG could not measure the spectrum with significant ionization,
the spectrometer could (although the measurement was averaged over many pulses). The
output spectrum showed significant changes on a sub-second time scale, as shown in Figure
7-10. The figure plots three spectra measured immediately after the HCF with delays of a
few seconds between measurements. The long wavelengths in the spectrum remain
constant, these wavelengths are generated by similar SPM in all three measurements. The
short wavelengths show large fluctuations from gas ionization. As simulated in Chapter 5,
ionization effects spread the short wavelengths out into a long, blue-shifted tail. As the
ionization varies so much from pulse-to-pulse, the length and height of that tail changes
significantly from pulse-to-pulse. Therefore, the output spectrum and phase for best
compression change from pulse-to-pulse, another reason the FROG measurement is poor.
Note that these effects are not caused by the two-pulse DPNLC technique; the same
spectral fluctuations are observed with a single pulse.

Figure 7-10 Two-pulse, 10-mJ input, HCF spectrum showing effects of gas ionization. All three
measurements plotted here are taken with the same experimental conditions separated by a few seconds.
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7.3 DPNLC to Overcome Gas Ionization Conclusions
In this chapter, I experimentally demonstrated that DPNLC can overcome gas
ionization limitations in HCF. With a single 5-mJ pulse, the peak intensity of the pulse was
high enough to ionize xenon in the 300-µm HCF, which lead to plasma defocusing and
large energy losses. By dividing to four pulses, I was able to decrease the peak intensity in
the HCF, prevent gas ionization, and maintain high energy throughput for the full 10-mJ
HAP-TDR pulse energy. The final result was a 3× increase in output pulse energy. DNPLC
also did not introduce any major problems, as the pulses recombined with high efficiency
(89%), maintained a fundamental mode profile, and were compressed to nearly the
transform limit. By switching to the smaller fiber, the pulse compression also improved;
89-fs pulses were obtained with the 300-µm fiber, whereas the 500-µm fiber gave 180-fs
pulses. However, DPNLC did generate parasitic pre-/postpulses with approximately 2% of
the total pulse energy. The parasitic pulses could be problematic for applications requiring
high pulse contrast. We expect the parasitic pulses can be minimized by adding a second
high-precision rotation mount to improve the calcite plate alignment.
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8. Application of DPNLC for Temporal
Contrast Improvement
When developing the analytic recombination model in Chapter 6, I discovered another use
for DPNLC – temporal contrast improvement. The analytic recombination model showed
that the low intensity ASE and pre-/postpulses have different recombination efficiency
from the main pulse because they do not generate significant nonlinear phase. In this
chapter, I show how the difference in recombination efficiency can be exploited to reject
all of the ASE and pre-/postpulses to improve the temporal contrast of HAP-TDR’s pulses.

8.1 Temporal Contrast Improvement Methods
Temporal contrast is increasingly becoming an important specification for highenergy, ultrafast lasers because prepulses with only a fraction of a percent of the main
pulse’s energy can ionize the laser’s target and modify experimental conditions before the
main pulse arrives. High-power regenerative amplifiers typically produce significant
energy in these problematic prepulses. For the HAP-TDR laser, I measured a full 17% of
the laser power in the ASE and pre-/postpulses. Other high-power Yb amplifier systems
show similar central peaks in the spectrum after spectral broadening, indicating that they
suffer from the same effect, such as the systems found in Refs. [104, 115, 116, 123, 143],
as well as some Ti:Sa systems such as in Ref. [196]. A slew of temporal contrast
improvement methods have been developed to address this issue and improve the temporal
contrast of the pulse.
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Some temporal contrast improvement methods are mature but inappropriate for
HAP-TDR. Plasma mirrors [197, 198] are useful for contrast improvement of extremely
high-energy, low-repetition-rate systems, but would be damaged too quickly to be useful
at the kHz repetition rate of HAP-TDR. Saturable absorbers [199] are extremely simple to
implement but they cannot absorb the high-average power from a system like HAP-TDR
without thermal damage. Other methods such as self-diffraction [200] and transient Kerr
gating [201] are possible but have too little energy throughput to be interesting. For systems
like HAP-TDR, there are three appropriate temporal contrast improvement methods that
have been demonstrated: cross-polarized wave generation, filtered SPM, and nonlinear
ellipse rotation.
In cross-polarized wave generation, four-wave mixing in an anisotropic crystal
couples energy from one crystal axis to the orthogonal axis [202]. As it is a nonlinear 𝜒 (3)
process, the low-intensity ASE and prepulses do not couple significant energy into the
orthogonal axis, only the main pulse does. This method has been demonstrated to generate
a temporal contrast of 10−10 at pulse energies on the order of millijoules [203] but energy
and average power scaling beyond this level is limited to avoid damaging the nonlinear
crystal [143]. The process requires large anisotropy of the 𝜒 (3) tensor to be efficient, where
the anisotropy of the 𝜒 (3) tensor is defined as [202]
(3)

𝜎=

(3)

(3)

𝜒𝑥𝑥𝑥𝑥 − 2𝜒𝑥𝑦𝑦𝑥 − 𝜒𝑥𝑥𝑦𝑦
(3)

𝜒𝑥𝑥𝑥𝑥

.

(8-1)

Therefore, anisotropic crystals with unequal 𝜒 (3) values along its axes must be used.
Isotropic 𝜒 (3) media such as gases with higher damage thresholds cannot be used.
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Filtered SPM is a method where the pulse is spectrally broadened through SPM and
then the output is spectrally filtered with either a short-pass or long-pass filter to block the
central ASE peak and pass the side lobes of the spectrum [143]. Its energy scaling is
excellent as high damage threshold gases can be used in the spectral broadening step.
Filtered SPM has been demonstrated to generate large (~7 orders magnitude) temporal
contrast improvements, limited by the initial contrast at large wavelengths (or short
wavelengths if a short-pass filter is used). However, the energy throughput is rather low
(~30%) as more than half the spectral content of the pulse has to be rejected by the spectral
filters. It is possible to make a filter that only cuts out the central wavelengths and passes
both the long and short wavelength side lobes to improve the efficiency but this has not
been demonstrated yet.
Nonlinear ellipse rotation (NER) is the most mature method for temporal contrast
improvement at high peak and average powers [174]. In NER, a pulse is converted to
elliptical polarization with a QWP before propagating through the nonlinear stage. SPM in
the nonlinear stage rotates the polarization of the main pulse, as described when diagnosing
recombination problems in Section 6.2.1, and a second QWP removes the retardance from
the first QWP. The ASE and pre-/postpulses are too low in intensity to generate significant
SPM, so they remain in the original polarization and can be rejected with a polarizer. The
main pulse can have significant energy rotated into the orthogonal polarization, and when
optimized, about 60% of the main pulse energy can be transmitted [204, 205]. A useful
consequence of the SPM stage is that the pulse can be simultaneously spectrally broadened
during the contrast improvement process. Smijesh et al. [204] were able to demonstrate
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temporal contrast improvements of three orders of magnitude with 57% efficiency while
simultaneously compressing a 24-fs pulse to 4 fs. Similar results were demonstrated by
Khodakovskiy et al. [206]. The simultaneous temporal contrast improvement and temporal
compression is ideal for picosecond Yb-based systems like HAP-TDR that require both.

8.2 Temporal Contrast Improvement with DPNLC: Theory

Figure 8-1 Apparatus used for DPNLC contrast improvement. Apparatus is the same as in Chapter 6, repeated
here for easy reference. Again the important angles of alignment are the polarization angle error (𝜑) and AOI
on plate 2 (𝜃).

In Chapter 6, I derived an expression for the power in the recombined pulse after
DPNLC:
𝑃𝑜𝑢𝑡 =

𝑒 −𝑇

2

2 √𝜋

(8-2)

×
2

1 + sin2 (2𝜑) + cos2 (2𝜑) cos[2Φ𝑁𝐿 𝑠𝑖𝑛(2𝜑) 𝑒 −𝑇 + Δ𝜙(𝜃)] 𝑝̂
[
] .
2
𝑚
̂
cos 2 (2𝜑) {1 − cos[2Φ𝑁𝐿 𝑠𝑖𝑛(2𝜑) 𝑒 −𝑇 + Δ𝜙(𝜃)]}
This expression is Eq. (6-11) normalized so integrating over time gives a total energy of
1. Similarly, a normalized expression for the power in a low energy prepulse is
𝑃𝑝𝑟𝑒 =

𝑒 −𝑇

2

1 + sin2(2𝜑) + cos2 (2𝜑) cos[𝛥𝜙(𝜃)] 𝑝̂
] .
𝑚
̂
cos 2 (2𝜑) {1 − cos[Δ𝜙(𝜃)]}
2 √𝜋
[

(8-3)
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In Chapter 6, I used these equations to experimentally verify the analytic recombination
model and prescribe angular tolerances. Here, I investigate the potential for temporal
contrast improvement. Note that if the retardance difference [Δ𝜙(𝜃)] is set to zero, all of
the power in the prepulses will be found in the 𝑝̂ polarization regardless of pulse division
errors. Then, a pulse division error (𝜑) can be applied to rotate power from the main pulse
into the 𝑚
̂ polarization and separate it from the ASE and pre-/postpulses. A similar result
can be achieved by setting the retardance difference to π. In that case, all of the ASE and
pre-/postpulses will be found in a linear polarization and can be rejected for temporal
contrast improvement, but that doesn’t immediately emerge from the equations because
the ASE will be at the angle −45° − 𝜑 instead of the angles 𝑝̂ or 𝑚
̂.
The angle to rotate the maximum main pulse energy into the 𝑚
̂ polarization
depends on the nonlinear phase. This optimum angle can be found analytically from the
infinite sum in Chapter 6 as the solution of
∞

(−1)𝑗 (2Φ𝑁𝐿 )2𝑗 sin2𝑗−2 (2𝜑)
𝜕𝜂
[sin2 (2𝜑) − 𝑗 cos 2 (2𝜑)] ,
=0=1− ∑
𝜕𝜑
(2𝑗!)√2𝑗 + 1

(8-4)

𝑗=0

but this infinite series solution is not particularly useful. Large angular errors are required
maximum efficiency and therefore many terms in the infinite sum are required for
accuracy. Instead, we will study the optimum main pulse numerically.
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Figure 8-2 Main pulse power rotated into the 𝑚
̂ polarization for out HCF. The maximum efficiency is 74%
at an angle of ±6.3°. Therefore, contrast improvement using DPNLC can retain 74% of the main pulse energy
while rejecting the low-intensity ASE and pre-/postpulses.

In Figure 8-2, I have plotted the energy rotated into the 𝑚
̂ polarization for our 500µm fiber with 8.4-rad nonlinear phase. With a polarization angle error of ±6.3°, a
maximum 74% of the main pulse energy can be rotated into the 𝑚
̂ polarization.
With larger nonlinear phase, energy is rotated into the 𝑚
̂ polarization faster and the
optimum polarization angle error decreases. Figure 8-3 shows how the optimum angle
decreases with nonlinear phase and the maximum energy that can be rotated into the 𝑚
̂
polarization for each nonlinear phase. The plots show that contrast improvement through
DPNLC is attractive because the amount of energy rotated into the 𝑚
̂ polarization is
competitive with the best methods reviewed in Section 8.1. The energy in the 𝑚
̂polarization increases quickly before leveling off around 77.5% efficiency. Therefore,
>70% efficiency can be achieved for any system generating more than 6-rad nonlinear
phase.
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Figure 8-3 Optimum polarization angle error and efficiency for the main pulse when implementing contrast
improvement. (a) The optimum polarization angle error (𝜑) decreases as the nonlinear phase is increased.
(b) The amount of energy that can be rotated into the 𝑚
̂ polarization quickly increases as the nonlinear phase
increases before leveling off around 77.5%.

