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Coherent light sources in the soft X-ray region (SXR: 0.6 - 8 nm, 2 - 0.15 keV) are vital to a
number of scientific and industrial applications. The short wavelength and well-defined absorption
features throughout this spectral region impart SXR imaging and spectroscopy techniques with
excellent elemental specificity and high spatial resolution - enabling applications ranging from bio-
imaging in the water window (284-532 eV) to semiconductor metrology. At present, coherent SXR
sources are generally limited to less-accessible large-scale facilities such as synchrotrons and XFELs.
In this work, we present a stable, tabletop source of coherent SXR light that uses high-harmonic
generation (HHG) to convert pulses of mid-infrared laser light to pulses of spatially and temporally
coherent SXR light. We describe the ground-up development of a 1 kHz, 3 pm wavelength optical
parametric chirped pulse amplification (OPCPA) system generating ~650 pJ, 100 fs near-transform
limited pulses used to drive HHG. Optical parametric amplification (OPA) is done in four-stages,
each utilizing a periodically-poled lithium niobate nonlinear crystal and pumped by a ~20 mJ
single-stage, uncompressed cryogenically-cooled Yb:YAG regenerative amplifier. We use numerical
simulations to inform the optimization of the OPA process. The highly stable, all-fiber front-end
is based on a single twin-output erbium oscillator. The 1 pm seed for the regenerative amplifier is
formed via dispersive wave generation in a highly nonlinear fiber, and the broadband, 35 fs 1.5 pm
OPA seed is generated in a dispersion-managed erbium fiber amplifier. A modular high-harmonic
source was developed with an emphasis on differential pumping and versatility. Using a multi-
atmosphere gas cell, we generated high-harmonics in argon reaching the argon absorption edge at
248 eV and to just above the carbon K-edge (284 eV) using nitrogen gas. The source is applications
oriented by design, with an emphasis on stability and robustness. We present an avenue towards

the generation of harmonics in the keV range using helium gas.
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Chapter 1

Introduction: compact, coherent soft X-ray sources and

the lasers that drive them

This thesis describes the development of a stable, compact source of coherent soft X-rays.
We generate this radiation in a gaseous medium, through a laser-driven extreme nonlinear optical
process known as high-harmonic generation (HHG). The precise boundary of the soft X-ray region
of the electromagnetic spectrum is not universally agreed on, but we adopt a common definition
that includes photon energies in the range of 0.15-2 keV, corresponding to wavelengths of 8-0.6
nm [1]. HHG produces a temporally and spatially coherent beam of short wavelength light with
wide-ranging applications, from high resolution bio-imaging, to semiconductor metrology, to the
study of attosecond dynamics in matter and much more. The generation of harmonics reaching keV
photon energies requires the use of ultrafast mid-infrared! driving lasers [2, 3] - a relatively recent
class of laser system that is an active area of scientific research. In this work, we present a 2.95
nm center wavelength optical parametric chirped pulse amplifier (OPCPA) to generate ~650 1J,
100 fs pulses at a 1 kHz repetition rate. Using this laser, we have generated high harmonics in gas
spanning to just above the carbon K-edge - with the ready possibility to extend those energies to
the keV photon energy range. All told, the lightscape present on the optical table spans more than
9 octaves of optical frequencies: from the 3 pm wavelength driver (0.4 eV) to the 4 nm wavelength
harmonics (290 eV).

Driving a high harmonic source is one of the most demanding applications of mid-IR lasers,

! The mid-IR spectral range according to ISO standard 20473:2007 includes wavelengths from 3 to 50 pm, though
definitions in the literature vary.



requiring the laser to deliver peak intensities in the range of 10'* W /cm? from femtosecond pulses.
Driving an HHG source intended for practical applications, such as soft X-ray imaging or spec-
troscopy, places even more stringent demands on the laser. This is the technology space that we
are attempting to fill with the source presented here. We are motivated by the goal of developing
a workhorse source that functions reliably and without constant intervention by a dedicated team
of laser scientists. We hope that these developments will one day bring mid-IR driven soft X-ray
HHG sources out of the specialized laser laboratory and into the wide range of application spaces
to which they are suited. In order to develop a robust HHG source for applications, we have tar-
geted a number of challenging goals for the driving laser. Optimally efficient harmonic conversion
demands tight control of spectral phase and spatial modes. It also benefits from sufficiently ener-
getic driving pulses pulses, ideally in the mJ range, to enable phase-matched harmonic generation
with a loose focus or, optimally, a hollow waveguide. Many applications benefit from a sufficiently
high repetition rate, even though that can introduce challenging thermal issues, and a high degree
of stability in pulse energy, average power, beam pointing, and spatial mode. Finally, we follow a
design philosophy that prioritizes robustness, understanding that high system up-time and minimal
user intervention are needed for a user-oriented source. In this thesis, we will describe the design,
construction and characterization of both the driving laser and the high harmonic source, as well as
the nonlinear optical theory, laser science and broad range of technology underpinning this work.
We will see that the work presented here brings together cutting edge science from the fields of
laser physics, nonlinear optics, frequency comb metrology, optical communications, crystal growth,
vacuum science, numerical methods, X-ray science, and more.

In the remainder of this introduction, we will provide context and history for the most
important pillars of this work: short wavelength light sources, high-harmonic generation, fiber
lasers, chirped pulse amplification, high-average power lasers and mid-infrared lasers. At the end
of this section, we will give a brief overview of the entire light source. In Chapter 2, we start
with Maxwell’s equations to derive and analyze spectral phase - a critical aspect of ultrafast laser

pulses and chirped pulse amplification. We extend our classical theoretical treatment to nonlinear



optics, with an emphasis on three- and four-wave mixing processes relevant to optical parametric
amplification and nonlinear fiber optics. In Chapter 3, we present a detailed overview of the
design, construction and performance of the all-fiber front-end laser, which provides the first light
of the system and harnesses fiber nonlinear optics to generate synchronized seed pulses at 1.5 and
1 pm wavelengths. In Chapter 4, we describe the remaining aspects of the OPCPA, including
the 1 kHz, 20-mJ class cryogenically-cooled ytterbium:YAG regenerative amplifier pump laser, the
periodically-poled lithium niobate (PPLN) based chain of optical parametric amplifiers, and the
various instruments of dispersion control. We also present the results of numerical simulations
to: address the cause of sub-optimal conversion efficiency; understand the influence of pump and
seed fluctuations on amplified power stability; and demonstrate a route towards higher output
power by distributing amplification over multiple crystals in series. In Chapter 5, we review the
theory of high-harmonic generation from both the microscopic (single atom) and macroscopic (phase
matched) picture, introduce a versatile, modular high-harmonic source, and present key results
demonstrating below-threshold harmonic generation. We then present some spectra and basic
characterization of the soft X-ray high harmonic beam generated in argon and nitrogen. Finally,
in the appendix, we include some results that we hope will be useful for future work, including
numerical simulations of alternative 1 pm pumped nonlinear crystals in an effort to further optimize
bandwidth and pulse energy of the mid-IR driving laser - steps we believe are necessary to extend

the photon energy of the high-harmonic beam to the keV level.

1.1 Short wavelength light sources

Scientific progress rests on the tools we have to observe the natural world. In the arsenal
of experimental science, optical probes stand out for their tremendous power and versatility: from
the ultrafast lasers that have enabled two-photon calcium imaging of neuronal activity [4], to the
ultrastable lasers at LIGO that enabled the first observation of gravitational waves [5], tools that
started out as experiments in optics labs have found their way into the broader scientific community

to enable paradigm-shifting scientific observations. It’s not so difficult to trace the origins of the vis-



ible and near-infrared laser wavelengths that enabled those two examples directly back to the first
demonstrations of the laser in the early 1960s [6]. The large number of laser gain media with transi-
tions in the visible and near-IR have made such sources ubiquitous - and with ready access to such
sources, scientists continue to observe the world in new and clever ways. The visible and near-IR
regions, however, represent a small (but important!) component of the electromagnetic spectrum.
From the THz regime to hard X-rays, each spectral region offers unique application opportunities
and source development challenges. While powerful, the currently available facility-scale sources of
coherent soft X-ray light are complex, expensive and sparse. Despite the challenges in generation,
coherent SXR light offers a dramatically different window into the natural world, enabling high
spatial resolution image formation [7], high temporal resolution dynamical measurements [8] and
well-defined elemental specificity [9)].

Beginning with Roentgin’s discovery in 1895 [10], incoherent radiation from X-ray tubes has
had incalculable impacts on medicine and physics. Despite those many early achievements, scientific
research with X-rays experienced massive growth following the first experimental demonstration
of synchrotron radiation in 1946 [11]. Compared to radiation from an X-ray tube, synchrotron
radiation is well-collimated, linearly polarized and very intense. Among many other achievements,
according to a 2016 report, synchrotron radiation was responsible for around 70,000 protein struc-
tures added to the protein data bank [12]. The usefulness of synchrotron radiation is more limited
for ultrafast dynamical studies, due to the typical electron bunch duration of a few 10s of ps [13].
In contrast, a more recently developed type of facility-scale source known as an X-ray free electron
laser, or XFEL, is capable of delivering coherent, high brightness radiation in sub-100 fs pulse
durations [14]. In an XFEL, relativist bunches of electrons travel through a periodically-poled
magnetic field, resulting in acceleration that causes the radiation of coherent X-ray pulses with
high brightness. In one recently reported spectroscopy experiment, a temporal resolution of 16
+/- 2 fs was reported - a record for XFELs [15]. While facility-scale coherent X-ray sources are
extremely powerful tools, accessibility is limited: only a handful of such sources currently exists

worldwide, and may cost >10° USD to construct. In an effort to address these shortcomings,
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Figure 1.1: The soft X-ray spectrum spans a number of strong and sharp elemental
absorption lines relevant for biological imaging and materials spectroscopy. The water
window spans the K-edges of carbon and oxygen. The relative transparency of water and opacity
of carbon make this region of particular interest for biological imaging. Further out, many relevant
materials exhibit sharp L-edges - enabling, for instance, element resolved magnetic spectroscopy on
femtosecond time scales. The attenuation length is the depth into the material where the intensity
falls to 1/e of its value at the surface. All materials are assumed to have a uniform density of 1
g/cm3. Data was compiled from the Center for X-ray Optics database [9].

scientists are actively developing more compact and economical sources based on laser wakefield
acceleration (LWFA) [16] and high-harmonic generation (HHG) - with exciting results. A recent
experiment used a 12 m long LWFA-based FEL to generate ~10'° photons per shot at a central
wavelength of 27 nm [17]. High harmonic sources offer a remarkably compact, complementary ap-
proach to the generation of coherent short wavelength radiation. Over the past two decades, high
harmonic sources of extreme ultraviolet (EUV) radiation in the ~10-150 eV spectral range have
transitioned from optics experiments to applications oriented sources in widespread laboratory use,
largely enabled by the maturation of Ti:sapphire laser technology. As near- and mid-IR ultrafast
laser technology develops, we expect further maturation of compact, laser-driven SXR sources.

While HHG sources deliver significantly less average power than facility scale sources, they offer
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Figure 1.2: Images of the fission yeast Schizosaccharomyces pombe using conventional
fluorescence microscopy, differential interference contrast (DIC) light microscopy, and
soft X-ray tomography. SXR images were taken in the water window, using the ALS syn-
chrotron tuned to deliver 517 eV photons. The organic matter was reported to be about an order
of magnitude more absorbing than the surrounding water. Individual organelles were identified
by shape and their characteristic X-ray absorption coefficients. Three different SXR, tomographic
slices are shown next to the resultant reconstruction. The scale bar represents 1 pm. Figure from
Reference [19] using work reported in Reference [20].

distinct advantages. HHG sources - comfortably fitting on an optical table - may be the most viable
candidate for the widespread dissemination of coherent SXR light into applications-oriented labs
and industry. HHG SXR beams retain a high degree of spatial coherence [3] and exhibit temporally
coherent supercontinua spanning many octaves, supporting the generation of pulses just 10s of as in
duration [18], while maintaining near-perfect synchronization with driving pulses for pump-probe
type experiments.

In Figure 1.1, we plot the attenuation length of various elemental materials as a function
of photon energy in the range of 100-1000 eV. In the so-called water window, spanning from the
carbon (284 eV) to oxygen (532 eV) K-edges, water exhibits relatively high transparency, while
the biologically relevant elements carbon and nitrogen exhibit sharp absorption features. Since the

1990s, soft X-ray microscopy driven by synchrotron sources has been able to deliver stunning images



of entire hydrated cells, up to 10 pm in thickness with high contrast and a resolution approaching
30 nm [21, 22]. Figure 1.2 presents an example of soft X-ray tomography of a yeast cell performed
at the Advanced Light Source (ALS) synchrotron in Berkeley, CA, alongside images from more
standard light microscopy. In that work, individual organelles were identified not only by their
shape, but also by their distinctive composition-specific X-ray absorption profiles [19]. The high
resolution of SXR microscopy stems from the diffraction-limit, first formulated by Abbe, which tells
us that the minimum resolvable length scale in a microscope is proportional to the illumination
wavelength [7]. Without refractive optics, soft X-ray microscopy techniques commonly rely on
either scanning techniques (e.g., STXM) or coherent diffractive imaging (CDI) [23, 24] - the latter
technique relying on the spatial coherence of the SXR beam in order to form diffraction patterns
from the sample. Beyond the biological realm, SXR light sources are widely applicable to the
metrology challenges of the semiconductor industry, from non-destructive defect detection with
ptychographic imaging [25] to near-edge spectroscopy of next generation photoresist materials [26].
Furthermore, SXR radiation from synchrotrons has been dominant in informing our understanding
of magnetic materials - with important transition metals such as cobalt and iron exhibiting L-edge
transitions in the 700-800 eV range. SXR probes at the L-edges offer improved elemental specificity
in comparison with EUV probes at the lower energy M-edges. Nevertheless, the study of magnetic
dichroism in the EUV has grown in recent years as a result of the growing accessibility of HHG

sources [27].

1.2 Introduction to high-harmonic generation

The first recorded observation of high-harmonic generation was reported in 1987 by an Amer-
ican group operating at the University of Illinois at Chicago [28]. In the work, McPherson et. al
focused their 248 nm wavelength KrF* laser, capable of producing ~20 mJ pulses with durations
as low as 350 fs, into a collection of rare gases delivered into a vacuum chamber by a pulsed valve
backed by 1.03-3.10 x 10* Torr (200-600 psi). The team sought to characterize perturbative low-

order harmonics generated in the gases. In perturbative harmonic generation, as will be shown
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Figure 1.3: Results from three early papers demonstrating high-harmonic generation.
(a) The first reported experimental demonstration of HHG (1987). Relative conversion efficiency
is plotted for the first 17 harmonics of a 248 nm laser in neon. The two guiding lines indicate the
transition from the perturbative to the newly discovered non-perturbative regime. From Reference
[28]. (b) Another demonstration of HHG (1988) from a 1064 nm laser in argon, from Reference
[29]. The high relative intensity of the third harmonic is considered erroneous. (c) Results from
a computer simulation reported in 1989 showing the first theoretical explanation of HHG. The
authors recreate the experimental result shown in (b). From Reference [30].

in Chapter 2, the intensity of successively higher harmonic orders falls off rapidly. The harmonic
spectrum that the researchers observed was strikingly different. An original spectrum from the
1987 paper is shown in 1.3(a), showing the generation of odd-ordered harmonics all the way up
to the 17th harmonic, corresponding to radiation with a remarkably short wavelength of 14.6 nm.
Shortly after, in 1988, Ferray et. al reported generating the 33rd harmonic of an Nd:YAG laser in
argon, generating light with a wavelength as short as 32.2 nm. In one of their data sets, reproduced
in Figure 1.3(b), the intensity of the 5th harmonic was an order of magnitude weaker than the 3rd
- as would be expected from perturbative harmonic generation - but from the 5th to the 21st, the
intensity fell only by one further order of magnitude. We now refer to this characteristic feature
of the HHG spectrum as the plateau [29]. It was likely no surprise to the researchers that only
odd-ordered harmonics were generated; this can be derived from the centrosymmetry of the gaseous
medium with arguments that will be made in 2. The harmonic plateau, on the other hand, was
something could not be explained by the well-known process of perturbative harmonic generation.

At around the same time, an increase in scientific computing power was enabling detailed



quantum mechanical numerical simulations of the time-dependent Schrédinger equation to describe
above-threshold multiphoton ionization in the presence of a strong laser field. The theory of HHG
began to take form in work published in 1989 by Kulander and Shore, working at Lawrence Liv-
ermore National Lab, who used numerical simulations to reproduce the high-harmonic spectrum
reported just a year earlier by Ferray et. al [30]. The original results of Kulander and Shore’s numer-
ical simulations are also included in Figure 1.3(c). In the years following, an intuitive semiclassical
picture of HHG emerged that is generally referred to as the three-step model [31, 32|, illustrated
in Figure 1.4. While HHG is fundamentally quantum mechanical, the semiclassical model provides

useful insight into the microscopic picture of HHG. The steps according to the model are:

(1) A bound electron is exposed to a strong laser field (on the order of 10'* W/cm?), causing
the Coulomb potential holding the electron to the nucleus to distort asymmetrically and
lowering the potential energy barrier between the electron and the continuum. This vastly
increases the electron’s probability of tunneling through the lowered barrier and escaping

towards the continuum.

(2) If an electron tunnel ionizes, it is accelerated away from the parent ion by the electric field
of the laser. When the electric field changes direction, the electron changes direction and

is accelerated back towards the parent ion.?

(3) The electron may recombine with the parent ion, releasing its excess kinetic energy in the

form of high-energy photons.

The three-step model makes it clear that the maximum energy of a generated photon - a
quantity we will refer to as the single-atom cut-off energy - is determined by the kinetic energy
acquired by the electron during its excursion. What can we deduce about the single atom cut-off
energy from this simple picture? A free electron of charge e under the influence of an electric field

of strength E will experience a force F' = eE, and therefore an acceleration a = eE/m., where m,

2 Note that the amount of time the electron undergoes acceleration in part determines the final kinetic energy of
the electron, and in turn, the energy of the photons that can be emitted upon recombination. This is an intuitive
way to understand the scaling of Ecyt-on o< 1 2.
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Figure 1.4: The three-step model of high-harmonic generation. (a) An electron is bound
to the nucleus of an atom by a Coulomb potential (black lines). Under the influence of a strong
laser field (on the order of 10 W/cm?), the Coulomb potential distorts, significantly lowering
the potential energy barrier between the bound electron and the continuum and increasing the
likelihood that the electron will tunnel out (tunnel ionization). (b) The electron undergoes an
excursion from the nucleus, acquiring kinetic energy under the influence of the laser field. (c)
When the electric field of the laser pulse changes direction, the electron is accelerated back towards
the nucleus. (d) Some percentage of the liberated electrons will recombine with their parent ion
and emit high energy photons. Figure adapted from Reference [33].

is the mass of the electron. The final velocity of the electron is simply ¢ET/m., where T is the
amount of time the electron is exposed to the field. In an oscillatory electric field from a laser, the
amount of time the electron spends in the electric field before recombining is gated by the electric
field cycle, and is proportional to the wavelength A. In this way, the electron’s final velocity after
its excursion is vfinq o< EX. The kinetic energy of the electron, and therefore the cut-off energy, is
simply ESA cut-off = M Veinal> / 2, therefore Ega cut-off X E?)\? = I \. The suggestion of this simple
argument that the single-atom cut-off energy is proportional to the product of the laser intensity
I1, and A\? has been verified experimentally and through quantum simulations [34, 35]. The single

atom cut-off energy can be more rigorously written as:

EsA cut—off = Ip + 317U, oc ILA? (1.1)

where I}, is the ionization potential of the gas and U, is the ponderomotive energy U, = e’I L/\ZL /167%m..c?
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Figure 1.5: The phase matched cut-off energy for high-harmonic generation scales as
1 L/\i'G*”, motivating the development of ultrafast mid-infrared lasers. The higher ioniza-
tion potential of lighter atomic species allows critical ionization and therefore phase matching to be
realized with higher laser intensities, pushing the cut-off energy to higher energies. Experimental
HHG spectra validate the scaling of HHG photon energies with atomic species and driving laser
wavelength. Figure adapted from Reference [36].

(the cycle averaged energy of a free-electron in an oscillating electric field). The scaling of the pho-
ton energy of emitted harmonics with the driving laser wavelength is illustrated in Figure 1.5, where
it can be seen that a 3 pm driving wavelength can in principle generate phase matched harmonics
in helium gas with photon energies up to about 1 keV (A = 1.2 nm). The wavelength scaling
of high-harmonic generation has motivated us to develop the 3 pm laser system described in this
thesis.

As with other nonlinear processes described in this thesis, the development of a bright, high-
flux harmonic source requires the generated harmonics to be phase matched with the driving laser.
When phase matching is achieved, the harmonics travel with nearly the same phase velocity as the
driving field, allowing all components of the harmonic field generated over the phase matched length
of the interaction region to add constructively. The percentage of atoms which can be ionized in
a phase matched condition is known as the critical ionization. For helium and argon driven by
a 3 pm wavelength driver, the critical ionization is 0.034% and 0.26%, respectively - preventing

one from simply turning up the laser intensity to increase the cut-off energy. In addition to the
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contribution from ionized atoms, the effective refractive index of the medium is also influenced by
gas pressure and geometry. The phase matching constraints have been experimentally determined
to slightly reduce the wavelength scaling of the cut-off energy to Epnieut—off o< A6717 [37].

In practice, the short wavelength light from HHG is often strongly absorbed by the gases
which enable its generation. The balance between harmonic generation and absorption in the
medium puts limits on the achievable brightness of a source in two key ways: (1) reabsorption in
the gas target itself causes diminishing returns on brightness as the laser-gas interaction length is
increased, and (2) reabsorption from residual gas in the region after the gas target can also diminish
useable flux. For the first effect, a simple 1D analysis by Constant et. al has been reported that
considers local emission, phase mismatch and reabsorption in a single expression. Even for the
case of perfect phase matching, the harmonic flux saturates after about ten absorption lengths,
with only about three absorption lengths needed for half the optimal efficiency [38]. Nevertheless,
especially for the case of helium harmonics driven by mid-IR lasers, those length scales can be
quite long - generally much longer than the Rayleigh range accessible by available laser systems -
necessitating waveguide geometries for sustained high peak intensity over long lengths [39]. For the
second effect, in most HHG geometries, gas emitted from the interaction region continues to absorb
the harmonic light after the interaction region, demanding carefully designed differentially pumped
vacuum systems. Adding the challenges associated with reabsorption in achieving high fluxes, the
single atom efficiency of HHG has been shown to scale poorly with increase in the driving laser
wavelength. Depending on how the scaling is defined, single atom efficiency scales as between )\25
and )\29 [32, 40, 37, 41]. Nevertheless, improved phase matching conditions with long-wavelength
drivers and the higher transparency of helium in the soft X-ray region may compensate for some
of these losses in efficiency.

The single atom picture, phase matching, reabsorption, wavelength scaling and HHG source
design will all be discussed in greater detail in Chapter 5. This thesis, however, is largely about
the development of a novel laser system to drive HHG. In the subsequent sections, we introduce

the laser technology that drives this unique light source, beginning with fiber lasers.
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1.3 History of fiber lasers

The earliest recorded discussions of the guiding of light in media through total internal
reflection occurred in the early 1840s, when researchers D. Colladon at the University of Geneva
and J. Babinet in France observed optical waveguide effects in water jets. Decades later, in the
1920s, researchers explored the use of thin glass rods to guide light for medical applications. The
1960s marked a period of rapid progress in field of optics and lasers, including research into optical
transmission media. By 1961, E. Snitzer had published high quality theory on optical modes
in dielectric waveguide [42]. But the early optical fibers were extremely lossy, with a typical
attenuation of 1000 dB/km. C. Kao helped resolve this issue through the use of high-purity fused
silica glass.?

Just one year after T. Maiman published about stimulated radiation in a ruby crystal [6], E.
Snitzer published an experimental demonstration of optical maser action in a 300 micron diameter
Nd3* doped glass fiber [44]. It is often overlooked that fiber laser development occurred nearly
simultaneously with the development of free space lasers. Like many physicists of the era, Snitzer
experienced a major interruption to his career when, in 1958, he was called to testify before the
House Un-American Activities Committee [45]. Nevertheless, Snitzer persisted, and in 1964, he
published the first demonstration of a fiber laser amplifier with his colleague C. Koester [46].
Together, they showed gain as large as 5x10° in a 1 meter long neodymium-doped glass fiber.

In the subsequent decades, the rapid growth of global communications further motivated
research in long distance transmission of optical signals. In 1988, Bell Labs brought online the
first transatlantic fiber-optic cable. Known as TAT-8, it was designed to carry 565 MBit/s - less
than some household internet connections today, but an order-of-magnitude improvement over the
previous transatlantic coaxial cable. These early fiber-optic systems operated at a wavelength of
1310 nm driven by InGaAsP semiconductor lasers. It was known that optical attenuation was

lower at longer wavelengths, but no suitable 1.5 pm laser source existed at the time [48]. The lack

3 This brief historical overview was derived from the scientific background published with the 2009 Nobel Prize
in Physics [43], which was awarded in part to Charles K. Kao for his work in optical communication.
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Figure 1.6: An Alcatel Submarine Networks optical repeater being deployed in the
ocean. EDFA technology revolutionized global telecommunications in the 1980s and 1990s. The
976 nm, 950 mW fiber Bragg grating stabilized laser diodes used to pump the EDFAs described
in Chapter 3 are qualified to the highest Telcordia reliability rating and are certified for use in
submarine applications. The front-end laser benefits from the reliability, low cost and availability
of fiber-optic components in the 1.5 pm band - although we still avoid flooding in the lab. Photo
from Reference [47].

of a 1.5 pm source was not the only issue that plagued the early fiber-optic networks. Repeater
stations, which were needed to periodically boost the signal of long-distance communication lines,
relied on the conversion of the optical signal to an electronic signal before the optical signal could
be regenerated by another laser [49].