Theoretically, the contrast improvement is only limited by the amount of nonlinear
phase the low-energy prepulses will accumulate. I will estimate in the next section that
HAP-TDR has prepulses with energy ≈ 7𝑢𝐽. Therefore, if the main pulse accumulates 8.4rad nonlinear phase in the HCF, the prepulse accumulates 0.006 rad. At the optimum 6.3°,
a prepulse with 0.006 rad nonlinear phase will have 9.4 × 10−5 % of its energy rotated into
the 𝑚
̂ polarization while the main pulse has 74%. An ideal polarizer would reject all of the
prepulse except that energy rotated into the 𝑚
̂ -polarization and increase the contrast of the
laser by 6 orders of magnitude. In practice, we will not be able to achieve an extinction
ratio of 6 orders magnitude, so the temporal contrast improvement will be limited by the
extinction ratio of the system.
After contrast improvement, it is not obvious that the recombined pulse can be
compressed down to a similar transform limit. The electric field derived in Eq. (6-10) is
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2
𝐴⃑ = √𝑃0 𝑒 −𝛼𝐿 𝑒 𝑖𝜙1 𝑒 −𝑇 /2 ×
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cos2 (45° + 𝜑) 𝑒 𝑖2Φ𝑁𝐿 cos

2(45°+𝜑)𝑒 −𝑇2
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+ sin2(45° + φ) 𝑒 𝑖2Φ𝑁𝐿 sin
2 (45°+𝜑)𝑒

sin(45° + 𝜑) cos(45° + 𝜑) {𝑒 𝑖2Φ𝑁𝐿 cos

−𝑇2
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2 (45°+𝜑)𝑒 −𝑇2 +𝑖Δ𝜙(𝜃)
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−𝑇2

𝑝̂
] .
+𝑖Δ𝜙(𝜃)
} 𝑚
̂

This field contains the interference between two pulses with different accumulated
nonlinear phases. Numerically, I have found that this field can be compressed well, in fact
the compressed pulse duration is almost identical with and without contrast improvement.
In Figure 8-4, I plot the compressed pulse duration with and without contrast improvement
using HAP-TDR laser parameters. The compressed pulse duration was calculated by
removing up to second-order spectral phase from the field in Eq. (8-5) and plotting the
resulting pulse duration in Figure 8-4(a). The ‘equal division’ line is the output pulse
duration in the 𝑝̂ -polarization with no alignment errors. The ‘contrast improved’ line is the
output pulse duration in the 𝑚
̂ -polarization with the polarization angle error optimized to
maximize energy rotated into the 𝑚
̂ -polarization. The figure shows good compression with

Figure 8-4 Simulated pulse duration change with contrast improvement. (a) Compressed pulse is almost equal
with and without contrast improvement. (b) Pulse duration change expressed as a percentage makes it easier
to see differences. The pulse duration difference is significant for small nonlinearities, but for large
nonlinearity (> 6 rad) the pulse durations are equal to within a few percent.
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contrast improvement, the compressed pulse duration is almost equal to (and even slightly
shorter than) the pulse duration with equal pulse division.
To make the differences more visible, I plot the difference in compressed pulse
duration as a percentage change in Figure 8-4(b). The compressed pulse duration is clearly
different for small nonlinearities, but for larger nonlinearities the difference decreases
rapidly and remains below 5% for all nonlinear phases greater than 6 rad. Therefore, there
is no significant change in pulse compression with contrast improvement. The same
simulations also show that the second-order phase for recompression is nearly identical
with and without contrast improvement, so the same chirped mirrors can be used for
compression.
In brief, DPNLC can be used to increase the temporal contrast of a laser pulse train
by applying unequal nonlinear phase to the divided pulses to rotate the polarization of the
recombined, main pulse. Simulations indicate that the process is efficient, with >70%
efficiency possible for the main pulse. Simultaneously, the pulse can be temporally
compressed because it still accumulates large nonlinear phase, and its spectral phase can
mostly compensated by second-order phase.

8.3 Experimental Demonstration of Contrast Improvement
I experimentally demonstrated temporal contrast improvement using the HAP-TDR
laser. The set-up for these experiments are the same as Chapter 6, with 10-W power divided
into two pulses with calcite plates and spectrally broadened in the 500-µm fiber filled with
1.7 bar argon. First, I measured the initial contrast of the laser. I set HWP 1 to give equal
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pulse division, set calcite plate 2 for zero retardance, and set HWP 2 to pass the 𝑝̂
polarization. Good alignment for this step was confirmed by measuring high recombination
efficiency (97.3%). Then, I attenuated the beam with a set of neutral density (ND) filters
and focused it onto a photodiode. On the photodiode, both the main pulse and pre-pulses
could clearly be seen, as shown in Figure 8-5. The maximum pre-pulse height is 1.9 mV
while the main pulse height is 2.3 V. Therefore, the original contrast of the laser is ~10−3.
Then I applied the contrast improvement. I rotated HWP 1 by 3° to apply a 6°
incoming polarization angle error and maximize the energy of the main pulse in the 𝑚
̂polarization. I then rotated HWP 2 to transmit the 𝑚
̂ -polarization through the polarizer and
reject the 𝑝̂ . The prepulses were rejected by the contrast improvement method and were
too weak to be measured by the photodiode, as shown on Figure 8-5. Meanwhile, the main

Figure 8-5 Photodiode signals measuring the prepulse train. Before contrast improvement, the prepulses are
clearly visible on the photodiode before the main pulse, which appears at time zero. After contrast
improvement the prepulses have completely disappeared from the trace and ND filters have to be removed
to make them measureable. At the same time, the main pulse height only drops from 2.3 V to 1.7 V, as shown
in the inset.

154

pulse had good transmission and was measured at 1.7 V. To measure the prepulses, I
removed ND filters until the prepulses became visible (at which point the main pulse
saturated the photodiode). After removing 3.5 OD, the prepulses became visible again. I
made fine adjustments to the AOI of calcite plate 2 and HWP 2 to minimize the prepulse
height and measured a maximum prepulse signal of 0.7 mV. This measurement puts the
new contrast of the pulse train ~10−7, an improvement of four orders of magnitude.
To support these measurements, I checked the linearity of the ND filters and
photodiode. The ND filters were measured one at a time by measuring the change in power
on a power meter with and without the ND filter over a range of powers between 3 mW
and 4 W. The linearity of the ND filters was constant to within 10% with no systematic
drift. An example set of data is shown for one of the ND filters in Table 8-1. Similarly, I
measured photodiode linearity over its full range by attenuating the main pulse with ND
filters and comparing the photodiode signal to a power meter over the photodiode’s full
range of ~1 mV to 3 V. The photodiode was found to be linear to within 25%, with that
25% overestimating the power of the millivolt-level pulses. Therefore, any nonlinearity in
the ND filters and photodiode is too small to change the measured contrast improvement
of four orders of magnitude significantly.
Table 8-1 Measurement of ND filter nonlinearity. Linearity is excellent as transmission of ND filter stays
within 10% of its mean transmission for all power levels. Additionally, no systematic drift is observed as the
power is increased.

Input Power
2.87 mW
935 mW
3.96 W

Attenuated Power
91 𝜇𝑊
24 mW
122 mW

Transmission (%)
3.2%
2.7%
3.1%

155

Next, I confirmed the efficiency of the method by measuring the power throughput.
As stated earlier, with equal pulse division, the recombination efficiency approached
100%, and I measured 97.3% recombination efficiency. When the contrast improvement
method was applied, I measured 60% recombination efficiency. Accounting for the 17%
energy in the ASE and pre-/postpulses rejected by the process, I infered that 72% of the
main pulse energy is recombined and transmitted by the polarizer. The photodiode
measurement gave a similar estimate of 74% main pulse transmission. Both estimates agree
with the simulated maximum transmission of 74% from Figure 8-2.
The final output energy of the system was 4.5 mJ, a number that includes the 87%
HCF throughput, 72% recombination efficiency, and losses on the transport and chirped
mirrors. Therefore, the total efficiency of the method is approximately 54%, after
subtracting out the 17% energy in ASE and pre-/postpulses. The total efficiency can be
improved by using a larger diameter fiber to reduce HCF losses [122] and by replacing
some silver mirrors in the transport optics with high-efficiency dielectric mirrors.
Next, I looked at the spectrum of the pulse after contrast improvement. The
measured spectra of both the transmitted and rejected beams are shown in Figure 8-6. The
spectrum of the transmitted beam has the typical side-lobed shape expected after nonlinear
broadening by SPM and agrees with the spectrum calculated from Fourier transforming
Eq. (8-5). The rejected spectrum looks similar and has the strong central peak from the
ASE and pre-/postpulses. This measurement confirms that the central peak is indeed caused
by the ASE and pre-/postpulses.
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Figure 8-6 Measured spectrum after contrast improvement. The rejected spectrum contains the entirety of the
ASE and pre-/postpulses in the strong central peak. Also plotted is the expected transmitted spectrum
calculated by Fourier transforming Eq. (8-5) which shows good agreement with the measured spectrum.

Finally, I compressed the pulse using the same 43,000-fs2 GDD chirped mirror
compressor as in Chapters 4 and 6 and picked off ~1% of the energy with an AR wedge to
measure the compressed pulse duration in the FROG. The pulse is excellently compressed
and shown in Figure 8-7. The pulse duration is 187 fs, with a temporal Strehl ratio of 0.98,

Figure 8-7 Compressed pulse with contrast improvement. The pulse is excellently compressed near its
transform limit and has a FWHM duration of 187 fs, almost exactly the same as the 189 fs measured without
contrast improvement in Chapter 6.
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and has a transform limit of 180 fs. This compares to the pulse duration without contrast
improvement of 189 fs from Chapter 6, confirming that the contrast improvement method
does not change the temporal compression significantly.

8.4 Limitations to Contrast Improvement
I would like to reject even more of the prepulses but am limited by nonlinear
interactions in the gas-filled HCF. I measured an s-polarization extinction ratio of
1.5 × 10−4 from the thin-film polarizer (Layertec 105612) with a one-pulse, linearlypolarized pulse train. Therefore, I inferred the contrast improvement was limited by the
polarizer extinction and could be improved by upgrading the polarizer. I stacked two thinfilm polarizers back to back both before and after the HCF and measured an improved
extinction ratio of 2 × 10−6 for the prepulses. However, once gas is added to the HCF, that
extinction ratio jumps up to 5 × 10−5 . I have not been able to determine why the gas
degrades the extinction ratio so much. The calculation in Section 8.1 estimated that the
nonlinear phase accumulated by the prepulses should only rotate 9.4 × 10−5 % of the
prepulse energy into the 𝑚
̂ polarization, so an extinction ratio of 10−6 should be possible.
Another gas effect must be present to account for the measured extinction ratio. To achieve
larger contrast improvements, the extinction ratio must be improved.
One limitation of the measurements is that they were made using direct
photodection (oscilloscope and photodiode) and therefore had limited temporal resolution
compared to temporal-contrast measurement techniques based on nonlinear optics.
Photodection was an appropriate method for our system as the large temporal range
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(limited only by the oscilloscope record length) was well matched to the multi-nanosecond
pulse separation of HAP-TDR’s prepulses. The measurements showed that the multinanosecond separated pulses were rejected well by the contrast improvement method and
that the central peak in the spectrum was completely rejected. However, the measurements
could not capture pulses with picosecond-scale separation and, by extension, could not
directly show if the divided-pulse method produced such pulses before and after the main
pulse.
With two-pulse division, a prepulse leading in time by Δ𝑡 =

𝑑 Δ𝑛𝑔
𝑐

will be generated

if the axis of the second birefringent plate is not oriented correctly. An angular error as
small as 0.03° would produce a prepulse with contrast 10−7 , the contrast we achieved with
the nanosecond-separated pulses. Also, if there are variations in birefringent plate axis
across the plate, they will prevent delaying 100% of the leading divided pulse and generate
a prepulse. Therefore, if prepulses with picosecond-scale separations are important for the
chosen application, a shorter time-scale contrast measurement device should be used to
measure the temporal contrast. It would also make a very sensitive measurement device to
align the axis of the second birefringent plate precisely.
When dividing to four or more pulses, Guichard et al. [161] have shown that
parasitic pre- and postpulses will always be generated with an unequal pulse division error,
like we saw during four-pulse experiments in Chapter 7. As unequal pulse division is
required to rotate the pulse polarization for contrast improvement, parasitic prepulses will
always be generated if attempting contrast improvement with four or more pulses.
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Therefore, DPNLC cannot be used for contrast improvement with four or more pulses if
prepulses with picosecond-scale separations are problematic for the chosen application.

8.5 Contrast Improvement Conclusions
Beyond just being an energy scaling method, I have demonstrated that DPNLC also
has utility as a contrast improvement method. Similar to other regenerative amplifier
systems, HAP-TDR has poor temporal contrast, and I estimated a full 17% of the beam
power was in ASE and pre-/postpulses. By applying contrast improvement with DPNLC,
I was able to improve the contrast by four orders of magnitude and completely eliminate
the central ASE peak from the pulse spectrum. Contrast improvement through DPNLC is
competitive with other contrast improvement methods as it provides many advantages that
all other methods except for NER lack. Contrast improvement through DPNLC can handle
high-energy pulses, can handle high repetition rates, has high efficiency (~70%) for the
main pulse, and can provide simultaneous temporal contrast improvement and temporal
compression.
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9. Conclusion
Yb-based laser technology has made order-of-magnitude improvements in high-averageand-peak powers above its predecessors. Yb-fiber lasers have been scaled to 10-kW
average powers and Yb thin-disk lasers have been scaled to 1-J pulse energies while
maintaining kilohertz repetition rates. The enormous powers provided by such systems are
ideal for many nonlinear processes but are limited by the relatively small bandwidths and
long pulses produced by Yb systems. In this thesis, I helped address this weakness by
scaling nonlinear post-compression methods to higher pulse energies.
Nonlinear post-compression methods compress the pulse to a shorter duration after
the main laser system. I performed a survey of such methods in Chapter 4 and identified
the two best methods for high pulse energies: hollow-core fibers and multipass cells. Both
methods operate through self-phase modulation in a noble gas; they are only distinguished
by the method of confining the pulse in the gas for long distances. Therefore, the same
process limits both methods, gas ionization. At high intensities, the pulse ionizes the gas
and plasma defocusing leads to large energy losses.
In this thesis, I developed a method to overcome the gas-ionization limitation –
divided pulse nonlinear compression (DPNLC). I attempted to spectrally broaden a 10-mJ,
1.2-ps pulse in a 300-µm inner-diameter HCF filled with xenon and saw large energy losses
from gas ionization. Only 2-mJ of pulse energy was transmitted through the fiber. By
dividing to four, 2.5-mJ pulses before the fiber, I was able to eliminate the gas ionization
and improve the fiber output to 6.6 mJ. After the fiber, the pulses were recombined to one
high-energy pulse with high efficiency, and the high-energy pulse was temporally
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compressed to 89 fs without issue. The final, compressed pulse energy of 5.1 mJ with fourpulse DPNLC gave a 3× improvement over the 1.7 mJ measured with one pulse. This factor
allows a large improvement in pulse energy, and scan be scaled to even higher energies by
increasing the number of pulse divisions. I expect that DPNLC can be applied to state-ofthe-art high energy systems to scale the spectrally broadened pulse energy faster and more
simply than any other method surveyed in this thesis.

9.1 Summary of Contributions
9.1.1 Demonstration of ionization improvements with DPNLC.
Before this work, DPNLC had been demonstrated to overcome self-focusing limits
in silica fibers [10] and had been demonstrated in hollow-core fiber [11-13, 165]. However,
DPNLC had not been applied to the gas ionization problems in hollow-core fiber. I
demonstrated that DPNLC could eliminate gas ionization effects and scale hollow-core
fibers to much higher pulse energies. I also demonstrated that the pulses could be
recombined and compressed with high efficiency after DPNLC as long as ionization was
eliminated.
This demonstration also applied DPNLC to a completely different regime than past
works. Previous authors applied DPNLC with short (~30 fs), low-energy (~1 mJ) Ti:Sa
pulses. For our long (1.2 ps), high-energy (10 mJ) pulses, the birefringent plates had to be
much larger, but the birefringent plate material was not as important because the effect of
differential GDD was smaller. The plates had to have a larger aperture, to avoid selffocusing or damage in the plate, and they had to be thicker, to provide enough separation

162

between our 1.2-ps duration divided pulses. We were able to obtain 22 mm X 20mm X 6
mm calcite plates from EKSMA Optics [207] that fulfilled these requirements without
much difficulty, but further energy scaling will require even larger aperture plates. Pulse
energy scaling will eventually be limited by the achievable birefringent plate size.
The birefringent material choice was not as important as previous works because
the effects of differential GDD were not significant for our 1.2-ps pulses. Jacqmin et al.
predicted that four-pulse division and recombination was the maximum number of
divisions possible with 30-fs Ti:Sa pulses because differential GDD in the thicker
birefringent plates for eight-pulse division would prevent good recombination [165]. For
this work, the differential GDD was so negligible that it was omitted from the analytic
angular tolerances model and excellent agreement with theory was still measured.
Therefore, scaling to eight or more divided pulses should be possible for our 1.2-ps pulses.
Additionally, calcite was chosen for its high birefringence and low differential GDD. With
the differential GDD sensitivity loosened for our 1.2-ps pulses, the birefringent plate
material can be changed to pick a more thermally stable material or a material that can be
grown to larger crystal sizes for larger pulse energies.
9.1.2 Development and confirmation of an analytic angular tolerances model
The birefringent plates used for pulse division and recombination must be aligned
precisely for good pulse recombination. An error in the birefringent plate axes leads to
unequal energy in each divided pulse and unequal nonlinear phase accumulation. An error
in the plate thickness, temperature, or angle of incidence leads to a retardance between the
two pulses. Both errors reduce the recombination efficiency of DPNLC and reduce the
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output pulse energy. Previous authors, most rigorously Guichard et al. [161], modeled
these errors through numerical solutions of the nonlinear Schrödinger equation. While
correct, their numerical solutions were computationally expensive and were not flexible
enough to apply to new systems without rerunning the simulations. For a faster, moreflexible tool, I developed an analytic model that describes the recombined pulse with all of
these accumulated errors. The analytic model was demonstrated to be accurate and should
improve the design and tolerancing of new DPNLC systems. The analytic model also
informed the use of the angle of incidence on the recombination plate as a compensator to
loosen alignment tolerances. The angle of incidence was already used to compensate errors
in the birefringent plate thickness by Jacqmin et al. [165], but my model shows that it is a
useful compensator for unequal division and thermal effects as well.
9.1.3 Invention of contrast improvement method using DPNLC
The analytic tolerances model informed a new use of DPNLC: contrast
improvement. HAP-TDR, like many regenerative amplifiers, outputs significant power in
amplified spontaneous emission and prepulses. The prepulses can be problematic for many
applications, because they will hit the target before the main pulse and can change
experimental conditions on target. I demonstrated that DPNLC can be used to reject the
prepulses by applying unequal nonlinear phase to the divided pulses to rotate the
polarization of the main pulse upon recombination. The prepulses were rejected on the
recombination polarizer to improve the temporal contrast by four orders of magnitude, and
the main pulse was passed with high efficiency (72%). Therefore, this method can
overcome two weaknesses of high-power Yb systems in one step: it simultaneously
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temporally compresses the pulse and also cleans up the prepulses. However, the contrast
improvement cannot be scaled to more pulse divisions like normal DPNLC can, as
recombination with four or more divided pulses and a division error will always produce
parasitic prepulses, eliminating the benefits of rejecting the other prepulses.
9.1.4

Improved numerical model to predict ionization effects in hollow-core fiber
There are not many literature results that model ionization effects well in long,

guiding structures like hollow-core fiber. The best models I found were developed by
Chapman et al. [159] and Malvache et al. [155]. Both authors were able to demonstrate
experimental agreement between their models and their experiments, but I found that their
models did not accurately model other systems, only their own. I identified two corrections
to their models that improved the model in Chapter 5 for predicting ionization effects
accurately.
The first correction was to calculate the ionization rate using the full Keldysh model
of gas ionization, instead of the simplified ADK model, as discussed in Chapter 5. The
ADK model predicted ionization rates well for the Ti:Sa systems used by Chapman and
Malvache, but failed when applied to the longer pulse durations of Yb-based systems.
The second correction was to add Augst correction factors to the ionization rate.
The Keldysh and ADK theories of photo-ionization have been experimentally measured to
overestimate gas ionization in most noble gases. By multiplying the pulse intensity by a
correction factor, which I refer to as the Augst correction factor, the experimental and
theoretical results can be made to agree [162]. Chapman et al.’s and Malvache et al.’s
models did not include Augst correction factors, they made a mistake in evaluating the
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ionization rate that gave a similar result. They evaluated the ionization rate of the electric
field (𝑊[|𝐴(𝑡) cos(𝜔0 𝑡)|]) instead of the ionization rate of the pulse envelope
(𝑊[|𝐴(𝑡)|]). The Keldysh and ADK models are already cycle averaged, so the carrier
wave should not be included. For argon, which has a relatively large correction factor,
including the carrier wave reduces the ionization rate by a similar factor as the Augst
correction factor, so Chapman et al. were able to obtain excellent agreement between
experiment and theory in their work. For other common gases, such as helium, neon, and
xenon, the carrier wave does not reduce the ionization rate by a similar factor as the Augst
correction factor, so the Augst correction factor must be included to accurately model
experiments.
With these two corrections, my model is sufficiently general to model many highpower hollow-core fiber systems. The model is able to reproduce Chapman et al.’s and
Malvache et al.’s short-duration, low-energy results, and is also able to model different
gases and longer pulses. The model accurately predicts ionization losses for our own
system in both argon and xenon, and also is able to reproduce Fan et al.’s 70-mJ pulse’s
ionization losses [123], the highest energy HCF demonstration to my knowledge.

9.2 Future Directions
9.2.1 Higher energy demonstrations of DPNLC
A small, 300-µm hollow-core fiber filled with xenon gas was required to see
significant ionization because of the relatively modest 10-mJ pulse energy available for
this work. Current state-of-the-art systems have much higher pulse energies (100-1,000
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mJ) and encounter gas ionization limitations even in more stable fibers and gases. The
highest energy hollow-core fiber demonstration to my knowledge was published by Fan et
al. [123]. Fan et al. used a 𝑌𝑏: 𝐶𝑎𝐹2 multipass amplifier producing 70-mJ energy, 230-fs
duration, 1025-nm wavelength pulses. They spectrally broadened the pulses in a 3-m long,
1-mm inner diameter HCF and temporally compressed them to 25 fs. The output energy
from their HCF as they ramped up the input energy is shown in Figure 9-1. In argon, the
group measured gas ionization onset around 37-mJ input energy that clamped the output
energy until the fiber was damaged at approximately 50-mJ input. The group was able to
scale up to their full pulse energy by switching to neon (where the group estimated gas
ionization onset at 68 mJ) and then switching to helium.

Figure 9-1 Output pulse energy as Fan et al. ramped up the energy in their 1-mm inner diameter HCF. Image
reproduced with permission from [123] © The Optical Society.

While Fan et al. were able to spectrally broaden their full pulse energy, their
solution has some drawbacks. First, to prevent ionization, they increased the fiber diameter
to 1 mm which reduced the nonlinear phase accumulated in the fiber, as discussed in
Chapter 5. To compensate and accumulate more nonlinear phase, they made their system
extremely long; the HCF is 3-m long and the entire vacuum system is 8.6-m long. By using
a smaller HCF, they could accumulate equivalent nonlinear phase in a much shorter system.
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Second, although the group was able to spectrally broaden their full 70-mJ pulse energy,
they estimated that helium ionization would onset around 88 mJ. Therefore, they have no
gases left to scale their system up to higher energies. As discussed in Chapter 5, no gas has
a higher ionization threshold than helium.
DPNLC can be employed to scale this system to higher energies, as no gases remain
to do the job. After helium begins to ionize, the system would have to employ an even
larger-diameter, longer-length fiber to spectrally broaden higher energies. Alternatively,
two-pulse DPNLC would increase the ionization threshold from 88 mJ to approximately
160 mJ, the first >100 mJ demonstration in hollow core fiber. Further divisions would
nearly double the ionization threshold with each division, scaling the output energy quickly
without increasing the system size.
9.2.2 Improve DPNLC thermal stability
In Chapter 6, I measured that the recombination efficiency drifted as the calcite
plates heated up under laser power. This effect will limit average power scaling of DPNLC
because the thermal effects will become even worse at high powers. I identified the AOI
of the second birefringent plate as a compensator for the thermal effects, but the AOI would
have to constantly adjusted throughout the day to compensate for thermal drift throughout
the day. To reduce the sensitivity to thermal effects, more thermally stable crystals should
be investigated for DPNLC (with some good candidates chosen in Chapter 6).
Another option to increase the thermal stability is to add active compensation to the
system. The rejected beam from the polarizer can give a real time measurement of the
recombination efficiency, and active feedback could be implemented to hold the
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recombination efficiency at a constant value. The feedback could be implemented through
any method that adjusts the retardance of the second calcite plate. The AOI of the plate
could be actively adjusted by a rotation stage, the plate could be actively cooled/heated, or
electro-optic modulation could be applied.
Even without an active feedback loop, I would recommend adding temperature
control to the birefringent plates to minimize thermal effects. Phillips et al. [208] saw a
similar thermal effect when implementing second harmonic generation in a lithium
triborate (LBO) crystal. The group started with high second-harmonic conversion
efficiency (77%) but saw that efficiency drop as the thermo-optic effect ruined the phase
matching in their crystals due to thermal effects under laser power. To recover high
efficiency, the group changed the crystal angle every half hour to recover phase matching,
just as I changed the AOI on the birefringent plate to recover good recombination
efficiency. The group showed that by mounting their LBO crystals in an oven and elevating
the temperature to 27°C, the long-term conversion stability increased more than five-fold.
By elevating and stabilizing the temperature of our calcite plates, I expect we can achieve
a similar improvement in long-term recombination efficiency.
If thermal effects become critically prohibitive, free-space delay lines can be used
for pulse division and recombination instead of birefringent plates. In free-space delay
lines, the pulses are divided on one polarizer, propagate unequal path lengths in air to
separate the pulses, and then are recombined on another polarizer. The air propagation used
for pulse separation in this case will not suffer from an unequal thermo-optic coefficient
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between the two pulses, air is isotropic. No retardance will be generated as pieces of the
system heat up so the recombination efficiency should not drift.
9.2.3 Investigate parasitic pulse minimization
Neither our FROG nor our autocorrelator had the dynamic range to measure the
parasitic pulses produced by imperfect recombination, and our photodiodes did not have
sufficient time resolution to distinguish the parasitic pulse from the main pulse. The only
method we had to measure the parasitic pulses was through the interferogram in the
recombined pulse spectrum. The interferogram showed no parasitic pulses for two-pulse
DPNLC and 2% of the energy in parasitic pulses for the four-pulse DPNLC. These
measurements should be improved by using a higher dynamic range device to measure the
parasitic pulses, such as a type-II autocorrelator [209] or a third-order crosscorrelator [210].
In theory, two-pulse DPNLC will not have parasitic pulses as long as the second
birefringent axes are aligned correctly. In practice, variations in axes angle across the plate
will generate small parasitic pulses. A high dynamic range measurement would allow
tuning the axes angle to minimize the parasitic pulses and measure the limit for how small
the parasitic pulses can be made. For DPNLC with four pulses or more, minimizing the
parasitic pulses would also help diagnose alignment errors and improve the recombination
efficiency.
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Appendix A: Linear Pulse Propagation
Designing the laser and hollow-core fiber was mathematically intensive. We have left
much of the math out of this thesis’s main text to avoid interrupting the narrative, instead,
derivations and discussions are included in these appendixes for the interested reader, or
for students who may have not seen them before. Appendix A will describe how laser
beams diffract with propagation, following Svelto’s derivation [46], and how laser pulses
disperse or compress, following Agrawal [211].