In the 1980s, erbium-doped glass was developed as an effective laser gain medium, able to
produce light around the low-loss 1.5 pm band. The first erbium-doped fiber amplifiers (EDFAs)
were developed in the late 1980s by groups at the University of Southampton and Bell Laboratories
[50, 51]. EDFAs not only allowed for operation in a better region of the spectrum of waveguiding in
silica glass, they also eliminated the need for inefficient and limiting optical-electronic converters,
instead allowing for the direct amplification of light in repeater stations. This spurred massive
investment into fiber-optic technology in the 1.5pm region, some of which was utilized in this work
to develop the front-end (including wavelength division multiplexers, polarization-maintaining fiber,

and high-quality fiber-coupled diode pump lasers operating around 976 nm).
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1.4 High average power solid-state lasers

Many demanding scientific and industrial applications of lasers require not just high peak
intensity, but also high average power. For the application discussed in this thesis, we have mul-
tiple compelling reasons to scale our systems to higher average power. High-harmonic generation
intrinsically exhibits a low conversion efficiency. One way to increase HHG flux and the usefulness
for experimental applications is to increase the repetition rate. Due to their statistical nature,
some measurement techniques - such as HHG-based molecular dynamics studies using coincidence
detection [52] - may only be feasible with repetition rates >kHz. Another factor contributing to
the need for high-average power lasers in nonlinear parametric amplifiers is the generally low con-
version efficiency of pump energy in optical parametric amplification. The system presented here
exhibits approximately 5-10% conversion from pump energy to 3 pm wavelength light - roughly in
line with commonly reported values. In practice, lower repetition rates are widely used for multi-mJ
nonlinear frequency conversion based sources: for instance, the record-setting 2012 demonstration
of 1.6 keV HHG photons was set using a 20 Hz laser system [3]. Setting the bar even higher, the
laser-plasma accelerator community has called for the development of ultrafast lasers that operate
in the multi-kW or even hundreds of kW average power range [53]. Laser technology has come a
long way in answering these calls. The last few decades has seen significant improvement in the
average power handling of solid state lasers, with two contributing factors being improvements in
diode pump lasers and amplifier architectures. In this section, we discuss the latter, emphasizing
the role that simple geometry of the gain medium can play in thermal management of high-average
power laser systems.

A solid-state laser is a laser which utilizes a solid-state gain medium, such as a crystal or
doped glass. Energy is added to the gain medium, typically through optical pumping, and is stored
in the form of excited electrons. Later, these excited electrons decay to a lower energy level through
a process known as stimulated emission. The energy which is absorbed by the gain medium and

not converted to laser light is typically converted to heat. In lasers which operate at a high average
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Figure 1.7: Solid-state laser gain media can be broadly classified by to their dimensional-
ity, which significantly affects thermal management and average-power handling. Bulk
crystal or doped-glass media have three large spatial dimensions and no small dimension for heat
to easily be extracted. Crystals are usually surrounded on all non-optical surfaces with a heat sink
(not shown). Thin-disk media have two large spatial dimensions and one small dimension for easy
heat extraction to a heat sink (shown in grey). Fiber gain media have one large spatial dimension
(length). Heat can easily be extracted from the outer surface of the fiber through the remaining
two dimensions to a heat sink (not shown).

power, this heat load on the gain medium can cause detrimental thermal effects, such as thermal
lensing. As a result, a key consideration in designing high average power laser amplifiers is thermal
management. In recent years, with the development of high average power thin-disk amplifiers and
fiber amplifiers, it has become useful to consider thermal issues in the context of the surface area
to volume ratio of the gain medium (Figure 1.7).

The earliest technology used for high average power solid-state laser amplifiers utilizes a bulk
crystal gain medium, which we consider thick in all three spatial dimensions. This architecture
exhibits the largest distance between the heat-generating optically active ions and the surface
of the medium. Typical laser crystals or slabs in this arrangement might have all three spatial
dimensions on the order of the beam diameter. Typically, heat is extracted transversely to the
beam propagation direction, causing thermal gradients across the beam profile which can lead to
problematic thermal lensing. Most laser crystals, including Yb:YAG, exhibit an increase in thermal
conductivity at lower temperatures [54]. In Ti:sapphire amplifiers, KMLabs reported that cooling
the crystal to 50-80 K using a helium gas cryo-cooling system results in a greater than 200x decrease
in thermal beam distortions [55]. While cryogenic cooling can mitigate some thermo-optic effects,

high average power is problematic for bulk crystals.
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Figure 1.8: Single fiber chirped pulse amplification systems have amplified multiple GW
of compressed peak power, with the potential for scaling via the combination of many
fibers - potentially enabling both high peak and average power systems. (a) Coherent
beam combination can be thought of as a spatial analog to chirped pulse amplification, allowing for
the spatial distribution of amplification across many large mode area fibers. Here, a photograph of
the XCAN laser is shown, which combines beams from 61 Yb fiber amplifiers with relative phase
errors as low as A\/90 RMS [58]. (b) A limited 2022 survey of research work in power scaling of
large mode area fiber chirped pulse amplifiers. Blue notations are the pulse energy and duration
after compression, and red notations are the peak powers after compression [59].

More recent technology includes thin-disk amplifiers [56], in which the gain medium comprises
a disk which is thin relative to the beam diameter (often a couple hundred pm) in the direction of
laser propagation. The back surface of the medium is reflective, leading these systems to also be
known as active-mirror lasers. The thin, quasi-two dimensional disk gain medium is mounted to
a heat sink, allowing efficient heat extraction along one dimension. Such media exhibit improved
thermal management, not only because of shorter paths between the heat source and the heat
sink, but also because the thermal gradients are in the longitudinal direction, contributing less to
transverse thermal lensing. However, the beam path through such media is very short, leading
to very low single pass gains. To achieve high gain, these systems can involve hundreds of passes
through the crystal, greatly increasing system complexity [57].

Lastly, we consider the case of fiber amplifiers. Since the gain medium is contained in a
very thin (often few-hundred pm) filament, it can be considered quasi-one dimensional. Heat can

therefore easily be extracted over a short path along two spatial dimensions, leading to impressive
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thermal management and the ability for fiber amplifiers to amplify high average powers. Modal
distortions due to nonlinearities can to some degree be mitigated by the waveguiding effects of
the fiber. As an example, the most recent generation of the aeroGAIN rod amplifier from NKT
Photonics specifies the amplification of 250 W of single-mode power from a single pass through a
Yb-doped 85 pm core diameter large mode area fiber [60]. Multi-mode fiber laser amplifiers can
exhibit even higher average powers, and are now commonly used in industrial applications such
as materials processing, cutting and welding. However, owing to nonlinearities and even damage
that can occur due to the tight confinement of the amplified laser beam and the large amount
of material that the beam must pass through, fiber amplifiers are severely limited in their peak
power handling, and amplification of high peak power pulses requires chirped pulse amplification.
Figure 1.8(b) provides a survey as of 2022 of chirped pulse fiber amplifiers showing a general limit
of stretched pulse peak power in fiber of around 10 GW /cm? due to nonlinearities. To some extent,
this issue can be addressed through the multiplexing of multiple fiber amplifiers, which has been
proposed as a scalable architecture for high peak power, high average power applications such as
laser plasma accelerators [61]. Figure 1.8(a) shows a photograph of the multiplexing of 61 large
mode area fiber lasers in the XCAN laser at the Institut Polytechnique de Paris. The front-end
described in Chapter 3 has been used to seed a large-mode area ytterbium fiber amplifier, and

investigations are ongoing for their use to pump optical parametric amplification.

1.5 Chirped pulse amplification to generate high peak powers

In the 1970s and early 1980s, laser physicist found themselves up against a wall as they
tried to drive up peak intensity by increasing pulse energy. If a short laser pulse seeds a high gain
amplification system, such as an optical parametric amplifier or a regenerative amplifier, the pulse
can easily develop sufficiently high intensity to induce nonlinear responses or damage in optical
components, such as crystalline or fiber gain media, polarizers, or mirrors. Although mJ level
pulses amplified from a mode-locked oscillator had been demonstrated, the only route forward to

increase pulse energy without damaging the amplifier was to increase the mode size, resulting in
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Figure 1.9: A depiction of chirped pulse amplification as it used in OPCPA. In chirped
pulse amplification, a short seed pulse is first temporally stretched in a dispersive optical component
known as a stretcher. The elongated pulse contains comparable pulse energy but much lower peak
intensity, reducing the effect of nonlinearities and the likelihood of damage as it is amplified.
Finally, a dispersive optic known as a compressor, which introduces the opposite spectral phase as
the stretcher, reduces the pulse duration to dramatically increase the peak intensity. High peak
intensities are useful for many applications, such as nonlinear optical experiments.

large and expensive installations [62].

Attainable pulse energies, which had nearly plateaued by the early 1980s, began to increase
again with the advent of chirped pulse amplification (CPA) - a technique borrowed from radar
researchers and first applied to short pulse lasers by Strickland and Mourou in 1985, who demon-
strated the technique with an Nd:glass amplifier [63]. Strickland and Mourou were awarded the
2018 Nobel Prize in physics for this work. In CPA, a short seed pulse is first stretched in time
through the addition of a known and compensable spectral phase to reduce its peak intensity, then
amplified, and finally compressed to a high peak-intensity, energetic, short pulse. CPA is illus-
trated in Figure 1.9. Every modern amplification scheme to drive high-harmonic generation that
the author is aware of utilizes chirped pulse amplification in some capacity.

Chirped pulse amplification can be applied to direct laser amplification (as in solid-state laser
amplifiers) or in nonlinear parametric amplification to create an optical parametric chirped pulse
amplifier, or OPCPA. In an OPCPA, a (generally) large bandwidth signal is stretched, amplified in
a nonlinear crystal(s) by a three-wave mixing process called optical parametric amplification, and
finally recompressed. The physics of optical parametric amplification will be reviewed in Chapter 2.

Stretching and compressing laser pulses primarily involves the application of group delay dispersion
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(GDD, also commonly referred to as second order dispersion)* with some sort of dispersive optical

element, like a grating, optical fiber, or prism.

1.5.1 How group delay dispersion affects pulse duration

It is useful to be able to easily calculate how the pulse duration of a Gaussian pulse changes
when some amount of GDD is applied by some dispersive optic. Here, we consider a transform
limited pulse with a duration of 7rr. When we apply GDD, the pulse is stretched to 7g,. The
relationship is defined by the following formula (from [64]):

4In2GDD\?
Tstr — 7—TL\/l + ( - 2 ) (12)

TTL

As an example, the stretched signal and idler pulses in the OPCPA described here have a
GDD of around -2.85x10° fs? (alternatively, -2.85 ps?), resulting in stretched pulses of around 200
ps.®  Equation 1.2 is plotted in Figure 1.10 for a large range of transform limited input pulse
duration. We highlight the approximate operating regime of the signal and idler pulses in the
OPCPA.

We note some important takeaways regarding pulse compression from Figure 1.10. The
influence of a fixed amount of GDD on a stretched pulse duration decreases as the pulse duration
of the transform limited pulse increases. This has practical consequences for the laser described in
this thesis. The cryogenically cooled Yb:YAG pump laser has a narrow gain bandwidth, producing
pulses with a transform limit of around 6 ps. These pulses are stretched to around 275 ps as the
result of GDD applied in the chirped fiber Bragg gratings in the stretcher. The narrow bandwidth
means that compressing these pump pulses would require the application of a very large amount of
GDD - on the order of 6x108 fs?, which is about 2 orders of magnitude larger than the GDD applied

by the mid-IR pulse compressor. While higher peak intensity pulses can be useful to pump some

OPCPA systems, such compressors are generally very large and can be difficult to build. Divided

4 Due its importance in ultrafast laser physics and chirped pulse amplification, pulse dispersion and spectral phase
will be covered in depth in Chapter 2

5 This was the amount of GDD in our experimental configuration that first drove HHG. More recent upgrades
increased the bandwidth of the front end and require less GDD to reach the same pulse duration.
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Figure 1.10: How the application of group delay dispersion (GDD) from the stretcher
influences pulse duration in the OPCPA. The grism stretcher applies -2.85 ps? of GDD to the
signal pulse, stretching it to around 200 ps (indicated in orange). Note that if the same amount of
GDD were applied to the narrowband, 6 ps transform limit pump pulses, the pulse duration would
be all but unaffected.

pulse amplification may be suitable in such cases [65].

1.5.2 Optical parametric chirped pulse amplification

OPCPAs are a type of laser amplifier which utilize chirped pulse amplification to achieve
high peak intensity pulses through a nonlinear amplification technique known as optical parametric
amplification (OPA), which will be discussed in detail in Chapters 2 (theory) and 4 (experiment).
Compared to direct amplification of light through stimulated emission, OPCPAs offer advantages
and drawbacks. In OPA, no energy is transferred to the gain medium - rather, energy is quasi-
instantaneously transferred between the pump and the signal/idler through a mixing process in
a transparent, nonlinear medium. Barring (generally) unwanted absorption, this process creates
very little thermal load on the crystal, which can simplify implementation and power handling.
Extremely high single pass gains (for example, around 10,000 in the first OPA of the system

presented in this work) vastly simplify architecture, which improves system stability and avoids
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temporal problems such pre-pulse formation, which is a common issue for regenerative amplifiers.
Further, the spectral regions that can be amplified are limited only by the transparency of the
crystal and phase matching, and therefore can be tuneable over a broad range, unlike with direct
amplification, where the spectral gain is set by electronic transitions in the gain media.

On the other hand, pump lasers for OPA/OPCPA are often considerably more complex than
the lasers which excite traditional gain media. A laser gain medium retains the energy of the pump
for time scales on the order of the lifetime of the medium. This means that for broad bandwidth,
direct amplification systems such as Ti:sapphire or Cr:ZnSe, ns pulse duration Q-switched lasers can
often be used; for media with longer lifetime, such as Yb, very robust and simple diode-array CW
lasers can be used as pumps. In OPA, efficient transfer of energy from the pump to the signal and
idler waves requires that the pulse duration of all three be comparable, demanding sophisticated
ps or even fs lasers to pump OPAs. Further, since OPA is a nonlinear process, it generally requires
high laser intensities on the crystals, forcing operation near the damage threshold. This can drive
problematic effects such as photorefraction and self-focusing in nonlinear crystals. OPA can also
cause significant distortions in the temporal, spectral and spatial structure of the pulse, which are
generally all coupled (such as in back-conversion). Lastly, without resorting to sophisticated pulse
shaping methods, a commonly accepted conversion efficiency from pump to the combined energy
of the signal and idler is 30%. The energy distribution between the signal and idler depends on
their relative frequencies - in the case where the idler is much longer wavelength than the signal,
a relatively small percentage of pump energy can be transferred to the idler. Improvement in
conversion efficiency has been demonstrated by absorbing or depleting one of the generated waves
[66, 67, 68]. Fundamentally, this interesting effect occurs because back-conversion requires the
combination of both a signal and an idler photon to form a pump photon. Eliminating either
the signal or the idler prevents that process. The same effect can be seen in our own numerical
simulations exploring very strongly seeded OPA (found in Chapter 4), where we find that a strong
seed does not herald the earlier onset of back-conversion and a decrease efficiency - but rather,

back-conversion occurs only with sufficient intensity of both the signal and the idler.
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Figure 1.11: Spatial mode distortion of a~ 15 mJ, 30 fs pulse due to severe nonlinearities.
Prior to developing the Yb:YAG pumped OPCPA, we developed a Ti:sapphire pumped (un-chirped)
OPA. Chirping the energetic pump pulses in an OPCPA vastly relieves high peak power issues
associated with un-chirped, high energy OPA systems.

We conclude this section by providing an anecdote from our own research which motivates
the OPCPA architecture. Prior to focusing our attention on the development of a Yb:YAG pumped
OPCPA, we developed a BBO based (un-chirped) OPA to generate multi-mJ, sub-2 pm wavelength,
femtosecond pulses to drive HHG. The OPA was pumped by an ~20 mJ, 30 fs two-stage Ti:sapphire
amplifier. The extremely high peak intensities of the pump laser lead to severe nonlinearities due to
propagation through transmission gratings in the compressor and even through air. A spatial mode
of this pump laser showing the effects these nonlinearities is presented in Figure 1.11. Increasing
the energy of the pump pulses without stretching would require dramatic solutions, such as very
large beam profiles or housing the entire compressor in a large vacuum chamber. In (un-chirped)
OPAs, the so-called pulse-splitting length - the propagation length for which the signal or idler
temporally walk off the pump - can also become prohibitively short, a problem readily solved by
stretching the pulses. Further, the two-stage Ti:sapphire pump itself required three separate Q-
switched pump lasers. The considerable complexity of the system limited robustness and long-term

stability, parially motivating the pursuit if OPCPA technology.
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1.6 The current state of long wavelength lasers to drive high-harmonic

generation

In the past decade, we have witnessed impressive advances in the field of long wavelength,
ultrafast lasers. Much of this progress has been at least partially motivated by the Eppg o< [ L)\%
wavelength scaling of high-harmonic generation. As will be described in Chapter 5, the generation
of higher photon energies in HHG requires the use of longer wavelength (Az) driving lasers - simply
increasing driving laser intensity I; would eventually over-ionize the gas and prevent the phase
matching that is necessary for the generation of a bright, coherent beam. Here, we review the
most important recent results in ultrafast, long wavelength lasers, to provide context to the work
presented in this thesis. Of the laser architectures surveyed, optical parametric chirped pulse
amplification (OPCPA) dominates the field. Nevertheless, transition metal and rare earth doped
bulk laser gain media, as well as thulium doped fibers, have shown exciting promise as sources of

long wavelength, femtosecond pulses.

1.6.1 A survey of long wavelength OPCPAs producing femtosecond pulses

The first experimental demonstration of OPCPA was by Dubietis et al. in 1992 [69], which
utilized a utilized an 8 ps, second harmonic pulse from an Nd:glass regenerative amplifier to pump
a BBO crystal. The system operated at degeneracy, being seeded by an Nd:glass oscillator lasing
at 1055 nm. Since then, the progress of OPCPA technology can be pegged to the progress of
its underpinning technologies: pump lasers with sufficiently high average power and pulse energy,
nonlinear crystals with appropriate transparency and a high nonlinearity, and sufficiently broad
bandwidth front-end seed sources. A survey of few cycle OPCPA systems over the past two decades
is presented in Figure 1.13(a). Systems operating in the NIR tend to rely on Ti:sapphire oscillators
as seed sources, and Nd or Yb amplifiers as pumps, and early systems favored BBO as a nonlinear
crystal. Some recent systems operating in the mid-infrared are utilizing 2 pm Ho pump lasers and

non-oxide semiconductor crystals (such as zinc germanium phosphide, or ZGP), and often have
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Figure 1.12: A high harmonic spectrum extending to 1.6 keV, and the 3.9 pm wavelength
OPCPA which drove the process. (a) The layout of the OPCPA, which used a series of three
KTA crystals pumped by a 20 Hz Nd:YAG amplifier, and delivered 10 mJ, 80 fs pulses at 3.9 pm.
(b) A photograph of the back end of the system. (¢) Experimental HHG spectra emitted driven by
various wavelengths, including the 3.9 pm OPCPA. (a) and (b) were adapted from Reference [70];
(c) is from Reference [3].

sophisticated front-ends based on nonlinear frequency conversion. A survey of mid-IR OPCPAs
(Figure 1.13(b)) shows that these systems are currently limited to a few tens of watts in average
power output, but are rapidly scaling up with the high average power pump laser technology
described in the previous section.

There are only two mid-infrared (A, > 3 pm) laser sources to date that have successfully
driven high-harmonic generation in a gas: the 1 kHz system presented in this thesis and the 20 Hz
3.9 ym OPCPA at TU Wien, described in [71] and illustrated in Figure 1.12. The 3.9 pm system is
perhaps most famous for the 2012 generation of 1.6 keV photons - the highest energy HHG photons
ever generated, corresponding to harmonic orders greater than 5000 [3]. The OPCPA employed in
the experiment underwent a number of modifications over the years, but is generally based on a
20 Hz Nd:YAG pump laser delivering joule level pulses. The pump energy was split between three
KTA crystals, which amplified a signal at 1.46 pm with a corresponding idler at 3.9 pm. The signal
seed was generated in a three stage OPA and stretched in a grism stretcher, to enable compression

of the idler in a grating compressor to 80 fs with 10 mJ of energy. The OPCPA was later used for
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(a) A survey of published OPCPA systems, plotted against pulse width and wavelength. The marker fill
color denotes the type of nonlinear crystal used according to the legend, and the width of the horizontal bars
through each marker represents the full width of the amplified spectrum. The years at the top of the figure

mark the year that the corresponding wavelength was first experimentally generated with OPCPA.
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Figure 1.13: A survey of few-cycle OPCPA systems. Both figures are from a 2022 survey in
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K- and L-edge near- and extended-edge X-ray absorption spectroscopy at energies near 1 keV [72].

A number of other mid-IR ultrafast OPCPAs have been reported in the literature. The
Biegert group at ICFO has developed a 3.25 nm OPCPA that generates 131 pJ, 97 fs (sub-9 cycle)
pulses at 160 kHz (21 W average power), reported in 2017 [73] and later in 2020 [74]. Using this
source, harmonics up to the 7th order were generated by reflecting the compressed pulses from a
100 nm thick YCOB film.® Spectroscopy was performed by analyzing the harmonics. Despite the
low order and relatively low driving intensity (90 GW /cm?), the harmonics were considered to be
generated in the nonperturbative regime [75]. The same group reported a 7 pm OPCPA in 2019,
which delivers 750 pJ pulse energy. It is based on a series of ZGP crystals pumped by a 260 mJ,
2052 nm amplifier, delivering 16 ps pulses at 100 Hz. The system generated harmonics up to the
13th order in ZnSe [76].

In 2018, Thiré et al. from Fastlite published a 3.2 pm, 152 pJ, 38 fs (sub-4 cycle) OPCPA
delivering an average power of 15.2 W at a repetition rate of 100 kHz. The system is pumped by a
YDb thin disk amplifier delivering 1.1 ps pulses and utilizes PPLN for the first two OPA stages, and
unpoled lithium niobate for the final two stags. The shorter pulse duration of the pump allows the
use of lower deg unpoled lithium niobate while still maintaining bandwidth, the final crystal being
1.5 mm long and driven at 90 GW/cm?. The system was seeded at 1.53 pm by a supercontinuum
generated in YAG [77]. In 2023, harmonics up to the 13th order in solid thin films were reported
in a pre-print using this system at its new home at ELI-ALPS in Hungary [78]. In 2022, a group
at CREOL presented a 3.1 pm, 3.2 mJ, 92 fs OPCPA delivering an average power of 3.2 W at
a repetition rate of 1 kHz. The system is composed of a chain of ZGP crystals pumped by a 2
pm Ho:YLF amplifier. The front end utilizes a 2 mJ Ti:sapphire amplifier. Harmonics up to the
seventh order were observed by focusing the laser into air [79].

The Max-Born-Institut (MBI) in Berlin has developed several impressive OPCPA systems.
In 2020, a very well thought out 4.9 pym OPCPA was reported that delivers 3.4 mJ pulses as short

as 89 fs at a 1 kHz repetition rate. The system comprises a chain of ZGP crystals pumped by 5

5 YCOB is a high temperature superconductor.
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ps pulses from a Ho:YLF amplifier. The regenerative amplifier followed by a booster delivered 36
mJ of pump energy. Although the final 3.5 pm signal power was not reported, it can be estimated
to be around 5 mJ - an ideal range for SXR HHG experiments, suggesting that a booster amplifier
will likely be necessary for 2 pm pumped OPCPAs for HHG. No high harmonics were reported, but
the peak intensity of 33 GW at 4.9 um is a record for OPCPAs operating above 4 pm [80]. In 2022,
the MBI reported an extremely long wavelength 11.4 pm OPCPA, delivering 65 1J of pulse energy
in 185 fs (sub-5 cycle). The long wavelength light is generated as the idler in a three stage GaSe
OPCPA pumped by a 2 pm Ho:YLF amplifier. Notably, the seeds for both the pump laser and the
2.4 pm signal originated from the same pulse, generated in a femtosecond Cr:ZnS laser [81].
Several high harmonic sources, some with cut-off energies extending into the soft X-ray, have
been driven by OPCPAs at wavelengths in the 2-3 pm range. In 2014, a group at MIT reported
a 2.1 pm OPCPA generating 2.6 mJ, 40 fs pulses at 1 kHz. Similar to the system presented here,
the MIT group used a cryogenically cooled Yb:YAG amplifier as a pump laser [82]. In 2020, the
MBI presented a 2.1 ym OPCPA delivering 2.7 mJ, 30 fs pulses at 10 kHz. The higher average
power of 27 W was likely aided by their use of a Yb:YAG thin disk laser as a pump [83]. Finally,
also in 2020, a group at ETH Zurich published a 2.2 pm OPCPA, generating 250 nJ, 16.5 fs pulses
with an average power of 25 W and a repetition rate of 100 kHz. The system was pumped by an

Innoslab Yb amplifier [84]. All three of these systems have successfully driven HHG.