A.1 Spatial Propagation and Diffraction
We start our derivation from the Helmholtz equation, which governs
electromagnetic wave propagation:
𝑛2 (𝜔)𝜔2
̃ = 0.
∇ 𝑬+
𝑬
𝑐2
2̃

(A-1)

Here, 𝜔 is the angular frequency of the light, 𝑐 is the speed of light in vacuum, and 𝑛(𝜔)
is the refractive index of the medium as a function of frequency. We are expressing the
electric field in the frequency domain, which is related to the field in the time-domain
through the Fourier transform pair:
∞

̃ (𝜔) = ∫ 𝐸⃗ (𝑡)𝑒 𝑖𝜔𝑡 𝑑𝑡 ,
𝑬

(A-2)

−∞

𝐸⃗ (𝑡) =

1 ∞
̃ (𝜔)𝑒 −𝑖𝜔𝑡 𝑑𝜔 ,
∫ 𝑬
2𝜋 −∞

(A-3)
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where the tilde symbol over the letter indicates a vector in the frequency domain.
Depending on the form of 𝑛2 (𝜔), which will change between free space and in our hollowcore fiber, the field will take on certain modes that will describe the diffraction of the laser.
A.1.1 Hollow-core fiber modes
In the hollow-core fiber, the refractive index takes the form
𝑛(𝜔) = {

𝑛(𝜔),
𝑛𝑔𝑙𝑎𝑠𝑠 ,

𝑟<𝑎
,
𝑟>𝑎

(A-4)

that is, it is equal to the refractive index of the gas in the hollow core and the refractive
index of the glass cladding outside the hollow core. The field takes on the Bessel modes
given in Chapter 5. These modes do not diffract as they propagate, they remain the same
shape and size along the length of the fiber. The only change to the field in the hollow-core
fiber will come in the temporal domain, described in Section A.2.
A.1.2 Free-space propagation: Gaussian modes
In free space, the refractive index is equal to the index of the material over all space.
Then we can propagate the field by assuming a functional solution of the form
̃ = 𝑈(𝑥, 𝑦, 𝑧)𝑒 𝑖 𝑘(𝜔)𝑧 𝑥̂,
𝑬
where 𝑘(𝜔) =

𝑛(𝜔)𝜔
𝑐

(A-5)

is the wavenumber of the light, the wave propagates in the z direction,

and 𝑥̂ indicates polarization perpendicular to the propagation direction. We substitute this
form into the Helmholtz equation to obtain the new differential equation
𝜕 2𝑈 𝜕 2𝑈 𝜕 2𝑈
𝜕𝑈
+ 2 + 2 + 2𝑖𝑘(𝜔)
= 0.
2
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑧

(A-6)
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We will assume the wave diffracts at a small angle so we can take the paraxial
approximation and neglect the

𝜕2 𝑈
𝜕𝑧 2

term. Then the field must satisfy the paraxial wave

equation:
𝜕 2𝑈 𝜕 2𝑈
𝜕𝑈
+ 2 + 2𝑖𝑘(𝜔)
= 0.
2
𝜕𝑥
𝜕𝑦
𝜕𝑧

(A-7)

We transform to the Fourier domain
̃ − 𝑘𝑦2 𝑈
̃ + 2𝑖𝑘(𝜔)
−𝑘𝑥2 𝑈

̃
𝜕𝑈
= 0,
𝜕𝑧

(A-8)

where we define the Fourier transform pair as
∞

̃(𝑘𝑥 , 𝑘𝑦 , 𝑧) = ∬ 𝑈(𝑥, 𝑦, 𝑧)𝑒 −𝑖(𝑘𝑥 𝑥+𝑘𝑦 𝑦) 𝑑𝑥 𝑑𝑦 ,
𝑈

(A-9)

−∞

𝑈(𝑥, 𝑦, 𝑧) =

∞
1
̃(𝑘𝑥 , 𝑘𝑦 , 𝑧)𝑒 𝑖(𝑘𝑥 𝑥+𝑘𝑦 𝑦) 𝑑𝑘𝑥 𝑑𝑘𝑦 ,
∬
𝑈
4 𝜋 2 −∞

(A-10)

and find that Eq. (A-8) can be solved analytically:
̃(𝑘𝑥 , 𝑘𝑦 , 𝑧) = 𝑈
̃(𝑘𝑥 , 𝑘𝑦 , 0)𝑒
𝑈

2)
(𝑘𝑥2 +𝑘𝑦
𝑧
2𝑖𝑘
.

(A-11)

Then transforming back to the spatial domain will propagate the field a distance 𝑧:
𝑈(𝑥, 𝑦, 𝑧) =

−𝑖𝑘 ∞
𝑖𝑘
∬ 𝑈(𝜀, 𝜂, 0) exp [ {(𝑥 − 𝜀)2 + (𝑦 − 𝜂)2 }] 𝑑𝜀 𝑑𝜂,
2𝜋𝑧 −∞
2𝑧

(A-12)

where 𝜀 and 𝜂 are dummy variables introduced to represent 𝑥 and 𝑦 in the plane 𝑧 = 0. Eq.
(A-12) is the Fresnel diffraction equation.
Solutions of the Fresnel diffraction equation that don’t change their form with
propagation (called eigensolutions) are described by Hermite-Gaussian and LaguerreGaussian modes. We are only interested in the lowest order Gaussian mode, as high quality
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cavities like our oscillator and regenerative amplifier produce nearly Gaussian beams.
Gaussian beams are described at their waist by the functional form
𝑈(𝑥, 𝑦, 0) =

−(𝑥 2 +𝑦 2 )
2
𝑒 𝑤0 ,

(A-13)

where 𝑤0 is the 1⁄𝑒 2 radius of the beam. We can substitute the Gaussian form into eq.
(A-12) to derive how the Gaussian beam diffracts upon propagation,
2

𝑤0 −(𝑥 +𝑦2
𝑈(𝑥, 𝑦, 0) =
𝑒 𝑤(𝑧)
𝑤(𝑧)
where 𝑧𝑅 =

𝜋𝑤02
𝜆

2)

+

𝑖𝑘(𝑥 2 +𝑦2 )
𝑧
− 𝑖 arctan( )
𝑧𝑅
2𝑅(𝑧)

(A-14)

is the Rayleigh range of the beam, 𝑤(𝑧) gives the beam radius as it

propagates, 𝑅(𝑧) is a quadratic phase factor that describes the radius of curvature of the
wavefront. The beam radius and radius of curvature change with propagation according to
𝑧 2
𝑤(𝑧) = 𝑤0 √1 + ( ) ,
𝑧𝑅

(A-15)

𝑧𝑅 2
𝑅(𝑧) = 𝑧 [1 + ( ) ] .
𝑧

(A-16)

A diffracting Gaussian beam is drawn in Figure A-1. Diffraction causes the beam
to spread on a characteristic length scale 𝑧𝑅 . For large beams, 𝑧𝑅 is large and the beam can
propagate a long distance without expanding significantly. An example is our beam after
the grating compressor, with waist 𝑤0 = 2.2 𝑚𝑚 and wavelength 𝜆 = 1030𝑛𝑚, which has
a Rayleigh length of 15 m. For small beams, 𝑧𝑅 is short and the beam will diffract quickly
over a short distance. For example, the beam we focused into the 500-µm hollow-core
fiber, with waist 𝑤0 = 161 𝜇𝑚, has a Rayleigh length of 8 cm. If we attempted spectral
broadening through SPM by simply focusing the beam into the gas, it would accumulate
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Figure A-1 Gaussian beam expansion. Beam expands on a length scale of 𝑧𝑅 in both directions, doubling in
size after 1.73 𝑧𝑅 . Also drawn in dashed lines are equiphase surfaces, which illustrate the radius of curvature.

nonlinear phase near the waist, but then diffract away after 8 cm and would not accumulate
significantly more nonlinear phase. By confining the beam within the hollow-core fiber,
we maintain high intensity over 1.8 m and accumulate significantly more nonlinear phase.
A.1.3 The 𝑴𝟐 Parameter
Gaussian beams are a good approximation but do not include aberrations in
transport optics or multi-mode operation of the laser. Real beams diffract faster than
equation (A-15) indicates. We can quantify the difference between a real beam and a model
Gaussian beam using the 𝑀2 parameter.
In the far-field limit of eq. (A-15), a Gaussian beam will expand linearly:
𝜃𝑑𝑖𝑣 =

𝜆
.
𝜋𝑤0

(A-17)

When we measure the angle of divergence of a real laser beam we find it diverges faster
than that. We define a multiplication factor 𝑀2 that expresses the ratio of the measured
divergence to the expected divergence of a Gaussian beam:
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𝜃𝑚𝑒𝑎𝑠 = 𝑀2

𝜆
.
𝜋 𝑤0

(A-18)

The slowest diverging beam, with 𝑀2 = 1, only occurs for a pure Gaussian beam [212]. A
real beam will have 𝑀2 ≥ 1 and diffract according to
2

𝑀2 𝑧
𝑤(𝑧) = 𝑤0 √1 + (
)
𝑧𝑅

(A-19)

By measuring the divergence and waist of a beam and comparing to its expected
divergence, the beam can be characterized as 𝑀2 -times diffraction limited. Tightly
focusable, slowly diverging beams have an 𝑀2 value close to 1.
We measured the beam quality of our laser at multiple points in the system and
calculated the 𝑀2 value. The measurement is done by focusing the beam down with a wellcentered singlet lens and measuring the beam size at multiple points along its propagation.
One such measurement is shown in Figure A-2 which measures the beam focused by a lens
immediately after the FLINT oscillator. The FLINT beam is high quality, with an 𝑀2 value

Figure A-2 Focused beam size after the oscillator. A least-squares fit to the measured data gives an 𝑀2 -value
of 1.10, which clearly predicts the divergence of the beam better than the standard Gaussian formula (plotted
as 𝑀2 = 1).
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of 1.10. The beam size can also be measured in both the horizontal and vertical planes to
give separate 𝑀𝑥2 and 𝑀𝑦2 values, as done in Chapter 8 to measure the beam quality after
the hollow-core fiber.

A.2 Temporal Propagation and Dispersion
A.2.1 Pulse Envelope Propagation Equation
When propagating laser pulses, we also have to track how the pulse envelope
changes with propagation. We will introduce a new functional form to solve the Helmholtz
equation:
̃ (𝑤, 𝑦, 𝑧, 𝜔) = 𝐹(𝑥, 𝑦)𝑨
̃ (𝑧, 𝜔)𝑒 𝑖 𝛽0 𝑧 ,
𝑬

(A-20)

where 𝛽0 is the propagation constant. 𝛽0 = 𝑘(𝜔0 ) in free space but can include waveguide
contributions in the hollow-core fiber. 𝐹(𝑥, 𝑦) describes the profile of the pulse and
̃ (𝑧, 𝜔) describes the laser pulse envelope. When we plug this functional form into the
𝑨
Helmholtz equation, the equation can be separated into separate equations for 𝐹(𝑥, 𝑦) and
̃ (𝑧, 𝜔):
𝑨
𝜕 2𝐹 𝜕 2𝐹
+
+ [𝑛(𝜔)2 𝑘02 − 𝛽(𝜔)2 ]𝐹 = 0,
𝜕𝑥 2 𝜕𝑦 2
2𝑖𝛽0

̃
𝜕𝑨
̃ = 0,
+ [𝛽 2 (𝜔) − 𝛽02 ]𝑨
𝜕𝑧

where we have neglected the slowly varying

̃
𝜕2 𝑨
𝜕𝑧 2

(A-21)

(A-22)

term. Eq. (A-21) describes the beam

profile and is solved to give the modes of propagation, as described in section A.1. Eq.
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(A-22) describes how the pulse envelope changes with propagation, which we will explore
in this section.
Under one more approximation, we can solve Eq. (A-22) analytically to describe
how the laser pulse disperses upon propagation in media. In practice, 𝛽(𝜔) ≈ 𝛽0, so we
approximate 𝛽 2 (𝜔) − 𝛽02 ≈ 2𝛽0 [𝛽(𝜔) − 𝛽0 ]. Then the envelope equation becomes
̃
𝜕𝑨
̃ = 0,
− 𝑖[𝛽(𝜔) − 𝛽0 ]𝑨
𝜕𝑧

(A-23)

which can be solved analytically to give,
̃ (𝑧, 𝜔) = 𝑨
̃ (0, 𝜔)𝑒 𝑖 [𝛽(𝜔)−𝛽0]𝑧 .
𝑨

(A-24)

This result simply states that that a pulse can be propagated through a medium by
advancing each frequency component by its propagation constant. If the propagation
constant varies with frequency, then the pulse accumulates a frequency dependent spectral
phase that will reshape the pulse in the time domain.
A.2.2 Effects of Spectral Phase
We can discuss the effects of spectral phase by expanding the propagation constant
in a power series and considering each term one at a time. The propagation constant is
expanded in a Taylor series about the central frequency as
𝛽(𝜔) = 𝛽0 + 𝛽1 (𝜔 − 𝜔0 ) +
where 𝛽𝑛 =

𝜕𝑛 𝛽(𝜔)
𝜕𝜔 𝑛

|

𝜔=𝜔0

𝛽2
𝛽3
(𝜔 − 𝜔0 )2 + (𝜔 − 𝜔0 )3 + ⋯ ,
2
6

(A-25)

. After propagating a distance 𝑧, the pulse will accumulate

spectral phase according to
̃ (𝑧, 𝜔) = 𝑨
̃ (0, 𝜔)𝑒 𝑖 𝜙1 (𝜔−𝜔0)+
𝑨

𝑖𝜙2
𝑖𝜙
(𝜔−𝜔0 )2 + 3 (𝜔−𝜔0 )3 +⋯
2
6
,

(A-26)
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where 𝜙𝑛 = 𝛽𝑛 𝑧 is the 𝑛𝑡ℎ -order spectral phase.
First, we will consider the first-order spectral phase. We can evaluate its effects
̃ }) the envelope to the time
analytically by inverse Fourier transforming (denoted as 𝐹 −1 {𝑨
domain:
̃ (0, 𝜔)𝑒 𝑖 𝜙1 (𝜔−𝜔0 ) } = 𝐴(0, 𝑡 − 𝜙1 ).
𝐹 −1 {𝑨

(A-27)

Therefore, the effects of first-order phase are to advance the pulse in time as it propagates.
Next, we will consider the second-order spectral phase. We cannot evaluate this
effect analytically without assuming a functional form for the spectrum. We model our
pulses as Gaussian throughout this thesis, with functional form
𝐴(0, 𝑡) = 𝑒

−

𝑡2
−𝑖𝜔0 𝑡
2𝜏02
.

(A-28)

Fourier transforming shows the pulse’s spectrum is also Gaussian:
̃ (0, 𝜔) = 𝑒 −
𝑨

𝜏0 (𝜔−𝜔0 )2
2
.

(A-29)

Now if we allow this pulse to accumulate second-order spectral phase and transform back
to the time domain, we obtain a solution:

𝐹

−1

𝜏0 (𝜔−𝜔0 )2 𝜙2
(𝜔−𝜔0 )2
2
{𝑒 −
𝑒𝑖 2
}

2

𝜏0 − 𝑡2(𝑧)+𝑖𝜙(𝑧,𝑡)−𝑖𝜔0 𝑡
=√
𝑒 2𝜏
.
𝜏(𝑧)

(A-30)

Eq. (A-30) shows that after accumulating second-order phase, the pulse remains Gaussian
in shape5 but its duration increases according to 𝜏(𝑧),

5

A pulse with spectra other than Gaussian will change both its shape and duration as it acquires second-order
phase. For example, the compressed pulse durations after the HCF in this thesis change their form between
Gaussian immediately after the fiber to a pulse with side-lobes after compression.
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2

𝜙2 (𝑧)
𝜏(𝑧) = 𝜏0 √1 + ( 2 )
𝜏0

(A-31)

and the pulse acquires a temporal phase 𝜙(𝑧, 𝑡),
𝜙(𝑧, 𝑡) =

1
𝜙2 (𝑧)
arctan ( 2 ) −
2
𝜏0

𝑡2
2

𝜏2
2 𝜙2 [1 + ( 0 ) ]
𝜙2 (𝑧)

.

(A-32)

The primary effect of the second-order phase is to increase the pulse width from 𝜏0 to 𝜏(𝑧).
Eq. (A-31) shows that the shortest pulse duration is obtained when the second-order phase
is zero. In fact, the shortest pulse will always be measured with zero second-order and
higher spectral phase [213]. This explains why we were primarily concerned with the
second-order phase when stretching pulses with the chirped-fiber Bragg grating stretchers
and when compressing the pulses with the grating compressor or chirped mirrors.
As the 2nd-order phase broadens the pulse in time, it also “chirps” the pulse,
meaning it spreads the frequency components out linearly in time. The instantaneous
frequency 𝛿𝜔(𝑡) can be calculated by taking the time derivative of the temporal phase:
𝛿𝜔(𝑡) = −

𝜕𝜙(𝑧, 𝑡)
𝜙2 (𝑧)
+ 𝜔0 = 4
𝑡 + 𝜔0 .
𝜕𝑡
𝜏0 + 𝜙22 (𝑧)

(A-33)

Eq. (A-33) shows that the frequency linearly increases or decreases (depending on the
sign of 𝜙2 ) across the pulse. In our CFBG’s, positive 2nd-order phase is applied, so the
frequency linearly increases in time and the pulse is said to be positively chirped. Low
wavelength components lead in time, so the chirped pulse is drawn with the red
wavelengths leading the blue wavelengths in Figure 2-1.
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3rd and higher-order phase will also broaden and reshape the pulse. However, the
relatively narrow bandwidth of HAP-TDR minimizes the effect of higher-order phase (as
shown by our excellently compressed pulses). For larger bandwidths, the 3 rd -order phase
must be finely controlled as well [19].
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Appendix B: Resonator Stability and
ABCD Beam Propagation
We designed our regenerative amplifier cavity to support a thermally stable, Gaussian
mode. This appendix includes the laser stability mathematics the interested reader should
know to replicate our work. Again, the derivation here is adapted from Svelto’s Principles
of Lasers [46].

B.1 ABCD Optical Propagation
Appendix A described how Gaussian beams diffract with propagation. To build a
stable laser cavity, lenses or curved mirrors compensate the diffraction and keep the beam
confined within the cavity. After passing through a lens, the beam’s radius of curvature 𝑅1
changes according to
1
1 1
=
− ,
𝑅2 𝑅1 𝑓

(B-1)

where 𝑓 is the focal length of the lens and 𝑅2 is the beam’s radius of curvature after the
lens. Then the Fresnel diffraction equation derived in Eq. (A-12)(A-12) can be applied to
the beam with the new radius of curvature to propagate the beam a distance after the lens.
A more computationally efficient way to describe successive propagation, lens,
propagation, lens, … steps is through ABCD matrixes. We can describe an optical ray by
its height (𝑦) and its angle of propagation (𝑢), both measured relative to the optical axis,
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Figure B-1 Paraxial ray parameters. The ray can be described at one plane (𝑧) by its height (𝑦) and angle
(𝑢).

as illustrated in Figure B-1. Then we describe how the height and angle change as the ray
propagates through the laser cavity. In the paraxial approximation already used to derive
the Fresnel diffraction equation, the angle of propagation of the ray is assumed to be small
enough that the small angle approximation sin(𝑢) ≅ tan(𝑢) ≅ 𝑢, is good. Then any
operation on the ray can be described as a linear transformation:
𝑦′
𝐴
[ ′] = [
𝐶
𝑢

𝐵 𝑦
][ ].
𝐷 𝑢

(B-2)

Here, the variables 𝑦′ and 𝑢′ give the height and angle of the ray after the transformation,
and the two-by-two matrix called the ABCD matrix describes the transformation. In our
laser cavity, we will have two transformations, propagation through free space (𝑇) and
focusing by a lens or mirror (𝑅):
𝑇 = [1
0

𝐿⁄
𝑛],
1

1
𝑅 = [− 1⁄
𝑓

0
1].

(B-3)

The propagation matrix (𝑇) describes the change to the ray after propagating a distance 𝐿
through a medium with refractive index 𝑛. The refraction matrix (𝑅) describes the change
to a ray after propagating through a lens with focal length 𝑓. The refraction matrix also
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describes reflection off the curved laser mirrors. In this case, the focal length of the lens
just needs to be replaced by the focal length of the mirror, related to its radius of curvature
by 𝑓𝑚𝑖𝑟𝑟 =

𝑅𝑚𝑖𝑟𝑟
2

.

The ABCD matrixes are computationally efficient because many successive
propagation and focusing steps can be multiplied into a single ABCD matrix:
𝑦
𝑦′
𝐴
[ ′ ] = 𝑇𝑛 … 𝑅2 𝑇2 𝑅1 𝑇1 [ ] = [
𝑢
𝐶
𝑢

𝐵 𝑦
][ ].
𝐷 𝑢

(B-4)

B.2 Laser Stability Conditions
We can use ABCD matrixes to quickly derive the condition for a laser resonator to
be stable. We define the ABCD matrix to include all of the propagation and refraction steps
in one round trip of the laser cavity. We will also change our notation from the 𝑦 ′ notation,
to a 𝑦𝑖 notation, where 𝑖 is the number of round trips the beam has taken in the cavity. Then
after one round trip, a ray will be described by
𝑦1
𝐴
[𝑢 ] = [ 𝑟𝑡
𝐶𝑟𝑡
1

𝐵𝑟𝑡 𝑦0
][ ],
𝐷𝑟𝑡 𝑢0

(B-5)

where the subscript 𝑟𝑡 indicates this is the ABCD matrix for a round trip.

Figure B-2 Simple laser cavity schematic. A beam starts in the cavity with height 𝑦0 . After one round trip in
the cavity, its new height is 𝑦1 . Although the laser cavity is drawn with two curved mirrors and no internal
optics, the treatment here is sufficiently general to include curved mirrors or lenses inside the cavity.
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After two round trips the ray will be described by
𝑦2
𝐴
[𝑢 ] = [ 𝑟𝑡
𝐶𝑟𝑡
2

𝐵𝑟𝑡 2 𝑦0
] [ ].
𝐷𝑟𝑡 𝑢0

(B-6)

And after 𝑚 round trips, the ray is described by
𝑦𝑚
𝐴
[𝑢 ] = [ 𝑟𝑡
𝐶𝑟𝑡
𝑚

𝐵𝑟𝑡 𝑚 𝑦0
] [𝑢 ] .
𝐷𝑟𝑡
0

(B-7)

For a laser resonator to be stable, it has to confine a ray forever. So as 𝑚 approaches
infinity, the beam height 𝑦𝑚 must not diverge. A theorem of matrix calculus, Sylvester’s
theorem, shows that the beam height will not diverge as long as
−1 <

𝐴𝑟𝑡 + 𝐷𝑟𝑡
< 1.
2

(B-8)

Eq. (B-8) is the stability equation for laser resonators. As long as Eq. (B-8) is satisfied,
the cavity mirrors can confine rays inside the laser cavity many round trips for laser
buildup.
Often, the laser stability condition is rewritten in terms of the single-pass ABCD
matrix instead of the round-trip matrix. For example, the work we used to design our
thermally stable laser cavity, Hanna et al. [70], uses the single-pass matrix instead of the
round trip. The round-trip matrix can be split into two single pass matrixes as
[

𝐴𝑟𝑡
𝐶𝑟𝑡

𝐴𝑠𝑝2
𝐵𝑟𝑡
]=[
𝐷𝑟𝑡
𝐶𝑠𝑝2

𝐵𝑠𝑝2 𝐴𝑠𝑝1
][
𝐷𝑠𝑝2 𝐶𝑠𝑝1

𝐵𝑠𝑝1
],
𝐷𝑠𝑝1

(B-9)

where the subscript 𝑠𝑝1 indicates a single pass forward from mirror 1 to mirror 2, and the
subscript 𝑠𝑝2 indicates the single pass back from mirror 2 to mirror 1. This equation
simplifies significantly because the second single-pass matrix includes all the same
operations as the first single-pass matrix in reverse order. Reversing the order of matrix
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multiplications gives the same ABCD matrix for the second pass, with the elements 𝐴 and
𝐷 switched. A simple example shows this switch:

𝑇×𝑅 =[

1 − 𝐿⁄𝑓
−1⁄
𝑓

1
𝑅 × 𝑇 = [−1⁄
𝑓

𝐿
(B-10)

],
1

𝐿
1 − 𝐿⁄𝑓] .

(B-11)

This result can be extended to any number of multiplications 𝑅 × 𝑇 × 𝑅 × … by induction.
By applying this result to the single-pass matrixes, the round-trip matrix in Eq. (B-9)
simplifies to
[

𝐴𝑟𝑡
𝐶𝑟𝑡

𝐷𝑠𝑝
𝐵𝑟𝑡
]=[
𝐶𝑠𝑝
𝐷𝑟𝑡

𝐵𝑠𝑝 𝐴𝑠𝑝
][
𝐴𝑠𝑝 𝐶𝑠𝑝

𝐵𝑠𝑝
2𝐴𝑠𝑝 𝐷𝑠𝑝 − 1
]=[
𝐷𝑠𝑝
2𝐴𝑠𝑝 𝐶𝑠𝑝

2𝐵𝑠𝑝 𝐷𝑠𝑝
],
2𝐴𝑠𝑝 𝐷𝑠𝑝 − 1

(B-12)

where we have also used the fact that the determinant of any ABCD matrix is equal to one,
𝐴𝐷 − 𝐵𝐶 = 1. By applying the stability condition Eq. (B-8), we can derive the stability
condition for the single-pass matrixes:
0 < 𝐴𝑠𝑝 𝐷𝑠𝑝 < 1.

(B-13)

B.3 ABCD Gaussian Propagation
ABCD matrixes are especially useful because they apply to beams as well as rays.
In Appendix A, we derived the Fresnel diffraction equation that describes how a beam will
change with propagation through free space:
𝑈(𝑥, 𝑦, 𝑧) =

−𝑖𝑘 ∞
𝑖𝑘
∬ 𝑈(𝜀, 𝜂, 0) exp [ {(𝑥 − 𝜀)2 + (𝑦 − 𝜂)2 }] 𝑑𝜀 𝑑𝜂.
2𝜋𝑧 −∞
2𝑧

(B-14)
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This equation can be generalized with ABCD matrixes to model beam propagation through
a series of lens and free space transmission steps [214]:
𝑈(𝑥, 𝑦, 𝑧) =
∞

−𝑖𝑘
×
2𝜋𝐵

∬ 𝑈(𝜀, 𝜂, 0) exp [
−∞

𝑖𝑘
{𝐴(𝜀 2 + 𝜂2 ) + 𝐷(𝑥 2 + 𝑦 2 ) − 2𝜀𝑥 − 2𝜂𝑦}] 𝑑𝜀 𝑑𝜂.
2𝐵

(B-15)

We can apply Eq. (B-15) to easily propagate our Gaussian beams through a laser
cavity. We write the Gaussian beam in a new form:
𝑈(𝑥, 𝑦, 0) =

𝑖𝑘 (𝑥 2 +𝑦2 )
𝑒 2𝑞 ,

(B-16)

where the complex parameter 𝑞 includes both the beam’s radius and radius of curvature:
1 1 𝑖2𝜆
= +
.
𝑞 𝑅 𝜋 𝑤2

(B-17)

Substituting this new form into the ABCD diffraction equation, Eq. (B-15), shows that the
output beam will also be Gaussian with a new 𝑞-parameter:
𝑞2 =

𝐴𝑞 + 𝐵
.
𝐶𝑞 + 𝐷

(B-18)

The interested reader can substitute in the ABCD matrix for free-space propagation to show
that this equation gives the same free-space equations we derived in Appendix A for the
beam size and radius of curvature.
For a stable laser cavity, the beam will reproduce itself after each round-trip.
Therefore, 𝑞2 = 𝑞 and Eq. (B-18) gives a quadratic equation for the Gaussian beam
supported by the laser cavity:
𝐶𝑟𝑡 𝑞 2 + (𝐷𝑟𝑡 − 𝐴𝑟𝑡 )𝑞 − 𝐵𝑟𝑡 = 0.