1.6.2 Direct amplification of long wavelength light to drive HHG

Laser gain media with broad emission at wavelengths of 2 pm and above are limited. Never-
theless, there has been significant recent progress in developing direct amplification at these long
wavelengths, with some systems already driving HHG.

Chromium and iron doped chalcogenide gain media offer broad emission in the range of 1.8-3
pm and 3-5 pm, respectively. While these materials offer broad emission bandwidth and large
emission cross-sections, and can be grown in large sizes, they also have some noteable drawbacks.

Namely, they exhibit a generally poor quantum defect, and have short excited state lifetimes,
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requiring the use of a complicated pulsed (generally Q-switched) pump laser. Furthermore, the
chalcogenide host media often exhibits a large nonlinear index, increasing the likelihood of prob-
lematic self-focusing.

Two significant results using Cr:ZnSe lasers were published in 2020. A group at CREOL
generated 2.5 pm pulses bearing 4 mJ of pulse energy at 44 fs (sub-6 cycle) and 1 kHz repetition rate
from a single stage Cr:ZnSe amplifier [85]. The same year, a group at The Ohio State University
generated 2.4 ym 7 mJ, 100 fs pulses at 1 kHz from a Cr:ZnSe laser. The pulses were used to
generated high-harmonics in a gas jet. Using argon gas with a backing pressure of 2.5 bar, they
reached photon energies of 280 eV; in neon, that was extended to 600 eV. Post-compression was
also demonstrated, leading to 39 fs, 6.2 mJ and 115 GW peak power [86].

Holmium doped materials, such as Ho:CALGO and Ho:CaF5, also exhibit broad emission
spectra around 2 micron wavelength. These materials have been primarily exploited for ps pulse
production (for instance, for pumping OPCPAs) - however, pulses around the 100 fs duration have
been demonstrated from oscillators [87], and these gain media are actively being studied.

Lastly, we review some exciting results from thulium-doped fiber lasers. Thulium has broad-
band emission centered around 1.9 nm [88], and despite a number of potential pump absorption
bands, is commonly pumped with readily available high power 793 nm diodes. This can lead to
large amounts of thermal loading which can limit high average powers [89]. Nevertheless, ultrafast
thulium fiber lasers have been demonstrated at kW average powers. This impressive average power
can likely be attributed to a few factors. Firstly, the fiber architecture is intrinsically well suited
for thermal management. Thulium doped fiber is also considered more robust to thermal effects
than, for instance, ytterbium. Lastly, despite the high quantum defect, pumping at 793 nm can
theoretically reach efficiencies of up to 82% by exploiting transitions which allow a single 793 nm
pump photon to excite two thulium ions [90].

The Limpert group at Jena has performed pioneering work with thulium fiber lasers, including
the 1 kW system described above. In a 2016 experiment, they generated 1.95 pm, 460 pJ pulses

with a duration of 200 fs. The repetition rate was 61 kHz and the system delivered 28.7 W of
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average power. The system comprised four fiber lasers in series, each separated by free space optics
[91]. The same system was later modified to include a hollow core fiber pulse compression stage,
which reduced the duration to 50 fs. When focused into an argon gas jet backed by 7 bar, the post-
compressed pulses generated high-harmonics up to 160 eV [92]. A particularly clever experiment
was published in 2021, in which 100 fs, 450 pJ pulses from a thulium fiber amplifier were coupled
into a helium-filled antiresonant hollow core fiber. The pulses underwent self-compression as they
propagated through the fiber, which had an increasing gradient of gas pressure. Near the outlet of
the fiber, soft X-ray high-harmonics were generated with photon energies up to about 350 eV, with

enhanced brightness due to favorable waveguide phase matching [93].

1.7 An introduction to the 3 pm wavelength OPCPA

We conclude this chapter by offering a cursory overview of the entire laser system presented
in this thesis. With the exception of the oscillator, all optical sub-systems shown in the schematic
(Figure 1.14) were assembled at JILA. The first light of the system comes from a 1.5 pm, 100 MHz
erbium fiber oscillator (Menlo System) with two identical fiber outputs. One output is used to seed
an erbium-doped fiber amplifier (EDFA) that directly pumps a highly nonlinear fiber (HNLF) to
generate a dispersive wave spectral component near 1 pm. The 1 pm component is amplified in a
series of two ytterbium-doped fiber amplifiers (YDFA). Before each YDFA, a chirped fiber Bragg
grating stretches and spectrally filters the pulse to a narrow window around the emission spectrum
of Yb:YAG at cryogenic temperatures. The YDFA chain seeds a cryo-cooled Yb:YAG regenerative
amplifier through a pulse-picking Pockels cell and a free space isolator. The 1 kHz repetition rate
regenerative amplifier output is split into four delay lines, each of which pumps a separate PPLN
crystal in the four-stage OPA. The second output of the erbium oscillator is used to seed a second
EDFA, which is carefully dispersion balanced to produce a broad spectrum with a well controlled
phase. The second EDFA output is sent into a free space spatial light modulator (SLM) based pulse
shaper, which applies a user programmeable spectral phase. The 1.5 pm pulse is then temporally

stretched by a grism-type stretched and used to seed the collinear four-stage OPA chain, which uses
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Figure 1.14: A schematic overview of the entire laser system described in this thesis.
EDFA: erbium-doped fiber amplifier; YDFA: ytterbium-doped fiber amplifier; HNLF: highly non-
linear fiber; FBG: fiber Bragg grating; SLM: spatial light modulator; PPLN: periodically poled
lithium niobate. Drawing is not to scale.

periodically poled lithium niobate (PPLN) as a nonlinear crystal for each stage. The first three
OPAs are seeded with 1.5 pm pulses (signal), each generating an idler at 3 nm wavelength. The
final stage is seeded with 3 um pulses to enhance the total outputed 3 pm power. The 3 pm pulses
are compressed using a double-pass grating compressor, and immediately sent to the HHG source
assembly. The HHG source assembly features interchangeable gas targets, including a gas jet, gas
cell, and gas-filled hollow waveguide. The OPCPA in its current form produces 100 fs pulses at a
2.95 pm center wavelength with ~650 pJ of pulse energy at a 1 kHz repetition rate. At the time
of writing, high harmonics have been generated in argon and nitrogen gases using a gas cell. In
argon, harmonics have been observed up to the argon absorption edge at 248 eV; in nitrogen, we

9th harmonic of the driving laser.

have observed harmonics up to ~290 eV, corresponding to the 68
As a final note, we’d like to clarify some definitions of important terms that you will encounter

throughout this thesis. The quantities referred to as peak intensity, Icax, peak fluence, Fpeak, and
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peak power, Ppheax, are calculated by:

2K

Ipeak - E (13)
2F

Fpeak — Z (14)
0.94F

Ppeak = — (1.5)

where E is the total pulse energy, A is the area calculated from a 1/e? beam radius, and 7 is the
FWHM pulse duration. The factors of 2 and 0.94 [94] stem from the assuming a Gaussian spatial
and temporal profile, respectively. Unfortunately, the literature is replete with ambiguities as to
whether the factor of two was applied, or which conventions were used for area or duration - so

we’d like to set this straight for the reader at the start!



Chapter 2

Theory of parametric nonlinear optics

The earliest laboratory demonstration of nonlinear optics occurred in 1961, when Franken,
Hill, Peters and Weinreich focused a 694 nm beam from the recently developed “pulsed ruby optical
maser” [6] into a piece of crystalline quartz and observed second harmonic generation [95]. Their
laser delivered an impressive 3 joules of energy in a 1 ms pulse. Shortly after, in 1962, optical
mixing was reported [96]. Those researchers used two ruby lasers - one at room temperature and
the other bathed in liquid nitrogen - to mix waves separated by just 1 nm wavelength to generate
a sum-frequency wave. By 1965, a modest parametric gain of 1 dB had been demonstrated from
difference frequency generation [97], establishing the technique of optical parametric amplification.

Parametric nonlinear optical effects occur when light is sufficiently intense to cause a non-
linear relationship between the applied optical field and the material response. However, not all
nonlinear relationships between measurable quantities in optics need be dependent on the electric
field amplitude [98]. Non-parametric nonlinear processes often involve absorption and can be flux
dependent - that is, they need not depend on the instantaneous electric field amplitude, but rather
the cumulative exposure to radiation over time, as in saturable absorption. Nonparametric nonlin-
ear optics plays an important role in nonlinear fiber optics, which is utilized in the front-end laser
described in Chapter 3. For instance, Raman scattering can induce a soliton self-frequency shift
of pulses propagating in optical fiber. In contrast to a parametric nonlinear process, in which the
medium passively mediates the interaction, the Raman shift involves an alteration of the quan-

tum state of the medium via phononic vibrations of the silica [99]. The remainder of this section
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will exclusively consider parametric nonlinear optics, for which the nonlinear susceptibilities are
real-valued.

We build our theoretical study of nonlinear optics on classical electrodynamics. We begin
by deriving the electromagnetic wave equation, and then move on to the description of optical
pulses in the frequency domain. While not necessarily the purview of nonlinear optics, a thorough
understanding of spectral phase is foundational to ultrafast laser physics. We attempt to give the
reader some intuition and mathematical foundation for the various orders of dispersion that underlie
chirped pulse amplification. We then extend the wave equation to include a polarization source
term that can depend nonlinearly on the driving field. We then ask the question: what is it about
the optical medium that enables this nonlinear response? - and find that structure and symmetry of
the medium dictate the type and magnitude of the response. We then consider second-order (X(Q))
nonlinear effects in detail. We derive formulae for the strength of second harmonic generation,
and find that wave-vector mismatch plays a singular role in determining the spectral bandwidth of
the process. We follow a similar derivation for difference frequency generation/optical parametric
amplification, deriving the coupled wave equations, and from them, the equations governing small-
signal gain. What we find is that the spectral dependence of the small-signal gain is quite different
from the case of second harmonic generation, being determined by both wave-vector mismatch and
the gain itself. This result is important for the design of short pulse OPCPAs. We then extend
the coupled wave equations to include time-dependent terms - enabling a much more rigorous
description of OPA at the cost of difficulty in solving the equations. We briefly describe the Sisyfos
code package [100], which is used throughout this thesis to solve those equations and simulate
OPA. The long pump pulses that are used in the OPCPA result in a reduced peak intensity. To
accommodate this, we use quasi-phase matched (QPM) periodically poled crystals as a nonlinear
medium. In this chapter, we describe QPM and how the bulk approximation can be used to describe
those crystals in calculations and simulations. Finally, we close the chapter by describing third-
order (X(3)) effects such as self-phase modulation, which enables the broad spectrum and short

pulses from the OPCPA.
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2.1 Electromagnetic wave equation
We first seek to derive a wave equation to describe optical propagation in a transparent

dielectric medium. We begin with Maxwell’s equations, which are given here in their differential

form using the convention of SI units:

V-D =p, (2.1)
V-B=0, (2.2)
0B
VxE=-2, (2.3)
oD
VxH= 5 T J (2.4)

We can simplify these equations by noting that a transparent dielectric medium will in general
contain no free charges or currents and will be nonmagnetic. We therefore make the following

assumptions:

p=0 no free charges, (2.5)
J=0 no free currents, (2.6)
B = uoH nonmagnetic (2.7)

The vector D is the electric displacement field, which is a superposition of the polarization
vector P and the electric field: D = ¢y + P. The polarization is defined as the dipole moment per
unit volume. In the next chapter, we will see that the relationship between the time and frequency
dependent polarization and the driving electric field will be the key to distinguishing linear and
nonlinear optics.

We can readily derive the electromagnetic wave equation from Maxwell’s equations and the
stated assumptions. Taking the curl of the Maxwell-Faraday equation (2.3), applying the identity
V x (VxA)=V(V-A) - V2A to the resultant left hand side of the equation, and interchanging

the order of the spatial and temporal derivatives on the right hand side, gives:

V(V-E)-V’E = —;(v x B) (2.8)
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The assumption that the medium is nonmagnetic allows us to rewrite the right hand side of this

equation as —MO%(V x H), which can be further reduced using Eq.’s 2.4 and 2.6:

82

. — 2 — — -
V(V-E) = V’E= 75D (2.9)

The first term on the left hand side is generally taken to be zero for isotropic source-free
media. In the linear regime, the linear dependence of D on E allows us to directly apply Eq.’s 2.1
and 2.5 to disregard this term without any loss of generality. The situation is more complicated
when P may depend nonlinearly on E, since V - D = 0 does not necessarily imply V- E = 0.
Nevertheless, in the cases relevant to this section, we can consider the contribution of this term
to be negligible: it is zero for transverse, infinite plane waves and considered negligible under the

slowly varying envelope approximation [101]. We also substitute the magnetic permeability with

electric permittivity, pug = EO% via the relation ¢ = \/ﬁ, resulting in the following wave equation:
VIE - D _ 0 (2.10)
€c? 02 ’

For simplicity, we now consider this equation in the scalar approximation for a field evolving

in the z-coordinate only:
0?E(z,t) 1 9°D(z,t)

_ =0 2.11
022 egc?  Ot? (2.11)

Equation 2.11 is applicable to both linear and nonlinear optics, depending on how the polarization
P is defined, and will serve as a starting point in Chapter 2. For the remainder of the section, the
displacement field D(z,t) considers only the linear response of the medium, D(z,t) = €FE(z,t) +

Pr(z,t), where P, is the linear component of the polarization.

2.2 Spectral phase of ultrafast pulses

Among the most fundamental observations from Equation 2.11 is that it admits plane wave
solutions of the form

E(z,t) = B(z,t) cos (wot — koz + ¢(t)), (2.12)
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where B(z,t) represents a slowly varying envelope function, wy is the angular frequency, kg is the
propagation constant and ¢(t) is the phase. It is somewhat more useful to represent the solution

in complex notation:

Bz t) = %A(z, £eiot—hoz) 4 ¢ o (2.13)

= R[A(z, t)e! ot =ko2)], (2.14)

The time-dependent phase ¢(t) has been absorbed in a complex temporal amplitude A(z,t) =
B(z,1)e"*®) | where B(z,t) is a real-valued function. The Fourier transform of the complex time-
dependent amplitude A(z,t) allows us to more easily and intuitively represent pulses of arbitrary
structure. We will observe the following notation for the Fourier transform: A(w) = F[A(t)].
The Fourier transform of the complex time-dependent amplitude results in the complex frequency-
dependent amplitude, which is generally broken into its real and imaginary components as the
spectral amplitude and spectral phase, respectively. We therefore consider the Fourier transform
of Equation 2.13, having dropped the dependence on the z-coordinate for simplicity, to solve for

the complex spectral amplitude, E(w):

Blw) = F[%A(t)eiwot +eel (2.15)
= %fl(w—wo) + %(A* (—w —wo)) (2.16)

In practice, the second term of Equation 2.16 is generally dropped, leaving only the positive
frequency components. It is important to note that the complex spectral amplitude contains all
the information of the temporal electric field waveform itself - that is to say, it tells us all the
classical information there is to know about a pulse [102]. This is of particular importance, since
the complex temporal amplitude is very difficult - if not practically impossible - to measure directly
in most cases, due to the extremely short time scales typically associated with field oscillations.
Nevertheless, a variety of experimental techniques exist to directly sample waveforms in the time-
domain, most prominently electro-optic sampling, which is commonly applied to pulses in the deep

mid-infrared to terahertz regions of the spectrum, since their field oscillations can be slow compared
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to the duration of accessible probe laser pulses in the lab (10’s of fs) [103, 104].
We can again consider the complex spectral amplitude as a decomposition into a slowly
varying envelope and a phase term: A(w) = B(w)e'®@). The spectral intensity is generally readily

2

accessible using a spectrometer, yielding |B(w)|*. In cases where the pulse chirp is already well

1" the spectral amplitude alone can be informative of the temporal envelope of the pulse.

known,
Generally, however, it is necessary to also quantify the spectral phase to completely characterize
the pulse. The standard technique for complete pulse characterization is known as frequency-
resolved optical gating (FROG), and will be utilized throughout this thesis. The best resource for
understanding FROG is Rick Trebino’s book [105].

The spectral phase ¢(w) is among the fundamental currencies of ultrafast laser physics. It
is manipulated throughout chirped pulse amplification systems via stretching, compression, pulse
shaping, propagation through material, and nonlinear processes such as self phase modulation, and
sets the limit on achievable pulse duration. As the particularly shape of ¢(w) can be arbitrary, it is

very useful to describe the spectral phase ¢(w) in terms of the various orders of a Taylor expansion

about a central frequency wy:

do 1d%p 5 1d3¢ 5 1 d 4
= L w—wo) | (w— SE8 (we L . . (21
() ot wo(w wo)+5 o3 wo(w wo) 53 wo(w wo) "+ 5 g wo(w wo) .. (217)
The terms of the expansion of ¢(w) are defined according to:
b = @ Absolute phase, (2.18)
wo
d
GD = s Group delay, (2.19)
dw|,,
app = 1 &9 Group delay dispersi (2.20)
=57 . roup delay dispersion, .
1 d3¢ . . .
TOD = 6do3 . Third order dispersion, (2.21)
Fop = L %9 Fourth order dispersi (2.22)
= S a5 . ourth order dispersion. .

It is important to understand how each of these dispersion terms manifest in the laser lab-

oratory. Figure 2.1 illustrates the influence of three different spectral phases applied to the same

! See, for instance, the regenerative amplifier discussed in Chapter 4.
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w t

Figure 2.1: The influence of spectral phase on the temporal envelope of a pulse. The
complex spectral amplitude (left side) is a complete description of a laser pulse and is related to the
time domain electric field waveform through a Fourier transform. An arbitrary spectral amplitude
is shown in the left column (solid line), with an isolated order of spectral phase shown in a dotted
line: (a) absolute phase, ¢g; (c) group delay, GD; (e) group delay dispersion, GDD. The real-
valued temporal amplitude envelope is shown in the right column. Note that while the complex
spectral amplitude is technically double sided, since Equation 2.16 is a complex conjugate pair, all
information is given by the positive frequency components. A temporal phase is also produced by
the Fourier transform, but is not shown in the right column, since it is in general a less useful and
intuitive quantity.
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spectral amplitude on the resultant temporal pulse envelope. In the left hand column of Figure
2.1, an arbitrary real spectral amplitude |B(w)| is plotted in a solid line, which could represent,
for instance, the (square root) of the spectral density of a laser pulse. The dashed lines represent
the spectral phase ¢(w). Note that the negative frequency components of E(w) are omitted for

practical reasons.

2.2.1 Absolute phase

¢(w) which is constant with respect to frequency but is non-zero is shown in Figure 2.1(a).
This represents a phase given only by the zeroth-order ¢ term in Equation 2.17. It is often referred
to as the absolute phase; despite the name, it is the relative phase of the carrier wave with respect
to the pulse envelope [105], and therefore often referred to as the carrier envelope offset phase. In
order to distinguish the influence of this term in the time domain, it would be necessary to resolve
the actual electric field oscillations; therefore, the temporal envelope in Figure 2.1(b) appears at
its transform limit - that is, under the slowly varying amplitude approximation for the temporal
envelope, it is the least dispersed, shortest temporal pulse which can be generated from the spec-
trum. In cases of few-cycle pulses, the carrier-envelope offset phase can have practical implications
for frequency metrology using frequency combs [106] and high-harmonic generation [107]. In HHG,
electrons are tunnel ionized by individual half-cycles of the electric field; depending on the carrier
envelope phase (CEP), very short pulses might have differing numbers of half cycles with sufficient
intensity to cause high-harmonic generation. Furthermore the distribution of amplitude across the
individual half cycles may change with the CEP. Both of these effects can manifest clearly in HHG
experiments and simulations, as is shown in Figure 2.2. On the other hand, the longer ~10 cycle

pulses used for HHG in this thesis are less effected by CEP.

2.2.2 Group delay

Group delay (GD) is a term in the spectral phase with linear dependence on frequency. GD

causes a temporal shift of a pulse, which is illustrated in Figure 2.1(c) and (d). This can be
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Figure 2.2: The carrier envelope phase, or absolute phase ¢y has measurable influence
on high harmonic spectra in both experiment (a) and strong field approximation (SFA)
based simulation (b). In this experiment, sub 2-cycle optical pulses at 1.6 pm wavelength from
an OPCPA are focused into a neon gas cell to generate high harmonics. The pulses represented
in (c¢) and (d) each show a different offset in the phase relationship between the carrier and the
envelope. Shifting the CEP of the driving pulse causes a change in the predominant trajectories
which generate harmonics (shown with arrows in (¢) and (d)), which in turn changes the HHG
spectrum. The experiment was conducted by the Itatani group at the University of Tokyo, and the
figure is from their publication [107].

understood in terms of the Fourier shift theorem [108], which states that a linear phase in one

domain introduces a translation in the reciprocal domain:

FIE(t—1)] = E(w)e ™7 (2.23)
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2.2.3 Group delay dispersion

The way in which spectral phase influences the temporal distribution of frequency components

in a pulse is best understood by considering the instantaneous frequency:

__ do(t)
wins = (2.24)

In words, a differential relationship exists between the temporal phase and the instantaneous fre-
quency. It can be shown that the Fourier transform that relates the temporal and spectral phases
preserves the functional order of the phase term [105]. For instance, a pulse with a quadratic tem-
poral phase ¢(t) also has a quadratic spectral phase ¢(w), and so forth for other orders. As a result,
we can use this differential relationship to understand how spectral phase relates to instantaneous
frequency across a pulses temporal envelope. The affect of a quadratic spectral phase (GDD) is a
linear frequency ramp in time, cubic spectral phase (TOD) yields a quadratic dependence of the
instantaneous frequency in time, and so forth for higher orders.

When pure GDD is applied to a pulse, the frequency components are ordered linearly based
on their frequency. If the pulse contained the visible spectrum, an observer taking note of when
various colors arrived in time would see the blue part of the spectrum arriving before the green
part of the spectrum, followed lastly by the red part of the spectrum. The ordering in time of the
colors can be reversed based on the sign of the GDD. In this way, the application of pure GDD to
a pulse approximately imprints the spectrum onto the temporal envelope, which can be seen in the
similarity between the shape of the envelopes in Figure 2.1(e) and (f). This effect is of particular
usefulness when a pulse has a known GDD, but cannot easily be FROGed or characterized with
a fast photodiode. This is the case for the few hundred picosecond pulses from the regenerative
amplifier discussed in Chapter 4, which are stretched by chirped fiber Bragg gratings of known
dispersion. Note that the flipping of the envelope in Figure 2.1(f) is caused by a negatively valued

GDD.
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2.2.4 Third and higher order dispersion

The application of pure TOD to a pulse results in a quadratic dependence of group delay vs
frequency. Returning to our example of a pulse containing the full visible spectrum, an observer
watching the pulse arrive in time would see the central, green part of the spectrum arriving first,
since the group delay there is at a minimum. The red and blue parts of the spectrum would arrive
later (or earlier depending on the sign of the TOD), but they would arrive around the same time.
The presence of the two offset colors (red and blue) at the same time would cause interference,
which would manifest as beats in the brightness of the pulse in the time domain. For this reason,
the temporal profiles of pulses with TOD tend to exhibit oscillations before or after the pulse.

The same functional relationships described for lower order phase apply to higher order
phase. In practical chirped pulse amplification systems, fourth order and higher phases are often
less significant than lower order phases; nevertheless, when a truly flat phase is sought, higher order
phases often need to be addressed. Most dispersive optical elements and processes introduce some
amount of higher order phase. For instance, chirped mirrors are often designed to apply pure GDD
to a pulse for stretching or compression, but in practice, the applied spectral phase is modulated
across the spectrum due to the interferometric nature of the phase delay [109]. This modulation
in ¢(w) can only be described using higher order terms of the Taylor expansion. Another example
comes from the common nonlinear process of self-phase modulation, which introduces a temporal
phase ¢(t) proportional to the temporal intensity envelope of the pulse [105]. Fourth and higher
order dispersion terms are generally difficult to compensate with standard components in a chirped
pulse amplification system; for instance, in aligning a standard grating compressor, the common
approach is to change the absolute value of the GDD by adjusting the grating spacing and the ratio
of GDD/TOD by adjusting the angle of incidence. These adjustments also affect higher order phase,
but no independent knobs exist to compensate these higher orders. The most promising approach
to compensating higher order phase is with a programmable dispersive pulse shaper, which can take

various forms in both fiber and free space arrangements. One pulse shaping approach, in which a
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spectrally dispersed beam is incident on a programmable spatial light modulator, will be described
in Chapter 4. Before we move on to discussing nonlinear optics, it is important to note that the
importance of spectral phase is weighted by the spectral amplitude. In other words, components of
the spectral phase in regions where the amplitude is low contribute little to the shape of the pulse

in the time domain.

2.3 Extending the wave equation to describe nonlinear optics

Up to now, we have assumed that the displacement field D(z,t) depends linearly on the
electric field E(z,t) - that is, the medium responds linearly to the driving field. We now extend

our discussion to nonlinear optics by redefining the polarization as a power series expansion:

P(z,t) = e[xVE(z,t) + P E?(z,t) + x® E3(2,1) + ...] (2.25)
= PW(z,t) + PO (z,t) + PO (2,t) + ... (2.26)
= PL(z,t) + PNE(2,1) (2.27)

where in the final equation, we have grouped all nonlinear contributions to the polarization into
a single term PNL. In Equation 2.25, x(™) represents the n'* order susceptibility. The majority
of the parametric nonlinear optical effects described in this thesis, such as optical parametric
amplification and self-phase modulation, can be accounted for by considering the second- and third-
order susceptibilities, () and x®) - however, the role of higher-order Kerr effects in below threshold
harmonics is an active area of research, and is considered in the context of results presented in
Chapter 4. In this derivation, we treat quantities such as P and E as scalars for simplicity, but
they are more generally vector quantities. In this case, the n'* order susceptibility becomes an n'”
rank tensor.