(B-19)
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This equation can be used to solve for the beam’s radius and radius of curvature at the spot
the ABCD matrix is defined from. A simple example is choosing to start from Mirror 1 in
Figure B-2. Then, as shown in Eq. (B-12), 𝐴𝑟𝑡 = 𝐷𝑟𝑡 , and the supported Gaussian beam
at mirror 1 (𝑞𝑀1 ) takes the form
𝑞𝑀1 = √

𝐵𝑠𝑝 𝐷𝑠𝑝
𝐵𝑟𝑡
=√
.
𝐶𝑟𝑡
𝐴𝑠𝑝 𝐶𝑠𝑝

(B-20)

The same arguments starting from mirror 2 give the supported Gaussian beam at mirror 2:
𝐴𝑠𝑝 𝐵𝑠𝑝
𝑞𝑀2 = √
.
𝐶𝑠𝑝 𝐷𝑠𝑝

(B-21)

B.4 Application to Cavity Design

Figure B-3 Linear cavity for thermal stability design considered in Chapter 3.

Our laser cavity was based on the design by Hanna et al. [70], repeated in Figure
B-3. Hanna et al. derived a single-pass ABCD matrix of the form
𝐴𝑠𝑝
[
𝐶𝑠𝑝

𝐺1
𝐵𝑠𝑝
] = [ (1 − 𝐺1 𝐺2 )
𝐷𝑠𝑝
−
𝑀 𝐿′

𝑀 𝐿′
𝐺2

],

(B-22)

where 𝐺1 , 𝐺2 , 𝑀, and 𝐿′ are defined in Chapter 3. We can apply the equations derived in
this appendix to discuss the cavity design using Hanna et al.’s derived ABCD matrix.
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First, the stability condition derived in Eq. (B-13) implies the stability condition
for the Hanna’s cavity is given by 0 < 𝐺1 𝐺2 < 1. Second, the Gaussian beam parameters
derived in Eqns. (B-20) and (B-21) gives the spot sizes at the output of the cavity (𝑤1 )
and at the thin disk (𝑤2 ):
1⁄
4

𝜆𝐿′
𝑀2 𝐺2
𝑤1 = √ [
]
𝜋 𝐺1 (1 − 𝐺1 𝐺2 )

,

(B-23)

.

(B-24)

1⁄
4

𝜆𝐿′
𝑀2 𝐺1
𝑤2 = √ [
]
𝜋 𝐺2 (1 − 𝐺1 𝐺2 )

The only important equation for the cavity design not yet included in this appendix
is Hanna et al.’s proof that the beam size on the thin disk is insensitive to thermal lensing
1

under the condition 𝐺1 𝐺2 = 2. We start by taking the derivative of equation (B-24)(3-15)
to calculate how the beam size changes on the thin disk as a thermal lens builds in the disk:
𝑑𝑤2 𝜕𝑤2 𝜕𝐺1 𝜕𝑤2 𝜕𝐺2
=
+
.
𝑑𝑓𝑅
𝜕𝐺1 𝜕𝑓𝑅 𝜕𝐺2 𝜕𝑓𝑅

(B-25)

Note that 𝐺1 does not depend on the thin disk focal length so that derivative drops out; only
the change in 𝐺2 is significant:
𝑑𝑤2 𝜕𝑤2 𝜕𝐺2
=
.
𝑑𝑓𝑅
𝜕𝐺2 𝜕𝑓𝑅

(B-26)

We evaluate the term that has the derivative with respect to 𝐺2 and obtain
𝜕𝑤2 1 (2𝐺1 𝐺2 − 1) 𝑤2
=
.
𝜕𝐺2 4 (1 − 𝐺1 𝐺2 ) 𝐺2

(B-27)

201

1

It is apparent that the numerator becomes zero when 𝐺1 𝐺2 = 2. Therefore, the spot size on
1

the thin disk is invariant to thermal lensing in the thin disk when 𝐺1 𝐺2 = 2. Note that this
condition also satisfies the condition for laser cavity stability, 0 < 𝐺1 𝐺2 < 1.
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Appendix C: Nonlinear Pulse
Propagation
Previous appendixes have been concerned with linear propagation of laser beams. In the
HCF, the pulses achieve sufficient intensity that their propagation becomes nonlinear, a
phenomenon we exploit to increase their bandwidth. This appendix will describe the
nonlinear propagation math needed to understand our pulse propagation model in Chapter
5. Again, we will follow the derivation from Agrawal [211].

C.1 The Nonlinear Schrödinger Equation
When we say the beam propagation is linear in Appendixes A and B, we mean that
the beam propagation is independent of its intensity. At high intensity, new effects appear
that modify the beam as it propagates. In isotropic materials like the gases used in this
thesis, we quantify the nonlinearity through a nonlinear refractive index (𝑛̅2 ) which
modifies the material’s refractive index according to
𝑛(𝑡) = 𝑛0 + 𝑛̅2 |𝐸(𝑡)|2 ,

(C-1)

where 𝑛0 is the material’s linear refractive index and 𝐸(𝑡) is the electric field of the pulse
at time 𝑡. Note that in Chapter 5, we explicitly write out the nonlinear index in terms of the
material’s 𝜒 (3) nonlinearity (𝑛̅2 =

3𝜒(3)
8𝑛0

).

We then quantify how the nonlinear refractive index changes the pulse’s
propagation through the HCF. In Appendix A, we derived two equations that described
linear pulse propagation through the fiber:
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𝜕 2𝐹 𝜕 2𝐹
+
+ [𝑛(𝜔)2 𝑘02 − 𝛽(𝜔)2 ]𝐹 = 0,
𝜕𝑥 2 𝜕𝑦 2

(C-2)

̃
𝜕𝑬
̃ = 0.
− 𝑖[𝛽(𝜔) − 𝛽0 ]𝑬
𝜕𝑧

(C-3)

and

Eq. (C-2) describes the pulse and is solved to give the modes of the fiber. Eq. (A-22)
describes how the pulse’s temporal envelope propagates along the fiber. We include the
nonlinearity using first-order perturbation theory. To first-order, the nonlinear index does
not change the mode structure of the fiber so Eq. (A-21) remains unchanged. Instead,
changes to the pulse profile will be quantified by letting energy couple between the modes
of the fiber, which we will discuss in more detail in Section C.2. The nonlinear index will
change Eq. (A-22) to include the nonlinear contribution to the propagation constant Δ𝛽𝑁𝐿 :
̃
𝜕𝑬
̃ = 0,
− 𝑖[𝛽(𝜔) + Δ𝛽𝑁𝐿 − 𝛽0 ]𝑬
𝜕𝑧

(C-4)

We again expand the propagation constant in a Taylor series about the central frequency
and split the equation into the linear, dispersive terms, and the nonlinear terms:
̃
𝜕𝑬
𝛽2
̃ = 𝑖Δ𝛽𝑁𝐿 𝑬
̃.
− 𝑖 [𝛽1 (𝜔 − 𝜔0 ) + (𝜔 − 𝜔0 )2 + ⋯ ] 𝑬
𝜕𝑧
2

(C-5)

The left hand side of this equation contains the dispersive terms that apply spectral phase
to the beam as discussed in Appendix A. We group all these terms into one dispersive
̂ ). The right hand size of the equation contains the new nonlinear effects we
operator (𝐷
will consider in this appendix.
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We inverse Fourier transform back to the time domain so that we can use Eq. (C-1)
to quantify the nonlinear contribution to the propagation constant (Δ𝛽𝑁𝐿 = 𝑛̅2 |𝐸|2

𝜔0
𝑐

). We

also split the electric field into its envelope and mode profile:
𝐸(𝑥, 𝑦, 𝑧, 𝑡) = 𝐴(𝑧, 𝑡)𝐹1 (𝑥, 𝑦),

(C-6)

𝜕𝐴
𝜔 𝑛̅
̂ 𝐴 𝐹1 = 𝑖 0 2 |𝐴 𝐹1 |2 𝐴 𝐹1 .
𝐹1 + 𝐷
𝜕𝑧
𝑐

(C-7)

In Appendix A, the mode profiles canceled out before this step, but with the addition of the
nonlinear term they do not. To remove the x/y dependence, we multiply by the conjugate
of the fundamental mode and take the overlap integral:
∞
∞
𝜕𝐴
𝜔 𝑛
̂ 𝐴 |𝐹1 |2 ) = ∬ 𝑑𝑥 𝑑𝑦 (𝑖 0 2 |𝐴|2 𝐴 |𝐹1 |4 ) .
∬ 𝑑𝑥 𝑑𝑦 ( |𝐹1 |2 + 𝐷
𝜕𝑧
𝑐
−∞
−∞

(C-8)

The equation can by written more simply by defining symbols for the overlap integrals:
𝜕𝐴
𝜔 𝑛̅ 𝐾
̂ 𝐴 = 𝑖 0 2 1111 |𝐴|2 𝐴 ,
+𝐷
𝜕𝑧
𝑐 𝐾11
∞

(C-9)

∞

where 𝐾11 ≡ ∬−∞ 𝑑𝑥 𝑑𝑦 |𝐹1 |2 and 𝐾1111 ≡ ∬−∞ 𝑑𝑥 𝑑𝑦 |𝐹1 |4 .
Eq. (C-9) is the nonlinear Schrödinger equation. It describes the essential physics
that broadens the pulse spectrum in our HCF. If we neglect the dispersion terms (which are
small in our gas-filled HCF anyway), the solution to the nonlinear Schrödinger equation is
𝐴(𝑧, 𝑡) = 𝐴(0, 𝑡)𝑒 𝑖 Φ𝑁𝐿(𝑡) ,

(C-10)

where we have defined the nonlinear phase
Φ𝑁𝐿 =

𝜔0 𝑛̅2 𝐾1111 𝑧
|𝐴(0, 𝑡)|2 .
𝑐 𝐾11

(C-11)
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The solution to the nonlinear Schrödinger equation given in Eq. (C-10) shows that
the primary effect of the nonlinear index is not to reshape the pulse, but to apply a nonlinear
phase across the pulse. As the nonlinear phase is caused by the pulse’s own intensity
profile, this process is called self-phase modulation (SPM). SPM will broaden the spectrum
of an initially unchirped pulse as it propagates, as illustrated in Figure C-1. In the figure,
we plot the spectrum of a Gaussian pulse with in initial 1⁄𝑒 bandwidth of Δ𝜔 as it
accumulates nonlinear phase. The pulse’s spectrum is reshaped significantly and acquires
multiple lobes. The reshaping broadens the pulse bandwidth, and, as we demonstrate in
Chapters 4-8, the spectrally broadened pulse can be compressed to a shorter duration.

Figure C-1 Self-phase modulation broadening the spectrum of a Gaussian pulse.

C.2 Extension to Many HCF Modes
The previous analysis assumed light was only in the fundamental mode of the HCF.
However, the nonlinear index can cause self-focusing that reshapes the pulse profile. We
quantify the reshaping by expressing the pulse profile as the sum of its energy in each fiber
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mode and letting the nonlinear effects couple energy between the modes. First, we express
the electric field as a sum of the field in each fiber mode:
(𝑚)

𝐸(𝑥, 𝑦, 𝑧, 𝑡) = ∑ 𝐴(𝑚) (𝑧, 𝑡) 𝐹𝑚 (𝑥, 𝑦) 𝑒 𝑖Δ𝛽0

𝑧

,

(C-12)

𝑚
(𝑚)

where Δ𝛽0

(𝑚)

= 𝛽0

(1)

− 𝛽0

is the wave-vector mismatch between the 𝑚𝑡ℎ mode and

fundamental mode, 𝐹𝑚 is the profile of the 𝑚𝑡ℎ mode, and 𝐴(𝑚) (𝑧, 𝑡) is a different pulse
envelope for each mode. When we insert this form for the electric field into the pulse
propagation equation, Eq. (C-5), we obtain a significantly more complication expression:
(𝑚)
𝜕
̂ ) ∑ 𝐴(𝑚) (𝑧, 𝑡) 𝐹𝑚 (𝑥, 𝑦) 𝑒 𝑖Δ𝛽0 𝑧 =
( +𝐷
𝜕𝑧

𝑚

2

(𝑚)
(𝑚)
𝜔0 𝑛̅2
𝑖
|∑ 𝐴(𝑚) (𝑧, 𝑡) 𝐹𝑚 (𝑥, 𝑦) 𝑒 𝑖Δ𝛽0 𝑧 | ∑ 𝐴(𝑚) (𝑧, 𝑡) 𝐹𝑚 (𝑥, 𝑦) 𝑒 𝑖Δ𝛽0 𝑧 .
𝑐

𝑚

(C-13)

𝑚

We can split this equation into multiple simpler equations using the orthogonal
nature of modes. We multiply the equation by a mode profile 𝐹𝑠∗ and integrate over the
transverse plane. Because the modes are orthogonal, the overlap integral between two
different modes is zero and the sum on the left hand side of the equation disappears. Then
we obtain an equation for each mode:
𝜕𝐴(𝑚)
̂ 𝐴(𝑚) =
+𝐷
𝜕𝑧
∞
𝑑𝑥 𝑑𝑦(𝐹𝑚∗ 𝐹𝑛∗ 𝐹𝑝 𝐹𝑞 )
(𝑚𝑛𝑝𝑞) ∬
𝜔0 𝑛̅2
∗
𝑖Δ𝛽0
𝑧 −∞
𝑖
∑ ∑ ∑ 𝐴𝑛 𝐴𝑝 𝐴𝑞 𝑒
,
∞
𝑐
∫ 𝑑𝑥 𝑑𝑦 |𝐹𝑚 |2
𝑛

(𝑚𝑛𝑝𝑞)

where Δ𝛽0

(𝑝)

𝑝

−∞

𝑞

(𝑞)

(C-14)

(𝑚)

= 𝛽0 + 𝛽0 − 𝛽0

(𝑛)

− 𝛽0

is the phase mismatch between modes. We

simplify the equation further by defining a nonlinear four-wave mixing coefficient as
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∞

𝛾𝑚𝑛𝑝𝑞

𝜔0 𝑛̅2 ∬−∞ 𝑑𝑥 𝑑𝑦(𝐹𝑚∗ 𝐹𝑛∗ 𝐹𝑝 𝐹𝑞 )
=
,
∞
𝑐
∫−∞ 𝑑𝑥 𝑑𝑦 |𝐹𝑚 |2

(C-15)

so the equation for each mode can be written as
(𝑚𝑛𝑝𝑞)
𝜕𝐴(𝑚)
𝑧
̂ 𝐴(𝑚) = ∑ ∑ ∑ 𝑖 𝛾𝑚𝑛𝑝𝑞 𝐴∗𝑛 𝐴𝑝 𝐴𝑞 𝑒 𝑖Δ𝛽0
+𝐷
.
𝜕𝑧

𝑛

𝑝

(C-16)

𝑞

The triple sum on the right hand side of this equation represents all the different four-wave
mixing processes that can couple energy between the fiber modes. The strength of the
coupling depends on the nonlinear coefficient 𝛾𝑚𝑛𝑝𝑞 and the phase mismatch between the
(𝑚𝑛𝑝𝑞)

modes Δ𝛽0

. As self-phase modulation terms (𝛾𝑚𝑚𝑚𝑚 ) and cross-phase modulation

terms (𝛾𝑚𝑛𝑛𝑚 ) have no phase mismatch, they tend to dominate for small nonlinearities.
These terms only apply a phase that broadens the pulse, they do not couple energy between
modes. At higher nonlinearities, the other four-wave mixing processes begin to couple
energy between modes. As discussed in Chapter 5, we minimize coupling between modes
by reducing the gas pressure to reduce the nonlinearity. We set the gas pressure to below
Tempea and Brabec’s 9% threshold so the four-wave mixing processes here couple less
than 9% of the energy into higher order modes [147, 148].

C.3 Inclusion of Plasma Effects
Our results in Chapter 5 showed that even after controlling the gas pressure, plasma
effects could couple significant energy into higher order modes and degrade the output
pulse. To rigorously model the plasma effects, we would have to go back to the Maxwell
equations and include the generated plasma as free charges and current densities. As our
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plasma effects are relatively weak (we never ionized more than 3% of the gas in a single
step of the simulations) we can approximate the plasma effects as an index change and an
energy loss [106].
As the gas is ionized, it changes the refractive index of the gas according to

𝑛(𝑟, 𝑡) = √𝑛02 −

𝜔𝑝2 (𝑟, 𝑡)
𝜔𝑝2 (𝑟, 𝑡)
≈ 𝑛0 −
,
𝜔2
2 𝑛0 𝜔02

where 𝑛0 is the linear index of the gas and 𝜔𝑝2 (𝑡) =

𝑒 2 𝜌(𝑡)
𝑚𝑒 𝜖0

(C-17)

is the plasma frequency for a gas

with free-electron number density 𝜌(𝑟, 𝑡). 𝑒 is the electron charge, 𝑚𝑒 is the mass of an
electron, and 𝜖0 is the permittivity of free space. The refractive index is a function of both
transverse coordinate (𝑟) and time (𝑡) because the more plasma will be generated on-axis
where the pulse intensity is greatest and because more and more plasma will be generated
over time as the pulse passes through a point. The total refractive index of the gas will
include both the previous nonlinear term and the new plasma term:
𝑛(𝑟, 𝑡) = 𝑛0 + 𝑛̅2 |𝐸(𝑟, 𝑡)|2 −

𝜔𝑝2 (𝑟, 𝑡)
.
2 𝑛0 𝜔02

(C-18)

We can substitute this expression into the pulse propagation equation, Eq. (C-5), to derive
an equation that includes both effects:
𝜔𝑝2
𝜕𝐸
𝜔0
2
̂
+ 𝐷𝐸 = 𝑖
(𝑛̅2 |𝐸| −
) 𝐸.
𝜕𝑧
𝑐
2 𝑛0 𝜔02

(C-19)

Now we can phenomenologically add a term that includes energy lost to photoionization. We represent the ionization threshold of the gas by 𝐼𝑝 , so the pulse loses 𝐼𝑝
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energy each time an atom is ionized. Then the rate of energy loss is equal to the rate of
photo-ionization times the ionization threshold:
𝑑𝑄
𝑑𝑁𝑖𝑜𝑛
= 𝐼𝑝
,
𝑑𝑡
𝑑𝑡

(C-20)

where the symbol 𝑄 represents energy and the symbol 𝑁𝑖𝑜𝑛 is equal to the number of
ionized atoms. If we then look at an infinitesimal volume (𝑑𝑉) in space, we can calculate
the energy lost at each point to generate a number density (𝜌) of ionized atoms:
𝑑𝑄
𝑑𝜌
= −𝐼𝑝
,
𝑑𝑡 𝑑𝑉
𝑑𝑡

(C-21)

We next express the derivative on the left in terms of the pulse intensity (𝐼) instead of
energy to obtain the equation
𝑑𝐼
𝑑𝜌
= −𝐼𝑝
.
𝑑𝑧
𝑑𝑡

(C-22)

By equating this equation with the classic Lambert absorption law

𝑑𝐼
𝑑𝑧

= −𝛼𝐼, we are able

to define an effective absorption coefficient for the photo-ionization (𝛼𝑖𝑜𝑛 ):
𝛼𝑖𝑜𝑛 =

𝐼𝑝 𝑑𝜌
.
𝐼 𝑑𝑡

Next, we express the intensity in terms of the field (𝐼 =

(C-23)
𝑐 𝑛0 𝜖0
2

|𝐸|2 ) and rewrite the change

in number density in terms of the ionization rate [𝑊(𝐸)]:
𝛼𝑖𝑜𝑛 =

2𝐼𝑝
𝑊(𝐸)[𝜌0 − 𝜌(𝐸)].
𝑐 𝑛0 𝜖0 |𝐸|2

(C-24)

In one last step, we substitute 𝑐 2 𝜇0 𝜖0 = 1 into the numerator to give the form written in
Chapter 5:
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𝛼𝑖𝑜𝑛 =

2 𝜇0 𝑐 𝐼𝑝 𝑊(𝐸)[𝜌0 − 𝜌(𝐸)]
.
|𝐸|2
𝑛0

(C-25)

We add this term to Eq. (C-19) to include both the plasma index change and the energy
losses to photo-ionization:
𝜔𝑝2
𝜕𝐸
𝜔
𝛼𝑖𝑜𝑛
̂ 𝐸 = 𝑖 0 (𝑛̅2 |𝐸|2 −
+𝐷
)𝐸 −
𝐸,
2
𝜕𝑧
𝑐
2
2 𝑛0 𝜔0

(C-26)

where the absorption coefficient is divided by 2 to make it a field absorption coefficient
instead of an intensity absorption coefficient. This expression now includes all of the
nonlinear effects we considered in our pulse propagation model.
The next step would be to try to break the field into its modes again and evaluate
the overlap integrals like we did in Section C.2 to determine the effect of the plasma terms
on the beam profile. However, the ionization rate 𝑊(𝐸) is such a complicated function of
the field that we gleam no physical significance from the overlap integrals. Therefore, we
leave the multi-mode equation in the integral form written in Chapter 5 and evaluate the
integrals numerically. As discussed in Chapter 5, the primary effect of the plasma terms is
plasma defocusing. The plasma defocusing couples energy into high-order modes and
creates large linear losses in the HCF.

C.4 Final Notes
We hope this appendix has been useful to a student who has not seen these
mathematics before, or to a researcher that is trying to replicate our simulations. The final
expression we give in Eq. (C-26) captures all of the important effects we simulate in our
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̂ , and
HCF. It includes gas and waveguide dispersion and losses through the operator 𝐷
̂.
nonlinear Kerr and plasma effects through the nonlinear operator 𝑁
We did not include much detail on how to calculate the ionization rate. Instead we
refer the interested reader to the excellent review article by Couairon and Mysyrowicz
[106] for the mathematics as well as helpful examples to check their calculations against.
We also did not include the derivation of the self-steepening terms (the terms in the
̂ that include a time derivative) in this appendix because their effect
nonlinear operator 𝑁
on our simulations is small. We refer the interested reader to the work of Malvache et al.
[155] for a more rigorous derivation of those terms.
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Appendix D: List of Symbols
All symbols are defined at their first use in the text. This list also provides definitions for
reference. First, symbols using English letters are listed alphabetically and afterwards
symbols using Greek letters are listed alphabetically.
𝐴

Electric field envelope in time domain

𝐴̃

Electric field envelope in frequency domain

(𝑚)

𝐴𝑝𝑜𝑙

Electric field envelope in the polarization 𝑝𝑜𝑙 (which could be 𝑥, 𝑦, 𝑝, or 𝑚) and
𝑚-th mode

𝐴𝑒𝑓𝑓

Effective mode area of a fiber

𝑎

Radius of hollow core fiber

𝐵

B integral accumulated on pulse

𝐶1 , 𝐶2 Constants calculated by Vozzi et al. to provide rule-of-thumb for gas ionization
𝐶𝑔𝑎𝑠

Constant numerically calculated by Vozzi et al. that varies by gas species

𝑐

Speed of light in a vacuum

𝑐𝑜𝑛𝑠𝑡. Constant ~1 that describes the Fourier-transform limit for different pulse shapes
̂
𝐷

Operator that represents dispersion and linear losses for each mode

𝑑

Thickness of crystal. Refers to Pockels cell crystal in Chapter 3 and birefringent
plates in Chapters 5-8.

𝑑𝑚𝑖𝑛

Minimum fiber diameter that can be used before gas ionization becomes

problematic
𝑑Δ𝑛
𝑑𝑇

Difference in thermo-optic coefficients between axes of birefringent plates
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𝐸

Electric field in time domain. Used to represent both scalar and vector fields

𝐸̃

Electric field in frequency domain.

𝐸𝑙

Energy in the stimulated/lasing photon

𝐸𝑝

Energy in a pump photon

𝑒

Electron charge

𝐹

Spectral broadening factor. Defined as ratio of bandwidth after spectral broadening
to bandwidth before spectral broadening

𝐹𝑚

Beam profile of the 𝑚-th fiber mode. If 𝑚 is not specified it is for fundamental
mode.

𝑓

Focal length of lens

𝑓𝑅

Lensing in the thin-disk in the thermally stable cavity design

𝑓𝑇

Normalized focal length 𝑓𝑇 = 𝑓22 /𝛿 in thermally stable cavity design

𝐺1 , 𝐺2 Stability parameters for laser cavity
𝑔0

Small signal gain through excited gain material

𝑔𝑚

Small signal gain after 𝑚 round-trips in cavity

𝐼(𝑡)

Intensity of pulse as a function of time

𝐼0

Peak intensity of pulse

𝐼1 , 𝐼2

Peak intensities of two different pulses

𝐼𝑝

Ionization potential of a gas

𝐽0

Zero order Bessel function of the first kind

𝐾𝑚𝑚

Self-overlap integral of mode 𝑚
∞

𝐾1111 SPM-overlap integral for fundamental mode, 𝐾1111 = ∬−∞|𝐹1 |4 𝑑𝑥 𝑑𝑦
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𝑘

Wavenumber of light

𝑘0

Central wavenumber of pulse

𝑘𝑥 , 𝑘𝑦 Spatial frequencies in Fourier transform plane of transverse plane
𝐿

Length along medium. Used for length along gain medium and Pockels cell
Chapters 2-3. Used for length of hollow core fiber, or path length in MPC in
Chapters 4-8.

𝐿′

Defined distance 𝐿′ = 𝐿 − 𝑓1 in thermally stable cavity design

𝐿𝐵

Beat period between first and second order HCF modes

𝐿𝑒𝑓𝑓

Effective length of fiber including fiber length and fiber losses

𝐿𝐺01

First-order Laguerre-Gaussian “donut” beam profile.

𝑙

Cavity loss per round-trip

𝑙2

Distance between telescope lens 𝑓2 and thin-disk in thermally stable cavity design.

𝑀

𝑓
Magnification of telescope 𝑀 = − 2⁄𝑓
1

𝑀2

𝑀2 -parameter that describes beam focusability compared to a perfect Gaussian

𝑚
̂

Vector in the -45° direction. Also can be in the −45° + 𝜑 direction to allow

tolerancing
𝑚𝑒

Electron mass

𝑚

Diffraction order

̂
𝑁

Operator that describes Kerr and plasma effects on the pulse

𝑁

Number density of excited atoms in laser gain material

𝑁𝑠𝑠

Steady-state inversion reached after pumping gain material for extended time
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𝑁𝑌𝑏

gain material doping density in 𝑖𝑜𝑛𝑠/𝑚3

𝑛(𝜔) Linear refractive index as a function of frequency.
𝑛0

Linear refractive index of dielectric material at central wavelength. For birefringent
media, 𝑛0 or 𝑛𝑜 refers the ordinary index

𝑛0𝑖

Linear refractive index along principle axis 𝑖 when discussing the Pockels effect.