In order to develop intuition for the intensity of laser fields needed to observe a nonlinear
polarization response, it is useful to develop order of magnitude estimates of the lower order sus-

ceptibilities. The linear susceptibility Y1) is a dimensionless quantity that is on the order of unity.

Dimensional analysis suggests that the units of x(™ must be (m/V)™!. We know that x(!) is the
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dominant term when the applied electric field is much smaller than the electric field binding an
electron to an atom. It would be reasonable to predict that the contribution to the polarization
from the higher order terms would approach that of the ") term when the applied field strength
approaches the atomic electric field strength [101]. For the hydrogen atom, the atomic electric field
strength is Ey ~ 5 x 10" V/m.2 It is therefore reasonable to expect x? ~ E%Lt ~2x 102 m/V,
Y3 &~ E%ft ~ 4 x 102* m?/V? and so forth. These estimates are correct to within a couple orders
of magnitude for most solid dielectrics.

We now return to the wave equation (2.11) to understand the influence of the nonlinear
polarization on the electric field - and the observable radiation from a nonlinear interaction. In
our derivation of the linear wave equation, we defined the linear, scalar electric displacement field

as DI(z,t) = eF(z,t) + PX(2,t). We now redefine the electric displacement field to include

contributions from both the linear and nonlinear polarization:

D(z,t) = egE(z,t) + PL(z,t) + PNE(2,1) (2.28)

= DE(z,t) + PNE(2,1) (2.29)

By substituting the total electric displacement field from Equation 2.29 into the wave equation
(2.11), we can now describe the evolution of the field including the nonlinear polarization as an

inhomogenous differential equation:

82E(z,t)_ 1 9*DE(z,t) 1 02PNE(2,t) (2.30)
022 epc?  Ot2 g2 ot? ' '

Writing Equation 2.30 in terms of both D and E somewhat obfuscates the intuition that can
be gained from the nonlinear wave equation. Therefore, we consider light propagation through an
isotropic, dispersionless medium which is characterized by a unitless relative permittivity €.. In

this case, the linear displacement field can be expressed as

DL (z,t) = ege, E(2,1). (2.31)

2 The characteristic atomic electric field strength E,; equates to a very high optical intensity of 3.5 x 10'® W/cm?
in vacuum.
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Substituting this into the more general nonlinear wave equation (2.30), we arrive at a slightly more

accessible form of the wave equation:

0?E(z,t) € 0*F(z,t) 1 92PNL(z¢)
922 & o2 €oC? ot? (2.32)

The term on the right hand-side of Equation 2.32 acts a source term for the generated electric
field. More intuitively, since the term PNE (z,t) represents the motion of charges in the medium, the
second derivative of PN L(z, t) with respect to time represents an acceleration of charges. We know
from Larmor’s result for nonrelativistic, accelerated charges that the instantaneous power radiated
into an electromagnetic field is proportional to the square of the acceleration of the charge [110].
Therefore, understanding the material response to an applied field in terms of the nonlinear polar-
ization is fundamental to understanding which frequencies get generated, amplified or attenuated

in a nonlinear optical process.

2.4 The physical origin of nonlinear susceptibility

We have not yet made a case for why the polarization need be expanded in terms of a power
series in the first place. Before delving into the plethora of parametric nonlinear effects and how
we can use them in the lab, it is worthwhile to consider the microscopic origin of the nonlinear

response of materials.

2.4.1 Lorentz model

The Lorentz model is perhaps the simplest and best known model to describe the optical
response of bound charges. The Lorentz model considers the motion of electrons under the influence
of an oscillatory applied field. The electronic motion is derived by treating the electrons as bound
to the nucleus of the atom by a spring and damper. Since the proton mass is about 2 x 103 greater
than the mass of the electron, the nucleus is considered fixed while the electron oscillates under
the influence of an oscillatory driving field. Since the polarization is the dipole moment per unit

volume, this simple model can deliver some intuition on the origin of the nonlinear time-dependent
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polarization.

In a harmonic oscillator, such as a mass on a spring, the system experiences a restoring
force that is linearly proportional to the displacement. Since the force is related to the potential
energy via a differential relationship F' = %, the harmonic oscillator potential is quadratic. The
harmonic motion is readily shown to be sinusoidal, as illustrated in Figure 2.3. The Lorentz model
is effective in describing the linear optical response of dielectrics because the actual potential felt
by a bound electron is well approximated as a parabola, especially for small displacements from
equilibrium. Nevertheless, the actual potential felt by an electron in a condensed matter system
is, in general, considerably more complicated than a parabola, and the deviations from a parabolic
potential become more pronounced with greater displacement from the equilibrium position. Since
most potentials are well approximated by parabolas in the small amplitude regime, weak driving
fields tend to induce a primarily linear response. The harder the system is driven, the greater the
effect of the nonparabolic potential, accounting for why nonlinear optical effects tend increase with
the application of stronger driving fields. In Figure 2.3(a), a parabolic potential (red) is shown
on top of a cartoon version of a potential that more closely approximates a real potential in a
noncentrosymmetric medium, such as lithium niobate. Note that in the small amplitude regime,
the parabolic and actual potential agree well. The crystal structure of lithium niobate is shown
in Figure 2.3(c) as an example of a dielectric material in which the crystal structure considerably
distorts the potential felt by an electron.

The distortions to the potential caused by the structure of the medium manifest in nonlin-
earities of the time dependent restoring force. Under this nonlinear restoring force, the motion
of the electron can no longer be described by an approximately single frequency sinusoid. The
driven nonlinear wave equation (2.32) shows that if a new frequency component w appears in the
time dependent polarization, it can result in the generation of electromagnetic radiation at the new
frequency w. The periodic motion associated with the distorted potential in 2.3 can be described
by Fourier decomposition as the superposition of waves of multiple frequencies. In crystal nonlin-

ear optics, these generated frequencies can include harmonics of the driving field, differences and
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Figure 2.3: The Lorentz model treats electrons as part of a spring-damper-mass system.
The nonlinear polarization arises from anharmonic potentials found in real materials -
especially noticeable when electrons are strongly driven. Harmonic motion in a parabolic
potential [red line, (a)], such as the up and down motion of a mass on a spring, can be well de-
scribed by a single frequency sine wave [red line, (b)]. In contrast, time-dependent motion in a
nonparabolic potential is described by more complicated waveforms, with Fourier decompositions
including multiple frequencies (green lines). In this model, z(¢) is analogous to the polarization
P(z,t). According to the driven nonlinear wave equation (2.32), the frequency components of
P(z,t) are represented in the radiated electric field F(z,t), accounting for the generation of fre-
quencies distinct from the frequency of the driving field in nonlinear media. Figure inspired by
[101]. (c) The crystal structure of lithium niobate, which exhibits high nonlinear susceptibility and
noncentrosymmetric potentials (from Ref. [111]).

summations of driving fields, and zero-frequency DC fields.

2.4.2 The influence of centrosymmetry on nonlinear susceptibility

The structural symmetry of a nonlinear medium determines which terms are allowed in the
expansion of the nonlinear polarization, and therefore which nonlinear processes will be allowed. A
centrosymmetric medium refers to a medium possessing inversion symmetry. In a structure with
inversion symmetry, changing the sign of a spatial coordinate does not change the response of that
structure to an applied field. A common example of a centrosymmetric material is glass, possessing
an amorphous structure does not depend on spatial direction. Figure 2.4(c) illustrates an example
of a centrosymmetric potential, which looks the same even if the positive and negative components
of x are swapped. As a consequence, the response P(t) is also symmetric about P(t) = 0, since each
direction of the electric field (up and down) must induce an identical response. Centrosymmetric
materials lack even-ordered nonlinear susceptibilities, and therefore cannot facilitate ¥, three-
wave mixing processes such as second harmonic generation or difference frequency generation.

Intuition gained from the Lorentz model can be applied here as well: the restoring force that
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Figure 2.4: Comparison of centrosymmetric and noncentrosymmetric media and the
time-dependent nonlinear polarizations they can support. In the figure above, a single
frequency field is applied to electrons inhabiting media with different structurally-dependent po-
tentials. Why can glass support self-focusing but not second harmonic generation? Symmetry in a
medium can silence even-ordered terms of the nonlinear polarization. (a) Single frequency applied
electric field. (b) Electrons in a medium with a purely parabolic potential respond linearly to the
applied electric field. (c) A centrosymmetric medium’s potential cannot not be described with
odd-ordered terms. As a consequence, the polarization lacks even-ordered susceptibilities, generat-
ing only odd-ordered harmonics. (d) A noncentrosymmetric medium’s potential can be described
with all terms of an expansion, allowing a nonlinear response with both even- and odd-ordered
harmonics. Figure adapted from [101].
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acts on bound charges is proportional to the derivative of the potential. If the expansion that
describes the potential lacks odd-ordered terms, the restoring force must lack even-ordered terms.
As a consequence, the polarization response also lacks even-ordered terms. This relationship is
illustrated in the expansions below Figure 2.4(c).

In contrast, a noncentrosymmetric potential (Figure 2.4(d)) can be described by an expansion
with even- and odd-ordered terms, and therefore, the polarization response of the medium can also
be described with even- and odd-ordered susceptibilities. Noncentrosymmetric media include some

(but not all) crystals, and are capable of facilitating both x(?) and x(3) effects.

2.4.3 Wave mixing

In general, an n-th order susceptibility allows for the mixing for n+1 waves. This result
emerges from a simple characteristic of polynomial expansions. One can, of course, apply an
arbitrary number of frequency components to a nonlinear material; however, the largest number of
those components that can mix for any given process is determined by the order of the susceptibility.
For instance, if three fields are applied to a material with a second-order susceptibility, only two of

those fields will ever be multiplied in the same term of the polarization:
(Ey + Ey + E3)? = B} + 2FF) + 2E3F) + E3 + E3 + 2E>F3 (2.33)

Simply adding more applied fields will not increase the number that interact in a given term. A
second-order process is considered three wave mixing because the interaction of the two applied
fields in a given term will, in general, create a third field.

The laser system described in this thesis exploits the large x(2) susceptibility of lithium
niobate to amplify mid-IR light via a three-wave mixing process known as optical parametric
amplification. It also exploits the x(®) susceptibility of fused silica glass to spectrally broaden the
output of an Erbium-doped fiber amplifier seed laser via a four-wave mixing process known as
self-phase modulation. The purpose of this section is to derive these processes, and others, from

the nonlinear polarization.
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2.5 Three-wave mixing processes (x?)

We first consider the class of nonlinear interactions that result from the x(?), second-order
nonlinearity. Consider an applied field containing two distinct frequency components, wq and ws.
As described above, more fields could be added, but they would not change the types of nonlinear

processes that occur. The total applied field is represented as

E(t) = Ere ™' + Bye 2! + Bfe™'! + Eje™?. (2.34)

where the tilde (~) indicates a quantity that is varying quickly in time, and the asterisk (*) indicates
an amplitude associated with negative frequency components.

Recall that the second order polarization has the form
P = coxPE(1)2. (2.35)

Plugging the applied field into the polarization term results in ten separate terms, but four of
the terms can be clustered as a complex conjugate, c.c., and ignored. The expanded second-order

polarization is given by
p(Q) — EOX(Z) [E%672iw1t 4 E22672Z'LU225 4 2E1E2€7i(w1+w2)t

+ 2B Eje @)t e o] 4 2¢0x DBV EF + EoE3). (2.36)

Since the nonlinear polarization is a source term in the nonlinear wave equation, each term in
the above expansion represents a particular physical nonlinear process associated with a particular
frequency. It is useful to separate each term of the polarization based on its associated frequency,

which will be done according to the convention
P@ =" P(wy)exp ™", (2.37)

where P(wy,) is an amplitude associated with a particular process. We list below the amplitudes of
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each process alongside the name that describes it:

P(2w1) = egx P E?, Second-harmonic generation (SHG) (2.38)

P(2ws) = egx P E2, Second-harmonic generation (SHG) (2.39)

P(w1 + ws) = 260X P E1 Es, Sum-frequency generation (SFG) (2.40)
P(w) — ws) = 2e0xP B E3, Difference-frequency generation (DFG) (2.41)
P(0) = 2eox P (ELE} + EoE3), Optical rectification (OR). (2.42)

The significance of the above expansion is that if a material has a x(2 susceptibility and is
driven by an applied field containing frequencies w; and ws, the induced polarization will contain
frequencies 2w, 2wy, w1 + we and wi — wo, in addition to the driving frequencies and a DC offset.

The strength of the x(?) response in a material is generally expressed in terms of the quantity
d. In full tensor notation,

1)
dijk = EXijk' (243)

When allowed by symmetry arguments, the tensor d;;i is generally reduced to a 3 x 6 matrix given
by d;;. Each term of d;; represents the strength of the x(?) interaction for a particular polarization
and propagation direction. For simplicity, d;; is often described by a single scalar value called the
effective nonlinearity, d.g. For instance, a nonlinear term frequently used for second order order
interactions in S-BBO is dgg = 2.2 pm/V, giving a second order susceptibility of Y =2d =44
pm/V.

We have developed a description of parametric processes at the level of a single dipole emitter.
While all of these frequencies may be present in the time dependent polarization of an individual
dipole, in order to calculate the evolution of the amplitude of a generated frequency component over
the length of the interaction, we must also consider the spatial dependence of the fields. In doing so,
we will see that each frequency component has a medium-dependent wave-vector. The macroscopic
evolution of any one of these new frequencies over the length of a medium depends strongly on

the wave-vector mismatch of the interacting fields (widely known as phase-matching). We will now
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explore two three-wave mixing processes in greater depth: second-harmonic generation (SHG) and
difference-frequency generation (DFG). SHG was the first (1961) experimentally observed paramet-
ric nonlinear optical process [95] and is critical for widespread photonics applications, from laser
pointers to surface-spectroscopy. The mathematical approach to developing the coupled wave equa-
tions for SHG bears similarities to the slightly more complicated case of DFG, and will therefore be
a useful tool in clarifying the derivation. The influence of wave-vector mismatch and the quadratic
gain characteristics of SHG are qualitatively distinct from DFG, and are an important point of
comparison. DFG is the more general case of optical parametric amplification (OPA), which is the
fundamental mechanism of the mid-IR amplifier described in this thesis. We will derive formulas for
the gain of an optical parametric amplifier, which will be used to discover important, and perhaps

unexpected, insights into optimizing gain bandwidth for broadband OPCPAs.

2.5.1 Second-harmonic generation
(@) b)) --g-----
’—) Z
)
|
O ——> degp = ‘2?((2) —> 0,=20, i |20
©
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Figure 2.5: Second-harmonic generation displays qualitatively different behavior than
difference-frequency generation. In the undepleted pump approximation, the intensity of the
second-harmonic signal grows quadratically with the intensity of the fundamental driver and the
length of the medium. In the particular case of perfect wave-vector matching and no second-
harmonic seed, all incident radiation can be converted into second-harmonic. In cases of imperfect
wave-vector matching, the intensity of the generated second-harmonic signal oscillates, with a
periodicity and maximum conversion efficiency determined by the wave-vector mismatch. Figure
adapted from Reference [101].

We first seek an expression for the spatial evolution of the three waves involved in SHG, for

which we follow an approach generally known as coupled-wave analysis. The polarization associated
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with the second harmonic wy = 2wy is

P, (z,t) = eoxP By (2)%e™ ™2 (2.44)

= eox(z)Al(z)Qeiklze_iwt. (2.45)

In the second line, we have separated the spatial dependence of the electric field into amplitude
and phase components, E,(z) = A, (z)e(#n?),
We are now ready to plug the polarization into the driving term (right-hand side) of the

nonlinear wave equation (2.32). Since we seek an expression governing the second harmonic, E,,,

the expression we use for the electric field on the left-hand side of 2.32 is:
Es(z,t) = Ay(z)elhez—w2t) (2.46)

Plugging P,,(z,t) and FEa(z,t) into Equation 2.32 and performing the derivatives results in:

0? Ay 0A,

2 2A
W+2ik287 Me
z 2z

2
g i(koz—wat) _ %X(Z)A%e(%klz—wﬂ)’ (2.47)

—k’%Az—

where the spatial derivatives are easily calculated using the product rule. We simplify this expres-
sion in two ways. Firstly, we note that k3 = n3w?/c?, allowing us to combine the rightmost two
terms in the brackets. Secondly, we apply an important approximation called the slowly varying
envelope approximation, or SVEA, which assumes that the spatial or temporal envelope of a pulse
varies slowly in space or time compared to the wavelength or period of the carrier wave. The SVEA

applied to Equation 2.47 tells us that:

0% A, 0As
— —. 2.48
072 < P2 0z (248)
Applying the two simplifications, the wave equation becomes
o 0As Wi (5 0 ink
21]{2% = CTX( )A1€Z Z, (249)

where we have introduced an important new term called the wave-vector mismatch (also known as
the phase mismatch), defined here as Ak = ki + k1 — ko. The wave-vector mismatch Ak determines

whether a parametric process is phase-matched, and therefore if it will result in appreciable changes
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to the composition of the fields. Of course, the quantity A; will decrease as energy is transferred
from the fundamental wave to the second-harmonic; to avoid the considerable complications of the
math that this causes, we make the undepleted pump approximation, which treats A; as a constant.

Deriving an expression for the amplitude A after interaction over some length L is now
simply a matter of integrating both sides of Equation 2.49 over some length L. We express the

result in terms of |A|?, which is proportional to the more experimentally useful quantity of intensity

[112):
2 4“% (2)2 472 of AkL
|Aa(L)|* = 53| X |Aq|*L” sinc 5 (2.50)
2
8wid? AkL
= 4" L2 sinc? (’“) (2.51)
nsc 2

In the second line, we have substituted X(z) = 2 degr.

Equation 2.51 shows that in the undepleted pump approximation, the intensity of the second-
harmonic signal grows quadratically with both the intensity of the fundamental beam and the length
of the medium. The sinc(AkL/2) term is critical for understanding the influence of wave-vector
mismatch, and is plotted in Figure 2.6. We find that as the term AKL/2 reaches +/ — 7, the
efficiency of the conversion plummets to zero, with negligible and quickly decaying resurgences as
AKL/2 continues to increase. It is common, but incorrect, to apply this same intuition of wave-
vector mismatch to optical parametric amplification. As we will see in the derivation of coupled
wave equations for DFG, the influence of wave-vector mismatch on the efficiency of the conversion
process can be significantly altered by the gain, which is largely determined by the pump intensity
and the deg of the crystal.

A more thorough coupled-wave treatment of SHG was done by Armstrong in 1962 [113],
and shows that in the case of both zero wave-vector mismatch and no incident second harmonic
light (no seed), the conversion of the fundamental to the second-harmonic can be complete. This
is qualitatively different behavior than DFG, where even perfect phase-matching will not yield a
conversion efficiency of unity. It is also worth noting that SHG does not require a seed at the

second-harmonic frequency, because the second-order polarization already contains that frequency.
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Figure 2.6: The normalized intensity of the second-harmonic signal plotted against the
product of wave-vector mismatch AK and length L. Figure from Reference [112].

DFG, on the other hand, will not occur unseeded, since the nonlinear polarization driven by a single-
frequency fundamental wave will not contain frequencies less than the fundamental. Nevertheless,
frequencies less than the fundamental can occur at very low levels due to the effect of parametric
fluorescence, often referred to as optical parametric generation (OPG), which arises from quantum
mechanical noise. OPG can seed DFG and cause measurable amplified output, with a spectrum

often determined by phase-matching conditions.

2.5.2 Difference-frequency generation

We now turn our attention to DFG, the y(2) process most relevant to this thesis, for which
we closely follow the derivation described by Manzoni and Cerullo [114]. We first derive the process
for the interaction of three monochromatic waves with frequencies wy (signal), wy (signal) and w3
(pump), which are all propagating in the z-direction (see Figure 2.7). Later, we will discuss how
these results can readily be applied to the case of three interacting broad-band pulses. We also
note that the labels signal and idler are a matter of convention, not physical difference: the signal
generally refers to the frequency component that seeds the process, while the idler is typically

generated.
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Figure 2.7: Difference frequency generation occurs when two pump beams generate a
third beam at the difference frequency of the two pumps. Optical parametric amplification
is a particular case of DFG - generally referring to the case where one of the incident beams (pump,
ws) is significantly stronger than the other (signal, w;), causing amplification of the signal and
generation of an idler at the difference frequency ws. The Manley-Rowe relations dictate that
the creation of a signal photon must be accompanied by the creation of an idler photon and the
destruction of a pump photon, as can be intuited from conservation of energy principles and the
inspection of (b). Figure adapted from Reference [101].

The incident electric field including all three waves is:

E(z,t) = % [Al(z)ei(‘“lt_klz) + Ag(z)eilwat=ha2) 4 Ag(z)ei(%t_k“)} + c.c. (2.52)

We now use Equation 2.35 to calculate the second-order nonlinear polarization PNz, t),
PVE(z, 1) = codegg [A’z%z)As(z)e“wl“kS’W]

+ A} (2)As(z)ellwzt—(ka=k)z] Al(z)A2(z)ai[wst—<’f3—’f2>zl] +ce. (2.53)

As before in our analysis of SHG, we calculate the right-hand side of the nonlinear wave
equation (2.32) by taking the second derivative of Equation 2.53, which acts as the driving term

for DFG.
PNL(zat) = €odeff w%A;(z)A?)(z)ei[Wlt*(k:a*kz)z}
W2 AT (2) Ag(2)eilwrt= skl L (2 40 (1) Ay (z)eilost=(ks—k)Zl | | o (2.54)

We note that the amplitude of the nonlinear polarization at one frequency is proportional to the

product of the electric field amplitudes at the other two frequencies. We continue to follow the same
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prescription as in our derivation of SHG and plug the electric field and the nonlinear polarization
into the nonlinear wave equation. We then apply the slowly varying envelope approximation to
eliminate the second derivative of the electric field amplitude with respect to z. Finally, we divide
the nonlinear wave equation into three separate equations based on frequency to get the coupled
wave equations:

8A1 —ideffwl

— AXA —iAkz 9.
0z cny 2413¢ ’ (2.55)
0As *’ideffwz —iAk

= Al Aze 202 )
92 o 1Ase , (2.56)
0A —id, ,

3 TWelIYS A Ageithe (2.57)
0z cns

where Ak = k3 — ko — k1 is the wave-vector mismatch, and n; is the refractive index at wj.

2.5.3 Monochromatic optical parametric amplification

Optical parametric amplification commonly refers to a difference frequency generation pro-
cess that occurs when the pump (ws) field is strong relative to the seed field (w1), and energy is
transferred from the pump to the signal and idler, causing amplification. However, it should be
noted that after an optical parametric amplifier reaches its maximum conversion efficiency, energy
begins to flow back from the pump to the signal and idler, a process known as back-conversion. In
this regimes, the generated fields are not necessarily much weaker than the pump field. Further,
we have numerically simulated OPA seeded by a 3 pm field that is stronger than the 1 pm pump
field, but due to the absence of 1.5 pm light in the seed, parametric amplification of the 3 pm still
occurs with high efficiency (see Chapter 4).

Integrating the coupled wave equations to calculate the evolution of the actual intensity of
the signal and idler fields requires the application of some boundary conditions. Here, we again use
the undepleted pump approximation, which assumes that Ag is constant. This results in a solution
which is applicable to the small signal regime, in which the signal is small relative to the pump;
nonetheless, we can derive significant understanding of the OPA process in this approximation. We

also make the assumption that the idler field is zero at the beginning of the process (A2(z = 0) = 0).
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Manipulating the coupled wave equations under these assumptions results in a description of the

signal evolution [114]:

0%A; L 0A
P, (2.58)
where
2d?, jwiw
r2 = e g (2.59)
CT€EQM1N2N3

and I3 is the pump intensity, given by I = negc|A|?/2. Integrating Equation 2.58 over some length
L results in an expression for the signal intensity I;(L); a similar approach can be taken for the

idler I5(L), resulting in:

L(L) = 1(0) [1+ [E sinh(gL)] 2] (2.60)
I(L) = [,(0)“2 [E sinh(gL)} ’ (2.61)
witg

where [;(0) is incident intensity at z = 0, and we have defined the small-signal gain as

) _ AR

—\/r
g 1

(2.62)

The product of refractive indices in the denominator of the I'> term has significant conse-
quences for nonlinear crystals: high indices of refraction reduce the small signal gain. For instance,
for the wavelengths considered in this thesis, the product of indices is around 6 for KTA and around
11 for LNbOg - for ZGP in the mid-IR, this product can be around 30! A commonly used figure of

merit for characterizing the strength of a nonlinear crystal is:

d2
FOM = —<I/ (2.63)
ninans

Another useful quantity is the signal parametric gain, G, which is the ratio of the signal

intensity at position z = L in the crystal to the initial intensity at z = 0:

a(L) = —1+ [g sinh(gL)r (2.64)

We will frequently refer back to Equation 2.64 to understand the scaling of the OPA process

with quantities such as crystal nonlinearity and pump intensity. This equation also has significant
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consequences for phase matching, which allow the amplification bandwidth to exceed the phase
matching bandwidth. To gain more qualitative insight into the OPA process, we consider the large
gain limit of gL >> 1. We note that for large and positive values of x, the function sinh(x) behaves

approximately as e”. In this case, the parametric gain reduces to:

G(L) %(r>2e'zﬂ (2.65)

Therefore, in the large gain limit, the signal and idler intensities in OPA grow exponentially over
the length of the crystal. This contrasts with SHG, for which the second harmonic intensity grows
quadratically over the length of the crystal. We further consider the case of perfect wave-vector
matching, Ak = 0. In this case, we see that the small-signal gain reduces to g = I". Equation 2.65

reduces even further in this limit to:

(2.66)

Equation 2.66 suggests that in the case of perfect wave-vector matching, large gain, and an
undepleted pump, the gain of an optical parametric amplifier is exponential with a growth rate that
is proportional to v FOM and \/m. This scaling is very important for the selection of nonlinear
crystals to be used in OPA, for which there is often a trade-off between the effective nonlinearity
of the crystal and the damage threshold. If one wishes to maximize the power gain (as well as
gain bandwidth, which will be discussed later), it is generally preferable to choose a crystal with
twice the deg than twice the damage threshold. Even a small increase in I' can result in a dramatic
improvement of the gain properties of the OPA. These will be born out in comparative numerical

simulations in Appendix A.

2.5.4 Why phase-matching bandwidth is not the same as amplification bandwidth

in OPA

One of the more striking conclusions we can draw from inspecting the parametric gain (Equa-
tion 2.64) of the OPA process is that the dependence on wave-vector mismatch is quite different

than in second-harmonic generation, often leading to confusion. In second harmonic generation, one
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Wave-vector mismatch in OPA and SHG
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Figure 2.8: Wave-vector mismatch (phase-matching) in optical parametric amplification,
and the influence of pump intensity and effective nonlinearity, compared with second
harmonic generation. Both calculations are done in the small-signal regime. The curve labeled
‘SHG’ is a normalized plot of Equation 2.51, which gives the intensity of the second harmonic
beam as a function of fundamental intensity, effective nonlinearity, crystal length L, and wave-
vector mismatch Ak. The normalized SHG curve is not affected by changes in the fundamental
intensity nor the effective nonlinearity; these parameters only scale the intensity. The curves labeled
OPCPA plot the normalized intensity of a signal beam in an OPA process, following Equation 2.64.
The parameters used in the calculation reflect the experimental conditions of the OPCPA described
in this thesis: 1030 nm pump, 1550 nm signal, pump intensity = 4 GW /cm?, crystal length = 3 mm,
def = 14.8 pm/V (for PPLN). The curve labeled ‘OPCPA’ uses these parameters exactly, while the
curves labeled ‘2 x I ump’ and ‘2 x deg’ describe the same parameters but with double the pump
intensity and effective nonlinearity, respectively. It can be seen that the sensitivity of OPA to wave-
vector mismatch in this regime is decreased with harder pumping and higher nonlinear coefficients,
which is distinctly different than in SHG. The shaded region highlights the accumulated phase
mismatch falling within the commonly defined phase-matching bandwidth (set by = 2.78 radians).
The extremes of the phase-matching bandwidth represent the point where the generated second-
harmonic intensity will always reach 1/2 of its maximum value, regardless of crystal nonlinearity
or pump intensity.
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cannot precisely define the concept of gain, since it is generally assumed that the second-harmonic
wave is unseeded, causing the gain I, (L) / I2,(0) to tend towards infinity. Nevertheless, we can
consider how the intensity of a generated second harmonic signal compares to physical quantities.
In Figure 2.8, we plot the normalized intensity of a second harmonic wave generated at different
wave-vector mismatches, which follows a familiar sinc? dependence. Neither increasing the inten-
sity of the fundamental driving beam I, nor increasing the effective nonlinearity deg will change
the normalized second harmonic intensity versus Ak. Similarly, the SHG bandwidth supported by
a crystal is determined wholly by the Sellmeier equations, which determine Ak.

In contrast, in an OPA process, changing either the pump intensity or the effective nonlin-
earity does change the dependence of the normalized signal intensity on the wave-vector mismatch.
This is illustrated in Figure 2.8, where we have overlaid the normalized signal intensity as a func-
tion of wave-vector mismatch for three different scenarios. For the OPA curves in Figure 2.8, we
consider experimental parameters relevant to this thesis. The parameters are from an OPA process
pumped by a 1029.5 nm laser, with a signal at 1550 nm. The length of the medium is L=3mm,
which is a common length of the PPLN crystals used in the OPCPA. For the curve labeled OPCPA,
we consider an intensity of 4 GW / cm?. This corresponds to the approximate intensity associated
with a 300 ps long, 200 1J pulse focused to a 1/e? diameter of 200 pm, which are the parameters
associated with the first stage of the OPCPA. The value used for deg is 14.8 picometers/volt, which
is the effective nonlinearity of PPLN. In Figure 2.8, we also plot the normalized signal intensity
for the same conditions described above, but with either: (1) twice the pump intensity (Ipymp = 8
GW/cm?) or (2) twice the effective nonlinearity of the crystal (deg = 29.6 pm/volt). In Appendix
C, we extend these calculations to explore the small signal gain as a function of wavelength, driving
laser intensity, deg and crystal length.

We see that increasing pump intensity and/or effective nonlinearity makes optical parametric
amplification less sensitive to wave-vector mismatch. Furthermore, we see that the particular
wave-vector mismatch values of + /- 27, which effectively bookend the efficiency of second-harmonic

generation, have no particular meaning in optical parametric amplification. A commonly used term
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is phase-matching bandwidth. This is commonly defined as bandwidth for which the phase-mismatch
AkL, accumulated over the length of the interaction, varies by 2.78 radians. The reason for this
definition is that the conversion efficiency curve for second-harmonic generation (which follows as

2 curve) drops to half of its maximum value when the phase mismatch reaches approximately

sinc
2.78 radians. This is illustrated in Figure 2.8, where the phase-matching bandwidth (as commonly
defined) is shaded and overlaid. While the commonly defined phase-matching bandwidth is clearly
a useful quantity for second harmonic generation, it is not particularly useful in optical parametric
amplification. Rather, OPA amplification bandwidth is gain dependent, and must take into account
not just the dispersion of the crystal, but also the pump intensity and the effective nonlinearity.
Intuitive understanding of this phenomenon is relatively straightforward. In the absence of gain,
when the medium length exceeds the coherence length, the complex exponential term in the relevant
coupled wave equation changes sign. This results in a sign change of the derivative %, resulting in
reconversion of the generated wave amplitude back to pump. However, in the case of a high gain
OPA, the growth of the signal amplitude can actually out-compete the reconversion process [98].
It is important to note that this behavior fundamentally depends on the existence of gain, and is

not applicable to conversion processes such as SHG or HHG. Confusion in defining the relationship

between wave-vector mismatch and the gain bandwidth for OPAs exists in the literature [115].

2.5.5 Extending the OPA coupled wave equations to the time-domain: the Sisyfos

numerical simulation package

The coupled wave equations derived in the monochromatic case described the evolution of a
field amplitude A(z) at a single frequency. In order to describe a temporal pulse envelope, we must
introduce a time-dependent amplitude A(z,t). This considerably complicates solving the nonlinear
wave equation, because we can no longer disregard the temporal derivatives of the amplitude

coefficients. If we choose a frame of reference moving at the group velocity of the pump pulse vgy3,
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the equations can be expressed in terms of 7 =t — z/v,3, resulting in coupled nonlinear equations:

8A1 1 aQAl aAl

— - D — o1 A*A —iAkz 9
o + 22’GV 155 + 613 o 101 45Aze ; (2.67)
0As 1 0% Ay 04 ‘ —iAk
—GQV D, —= 2 — o9 A¥ Aqe 1Rk 2.
5, + QiGV 2753 + 023 o 109 A7 Aze ; (2.68)
0As 1 9% As . Ak
— 4+ — D = —j03A1 Aye*>"A. 2.
B + QiGV 3 572 10341 Az€ ( 69)

where 0;; = 1/vg; — 1/vg; is the group velocity mismatch between two pulses, GVD; is the group-
velocity dispersion, and o; = deffw;i/con; [114].

An even more complete analysis of the differential equations governing DFG in a single
transverse direction, which includes both pump depletion and diffraction effects, was done in 1989
by Nieto-Vesperinas and Lera [116]. Later, the solutions were expanded to include all three spatial
dimensions by Gunnar Arisholm [100]. Arisholm incorporated these solutions into a powerful
simulation model known as SISYFOS (Simulation System for Optical Science), which includes a
nearly exhaustive set of physical effects. Sisyfos consists of a C++ library that contains the actual
simulation code and a library of MatLab/Python functions for interacting with the simulation.
Users are not generally able to modify the C++ code, but can readily change predefined parameters,
such as crystal type, propagation directions, etc. The electric field in the two transverse coordinates
and in time can be extracted at a user-defined plane, from which MatLab or Python functions can
be used to extract useful quantities, such as spectra and spatial modes. Beam propagation can be
handled by a split-step method or by solving the coupled equations for the scalar mode amplitudes
in spatial or temporal Fourier space, where each mode represents a monochromatic plane wave
component. The Fourier space method is chosen by default. Noncollinear OPA can be handled
without excessively high spatial resolution by factoring out the transverse k-vector components.

The Sisyfos package was utilized heavily in this thesis to simulate various nonlinear amplifi-
cation schemes as well as to understand the behavior of various nonlinear crystals. In Chapter 4, we
present Sisyfos simulations of PPLN OPCPA. In Appendix A, we offer simulations of alternative
1 pm pumped y@ crystals, including quasi-phase matched PPLT and PPKTP, as well as bulk

crystals, including KTA, LN and KN.
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2.5.6 Quasi-phase matching in OPA

Evaluation of the wave-vector mismatch depends on the chosen phase matching technique. In
general, the process of phase-matching involves minimizing the quantity Ak for a particular OPA
process. The refractive index of a lossless medium exhibits a property known as normal dispersion,?

which causes the refractive index to increase monotonically with frequency. For this reason, it is

generally not possible for two (or three) waves of different frequency and the same polarization to
travel with the same phase velocity. The difference in refractive index for the pump, signal and
idler waves at a given polarization in a typical OPA configuration is so large that, even in the
narrowband case, significant parametric gain would be impossible due to an overwhelmingly large
Ak. As an example, in the top plot of Figure 2.10, we plot Ak for three waves with the same
polarization (at 1, 1.5 and 3 pm), and find wave-vector mismatches of greater than 600 radians
after a 3 mm lithium niobate crystal - Figure 2.8 indicated that significant gain requires magnitudes
of less than 10 or 15 radians. To solve this problem, there are two common approaches to matching
the wave-vectors in an OPA process: birefringent phase-matching and quasi-phase matching.

In a birefringent medium, the index of refraction depends on the polarization direction.
We can generally simplify the situation and consider only two polarization, which correspond to
the ordinary and extraordinary refractive index. In birefringent phase matching, we choose the
polarization of the pump, signal and idler to make the real part of index of refraction experienced
by each of the three waves as similar as possible. In contrast, in quasi-phase matching (QPM),
the polarization of the beams is chosen to maximize the effective nonlinearity, generally resulting
in all three beams having the same polarization. Under normal circumstances, Ak would become
large over a very short interaction length, preventing significant amplification (Figure 2.10(top)).
In QPM, the crystal is fabricated in such a way that one of the crystal axes changes sign in a

periodic fashion, causing the sign of deg to also switch in a periodic fashion, as illustrated in Figure

3 Confusion often arises over this terminology. The refractive index relates the phase velocity to the speed of
light, and generally exhibits normal dispersion in lossless media. In contrast, the group index, which is the ratio of
the group velocity and the speed of light, can exhibit either normal or anomalous dispersion. Fused silica famously
switches between the two at around 1.3 pm wavelength.
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Figure 2.9: Quasi-phase matching of nonlinear optical crystals. Left: a cartoon of OPA in
a QPM crystal, showing the periodic modulation of the sign of deg (from Reference [114]). Right:
the evolution of the field amplitude of a second harmonic generated wave in a nonlinear crystal,
with (a) perfect phase matching - showing linear field growth/quadratic intensity growth; (b) QPM
- with a monotonic but slightly sub-optimal growth; (c) a wave vector mismatch - showing the
amplitude oscillate as energy flows back and forth between the pump and signal/idler waves. We
note that the linear field amplitude growth is not representative of OPA, which exhibits exponential
field amplitude growth in the small-signal regime with perfect phase matching. From Reference
[101].

2.9. If the modulation period is chosen to be twice the coherent build-up length, the effective value
of Ak can be dramatically reduced, causing amplification over a much larger interaction length.
We define the modulation period as A and the corresponding grating wave-vector as K, =

27 /A. In QPM, the wave-vector mismatch is defined as:
Ak =Fkz —ko — k1 — K, (2.70)

where k1, ko and ks refer to the wave-vectors of the signal, idler and pump, defined as k; = 27n;/\;.

In practice, the particular value of the modulation period A is chosen such that the grating
wave-vector cancels the wave-vector mismatch of the central frequencies of the pump, signal, and
idler - in other words, K, is chosen to make Ak = 0 for the central frequencies and the central
frequencies only. For crystals with a single grating period, perfect wave-vector matching can there-
fore only be achieved for a single set of central-frequency pump, signal and idler wave-vectors. For

broadband pulses, we can easily use Equation 2.70 to calculate a particular Ak(\) value for all
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Figure 2.10: The influence of quasi-phase matching on wave-vector mismatch for a 3
mm PPLN crystal. After propagating through a 3 mm long PPLN at 100°C, the signal, idler
and pump accumulate a total wave-vector mismatch, shown above. The top plot illustrates the
calculated wave-vector mismatch for non-periodically poled lithium niobate, by removing the K,
term in the calculation of Ak. The bottom plot shows the wave-vector mismatch in the case of
quasi-phase matching, with the Ky, 4ting term included for a 30.1 pm poling period. The frequency
dependent wave vectors were calculated using Sellmeier equations from the erratum of reference
[117]. All three beams have extraordinary polarization, which is necessary to access the highest
nonlinear coefficient dss.

wavelength components present in a generated pulse, so long as the frequency dependent refractive
index is known for the pump, signal and idler. The result of this calculation for a 3 mm PPLN is
shown in Figure 2.10(bottom). In the context of Sisyfos simulations, this condition will be referred
to as the bulk approximation for quasi-phase matching, and will allow us to simulate propagation

through periodically poled media without discretizing the medium into separately poled domains.
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Reference [118] investigated the bulk approximation and found that it is effective unless the num-
ber of periods is very small. However, we caution that parasitic effects, such as SHG of SFG can
often incidentally be phase-matched in periodically poled crystals - as happens in our experiment.
This behavior is not accurately captured by the bulk approximation, nor are aperiodically poled
crystals. Simulations aside, the bulk approximation applies to the analytical calculation of spectral
parametric small-signal gain as well, which is then a simple matter of substituting Ak(\) into the

equation for parametric gain (see Appendix C).

2.6 Four-wave mixing processes (X(3))

Four-wave mixing processes arise from the third term in the expansion of the nonlinear
polarization:

PB) = B E(t)3. (2.71)

We can understand all four-wave mixing processes by calculating the third-order polarization in-
duced by a field containing three frequency components: wi, ws and ws. This results in a lengthy
expression for the nonlinear polarization that contains 22 distinct positive-frequency components.
For simplicity, we briefly turn our attention to two important effects: third-harmonic generation
(THG) and self-phase modulation (SPM).

For mathematical convenience, we consider a real, monochromatic electric field of the form

E(t) = FE cos(wt) (2.72)

Through the use of a common identity, we cube the electric field and calculate the third-order

polarization from Equation 2.71:

P®) (t) = EEOX(B)ES Cos(Bwt) + 260X(3)E3 COS(wt) (2'73)

The first term on the right-hand side of Equation 2.73 represents third-harmonic generation

(THG), which is illustrated in Figure 2.11. Due to the observation that 3 effects are generally less

* cos®(wt) = 1 cos(3wt) + 2 cos(wt)
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pronounced than y effects, this effect is less commonly employed in frequency conversion devices
than (@ effects. An illustrative example of this is the National Ignition Facility in Livermore, CA,
which produces megajoule-energy laser pulses at the 351 nm third harmonic of a 1053 nm driving
laser. Instead of utilizing direct third harmonic generation, it is more efficient to utilize cascaded
x@ effects in KDP crystals: the second harmonic is generated in the first stage, and 3w = w + 2w

sum-frequency generation is used in the second stage [119].

(a) b) ——2 - ——-+-
(0]
[0) _ _ _ _
o 3 3) ) 3w
X 3w
—_— L o
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Figure 2.11: (a) Third-harmonic generation (THG) can occur when a sufficiently intense
driving field is incident on a medium with a x(®) nonlinear susceptibility. (b) An energy-
level representation of THG, where the dashed lines represent virtual states. Figure from Ref.
[101].

The second term on the right-hand side of Equation 2.73 causes an intensity-dependent
refractive index. In order to understand this effect, we should first consider the origin of the
refractive index in the linear regime. The first term of the expansion of the polarization is P() =
cox W E, where y() is a unitless quantity that can readily be related to the refractive index of the
material according to

n?=1+xW, (2.74)

where we note that n? is also equal to the relative permittivity e, = é
By comparing expressions for the first and third order nonlinear polarization, we can develop a
clear physical picture as to how the refractive index can be intensity dependent in y(3) materials. In

general, the refractive index can be thought of as a term which relates the polarization at a frequency

w to an incident field also at frequency w. We have seen that while the second-order polarization
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generates harmonics and other frequencies, it does not generate new light at the fundamental

(driving) frequency. Thus, for a polarization containing only x() and x(?) susceptibilities, the

refractive index is governed entirely by x(!), and the refractive index is not intensity dependent.
When a x®) susceptibility is included in the polarization, a new contribution to the polar-

ization is made at frequency w:

P(w) = eoxVE(w) + 3eox P E(w)? (2.75)
= cox'V +3x | E(w)*E(w) (2.76)
= GOXeffE(w) (277)

We can calculate the refractive index as before, but now we must use . instead of X(l):

n® =1+ Xep (2.78)

2

where yeg is dependent on the intensity of the incident field, |E(w)|*. A more common, and

practically useful, representation of the nonlinearity of the refractive index is
n =ng+ naol (2.79)

where ng is the commonly encountered linear refractive index, and ng is the nonlinear index given
by

3
"2 47’1,% €oC X ( )

The strength of x(®) nonlinearity varies tremendously for different materials. For instance,
x®) of silicon is 2.8 x 10" m?/V?, while it is as low as 6.2 x 102> m?/V? for lithium fluoride [101].
In practice, the magnitude of ¥ in a material is generally expressed in terms of its nonlinear
index, ny. This is likely a product of convenience: many x(®) effects from a pseudo-monochromatic
driving field, such as self-focusing and self-phase modulation, can be intuitively understood by an
intensity dependent refractive index, also known as the Kerr effect.

The intensity dependence of the refractive index in materials with a positive and non-zero

ng can cause light to self focus as it propagates through the medium. Since the intensity of a
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Figure 2.12: Self-phase modulation is a third-order nonlinear process that causes
changes in the frequency spectrum of a pulse. In SPM, the most intense part of the pulse
generally experiences a higher refractive index than the tails, inducing a phase shift between the dif-
ferent parts of the pulse. Here, spectra are shown of pulses that have experienced various amounts
of SPM. The SPM is quantified by the maximum phase displacement at the peak of the pulse.
Figure from Ref. [120].

beam is typically higher at the center of the spatial mode, the refractive index felt by the beam
decreases radially, causing a focusing action. A similar effect occurs in the time domain for short
pulses, and is known as self-phase modulation, or SPM. In a simple example of SPM, the tails of
the temporal pulse envelope may experience a lower refractive index than the peak of the pulse.
The change of the temporal phase in time manifests as new instantaneous frequencies, as described
by 2.24. The formation of new instantaneous frequencies can either broaden or compress the
spectrum of the pulse depending on the initial chirp of the pulse. This effect is best understood
by considering the Fourier decomposition of the pulse into frequency components with complex
spectral amplitudes each with a defined spectral phase. Depending on the phase relationship
between the added frequency components and the initial frequency components, the spectrum
can either broaden, compress or be unaffected. The classic spectral broadening most commonly

associated with SPM is illustrated in Figure 2.12, and occurs when the incident pulse has an
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up-chirp. Spectral broadening in this configuration can be understood intuitively by considering
that in a self-phase modulated pulse, the same instantaneous frequency can occur at two different
temporal positions in the pulse, leading to the interference spectra shown in Figure 2.12 [121].
SPM is widely exploited in ultrafast optics because it enables the generation of broad spectral
bandwidths that would otherwise be impossible due to limitations such as gain-medium emission
bandwidth and gain narrowing. The spectral broadening capabilities of SPM are fundamental to
the fiber front-end laser described in Chapter 3, allowing the generation of 35 fs pulses directly

from an Erbium-doped fiber amplifier.



Chapter 3

All-fiber front-end laser to generate 1 and 1.5 pm seed pulses

3.1 Introduction

The front-end of a laser system generally describes the component of the system which
generates the first light, and often does preliminary reshaping and amplification of that first light
to optimize it as a seed for later stages of amplification. The primary purpose of the front-end
described in this thesis is to produce two synchronized pulses of light: one with a wavelength
centered near 1.5 pm to seed optical parametric amplification, and the other near 1 pm to seed the
regenerative amplifier which generates pulses that pump the OPA process.

All other components of the optical system described in this thesis depend on the front-
end. For this reason, in designing and building the front-end, we placed particular emphasis on
robustness, modularity, serviceability and stability of all key metrics, including average power, pulse
energy, beam pointing, spatial mode and spectrum. Additional design considerations included the

delivery of: sufficient pulse energy to minimize the noise associated with subsequent amplification

7 A=1pum
// a P Seed for regenerative amplifier

Front-end

laser A= 1.5 um
4

P Seed for OPA signal

Figure 3.1: A simplified view of the all-fiber front-end laser. One arm delivers a linearly
chirped, approximately 2 ns pulse which seeds the regenerative amplifier. The other arm delivers
a 35 fs pulse centered around 1.5 pm wavelength, which acts as a seed for the OPA stages.
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stages; sufficiently large bandwidth to sustain ultrashort pulses from the OPA; well-characterized
and compensable spectral phase; and near-Gaussian beam profiles.

An all-fiber architecture has been found to be particularly effective in meeting all of these
design criteria. The key limitation associated with fiber amplifiers is low-peak power, which is
generally not problematic for the generally low power front-end. On the other hand, the very high
single pass gain, alignment-free operation, compactness, robustness and stability of fiber amplifiers
has made the technology an ideal choice for the front-end. The low electrical power consumption of
the front-end allows us to power the entire system by a rack-mountable, double-conversion, ‘always
on’ uninterrupted power supply (part SUI500RTXLCD2U from Tripp Lite). In the absence of
building power, the front-end can run for hours on battery without any change in performance, and
is completely isolated from building power quality issues that can damage sensitive electronics.

We gratefully acknowledge Scott Diddams and his group at NIST / CU Boulder for sharing
designs and technical expertise used in the construction of the dispersion managed EDFAs, as well
as direct assistance in the challenging splice between the highly nonlinear fiber and the transport
fiber. We further acknowledge Tin Nguyen for his direct assistance with splicing the EDFAs before
we acquired our own splicer. A conference proceeding describing the front-end can be found in

Reference [122].

3.1.1 Overview of the all-fiber front-end

The front-end begins with a 100 MHz Erbium fiber oscillator (ELMO, Menlo Systems GmbH)
customized to have two identical fiber output ports, each producing about 3 mW of average power.
The outputs of the oscillator are connectorized with SC/APC connectors; adapters are used to
connect them with subsequent SC/APC connectors, which are used in all other connections. Each
of the oscillator output ports seed a homemade Erbium-doped fiber amplifier (EDFA). The two
EDFAs share a nearly identical design and both produce around 200 mW of average power and
sub-50 fs. The two EDFAs differ slightly in the length of transport fiber before and after the

amplifier, and the currents used to drive the pumps. The EDFA in the 1.5 pm arm is optimized for
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Figure 3.2: A more detailed schematic of the front-end laser. EDFA: erbium-doped fiber
amplifier; YDFA: ytterbium-doped fiber amplifier; HNLF: highly-nonlinear fiber; CFBG: chirped
fiber Bragg grating.

broad bandwidth and flat spectral phase in order to deliver a good seed for the OPCPA. Its output
is connectorized with an FC/APC connector and is connected to a fiber collimator, which launches

a free-space beam towards the pulse shaper, pulse stretcher and finally the first OPA crystal.

1.5 pm branch 1 pm branch
Central A 1550 nm 1029.5 nm
Bandwidth (tail-tail) 200 nm 1.2 nm
Pulse duration 35 fs 2 ns
Spectral phase flat 1.5 ns/nm linear chirp
Pulse energy 2.2nJ 20 nJ
Repetition rate 100 MHz 100 MHz
Average power 220 mW 2 W
Peak power 49 kW 10 W

Table 3.1: A summary of the output parameters for each arm of the front-end. Values
are for day-to-day operation at the time of writing.