𝑛2

Intensity-dependent nonlinear index of gas, 𝑛 = 𝑛0 + 𝑛̅2 𝐼

𝑛̅2

Field-dependent nonlinear index of gas, 𝑛 = 𝑛0 + 𝑛̅2 |𝐸|2

𝑛𝑒

Linear extraordinary refractive index of dielectric material at central wavelength

𝑛𝑔,𝑒

Group index of extraordinary axis at central wavelength

𝑛𝑔,𝑜

Group index of ordinary axis at central wavelength

𝑛𝑔𝑙𝑎𝑠𝑠 Refractive index of hollow-core fiber’s glass cladding
𝑛𝑝

Index change from plasma effects

𝑃

Measured power of pulse

𝑃0

Peak power of laser pulse

𝑃1 , 𝑃2 Steady-state peak power in the first or second order mode of the fiber respectively
𝑃𝑝𝑟𝑒

Power in prepulse

𝑃𝑡𝑟𝑎𝑛𝑠 Peak power of pulse if it were compressed to its transform limit
𝑝

Gas pressure

𝑝̂

Vector in the +45° direction. Also can be in the +45° + 𝜑 direction to allow

tolerancing
𝑝9%

Gas pressure that makes the ratio 𝑃2 /𝑃1 = 9%
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𝑝𝐻 , 𝑝𝐿 Gas pressure at high and low pressure ends of fiber when applying pressure gradient
along hollow core fiber
𝑄, 𝑄𝑚 Pulse energy, or pulse energy after 𝑚 round-trips
𝑄𝐷

Quantum defect between pump and lasing photons

𝑞

Complex beam parameter that includes both the beam’s radius and radius of
1

1

𝑖2𝜆

curvature through 𝑞 = 𝑅 + 𝜋 𝑤2
𝑅

Ceramic cover’s core radius in the tapered HCF. The ceramic core then tapers down
to the HCF radius. Also used to represent the radius of curvature of a beam in the
appendixes.

𝑅𝑝

Pump rate of atoms to excited state

𝑟

Radial coordinate for cylindrically symmetric coordinate systems

𝑟22

Linear electro-optic coefficient of a BBO

𝑇

Normalized time for divided Gaussian pulses 𝑇 =

𝑡−Δ𝑡
𝜏

. Also used as a dummy

integration variable in Chapter 5.
𝑡

Time coordinate

𝑡𝑠 , 𝑡𝑙

Thicknesses of laser gain crystal in short and long directions

𝑈

Beam profile in free space

̃
𝑈

Beam profile in spatial frequency domain

𝑢

Angle of ray in paraxial approximation

𝑉

Voltage, also fringe visibility in Chapter 8

𝑢𝑚

m-th zero of the Bessel function of the first kind
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𝑤0

1/𝑒 2 radius of Gaussian beam

𝑤1 , 𝑤2 1/𝑒 2 radius of beam at mirrors M1 and M2 of cavity
𝑤𝑜𝑝𝑡

Optimum 1/𝑒 2 radius of Gaussian beam to match to hollow core fiber

𝑥̂

Vector in the horizontal direction

𝑦̂

Vector in the vertical direction

𝑧

Measurement of length in direction pulse is propagating

𝑧𝑅

Rayleigh length of a Gaussian beam

𝛼

Fiber losses per unit length for fundamental mode

𝛼0

Gas absorption per unit length

𝛼 (𝑚)

Fiber losses per unit length for the 𝑚-th mode

𝛼𝑖𝑜𝑛

Effective absorption coefficient of photo-ionization

𝛽 (𝑚)

Propagation constant of the 𝑚-th mode. If 𝑚 is unspecified it is for the fundamental

mode
(𝑚)

Propagation constant of the central frequency of the pulse for the 𝑚-th mode

𝛽1

(𝑚)

(1)
Group delay of the 𝑚-th mode. 𝛽1 (𝜔) =

𝛾

Beam walk-off angle in birefringent crystal. Measured as the angle between the

𝛽0

𝜕𝛽(𝜔)(1)
𝜕𝜔

|

𝜔0

Poynting vectors of the ordinary and extraordinary rays
∞

𝛾𝑚𝑛𝑝𝑞 Nonlinear four-wave mixing coefficient, 𝛾𝑚𝑛𝑝𝑞 =

∗ 𝐹∗ 𝐹 𝐹 )
𝜔0 𝑛̅2 ∬−∞ 𝑑𝑥 𝑑𝑦(𝐹𝑚
𝑛 𝑝 𝑞

𝑐

∞

∫−∞ 𝑑𝑥 𝑑𝑦 |𝐹𝑚 |2

Δ𝑛

Birefringence of birefringent plate Δ𝑛 = |𝑛0 − 𝑛𝑒 |

Δ𝑛𝑔

Difference between group indexes of birefringent plates Δ𝑛𝑔 = |𝑛𝑔,0 − 𝑛𝑔,𝑒 |
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Δ

Distance Δ = 𝑙2 − 𝑓2 in thermal cavity design.

Δ𝑇

Change in temperature

Δ𝑡

Time delay between divided pulses
(𝑚)

Δ𝛽0

Wave-vector mismatch between the 𝑚-th mode and the fundamental mode

(𝑚𝑛𝑝𝑞)

Δ𝛽0

(𝑚𝑛𝑝𝑞)

Four-wave mixing phase mismatch, Δ𝛽0

(𝑝)

(𝑞)

(𝑚)

= 𝛽0 + 𝛽0 − 𝛽0

(𝑛)

− 𝛽0

Δ𝛽𝑁𝐿 Change in propagation constant due to nonlinear effects
ΔΦ

Phase difference reflection off mirror applies to s and p-polarizations

𝛿

Distance between lenses 𝑓1 and 𝑓2 in thermally stable cavity design is 𝑑 + 𝛿. 𝑑 =
𝑓1 + 𝑓2 refers to the typical spacing for a collimating beam expander and 𝛿 is the
distances the lenses are moved away from that typical distance to add beam
defocus.

𝛿𝜔

Instantaneous frequency measured at a point across the pulse

Δ𝜙

Retardance applied to pulse. In Chapter 3 this refers to retardance from Pockels
cell. In Chapter 6 this refers to retardance difference between first and second
birefringent plates 𝛥𝜙(𝜃) = 𝜙2 (𝜃) − 𝜙1 . Allowed to vary as AOI on second plate
varies

Δ𝜙𝑡ℎ𝑒𝑟𝑚

Retardance applied to pulse along ordinary axis by thermal effects in

birefringent plate
Δ𝜑

Angle major axis of elliptical pulse is rotated by SPM

Δ𝜔

Bandwidth of pulse

Δ𝜔0

Bandwidth of pulse before spectral broadening. Defined as standard deviation of
pulse’s spectrum
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Δ𝜔𝑆𝑃𝑀 Bandwidth of pulse after spectral broadening. Defined as standard deviation of
pulse’s spectrum
𝜀

Dummy variable introduced for integration

𝜖0

Permittivity of free space

𝜂

Recombination efficiency for coherently recombining divided pulses. Defined as
the energy transmitted by the recombination polarizer divided by the sum of
energies transmitted and rejected by polarizer. Also used as a dummy variable for
integration in the appendixes

𝜂𝐴𝑆𝐸

Recombination efficiency for low-intensity ASE and pre-/postpulses

𝜂𝑐𝑜𝑚𝑝 Recombination efficiency with the AOI on the second birefringent plate set to
compensate polarization angle errors
𝜂𝑚

Extraction efficiency after 𝑚 round-trips in regenerative amplifier

𝜂𝑠𝑚𝑎𝑙𝑙 Recombination efficiency for small angular errors
Θ

Cut angle of birefringent crystal

𝜃

Angle of incidence of beam on recombination birefringent plate

𝜃𝑖

Angle of incidence of beam on grating or Bragg grating

𝜃𝑑

Angle of diffraction from grating or Bragg grating

𝜃𝑑𝑖𝑣

Divergence angle of ideal Gaussian beam

𝜃𝑚𝑒𝑎𝑠 Real divergence angle of beam measured
𝜃𝑡

Angle of tapered HCF taper

𝜅2

Constant of proportionality between gas pressure and nonlinear index

Λ

Period of a grating, equal to distance between successive maxima in the grating
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λ

Wavelength of light

𝜇0

Permeability of free-space

𝜆0

Central wavelength of pulse

𝜆𝑙

Wavelength of the stimulated/lasing photon

𝜆𝑝

Wavelength of the pump photon

𝑣

Ratio of between the refractive indexes of the cladding and core of the hollow core
fiber 𝑣 = 𝑛𝑔𝑙𝑎𝑠𝑠 /𝑛𝑔𝑎𝑠

𝜌(𝑡)

Free-electron number density of partially ionized gas at a point. Function of time
describing how the free-electron number density changes as a pulse with intensity
𝐼(𝑡) photo-ionizes the gas

𝜎

Anisotropy of the 𝜒 (3) tensor

𝜎𝐴

Absorption cross section

𝜎𝑒

Emission cross-section

𝜏, 𝜏0

Pulse duration. Measured as time between peak of pulse and where pulse reaches
1/𝑒 of its maximum intensity/power

𝜏𝐹𝑊𝐻𝑀 Pulse duration. Measured as full-width-at-half-maximum of intensity/power.
𝜏𝑙 , 𝜏𝑌𝑏 Flourescence lifetime of excited lasing (Yb) state
Φ𝑚

Pulse fluence after 𝑚 round-trips in regenerative amplifier

Φ𝑁𝐿

Nonlinear phase accumulated by pulse in an SPM spectral broadening device

Φ𝑠

Saturation fluence

𝜙1

Retardance applied by first birefringent plate to pulse along ordinary axis
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𝜙2 (𝜃) Retardance applied by second birefringent plate to pulse along ordinary axis.
Allowed to vary with AOI on second birefringent plate
𝜙𝑛

𝑛𝑡ℎ -order spectral phase

𝜑

Angular error between pulse polarization and ideal +45° polarization

𝜑0

Polarization angle before reflection off mirror

𝜒 (𝑛)

n-th order susceptibility of dielectric material

(3)

𝜒𝑖𝑗𝑘𝑙

Effective susceptibility in dielectric material for four-wave mixing process between
waves along the 𝑖, 𝑗, 𝑘, and 𝑙 axes of the crystal.

𝜔

Angular frequency

𝜔0

Central angular frequency of laser pulse

𝜔𝑝

Plasma frequency of partially ionized gas
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Appendix E: List of Abbreviations
All abbreviation and acronyms are defined at their first use in body text or are a common
abbreviation of a chemical compound. They are also provided here for reference.
ADA

Ammonium dihydrogen arsenate (𝐴𝑠𝐻6 𝑁𝑂4 )

ADK

Ammosov-Delone-Krainov. Names of authors that wrote a simplification to
Keldysh ionization theory in the tunnel ionization limit.

ADP

Ammonium dihydrogen phosphate (𝑁𝐻6 𝑃𝑂4 )

AOM

Acousto-optic modulator

AR

Anti-reflection

Ar

Argon

ASE

Amplified spontaneous emission

BBO

Barium Borate (𝐵𝑎𝐵2 𝑂4 )

BMPC

Bulk multi-pass cell

BW

Bandwidth

CALGO

(𝐶𝑎𝐺𝑑𝐴𝑙𝑂4 )

CDA

Cesium dihydrogen arsenate (𝐴𝑠𝐶𝑠𝐻2 𝑂4 )

CFBG

Chirped fiber Bragg grating

CIRC

Circulator

CPA

Chirped pulse amplification

DPNLC

Divided pulse nonlinear compression

FLIR

Forward-looking infrared. Company that provided the thermal camera used
in Chapter 6.
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FOM

Figure-of-Merit

FROG

Frequency resolved optical gating

FWHM

Full-width at half-maximum

GDD

Group delay dispersion

GMPC

Gas-filled multi-pass cell

GVD

Group velocity dispersion

HAP-TDR

High average power thin disk regenerative amplifier. Name of laser system
built in Chapter 3

HAPP

High average and peak power

HCF

Hollow core fiber

HWP

Half-waveplate

KDA

Potassium dihydrogen arsenate (𝐾𝐻2 𝐴𝑠𝑂4 )

KDP

Potassium dihydrogen phosphate (𝐾𝐻2 𝑃𝑂4 )

KGW

Potassium gadolinium tungstate [𝐾𝐺𝑑(𝑊𝑂4 )2 ]

KTP

Potassium titanyl phosphate (𝐾𝑂5 𝑃𝑇𝑖)

LBO

Lithium triborate (𝐿𝑖𝐵3 𝑂5 )

LIO

Lithium iodate (𝐿𝑖𝐼𝑂3 )

LLE

Laboratory for Laser Energetics

LPF

Large-pitch photonic-crystal fiber

LuAg

Lutetium aluminum garnet (𝐿𝑢3 𝐴𝑙4 𝑂12 )

MPC

Multi-pass cell

MRC

Not an abbreviation. Refers to the company MRC Systems GmbH
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ND

Neutral density

NER

Nonlinear ellipse rotation

Nd

Neodymium

OD

Optical density - Logarithmic measurement of transmittance

PV

Peak-to-Valley

QWP

Quarter-wave plate

RMS

Root mean square

S-H

Shack-Hartmann

SHG

Second harmonic generation

SPM

Self-phase modulation

TFP

Thin-film Polarizer

Ti:Sa

Titanium-doped sapphire

trans

Transform-limit

Xe

Xenon

XPM

Cross-phase modulation

YAG

Yttrium Aluminum garnet (𝑌3 𝐴𝑙5 𝑂12 )

Yb

Ytterbium

YDFA

Ytterbium-doped fiber amplifier

YLF

Yttrium lithium fluoride

YVO

Yttrium vanadate (𝑌𝑉𝑂4 )