The output of the EDFA in the 1 pm arm is connected to the highly nonlinear fiber (HNLF)
assembly via FC/APC connectors. The HNLF assembly consists of a short segment of PM1550

fiber, spliced to an ~ 3 cm segment of HNLF, spliced to a short segment of FC/APC connectorized
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PM980 fiber. A strong third-order nonlinear response of the HNLF generates a dispersive wave
with spectral amplitude around a 1 pm wavelength. We typically observe a few mW of optical
power in the ~ 4 nm wide spectral band around 1030 nm. The entire spectrum from the HNLF
is fed into a circulator, which first directs the light to a chirped fiber Bragg grating (CFBG). The
CFBG has two purposes: it acts as a spectral notch filter, transmitting a narrow band around
1029.5 nm, and it applies a linear chirp to the pulse (quadratic spectral phase). The stretched and
spectrally narrowed 1 pm component seeds a ytterbium-doped fiber amplifier which amplifies the
signal to about 60 mW. Following the first YDFA is another identical circulator and CFBG, which
further stretches the signal and cuts out any ASE from the first YDFA. A second YDFA amplifies
the signal further. After the second YDFA, a pump stripper removes residual pump light, and
sends the approximately 2.3 W signal to a high-power free space collimator. The free-space beam
is then sent to a Pockels cell to reduce the repetition rate from 100 MHz to 1 kHz, and eventually
seeds the regenerative amplifier. A schematic of the front-end laser is shown in Figure 3.2. The
output parameters of both branches of the front-end are summarized in Table 3.1.

A photograph of the front-end laser is shown in Figure 3.3. The laser system is made more
compact by stacking four different levels, with a 12” x 18” footprint on the optical table. The bottom
level contains the oscillator and the EDFA that pumps the HNLF. The second level contains the
HNLF assembly, the first YDFA, and the pump for the second YDFA. The third level was added
to accommodate large, home-built aluminum spools which contain the ytterbium gain fiber of the
second YDFA and the collimator pigtail. The motivation for these larger spools will be detailed
later in this chapter. The top level contains the EDFA for the 1.5 pm arm. Under normal operation,
the top level is covered with a clear acrylic cover to prevent falling objects from damaging exposed
fibers, as well as to mitigate dust (cover not shown in the photo).

All of the electronics associated with the front-end, including power supplies, laser diode con-
trollers, and thermo-electric cooler controllers are housed in a single standard 19” wide electronics

rack which is shared with the regenerative amplifier.
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Figure 3.3: A photo of the front-end laser. The front-end laser is composed of a stack of four
aluminum breadboards, and has a compact 12” x 18” footprint.

3.1.2 Optical fibers in laser amplifiers

In Chapter 1, we reviewed the history of fiber lasers up to the development of the EDFA in the
late-1980’s, and illustrated the advantage of fiber-based gain media in high average power handling.
In this section, we will explore some important aspects of fiber laser technology as it pertains to
the front-end laser. Fiber lasers are a sub-category of solid-state lasers, and are distinguished from
free-space lasers in that the gain medium is contained in an optical fiber, typically in the form
of a rare-earth doped glass. Optical fibers typically guide light through a radial modulation in
the refractive index. Generally, a optical fiber waveguide consists of a slightly higher index core
surrounded by a slightly lower index cladding. This allows for the possibility of total internal
reflection at the interface between the core and cladding, so long as the incident angle is shallow
enough for a given index gradient. Several types of optical fibers are illustrated in Figure 3.4.

Optical fibers may be designed to support a single-mode (SM) or multiple modes (MM). The

seeding of free-space laser amplifiers requires high mode quality and modal-stability; therefore, all
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Figure 3.4: An overview of optical fiber types used in laser amplifiers. (a) a single
mode, non-PM fiber [123]. (b) A polarization maintaining, panda-style single mode fiber using
birefringence inducing stress rods [124]. (c¢) An 85 pum single-mode, ytterbium doped core large
mode area photonic crystal fiber, from the NKT Photonics aeroGAIN rod data sheet. (d),(e) An
illustration of the difference between core pumping and cladding pumping, with the blue lines
represent the pump and red lines representing the signal. Adapted from Reference [125].

fibers in the front-end laser are single mode. In contrast, the regenerative amplifier is relatively
insensitive to the mode of the pump and requires high average power; furthermore, high powered
fiber coupled diode bar arrays do not emit single mode radiation, and therefore would have low
coupling efficiency into a singe mode fiber. For these reasons, the regenerative amplifier uses a 400
pm diameter multi-mode fiber to deliver light from a 200 W, 940 nm diode bar array. In general,
it becomes more challenging to support single modes as the diameter of the core increases. The
largest single-mode core for a Yb fiber laser that the author is aware of is about 85 pm diameter
[60], found in the NKT Photonics aeroGAIN rod amplifier, which must be held straight to avoid
bend losses. Such extremely large core sizes typically housed within photonic crystal fibers, which
enable precision engineered effective index profiles. Large improvements have been made in recent

decades in drawing such sophisticated fibers.
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In low power single mode fiber amplifiers, one can typically couple the pump directly into
the core, such that both the signal and pump are guided in the doped active core of the fiber. As
the mode area increases, this becomes more problematic, as single mode, high brightness pumps
which would be required to couple into a core are less available and more expensive, especially at
higher powers. This issue has been resolved through the use of cladding pumped fiber amplifiers.
Cladding pumped gain fibers have a secondary cladding, much larger than the cladding which
guides the signal, which guides the (generally multimode) pump. During propagation, the pump
light interacts with the active ions in the core, causing population inversion. The two EDFAs in
the front-end are core-pumped, whereby a single-mode 976 nm laser diode is coupled into the a 4
pm erbium doped core. In contrast, the two YDFAs are cladding pumped, whereby a multimode
pump interacts with a 10 pm core.

Polarization may in general drift and become scrambled in a radially symmetric fiber; to
address this, polarization-maintaining (PM) fibers can be made to maintain a particular polarization
through the introduction of birefringence. When birefringence is sufficiently strong, there is strong
modal mismatch between modes associated with different polarizations. While other techniques
exist, the PM fibers used in the front-end utilize birefringence induced through the application of
stress rods which run parallel to the core (see Figure 3.4); owing to the appearance, these fibers
are often called panda fibers.

Dispersion is another important parameter of optical fibers. Figure 3.5 illustrates the dis-
persion properties of silica glass in the visible and near-IR spectral regions. The refractive index
of a material determines the phase velocity. As can be seen, silica exhibits normal dispersion in
its refractive index across the visible and near-IR. By analogy with the refractive index, the group
index of a material determines the group velocity, and here the behavior of silica is more interesting.
The group index of silica switches from normal to anomalous dispersion for vacuum wavelengths
greater than 1.3 pm (the zero-dispersion wavelength). In simpler terms, for wavelengths in the
normal dispersion regime (below 1.3 pm for silica), the red wavelengths travel faster than the blue

wavelengths. If an unchirped pulse propagates through a normally dispersive fiber, it will impart a



80

1'49 T I T T T T I T T T T I T T T T I
Silica (SiOz)
— 120
= =
g 1.48 £
I=Dll _:—.
;_ 80 Z
a Naroup P
% 1.47 = 40
& || | | | TSN | Letesee—r s
=== S|4
0 ~
1= 146
= g
o .2
. -40 §
2 145 7 o
,g ’/\N —-80 5
5] s o
= 4/ Matcrial dispersion =
s
1.44 [~ ’,’ -120
1 | “l 1 1 1 l 1 1 1 1 | 1 1 1 1 l

Wavelength A (um)

Figure 3.5: Dispersion properties of silica in the visible and near-IR. From Reference [126].

so-called down-chirp on the pulse, as the frequencies out in front will be lower than the frequencies
at the back of the pulse. In the anomalous dispersion regime (above 1.3 um for silica), the blue
wavelengths travel faster than the red wavelengths. If an unchirped pulse propagates through an
anomalously dispersive fiber, it will impart a so-called up-chirp on the pulse. These distinctions
are critical to the spectral-broadening capabilities of self-phase modulation and the behavior of

dispersion controlled EDFAs.

3.2 Erbium fiber oscillator

The high-performance of the front-end system can largely be attributed the 100 MHz, mod-
elocked, dual output erbium fiber oscillator (ELMO from Menlo Systems). The oscillator delivers
high stability and low amplitude and phase noise, and is composed of PM-fiber components. Menlo
Systems attributes these characteristics to a patented modelocking mechanism known as ”figure 9.”
All modelocked oscillators require a modelocking mechanism, whether active or passive, in order

to lock the phase relationship of the Fourier components of the spectrum in such a way that they
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interfere to produce a stable pulse train. A common approach to modelock fiber oscillators is to
put a saturable absorber in the oscillator cavity; since the behavior of this optic depends on the
optical intensity, it can enforce pulsed operation over CW operation. This modelocking mechanism

has been associated with excessive phase noise [127] and long-term degradation.

a b . .
( ) ( ) . Menlo Systems ELMO oscillator in front-end
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Figure 3.6: Menlo Systems figure 9 oscillator diagram and measured spectra. (a) Menlo
Systems attributes the high stability and low noise of their fiber oscillators to the patented figure 9
fiber oscillator architecture, which involves modified nonlinear amplifying loop mirror modelocking
mechanism. Diagram from Menlo Systems [128]. (b) Spectra measured from the two output ports
of the oscillator.

The figure 9 oscillator architecture, which is illustrated in Figure 3.6(a), utilizes a modified
nonlinear amplifying loop mirror (NALM). A fiber loop mirror is a loop of fiber connected to the
two output ports of a 2x2 coupler. The phase relationship between the waves travelling either
clockwise or anti-clockwise in the loop determines which of the two input ports the outgoing waves
will favor. In a NALM, the fiber loop contains a segment of pumped, active gain fiber and a
segment of passive transport fiber; in this way, the two directions of propagation around the loop
will accrue different amounts of phase due to ) nonlinearities: in one case, the light will be
amplified before traveling through the long passive fiber, inducing more nonlinear phase than if the
weaker, unamplified pulse first travelled through the passive fiber. In this way, the NALM acts an
intensity dependent reflector which can favor pulsed operation and therefore ac as a modelocking

mechanism. The figure 9 architecture modified the NALM architecture through the introduction
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of a directional phase-shifter in the loop, and allows for full-PM construction [129].

Figure 3.6(b) shows measured spectra from the two ports of the oscillator, each centered
around 1570 nm and containing enough bandwidth for an approximately 90 fs transform limited
pulse. Each port delivers approximately 3 mW of average power (30 pJ of pulse energy), and the
pulses have a linear chirp of -22000 fs?, stretching them to a duration of around 700 fs at the
SC/APC fiber connectors.

It is worth commenting on the decision to start with an erbium oscillator and shifting to
shorter wavelengths, instead of a ytterbium oscillator and shifting to longer wavelengths. Earlier
iterations of the front-end for this experiment started with a ytterbium fiber oscillator using the all-
normal dispersion (ANDIi) architecture developed by the group of F. Wise [130]. The most recent
approach involved generating a broadband “white light” spectrum which contained components
near 1.5 pm by focusing a 1 pm beam through a piece of sapphire. This broadband spectrum was
then used to seed a difference frequency generation process in a PPLN crystal which was wave-
vector matched for the amplification of a suitable 1.5 pm spectrum. This system was unusable due
to instability and frequent loss of modelocking, potentially arising from the nonlinear polarization
evolution in the oscillator. Furthermore, this system involves significant free-space optics and
recoupling from free-space into fiber. This is counter to the general design principle of our group:
to achieve greater stability, keep as many components in fiber as possible. In contrast to earlier
approaches beginning with a 1 pm oscillator, operating with a center wavelength above the 1.3 pm
zero-dispersion wavelength of bulk silica glass allows for careful balancing and material dispersion
and nonlinearities [131], and for the design of highly nonlinear fibers capable of generating tuneable,
broadband and highly coherent radiation [132]. Lastly, starting with a 1.5 pm oscillator allows us
to take better take advantage of the tremendous investment from the telecommunications industry
in high-quality, affordable components in the 1.5 pm band. An example of this is the dispersion

managed EDFA design which will be described in the next section.
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3.3 1.5 pm arm: Dispersion managed, broadband erbium-doped fiber am-

plifier

The erbium oscillator described in the previous section immediately seeds two parallel erbium-
doped fiber amplifiers. These two amplifiers are tuned slightly differently: the 1.5 nm arm EDFA
is tuned to deliver the broadest spectrum centered near 1.5 pm with a well-behaved phase, and the
1 pm arm EDFA is tuned for the largest spectral amplitude in a dispersive wave near 1 pm after
a highly nonlinear fiber (HNLF). Despite minor differences, both amplifiers are in general tuned
to deliver broadband, compressed pulses at their output. In the following section, we highlight the
specific design of the 1.5 pm arm EDFA | noting that specific values of fiber lengths and pump diode

currents do not necessarily refer to the 1 pm arm.

3.3.1 Background and theory

Before delving into the details of the design and operation, we can take a moment to put
these amplifiers into the historical context that we began to establish in the introduction. Just a
few years after the invention of the first EDFAs [50, 51|, sub-picosecond erbium fiber amplifiers
were first reported in 1989 [133] and 1990 [134, 135]. It would take another decade or so before the
type of ultra-broadband, all-fiber EDFAs employed in this work would be developed. By designing
the EDFA with a careful balance between material dispersion and y(®) nonlinearities, it is possible
to amplify pulses in the few nJ energy regime with sub-40 fs durations [131, 136]. In 2003, the
group of A. Leitenstorfer was the first to demonstrate this careful dispersion balancing in an EDFA.
By adjusting the amount of single mode fiber in front of the EDFA, they demonstrated significant
spectral broadening immediately out of the EDFA. The pulse was then launched into free space,
compressed with a bulk silicon prism compressor, and recoupled into an HNLF to demonstrate
supercontinuum generation [131]. In 2004, a group at OFS labs demonstrated an all-fiber version
of this system, which had the tremendous benefit of being able to splice the EDFA directly to

an HNLF. This was done by utilizing the material dispersion of single mode fiber to directly
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compress the pulse to 34 fs without the need for a bulk compressor. After the HNLF, a 400 mW
supercontinuum between 0.85 and 2.6 pm was demonstrated [136]. Later, it was demonstrated that
the output of the HNLF itself could be compressed to sub-10 fs pulse durations [137, 138].

The delicate balance between material dispersion, nonlinear phase and spectral broadening is
enabled by a unique characteristic of operating near the zero-dispersion wavelength of silica glass.
Standard single mode silica fiber at 1.5 pm exhibits anomalous dispersion, whereas the 6.5 pm
mode-field diameter erbium doped gain fiber exhibits normal dispersion’ (see Section 3.1.2 for
clarification of these terms). The balancing effect of these two dispersive regimes has a number of
useful consequences for broadband, short pulse EDFAs. Firstly, by temporally pre-stretching the
pulse in the transport fiber, and then allowing it to recompress over the course of amplification, one
can prevent nonlinearities from occurring until the final segments of the amplifier and avoid runaway
nonlinearities and pulse breakup. Secondly, as was described in Section 2.6, an initial up-chirp on
a pulse can enhance the spectral broadening effects of self-phase modulation [121]; the anomalous
dispersion of undoped silica fiber at 1.5 pm provides this up-chirp. Thirdly, comparison of the
output of dispersion balanced EDFAs with theoretical models has indicated that these amplifiers
act in the parabolic regime, which is enabled by the normal dispersion of the erbium gain fiber
[136]. In parabolic amplification, the asymptotic solution of the temporal envelope shape of the
amplified pulse is parabolic. A number of distinct advantages arise from operating in this regime,
including avoidance of pulse breakup and relative insensitivity to input parameters. Furthermore,
the amplified pulses have a nearly linear chirp, which can easily be compensated to achieve clean

pulse compression [139].

3.3.2 Design and construction

The design of the dispersion managed EDFA in the 1.5 pm arm of the front-end is shown

in Figure 3.7. All cleaves were performed with a Fujikura CT52 cleaver, and all splices were done

! We note that the normal dispersion seems to arise from the tight confinement of the mode in the 4 pm core. For
instance, a similar gain fiber with an 8 pm core exhibits anomalous dispersion. This poses a challenge for scaling the
power of dispersion managed ultrabroadband EDFAs.
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with a Fujikura FSM-100p fusion splicer. Beginning at the oscillator, we will now detail the design
and construction of the amplifier, and then discuss the optical pumping and power electronics.

An FC/APC connectorized PM1550 patch cable (part PMP-15-R-L-1-2SA-2SA from AFW
Technologies or similar) was cleaved in the middle. The connectorized end was joined to the
oscillator output via an adapter sleeve, and the bare end was spliced to the pigtail of a hybrid
980nm/1550nm wavelength division multiplexer (WDM) and optical isolator (part HB-IWDM-
PM-1598-1-1-L-S-S-2W-FB from AFW Technologies). The isolator protects the oscillator from
potentially disruptive or damaging backwards travelling pulses, and is incorporated into the same
microoptic as the WDM. Approximately 123 cm of anomalous dispersion PM1550 fiber lies between
the oscillator and the splice point to the gain fiber. The common port of the WDM was fusion
spliced to an approximately 1.7 m long segment of single mode, single clad erbium-doped fiber
(part Er80-4/125-HD-PM from Liekki) with an absorption of 80 dB/m at 1530 nm and panda
geometry for polarization maintenance. The gain fiber was then spliced a very short, 5 cm pigtail
of the output side WDM. The FC/APC connectorized pass port of the WDM was left with its
25 cm pigtail intact. Through guidance from collaborators and experimentation, we found that
minimizing the length of passive, anomalous dispersion transport fiber after the gain fiber delivered
shortest pulses. In principle, the distribution of PM1550 before and after the output side WDM is
not critical for dispersion balancing - however, some length of pigtail eased beam delivery to the
collimator and ultimately the free-space pulse shaper. For compactness and organization, most of
the fibers are coiled in stacking plastic trays with a coil bend radius of 30.3 mm (part BFCT from
Thorlabs).

The EDFA is configured to enable forward pumping by one laser diode, and backward pump-
ing by two laser diodes. More pump power is devoted to backward pumping because the majority
of pump extraction occurs with the higher energy pulses towards the back of the gain fiber. The
pumps are single mode, 976nm, 950mW fiber bragg grating stabilized laser diodes with a PM
fiber pigtail (part 1999CVB from 3SP Technologies), packaged in a 14-pin butterfly module. The

two backward pumping diodes are joined using a 1x2 polarization combiner (part HPBC-98-P-1-
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Figure 3.7: A detailed diagram of the dispersion managed, broadband EDFA used in
the front-end. The fusion splices between the pump diodes and the WDMs are not shown.
Approximate lengths (4/- 5 cm) between splices and components are given on the bottom line.
Note that the pulse has a linear chirp of -22000 fs? at the SC/APC to FC/APC mating sleeve.

03-NNN-BBB-3-1 from Optizone Technology Limited). In total, the front-end has six laser diode
modules, divided evenly between the 1.5 and 1 pm arms.

Each laser diode module is mounted on a universal butterfly laser diode mount (part LM14S52
from Thorlabs) configured for a type 1 pin configuration. The mount is connected to the controllers
through two home-built 9-pin D-type connectors - one for the laser diode (LD) and one for the
thermoelectric cooler (TEC). The controllers are housed in a 19” rack near the optical table, with
the cabling passing underneath a cable bridge. Both the LD and TEC for a single diode module are
controlled by single controller (part LDTC2/2E from Wavelength Electronics), capable of delivering
2.2 amps separately to the LD and TEC. The controller was operated in constant current mode and
the currents were set manually with trimpots, and when necessary, were read out using a removeable
USB computer interface. All six LD/TEC controllers were housed in a single, home-built rack shelf
with fan cooling.

The electrical power supplies to convert AC wall power to low-voltage DC for the controllers

were also homebuilt at JILA. In order to avoid electrical noise from a switching power supply
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imprinting on the pump laser power, we chose to use low-noise and highly reliable linear power
supplies often used by the medical device industry (part HBB5-3-OV-A+G from Condor/SL Power).
To mitigate any cross-talk between the controllers and provide the cleanest possible electrical
power, each LD/TEC controller has its own dedicated two channel power supply, with each channel
supplying 3 amps at 5 volts. One channel of a single power supply powers the laser diode, and
the other powers the thermoelectric cooler. This design affords a high degree of modularity, with
a single power supply powering a single laser diode. The six power supplies are divided into two
compact, rack-mounted shelves: one shelf contains the three power supplies for the 1.5 pm arm

EDFA, and the other contains the three supplies for the 1 pm arm EDFA.

3.3.3 Pulse characterization

The 1.5 pm arm EDFA delivers 2.2 nJ pulses with a near-transform limited pulse duration of
35 fs. Through experimental optimization of the 1.5 pm arm, we settled on a pumping configuration
which delivers approximately 800 mA and 1000 mA of current to the two backward pumping diodes,
corresponding to an estimated 560 mW and 720 mW (1.28 W combined) cw optical power, and no
current to the forward pumping diode. We characterized the resulting pulse immediately after the
fiber collimator using a home-built SHG-FROG with a BBO crystal. Measured and experimental
FROG traces are shown in Figure 3.8. When the experimental trace was mapped to a 1024x1024
grid, the retrieval showed a low error of 0.31%.

The reconstructed pulse in the spectral and temporal domain is shown in Figure 3.9. The
small amount of spectral phase on the pulse upon exiting the collimator, comprising about two
radians over the width of the spectrum, can readily be compensated by the SLM-based programeable
pulse shaper. To highlight the remarkable spectral broadening and compression properties of the
amplifier, it is worth noting that the seed pulse for the amplifier was a 700 fs pulse with a 90 fs

transform limit.
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Figure 3.8: SHG-FROG traces for 1.5 pm output of the front-end, as measured imme-
diately after the fiber collimator.

3.4 1.03 pm arm: dispersive-wave shifted seed for the regenerative amplifier

In this section, we review the branch of the front-end which generates an ~20 nJ, ~2 ns,
100 MHz repetition rate, linearly chirped seed pulse for the Yb:YAG regenerative amplifier. This
branch begins at the second output of the erbium oscillator, which is in turn amplified in a dispersion
managed EDFA very similar to the unit described in the previous section. Instead of the compressed
and amplified pulse being coupled into free-space, as is the case for the other EDFA, the output of
this EDFA is spliced immediately to an HNLF, which generates a dispersive wave with significant

amplitude near 1.03 pm. This component is then amplified in a series of two linear ytterbium-
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(b) Temporal domain EDFA pulse characterization. Blue line: retrieved time
domain pulse, with FWHM of 35 fs and a small pre-pulse characteristic of minor
third-order spectral phase; grey shaded region: Fourier transform of the measured
spectrum with a 32.2 fs FWHM (transform limit).

Figure 3.9: 35 fs pulse reconstruction of the 1.5 pm arm EDFA in the spectral and
temporal domain using SHG-FROG. Analysis and plotting tool courtesy of Will Hettel.

doped fiber amplifiers (YDFAs). A similar approach was demonstrated in 2016 to seed a thin-disk
regenerative amplifier with a couple of key differences: the EDFA signal went free-space to a bulk
compressor before recoupling into the HNLF, and again went free-space into a bulk stretcher before
recoupling into the YDFA; and the front-end produced a single output [57]. Although not used

for seeding a high power free-space amplifier, the general sequence of an erbium oscillator, EDFA,
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HNLF, and two YDFAs was also demonstrated in 2016 [140)].

3.4.1 Dispersive wave generation in a highly nonlinear fiber

The great challenge of the front-end system described here is the generation of synchronized
pulses at disparate frequencies. This challenge is elegantly solved in robust, all-fiber packaging
through the use of a highly-nonlinear fiber. Very high x(®) nonlinearities can be achieved in en-
gineered HNLFs through reduced mode areas and/or the addition of dopants such as germanium.
An all-fiber, octave-spanning supercontinuum from an HNLF was reported in 2003 [141]. Shortly
after, those authors demonstrated a high-degree of optical coherence across the broad spectrum
[132].

Here, we have optimized our HNLF and seed pulse not for supercontinuum generation but
for the generation of a dispersive wave near a wavelength of 1 pm. The mechanism behind the
generation of dispersive waves has been an active area of research in the past two decades. A
conventional explanation of dispersive wave generation begins with a pulse with sufficient intensity
to drive nonlinearities being launched into a fiber with anomalous chromatic dispersion. When
the effects of y®) nonlinearities and chromatic dispersion exactly balance each other, a soliton is
formed, which will propagate for long distances without distortion of the spectrum or temporal
envelope. Inevitably, the pulse shape and power of the launched pulse will not exactly match that
of the soliton. As the launched pulse evolves into a soliton under the perturbation of third or higher
order nonlinearities, energy is shed by the inchoate soliton into a background commonly referred
to as a dispersive wave. The observation that the dispersive wave tends to be blue-shifted relative
to the soliton is attributed to the positive dispersion slope at the soliton wavelength [143]. Indeed,
the HNLF chosen for dispersive wave generation in the front-end has anomalous dispersion across
the soliton spectrum.

More recent insight into the process, in part from a group at the University of Auckland,
demonstrates two key points about the generation of dispersive waves. Firstly, they demonstrated

that pulses need not be soliton-like to shed energy to a dispersive wave, by showing that pulses in
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Figure 3.10: Energy transfer from from a pump to a dispersive wave in a highly nonlinear
fiber can be efficient due to a phase matched cascaded four-wave mixing process.
Although the pump wavelength in the work presented here is near 1.5 pm and experiences anomalous
dispersion, generating a dispersive wave in the normal dispersion region, it is also possible for energy
to be transferred the other direction across the zero-dispersion wavelength. The vertical blue arrows
depict spectal components which may be involved in the intermediate steps of the cascaded process.
Phase matching is enabled by the Kerr nonlinearity experienced by the pump beam. This figure was
originally published on the blog of the Nonlinear Optics and Photonics Group at The University
of Auckland and is reproduced here with their permission; this work is associated with Reference
[142].

the normal dispersion regime can excited dispersive waves across the zero-dispersion wavelength
[144]. Secondly, they demonstrated that the surprisingly large energy transfer often observed be-
tween the pump pulse and the dispersive wave can be accounted for by a phase-matched, cascaded
four-wave mixing process [142], illustrated in Figure 3.10. The amplitude of dispersive wave gen-
eration generally remains negligible until the phase-matching condition is satisfied. A cascaded
parametric nonlinear process can mimic higher-order nonlinearities while only employing lower
order nonlinearirities. For instance, a the third harmonic can be generated using entirely y
processes:

w+w=2w (SHG) — 2w + w = 3w (SFG) (3.1)
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In a cascaded parametric process, strong conversion efficiency from an effective higher-order
process can be achieved with proper phase matching, even if the intermediate processes in the
cascade are not well phase matched [145]. It can be shown that in the region of the zero-dispersion
wavelength (ZDW), a pump detuned by dw on the anomalous dispersion side of the ZDW will be
phase matched with a dispersive wave detuned by 26w on the normal dispersion side of the ZDW
[142], as is illustrated in Figure 3.10. This phase matching is what enables significant energy transfer
from the driving pulse in the anomalous dispersion region to the dispersive wave in the normal
dispersion region. In the absence of the nonlinear phase accrued by the pump due to the intensity
dependent Kerr nonlinearity, this process could not be phase matched - a simple observation of
the material properties of fused silica in Figure 3.5 reminds us of that. For a thorough discussion
of dispersive wave generation, we refer the reader to Section 12.1 of Reference [146]. Cascaded
parametric processes have also been observed in gas-phase systems to generate VUV light with

high efficiency [147].

Length ~3.5 cm

Dispersion of slow axis @ 1550 nm 5.7 ps/(nm km)

Dispersion slope of slow axis @ 1550 nm | 0.027 ps/(nm? km)

Mode field diameter @ 1550 nm 4 pm

Estimated nonlinear coefficient 10.5 1/(W km)

Table 3.2: A summary of key parameters of the HNLF used to generate the 1 pm
dispersive wave.

The propagation of pulses in highly nonlinear fibers is often described by the nonlinear
Schrodinger equation (NLSE), which can be solved by a variety of readily available numerical tools.
We use pyNLO, a freely-available nonlinear optics modeling tool written in the python language,
which uses a fourth-order Runge-Kutta solver to solve the NLSE for propagation through x(®)
materials [148]. The results of a pyNLO simulation using the split-step Fourier model are shown

in Figure 3.11. Simulating approximate experimental conditions, a 50 fs duration pulse centered
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Figure 3.11: Numerical modeling of pulse propagation in the highly nonlinear fiber. A
1.3 nJ, 50 fs pulse centered at 193.5 THz (1.55 pm) is launched into an HNLF with parameters
from the fiber in the front-end, generating a bright dispersive wave centered just above 300 THz
(1 pm). The bottom map shows the spectral evolution over the length of the fiber, while the top
plot compares the spectral intensity at the beginning of the fiber (blue curve) and after 35 mm of
propagation (red curve). The intensity is plotted on a dB scale in both plots. Results are obtained
from the python tool pyNLO [148].

at 1550 nm and containing 1.3 nJ of energy is launched into an HNLF with similar parameters to
what is used in the front-end. The soliton in the anomalous spectral region can be seen Raman
shifting to lower frequencies over the first few cm of fiber, while shedding a dispersive wave that
accumulates energy around a wavelength of 1 pm (300 THz). The parameters of the polarization
maintaining HNLF (from OFS) used in this work are summarized in Table 3.2.

The HNLF assembly is the first component following the dispersion managed EDFA in the 1
pm arm of the front-end. The fiber segments are composed of PM1550, HNLF and PM980. In order

to ensure thermal and mechanical stability, as well as protect the fragile splices around the HNLF,
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Figure 3.12: (a) A photo of the spliced and connectorized highly nonlinear fiber (HNLF).
(b) Spectra before (shaded yellow) and after (black line) a ~3.5 cm segment of HNLF.
From right to left in the photo: an FC/APC connectorized PM1550 patch fiber; spliced to the ~3.5
cm long highly nonlinear fiber; spliced to an FC/APC connectorized PM980 patch cable. Note that
the spectra were recorded in a single sweep of an optical spectrum analyzer.

the spliced fiber segments are held in a custom machined aluminum assembly, photographed in
Figure 3.12(a). The assembly is then covered with an anodized, formed sheet metal cover for added
protection, allowing the assembly to be incorporated into the front-end as a robust, connectorized
module.

Spectra taken before and after the HNLF using an optical spectrum analyzer are shown in
Figure 3.12(b). The pulse that drove this spectrum originated from an EDFA with an additional 30
cm PM1550 patch cable in front of the input side WDM and a 40 cm patch cable after the output
WDM. At the time of recording the spectra, the total power out of the HNLF was measured at

125 mW, but with modifications to the system, is 135 mW at the time of writing.
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3.4.2 Ytterbium-doped fiber amplifier chain

After the HNLF, a series of two ytterbium-doped fiber amplifiers (YDFAs) amplify, stretch
and spectrally clip the dispersive wave into a stable, energetic seed pulse for the cryogenically-
cooled, 1 kHz Yb:YAG regenerative amplifier (“regen”). Although the regen is operated in the
saturation regime, amplifier instabilities of various types can be reduced by a sufficiently stable
and energetic seed pulse. In particular, a more energetic seed allows for few passes in the regen,
making the system less sensitive to misalignment or other issues throughout the beam path. A
more energetic seed also reduces the likelihood of a destabilizing and potentially catastrophic effect
in the regen known as bifurcation [149], which is discussed in greater detail in Chapter 4. Therefore,
there is strong motivation produce more energetic pulses from the YDFAs, and without the added
complexity of pulse picking in fiber, the more energetic pulses result in relatively high average
power. Design considerations for this higher average power will be discussed throughout the rest of

this chapter as we review the design, construction and performance of the YDFA amplifier chain.

3.4.2.1 Design and construction

The design of the YDFA chain is illustrated in detail in Figure 3.13. The PM980 output
of the HNLF is connected with FC/APC connectors to the input port of a three-port circulator
(part HPMCIR-03-0.5-S-B-S-P from Advanced Fiber Resources). As light travels between ports,
insertion losses are between 0.4-0.7 dB in one direction, and 37 dB in the other direction - allowing
the circulator to also function as an isolator. The second port of the circulator is spliced to a
chirped fiber Bragg grating, which has an ~1.3 nm reflectivity band centered about 1029.3 nm. A
linear chirp of 750 ps/nm is applied to the reflected pulse, stretching it in time to around 1 ns in
duration. This pulse seeds the first YDFA via a PM multimode combiner (part PMC02112A71A
from ITF Technologies). The signal input port on the combiner is PM 10/125 single mode fiber;
the pump input port is 105/125 multimode fiber. The pump port is connected to a single 10 W, 974

nm multimode fiber coupled laser diode (part PLD-10-974 from IPG Photonics). The laser diode is
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Figure 3.13: A detailed diagram of the ytterbium-doped fiber amplifier chain. HNLF:
highly-nonlinear fiber; CFBG: chirped-fiber Bragg grating. The HNLF output pigtail and the
timing delay patch cable are 6/125 PM980. The rest of the single mode fiber is 10/125, and the
multimode laser diode pigtail is 105/125.

mounted to a homebuilt, copper plate cooled by a thermoelectric cooler to 30°C. Each pump laser
diode has a dedicated 8 A Arroyo Instruments 4308 power supply and an Arroyo Instruments 5305
thermoelectric controller. The electronics are housed in the same 19” rack as the EDFA electronics.

The multimode pump light is coupled into the cladding the output fiber of the combiner
(10/125, NA=0.08/0.46). This output fiber is spliced to around 3 m of large mode area, double clad,
cladding pumped ytterbium gain fiber, with a core diameter of 10 pm and a cladding diameter of
125 pm (part YB1200-10/125DC-PM from Thorlabs). The core is estimated to have an absorption
at 976 nm of around 6 dB/m. The gain fiber is coiled and lays flat on an approximately 10
cm diameter round aluminum tray. The output side of the gain fiber of YDFAL1 is spliced to an
FC/APC connectorized segment of PM980, which is connected to a PM980 timing delay patch
cable. By simply connecting in a patch cable of arbitrary length, one can conveniently adjust the
timing delay between the 1.5 and 1 pm outputs of the front-end.

Following the timing delay patch cable, YDFA2 is constructed nearly identically to YDFAL:
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Figure 3.14: Output spectra of YDFA1 and YDFA2, with regenerative amplifier output
spectrum overlaid in yellow. Spectra were measured using an optical spectrum analyzer. The
narrowing that occurs between the regenerative amplifier seed and output results from the narrow
gain-bandwidth of cryogenically cooled Yb:YAG.

the circulator, CFBG, pump, combiner and gain fiber are all the same. The YDFA2 gain fiber is
spooled on the outside of a home-made, 20 cm diameter aluminum spool. Following the gain fiber
is a home-built pump stripper to remove residual pump light. The gain fiber is spliced to the 10 pm
core high-power connector pigtail immediately after the unabsorbed pump light has been removed,
and the splice is protected in the epoxy on the stripper. The high-power connector is connected to

a collimator, sending the beam free-space towards the regenerative amplifier.

3.4.2.2 Operating parameters

The first YDFA pump is driven by 3.2 A of current and maintained at 30°C, delivering 2.35
W of power. It produces about 60 mW of average signal power. The relatively low conversion
efficiency is primarily due to the excessively large 10 pm core of the gain fiber, which effectively
reduces the seed intensity of the amplifier and allows amplified spontaneous emission (ASE) to
grow even for rather low pump powers. This feature was inherited, and we have plans to switch
YDFAL to a core pumped amplifier more similar to the EDFA described earlier. The spectrum

from YDFAT1 is shown in Figure 3.14(a). The sharp edges are set by the CFBG and the relative
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lack of gain narrowing.

Nevertheless, 60 mW of average power is a sufficient seed for YDFA2, for which cladding
pumping and a large mode area is much more appropriate. YDFA2 is pumped by 4.8 W (pump
diode driven by 6 A at 30°C) and produces 2.15 W of usable signal after the free-space collimator,
for an effective efficiency of around 45%. The spectrum at the output of YDFA2 is shown in 3.14(a),
and exhibits some reshaping due to gain. The ASE background is around 40 dB below the signal

peak as measured by an optical spectrum analyzer.

3.4.2.3 High power handling

YDFA2 steps into the exciting territory of higher average power fiber laser amplifiers. Al-
though Yb fiber amplifiers can produce hundreds of watts of average power [60], even YDFA2
required some interesting modifications in order to perform well at a few watts. We briefly review
some of these design considerations here.

We estimate that there is about 300 mW of absorbed pump light contained in the cladding
at the end of the YDFA2 gain fiber. If the gain fiber were spliced directly to the output collimator
pigtail, all of this light would be incident on the splice - likely much would pass through and
pollute the output beam, and it may accelerate the degradation of the splice. To address this, we
constructed a pump stripper - a device which removes residual pump from a cladding pumped gain
fiber. An ~4 cm segment gain fiber near the end is stripped of its protective acrylic covering and
laid in a machined groove on an aluminum block. The bare fiber is then covered in Norland 61 UV
cureable epoxy, which as a relatively high index of 1.56. The high index layer destroys the guiding
properties of the inner cladding, causing the pump light to rapidly leak out of the fiber before the
next splice. This device is indicated in Figure 3.15(c)(i).

Even when a standard fiber connector is perfectly clean, when high power laser radiation
leaves a fiber through a standard connector, heat generated at the fiber tip can cause the epoxy
used to hold the fiber in the ferrule to degrade and off-gas. These gases can adhere to the end of the

fiber, scattering and absorbing light and causing runaway burning of the fiber tip. These problems



Figure 3.15: (a,b) Photographs of ytterbium gain fiber damage associated with the high
average power operation of YDFA2; (c) a photograph showing custom components in
YDFA2 to improve output power and system reliability. The scale bar in (b) is 200 pm.
Visible parts in (c) include the pump stripper (i), the large diameter gain fiber spool (ii), and the
high power connector spool (iii). Also visible is the high power connector (brass, to right) and the
two 10 W MM pump diodes mounted on copper plates. Under normal operation, the 1.5 pm arm
EDFA sits on top of YDFA2.

can begin to occur in the few watt regime. To address this, we used a specialty connector in which
the fiber tip is surrounded by an air gap (part PMJ-A3AHPMX-1060-10/125-1-5-1-PM1060L from
OZ Optics). During the installation of this component, while coiling the 10 pm core PM pigtail,
it was observed that the output power depended strongly on the bend radius of the fiber. While
coiled in a 6 cm diameter plastic tray (part BFCT from Thorlabs), the output power was 0.882
W at 4.8 W pump; when coiled in a custom made ~10 cm diameter aluminum spool (indicated in
Figure 3.15(c)(iii)), the output power increased by almost 60% to 1.38 W at the same pump power.

In the first generation of YDFA2, the gain fiber was coiled loosely in ~8 cm loops and
rested on an aluminum puck. On a time scale of about once per year, the gain fiber would fail

catastrophically with a break or kink in the fiber about 30 cm after the splice to the combiner,
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where pump intensity is relatively high. Photography and microscopy of this damage is shown in
Figures 3.15(a) and (b). We hypothesize that this damage was caused by a couple of factors: due
to relatively large thermal loads from the 4.8 W of pump light with relatively low extraction near
the front of the gain fiber, the fiber likely experienced significant heating. Without careful heat
extraction, this heating may have contributed to the damage. Further, the fibers rested on top of
each other, potentially giving rise to microbends that may have contributed to the fracture. To
solve this problem, we carefully machined an ~ 150 pm deep groove in a spiral pattern along the
outer surface of an ~20 cm diameter aluminum ring. The gain fiber was laid in this groove and
held in place with kapton tape (Figure 3.15(c)(ii). The precision machined groove minimizes any
transverse stress on the fiber, prevents overlap of the fiber, and improves thermal management.
Spooling the gain fiber in this way resulted in an another greater than 50% increase of the output
power from 1.38 W to 2.15 W. No failures have been observed in the Yb gain fiber since the

installation of the custom spool.



Chapter 4

A 3 pm, PPLN-based OPCPA pumped by a cryogenically-cooled
Yb:YAG regenerative amplifier

4.1 Introduction

Due to the wavelength scaling of the high-harmonic generation phase matching cut-off energy,
the generation of a bright (phase matched) harmonic beam with photon energies reaching 1 keV
requires the use of ultrafast lasers with a wavelength of ~3 pm. We generate and amplify these
pulses in a home-built, optical parametric chirped pulse amplifier (OPCPA) using four stages of
MgO-doped periodically poled lithium niobate crystals. The OPCPA in its current form produces
~620 nJ compressed pulses centered at a wavelength of 2.95 nm, with spectral intensity spanning
from 2.8 to 3.1 pm (tail-to-tail). The compressed pulses were characterized using SHG FROG to
have a FWHM duration of 99 fs - near the transform-limit of 95 fs - resulting in a peak power of 5.9
GW. The system delivers high pointing and power stability and an excellent mode. The OPCPA
has been used to generate high harmonics in argon gas, as described in Chapter 5. Conference
proceedings describing the OPCPA can be found in [150, 151, 152, 153].

The OPCPA described here evolved from an earlier iteration, described in the PhD theses
of Michael Gerrity [154] and Susannah Wang [155], as well as Reference [156]. The prior version
of the system employed a 1 pm fiber front-end, which drove a white-light seeded PPLN OPA to
produce a 1.5 nm seed. The seed was stretched by a grating pair stretcher, and the OPA chain was
composed of four PPLN crystals. The system was pumped by a chain of four cry-Yb:YAG amplifiers

consisting of a regenerative amplifier and three booster amplifiers, which resulted in 26 mJ, 1 kHz
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at 130 ps. The compressed 3.1 pm idler pulse had a pulse energy of 0.85 mJ and a duration of 420 fs.
The bandwidth supported 93 fs pulses, with the long duration attributed to stretcher/compressor
mismatch. A number of major changes have been made to the system since this first iteration.
The front-end is entirely different (see Chapter 3), with improvements in seed bandwidth, stability
and robustness. Critically, the stretcher was replaced by a grism stretcher, with the second and
third order dispersion on the phase conjugated idler pulse compensable by a grating compressor.
An SLM-based pulse shaper was incorporated for fine, user-programmable dispersion control. The
four-amplifier pump chain was replaced with a ~19 mJ single stage regenerative amplifier, which
offers advantages in terms of robustness, compactness, stability and mode quality, but has also
resulted in a decrease in the available pump energy - ultimately limiting the achievable 3 pm pulse
energy without the addition of a booster. The pulse duration of the pump was increased by a
factor of ~2 (to about 275 ps FWHM), enabling higher pulse energy from a single-stage amplifier
before damage and/or nonlinearities set in. In principle, the longer pulses enable higher pump
pulse energy within the limited aperture size of PPLN, but they also decrease the peak intensity
achievable before damaging the crystals.

The requirement of phase matching in HHG has informed our target pulse energy and du-
ration for the OPCPA: ~8-cycle (80 fs) pulses in the single to few mJ pulse energy range. What
follows is a summary of the aspects of HHG phase matching that are relevant to determining the
optimum drive laser parameters. We direct the reader to Chapter 5 for more thorough coverage
of this material. The condition of perfect phase matching puts an upper-bound on the fraction
of gas atoms that should be ionized (called the critical ionization). This fact addresses the often
asked question of why the cut-off photon energy cannot be extended arbitrarily by increasing peak
intensity: doing so could prevent phase-matching and result in a dim source. Rather, there is an
optimum on-target driving laser intensity that is needed to reach, but not exceed, critical ionization:
for the case of a 3 pm driver, that is expected to be around 1.3, 2.7 and 3.8 W/cm? for Ar, Ne and

He, respectively! [41]. With a sufficiently tight focus and short pulse duration, these intensities can

! In practice, having some overhead on peak intensity is useful, especially with high pressure gases.
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in principle be realized with low, few-hundred pJ or less pulse energies [84]. Here again, the con-
straints of phase matching must be considered. The tight focusing HHG geometry severely limits
the volume of emitters that can be phase matched - not just because the short confocal parameter,
but also because the Gouy phase and the intensity dependent atomic dipole phase impede phase
matching. Phase matching can be improved through the use of a looser focus, requiring higher peak
powers to achieve critical ionization, but the density-volume product of phase-matched emitters is
still significantly less than what can be achieved with a gas-filled waveguide - even more so in
the mid-IR than with shorter wavelength drivers. The use of gas-filled waveguides demands mode
matching between the focused driving laser and the waveguide mode. In the mid-IR, due to the
unfortunate scaling of propagation losses from unstructured glass capillaries with wavelength and
waveguide diameter, unstructured fibers are typically required to be at least 150 pm in diameter
for few mm interaction lengths and larger for longer interaction lengths. Again, we find that higher
peak power benefits mid-IR HHG in waveguides. It is then reasonable to ask if higher peak power
should be sought with shorter pulses or more pulse energy. The HHG process can in principle be
scaled up to larger interaction diameters, resulting in more harmonic flux, if more pulse energy
is available. However, the situation for pulse duration scaling is more complicated. Single-cycle
drivers tend to exhibit group velocity walkoff effects that limit the viable interaction length to
generate HHG - in this case, dispersion of the very short pulse impedes phase matching after a
short interaction length [157]. In the opposite extreme, if a driving pulse is too long, the ionization
fraction builds slowly, reaching critical ionization before the peak of the pulse, and thereby reducing
efficiency as well as the photon energy cut-off, which scales linearly with the intensity. An 8-cycle
pulse is thought to offer an acceptable compromise between these two competing effects. A good
review of this topic can be found in Reference [158].

In the remainder of this chapter, we will review the literature on existing PPLN OPCPA
technology in the 2- 3.5 ym range, describe the cryo-cooled Yb:YAG regenerative amplifier, explain
how dispersion control is managed with a grism stretcher, grating-pair compressor and an SLM-

based programmeable pulse shaper, and finally describe the 4-stage PPLN OPA chain, with an
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emphasis on practical considerations of the amplifier, pulse characterization and stability.

4.2 A review of PPLN OPCPA technology in the 2 - 3.5 micron range

In this section, we review existing periodically-poled lithium niobate (PPLN) based OPCPA
systems that are relevant to the work presented here. PPLN is able to access a high effective
nonlinearity (deg) of around 15 pm/V, is broadly transparent in the range of 0.5 to 4 pm, and can
phase match many different nonlinear optical processes depending on the selected poling period.
On the other hand, PPLN suffers from a relatively low damage threshold compared to alternative
crystal candidates and is extremely difficult to acquire with clear apertures larger than 3 mm in one
dimension. For these reasons, PPLN is commonly used in low pulse energy systems, or in the early
stages of high pulse energy systems. The OPCPA presented in this thesis is rather unique in that, at
the time of writing, PPLN is utilized in all four stages of amplification to generate (uncompressed)
pulse energies of greater than 1 mJ. Nevertheless, PPLN has been a primary limiting factor of the
OPCPA, and alternative crystals will be discussed in detail in Appendix A.

There are two systems of note generating femtosecond pulses in the 2-3 pm range. The Max-
Planck Institute of Quantum Optics has developed an OPCPA that utilizes PPLN for the first two
OPA stages followed by a bulk lithium niobate stage [159]. The system is pumped by a 1.6 ps
Yb:YAG thin disk amplifier and generates 10.5 fs (1.5 cycle), 1.2 mJ, 3 kHz pulses at a wavelength
of 2.1 pm without nonlinear post-compression. We note that the relatively short pump pulses allow
for the use of lower deg bulk crystals - a challenge with the long pump pulses from the pump laser
presented here. An earlier version of this system was used to explore the issue of optical parametric
generation (OPG, often called superfluorescence) and its subsequent amplification [160]. A common
test of OPG levels is to block the seed beam while leaving the pumps on the crystals. The authors
found that the (unseeded) OPG signal from the three stages was 780 1J, or 85% amplified signal of
920 pJ seeded by an estimated 4 nJ. However, the authors estimated that when seeded, the actual
quantity of amplified OPG in the amplifier output was reduced to 184 nJ (20%).

The second sub-3 pm PPLN OPCPA of note is at ETH Zurich, which utilized PPLN for all
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four OPA stages to produce 126 nJ, 14.4 fs, 100kHz pulses centered at 2.5 pm with an average power
of 12.6 W [161]. The system was pumped by a 280 W, 1.8 ps Innoslab-type amplifier. Elliptical
spatial modes were formed on the last two PPLNs in order to make more complete use of the
rectangular clear aperture typical of PPLN crystals. We also note that the third and fourth stages
were pumped with high peak intensities of 33 and 24 GW /cm? and high average powers of 50 and
135 W (0.5 and 1.35 mJ). The system was later upgraded and used for soft X-ray HHG [84].

In the spectral region above 3 pm, the system at ICFO utilized five consecutive PPLN stages
followed by two bulk potassium niobate stages to amplify 3.25 pm pulses [73]. An earlier version of
this system reported pumping the fourth stage PPLN with 0.62 mJ, 9.5 ps pulses at 100 W average
power (1064 nm), but at peak intensities above 4.5 GW /cm?, a strong beam reshaping process was
observed in the PPLN [162, 163]. ETH Zurich reported a 3.4 ym wavelength OPCPA with 44.2 fs,
21.8 pJ pulses that utilized a chain of three PPLN OPAs [164]. The authors achieved high gain
bandwidth by: (1) using aperiodically poled crystals in the first two stages and (2) using the final
stage PPLN in a noncolinear fashion. Another three stage PPLN OPCPA with a very low stretch
ratio (pumped by 400 fs pulses) was reported by CNRS that notably compressed both the signal
(20 nJ at 1.55 pm) and the idler (10 pJ at 3.1 pm) by using two bulk compressors: 110 mm of SiOq
for the signal and 12 mm of Si for the idler [165]. The Fastlite system described in the Introduction
utilized two PPLN stages followed by two bulk lithium niobate stages for power amplification, with
the early stage PPLNs taking no more than 125 pJ of pump energy [77].

Of the systems reviewed here, the highest pump pulse energy and average power was reported
by Bigler et al. at 1.35 mJ, 135 W with a peak intensity of 24 GW /cm?, corresponding to a peak
fluence of 0.043 J/cm?. We compare this to the ~10 mJ pulse energy used to pump the final state
of the OPCPA in this work. Using the empirical square root scaling of damage fluence from their
1.8 ps pulses to the 275 ps pulses used in this work, the corresponding peak fluence is 0.5 J/cm?
- about half the peak fluence used in this work. We note that the PPLN reported by Bigler et
al. (operated at room temperature) was mounted in indium foil to improve thermal and electrical

contact in the hopes of reducing pyroelectrically induced photorefractive damage [166], and that



106

DM Cryo Yb:YAG DM

Figure 4.1: Schematic of the cryogenically cooled Yb:YAG regenerative amplifier. CLM:
water cooled collimator, HR: high reflector, DM: dichroic mirror, TFP: thin film polarizer, PC:
Pockels cell, A\/2: half-wave plate. R = 15 m refers to the radius of curvature of the mirrors. In
the final configuration, the crystal was pumped from the right. Not shown are the optics to collect
the unabsorbed pump and direct it to a water cooled beam dump. From Reference [152].

the crystal was pumped at a non-colinear angle of 3.5 deg. The work in this thesis demonstrates
the operation of PPLN is a new regime of high pulse energy and high fluence, while at the same
time, we acknowledge that we are operating near the limitations of PPLN and are actively seeking

alternative crystals.

4.3 Cryogenically cooled Yb:YAG regenerative amplifier

The performance of an OPCPA is highly dependent on the pump laser. Instabilities in
the pump of all kinds can be dramatically imprinted on the amplified signal and idler. As an
example, the parametric gain experienced by an OPCPA (see Chapter 2 scales approximately as
the exponential of the square root of the pump intensity; as a result, even small fluctuations in pump
intensity across mode or in time can have outsized effects on the amplified beam. The OPCPA
reported here is pumped by a single-stage cryogenically cooled Yb:YAG regenerative amplifier (RA),
seeded by the YDFA chain described in Chapter 3. In this section, we will provide an overview
of the system, a review of similar systems in the literature, discuss cryogenic Yb:YAG as a gain

media, describe the issue of bifurcation, and finally provide some performance specifications. The
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Figure 4.2: Photographs of the regenerative amplifier showing, from left to right, the
custom enclosure and auxiliary equipment for the cryocell, water cooled external beam
dump and collimator for thermal stability, and the layout of the optics in the amplifier.

regenerative amplifier (RA) described in this section is reported in References [153, 152].

The RA delivers a typical pulse energy of 18-19 mJ at a 1 kHz repetition rate, resulting in
an average power of 18-19 W. The amplified pulses are ~275 ps FWHM in duration with a FWHM
spectral bandwidth of ~0.19 nm. The laser delivers near TEMyy modes in the far and near field.
The system is also relatively compact, housed inside an enclosure with a footprint of 55x125 cm?.
The spectrum and modes are presented in Figure 4.3. A schematic depicting the layout of the RA
is given in Figure 4.1, and photographs of the system are presented in Figure 4.2. The RA is a
four mirror bow-tie ring resonator, a simple design that yields good stability. The cavity consists of
two dichroic mirrors reflective to the signal and transmissive to the pump, and two high reflectivity
spherical mirrors with a radius of curvature of 15 m. Pulses make about 20 passes in the RA before
being ejected from the cavity by a two-crystal BBO Pockels cell followed by a half-wave plate and
a thin film polarizer. As an extra level of attenuation to ensure a high pulse contrast between
the selected 1 kHz pulse train and the rejected pulses, a second Pockels cell is used between the
front-end and the RA. The mode size in the gain medium is calculated to have a 1/e? diameter of

2.1 mm. The gain medium is a 5 mm long, 8 mm diameter, 10% doped Yb:YAG crystal mounted
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in a copper sleeve and maintained at ~-220 C by a 90 W capacity Gifford-McMahon cryogenic
cooler (PT90 from Cryomech). The closed cycle cooler circulates helium gas, and enables hands-off
maintenance of sub-liquid nitrogen temperatures. The cold finger holding the crystal is maintained
in a small vacuum chamber which is kept in the low 10® mbar range using an ion pump and the
cryo-pumping effect of the cold finger. The crystal is pumped by a fiber coupled 940 nm wavelength
diode bar array capable of delivering up to 200 W CW power and delivered to the crystal via a 400
pm diameter fiber and relay imaged onto the crystal with a single lens and a magnification of 5.
The amplifier is seeded with ~2.5 nJ pulses at 100 MHz from the front-end (Chapter 3). The seed
pulses have a linear chirp of 1.5 ns/nm from two chirped fiber Bragg gratings in the front end -
applied to the 1.2 nm of bandwidth centered about 1029.5 nm, this results in 1.8 ns duration seed
pulses.

A number of mid-IR. OPCPAs have been reported over the past decade with pump lasers
featuring either MOPA architecture with Nd:YVO, gain medium [167], flash-lamp pumped Nd:YAG

[71], or CPA architecture using diode pumped Yb:YAG and Ho:YLF both at room and cryogenic
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Figure 4.3: Output modes and spectrum of the regenerative amplifier. The near field
mode (top image) is taken 2 m from the amplifier output. The far field mode (bottom image) is
taken in the focus of a 50 cm lens. Both modes are near TEMgg. The spectrum was taken using a
single mode fiber coupled to an Ando optical spectrum analyzer set to 0.05 nm resolution in double
monochromator mode.
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temperatures [168, 82, 77, 169, 170]. Here, we will describe a few previously reported Yb pump
lasers to provide context for our work. A comparable cryo-cooled Yb:YAG RA generating 13.2 mJ
pulses at 1 kHz was reported by an MIT group in 2010 [168], with comparable energy stability
(~0.3%) to the system reported here (0.43%). The system was seeded with a low pulse energy of
0.12 nJ, and a two-pass booster amplifier brought the pulses to 40 mJ (at 2 kHz repetition rate). The
MIT system utilized liquid nitrogen dewars to cool the crystals, requiring much more intervention
than the closed-cycle helium refrigerator used in the system reported here. Since the amount
of GDD needed to stretch a pulse to a given duration increases with decreasing bandwidth (see
Chapter 1), narrowband pulse compressors tend to be inconveniently large - the authors overcame
this challenge with a unique folded compressor design to bring the pulses to 15 ps. A four pass
cryo-cooled Yb:YAG amplifier capable of an impressive 250 W of average power was developed by
Hemmer et al.[171]. The 2.5 mJ pulses allowed for relatively short, sub-20 ps duration stretched
pulses in the cavity. Another highly relevant system is a cryo-cooled Yb:YLF bow-tie RA that
delivers 20 mJ pulses at up to 3.5 kHz repetition rate for an average power of up to 70 W [172].
Yb:YLF exhibits much broader emission at cryogenic temperatures than Yb:YAG, which allowed
the authors to amplify a FWHM bandwidth of 2.1 nm centered at 1018.6 nm - approximately ten
times the bandwidth generated by our comparable cryo-cooled Yb:YAG RA. As noted, the added
bandwidth allows for a much more compact and practical pulse compressor. A 120 pass Yb:YAG
thin-disk RA was developed with comparable specifications to the system reported here, delivering
up to 17 mJ pulses at 3 kHz. We note that the front-end followed a similar architecture to our
own.

Yb:YAG exhibits improved thermal and optical properties when cooled to cryogenic temper-
atures, but with cryogenic coolings comes some unique challenges [154, 173]. A primary concern of
high average power gain media is the extraction of heat, which inevitably originates from sources
such as unextracted pump and thermal relaxation pathways associated with the quantum defect.
Yb:YAG’s thermal conductivity increases from 17 to 47 W/mK as the crystal is cooled from 300

to 77 K. Despite the favorable scaling, even at cryogenic temperatures the thermal conductivity
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is relatively low - for instance, it is about an order of magnitude lower than that of sapphire at
cryogenic temperatures. Thermal gradients in the crystal over the beam profile can result in prob-
lematic thermal lensing effects due to the temperature dependence of the refractive index. Here
again, cryo-cooling helps, with a decrease by approximately a factor of 9 when Yb:YAG is cooled
from 300 K to 77 K. Over the same temperature decrease, the coefficient of thermal expansion
reduces by about a factor of 3. Finally, we note that the high gain is enabled by a stimulated emis-
sion cross section that increases by about a factor of four, to the relatively high value of 11x1072°
cm?, when Yb:YAG is cooled from 300 to 77 K [154, 174].

Perhaps the most important change Yb:YAG undergoes as it is cooled to cryogenic tempera-
tures is a transition from a quasi-three level to a four level gain medium, which is depicted in Figure
4.4. The %F, /2 lower manifold in ytterbium’s active laser transition is split into closely spaced levels.
The terminal level is separated from the active laser lower level by only 0.075 eV [154]. Due to this
low energy spacing, at room temperature the lower laser level experiences a 5.5% fractional thermal
population. Such a significant population of the lower laser level makes Yb:YAG effectively three
level at room temperature, enabling absorption of the ~1030 nm laser light and leading to lower
amplification efficiency and, potentially, runaway thermal issues. However, when Yb:YAG is cooled
to 77 K, the fractional thermal population of the lower laser level reduces to 0.001% [154]. Due to
the short lifetime of the lower laser level, the laser transition sees an effectively unpopulated lower
level, making it effectively four level.

While cryogenic Yb:YAG is attractive in many ways, it low gain gain bandwidth and cryo-
vacuum requirements present some challenges. The emission cross section (which peaks around
1029.3 nm) is reduced to around 0.25 nm FWHM bandwidth. This narrow emission cross section
strictly limits the bandwidth of amplified pulses, forcing the use of large and unwieldy pulse com-
pressors if shorter pulses are desired. We also note that operating the gain medium at cryogenic
temperatures requires a carefully designed vacuum and cryogenic system. The most consistent
limitation of the up-time of the OPCPA described here is the crystal cryocell. Due to the low

temperature of the crystal, ambient molecules in the vacuum freeze onto the optical surface of the
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Figure 4.4: Cryogenically cooling Yb:YAG depopulates the lower laser level, causing
the gain medium to transition from quasi-three level to four level. At room temperature,
the lower laser level is partially populated due to the thermal distribution of electron energies.
Cryogenic cooling forces nearly all of these electrons to the terminal level. Without any significant
population in the lower laser level, absorption of the laser (signal) radiation is vastly reduced,
increasing the efficiency of amplification.

crystal. We have found that over a month or two timescale, this build-up can cause a decrease
in output power of the amplifier from, for instance, around 18 W to around 15 W. Generally,
the power can be regained by warming the crystal to room temperature while pumping out the
cryocell with a turbomolecular pump for ~1 day, thus allowing sublimation and removal of any
adhered material. We note that more careful design of the cryocell and vacuum system may be
able to relieve this constraint. For instance, by introducing a cold tube or funnel near the crystal
facet, the probability of molecules freezing on to the crystal surface could be reduced. Eliminating
O-rings in the gate valve and the window flanges, more carefully cleaning and potentially baking
all components (including the cold finger) in the cryocell, and improving the pumping speed of the
always-running ion pump may be avenues towards continuous operation of the RA without periodic
warming of the crystal.

Yb:YAG has an excited state lifetime of around 1 ms, which also corresponds to the time
between pulses at our 1 kHz repetition rate. When these two time scales are similar, the amplifier
becomes particularly vulnerable to an effect known as bifurcation [149]. To understand bifurcation,
it is helpful to consider the Yb:YAG crystal after it has achieved a state of significant population

inversion. An arriving seed pulse will see strong gain due to the strong population inversion, and
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will significantly deplete the excited state population. Due to this depletion, the next pulse may not
encounter a gain medium with as strong of population inversion as the first pulse, resulting in lower
gain and lower energy extraction from the crystal. With the pump delivering constant power and
the second pulse extracting less energy, the third pulse may again experience a higher gain. This
oscillatory behavior in pulse energy is referred to as bifurcation, and in addition to being a cause of
pulse-to-pulse instability, can cause catastrophic damage to an amplifier which may be operating
somewhere near the the damage threshold of its optics. It has been demonstrated that an increase
in seed pulse energy can help to mitigate bifurcation, which was one of the design considerations

of the front-end seed laser described in Chapter 3.
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Figure 4.5: Output power of the regenerative amplifier over multiple days plotted with
lab relative humidity and temperature. Regen output power is clearly correlated with tem-
perature and/or humidity, which track in the lab due to a coupled control system - see, for instance,
the change in periodicity occurring near hour 45.

Due to the nonlinear dependence of the amplified signal and idler beams on the pump, and
the even more highly nonlinear dependence of the HHG beam on the amplified idler, stability of
the RA is of paramount importance. We measured the pulse to pulse instabilities over 10 minutes

to be <0.47% RMS and average power instabilities to be <0.43% RMS over 15 hours. We find



113

that the average power instabilities are strongly correlated to environmental fluctuations in the lab
due to the climate control system (see Figure 4.5. While temperature fluctuations are seen as the
most likely culprit, we note that humidity and temperature control are coupled in the lab, so it
is difficult to identify the relative contribution of these two environmental factors. Nevertheless,
the periodicity of power fluctuations track with the periodicity of humidity and temperature. We
also measured pointing stability by tracking the displacement of the beam focused by a 50 cm lens
placed ~2 m from the output of the amplifier using a DataRay camera and associated software. We
measured displacement instabilities of the centroid of the focus of 1.7 ptm RMS over 50 hours. We
also experimented with a method to improve amplifier stability by equipping an intra-cavity mirror
mount with piezo-actuators coupled via an electronic feedback loop to a quadrant detector placed
outside of the cavity. This reduced the aforementioned displacement instabilities to 1.06 pm, or
0.3% of the 1/e? diameter at the focus. We ultimately decided not to use active feedback, largely
because the pointing stability was sufficient for our applications without it. To further improve
stability, we constructed a robust enclosure for the RA, shown in Figure 4.2. The walls were
constructed from 1/4 in thick aluminum, and the lid was constructed with lightweight AluPOLY
aluminum composite material (ACM), composed of a polyethylene core sandwiched between two
bonded aluminum sheets. The material can easily be sheared and punched, making it highly
workable compared to acrylics or equivalent thickness sheet metal. To prevent air currents and the
introduction of dust, we used rubber weather-stripping type seals where the lid joined the enclosure
walls, and rotary shaft oil seals (which work particularly well for this purpose) to mate the enclosure
with beam transport tubes. Early in the development of the RA, we observed longer term drifts in
system performance that were attributed to gradual warming of amplifier components. To reduce
this instability, we carefully tracked down heat sources in the RA and used building process chilled
water to remove heat where necessary. In particular, the unabsorbed pump light was directed to a
water cooled beam dump which was partially outside of the enclosure, and the pump collimator was
wrapped in water-cooled, flexible copper tubing. Both of these modifications are shown in the inset

of Figure 4.2. It is important to note that, while the single stage, uncompressed RA introduces
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challenges for OPCPA pumping, the simplicity of the OPCPA pump laser likely contributes strongly
to its stability and robustness. As a point of comparison, we consider the Innoslab amplifier used
for OPCPA pumping in Reference [84], which utilized active beam stabilization at the output,
followed by spatial filtering, compression, and a second active beam stabilisation at the compressor
output.

A temporal pump envelope with a flat top results in more uniform gain across the spectral
seed components in an OPCPA. Although this was not pursued in this work, the introduction
of a frequency-doubling nonlinear crystal between the RA and the OPCPA may have the effect
of converting some of the most intense part of the pump envelope into second harmonic, while
leaving the less intense parts of the envelope largely unaffected. While offering potential benefits
in conversion efficiency and bandwidth, such a scheme would require more pump energy than is
currently available - a problem potentially solved with a booster amplifier. Looking towards the
future of OPCPA pump lasers, hybrid architectures may offer promise for the development of stable,
high pulse energy and high average power systems. For instance, one of the main drawbacks of
the thin-disk architecture is that it often requires >100 passes through the crystal. On the other
hand, these systems are often seeded by pJ or nJ level pulses. While large mode area Yb-doped
fiber (or rod) type amplifiers are currently limited to about 1 mJ of pulse energy, and are therefore
less useful for directly pumping an OPCPA in our energy regime, such amplifiers could act as
a preamplifier for a thin-disk or other amplifiers, dramatically reducing the required number of
passes, thereby simplifying the system and improving stability. Secondly, it is worth mentioning
that the optimum pulse duration to pump an OPCPA is ultimately an optimization problem which
considers the damage threshold of the nonlinear crystal, available aperture sizes of the crystal and
target bandwidth and pulse energy for the amplified signal or idler. While short pump pulses enable
higher peak intensity, and therefore the use of shorter and lower deg nonlinear crystals, they also
decrease the total pulse energy available before damage - the latter, of course, being the premise of
chirped pulse amplification. Tuning the pump pulse duration could be readily achieved by adjusting

the spacing between grating pairs in a pulse compressor. This optimization will be considered in
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greater detail in Appendix A.

4.4 Dispersion control in the OPCPA

The physics of spectral phase was covered in detail in Chapter 2. In this section, we will
describe the technology that allows us to precisely control the spectral phase of the signal and idler
to enable chirped pulse amplification, resulting not only in transform limited 3 pm pulses, but also
pulses of arbitrary, programmable spectral phase.

In Section 1.5, we introduced chirped pulse amplification, but did not go into detail in how
spectral phase is actually applied to stretch and compress pulses. Ideally, in a well balanced
chirped pulse amplifier, the various orders of spectral phase applied by the stretcher exactly cancel
the spectral phase applied by the compressor: for instance, a Martinez-style grating stretcher can
be aligned to apply equal and opposite GDD, TOD and FOD of a grating pair compressor acting
on the same pulse. A summary of a few important dispersion control devices is presented in Table

4.1:

GDD | TOD

Grating pair compressor - +

Martinez-style grating stretcher + -

Grism - -

SLM pulse shaper +/- +/-

Table 4.1: Sign of the GDD and TOD for a grating pair compressor, Martinez-style
grating stretcher and grism. Note that -/- dispersion of the grism is the configuration used in
this experiment, and may be tuneable with careful design.

There are three dispersion controlling elements used in the OPCPA after the front end. The
first optical assembly seen by the output of the 1.5 pm arm of the front-end is a pulse shaper that
uses a 2D spatial light modulator (SLM). Immediately following the pulse shaper, the 1.5 pm seed

is stretched using a grism stretcher. The shaped and stretched 1.5 pm pulse then seeds the chain of
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PPLN OPAs. After amplification, a double pass Treacy-style reflective grating compressor is used

to compress the 3 pm pulse for immediate use in HHG or other experiments.

4.4.1 Programmable SLM-based pulse shaper

While the stretcher and compressor can generally be adjusted to remove GDD and TOD in the
compressed pulse, higher order dispersion is mostly not accounted for - nor is spectral phase from
nonlinear processes or propagation through material. Furthermore, fine-tuning the compressor
to remove the final few radians of spectral phase can be time consuming. Additionally, not all
nonlinear processes necessarily prefer a transform limited pulse. For instance, HHG was optimized
using a deformable mirror pulse shaper, resulting in a temporal envelope of the driving pulse with
a slight prepulse [175]. The use of a pulse shaper can be used to address each of these issues.
While the 2D SLM can in principle shape a pulse in both amplitude and phase, we generally use it
exclusively as a phase shaper. On a more fundamental level, it is worth commenting on the relative
importance of phase and amplitude in describing optical pulses. When a real-valued electric field
waveform is Fourier transformed, the resultant complex valued function contains both real and
imaginary components, corresponding to the spectral amplitude and spectral phase, respectively.
The SLM operates on the pulse in this spectral (Fourier) domain, with the ability to manipulate
both spectral phase and amplitude. When a real-valued function, such as the electric field amplitude
in the time domain, is reconstructed from a Fourier-domain phase and amplitude, the phase is in
some sense the more important quantity. Among other demonstrations, this can be seen in few-cycle
pulse experiments, in which the spectral amplitude might be highly structured, but the temporal
envelope is smooth so long as the spectral phase is relatively flat [105]. Nevertheless, amplitude
shaping can play an important role in the seeding of high gain amplifiers, as will be discussed below.

The pulse shaper used in this system is described in Reference [150]. An annotated photo-
graph of the pulse shaper is shown in Figure 4.6. Light from the EDFA is sent through a polarizer
beam-splitting (PBS) cube, a half-wave plate set to apply a polarization rotation of 45°and a Fara-

day rotator. In this configuration, light exiting the fiber collimator and propagating through the
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Figure 4.6: An annotated photograph of the SLM-based 1.5 pm pulse shaper. The 940
grooves/mm grating is pictured above. The shaper was later upgraded to include a 600 groove/mm
grating, decreasing the angular dispersion and enabling transmission of the full EDFA spectrum.

three optics retains a polarization parallel to the table, whereas light traveling the opposite direc-
tion experiences a 90°polarization rotation and is ejected by the PBS. Although it is possible to use
slight angle offsets to eject shaped pulses out of the shaper, such designs typically introduce spatial
chirp. After the rotator, the beam is diffracted by a 600 grooves/mm transmission diffraction grat-
ing (part 600/1550-25.4 from Wasatch Photonics). The grating is places in the back focal plane
of a 2”7, f=10 cm lens, which acts to make the various spectral components colinear and causes
them to focus on the SLM, which is in the front focal plane of the lens. The SLM (part SLM-200
from Santec) applies a programmable phase mask and retroreflects the beam back through the
system. Power before and after the pulse shaper was measured at 218 and 102 mW, respectively,
for a transmission of 47%. Note that the photograph in Figure 4.6 depicts a slightly out of date
iteration, which used a 940 grooves/mm grating and therefore had a lower transmission bandwidth
of ~100 nm. In order to increase the pulse shaper bandwidth without changing the grating line
density, we experimented with the use of a shorter focal length f=7.5 cm lens, but that resulted in

as much as a few tens of radians of added spectral phase after the pulse shaper - likely originating
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from spherical aberration.
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Figure 4.7: Algorithmic phase optimization of the compressed 3 n1m pulse with the pulse
shaper. A second harmonic signal was used as a fitness metric, resulting in a near transform
limited pulse. (Left) FROG temporal reconstructions of the pulse before optimization (blue) and
after optimization (orange), compared to the Fourier-transform limit of the spectrum (shaded).
(Right) FROG reconstructions of the spectral intensity (blue) and spectral phase (orange) of the
optimized pulse, compared with the measured spectrum (shaded). We published this figure in
Reference [150].

Code was written by Will Hettel to algorithmically optimize the spectral phase imparted by
the SLM by using any feedback as a fitness metric. Two algorithms were implemented (freezing and
stochastic parallel gradient descent, or SPGD), with no discernible difference in performance other
than SPGD converging faster. An example of algorithmic phase optimization is shown in Figure
4.7. In this example, second harmonic generation was performed in a 400 pm thick AgGaS, crystal
and measured with a fast photodiode. The photodiode signal was used as a fitness metric for the
phase optimization algorithm. After optimization, the peak intensity of the 3 pm pulse increased
by 63%, primarily by bringing amplitude in from side pulses. An experiment was also performed
using the brightness of the HHG beam as a fitness metric, by integrating a region of interest on
the X-ray CCD camera. While the fitness metric only improved by about 10%, we note that the
FROG reconstruction of the resultant temporal profile of the HHG optimized driving pulse almost
exactly matched the temporal profile observed by Bartels et al. in a similar experiment [175].

Owing to the horizontal dispersion of the transmission grating used in the pulse shaper, a

variation in the applied phase in the horizontal dimension of the SLM results in the application of
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spectral phase to the pulse. Phase mask variations across the vertical dimension of the 2D SLM
are not employed for the purpose of phase shaping, but they can be used for amplitude shaping
through the application of a periodic phase structure across the vertical dimension. This periodic
structure diffracts light out of the plane of incidence, thereby removing spectral amplitude at a user-
defineable spectral location. The modulation depth of the applied vertical phase grating can be used
to tune the diffraction efficiency and therefore change the rejection ratio of a particular spectral
component. Due to the large amount of GDD applied by the stretcher, the temporal envelope of
the stretched pulses almost exactly matches the spectral envelope (see, for instance, Figure 4.9).
In the literature, amplitude shaping the seed of an OPCPA was used to improve the overall gain,
conversion efficiency and spectral bandwidth [176]. Although amplitude shaping is not currently
employed in our day to day operations, preliminary results have been positive. For instance, the
SPGD algorithm was applied to optimize the bandwidth of the amplified signal pulse by shaping
the amplitude of the signal seed pulse. This resulted in a “U-shaped” signal seed spectrum, and
a 70% increase in the amplified signal bandwidth, but the configuration was not usable at the
time due to excessive attenuation of the seed amplitude. We propose an alternative approach to
amplitude pulse shaping that is additive, rather than subtractive, and to our knowledge has never
been demonstrated in theory or experiment. In the proposed approach, the seed pulse is spectrally
dispersed and collimated (much the same as in the pulse shaper described here). However, instead
of retroreflecting from an SLM, the spectrally dispersed seed interacts with a fan-out type PPLN.
The fan-out PPLN and spectrally dispersed seed are aligned such that each spectral component
of the seed encounters a phase-matched poling period. This scheme has been demonstrated and
is sometimes referred to as frequency-domain OPA (or FOPA). A pump pulse is then dispersed
using a cylindrical lens onto a SLM. The SLM can be used to amplitude shape the spatial profile
of the pump, and in that way, selectively amplify user-defined spectral components by user-defined
amounts. Since the gain in an early stage PPLN OPA can easily be >10% an extremely high
dynamic range may be possible in this amplitude shaping scheme, while avoiding the problematic

low-seed amplitude traditionally associated with subtractive amplitude shaping. This technique
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has not been realized in the lab, but may find usefulness in future systems.

4.4.2 Grism stretcher

When optical parametric amplification is pumped by a narrowband, quasi-unchirped pump,
and seeded by a highly chirped seed (as is the case in the system presented here), the phases of the
signal and idler are necessarily inverted, mirror images of one another: while the magnitude of each
term of the spectral phase stays the same, the even terms of the spectral phase (GDD, FOD, etc)
switch sign, while the odd terms (TOD, 5th order, etc) keep the same sign. This can intuitively
be understood by considering the photon energy picture of OPA. If a signal pulse is stretched with
negative GDD (as is the case here), the blue frequencies are in the leading part of the pulse and the
red frequencies in the trailing part of the pulse. If the pump is considered monochromatic, then,
by energy conservation, the bluer signal will necessarily result in a redder idler, and vice versa.
Therefore, the generated idler will lead with the red frequencies and trail with the blue frequencies:
the opposite GDD of the signal. In contrast, TOD yields a frequency chirp with inversion symmetry
about the center of the pulse, and therefore TOD is unchanged between the signal and idler.

The phase conjugation poses a particular problem for OPCPAs that seed with the signal
beam and compress the idler: in these systems, the commonly used stretcher/compressor pairs in
standard CPA systems will not properly compensate the phase. An earlier version of the system
reported here was only able to achieve ~420 fs pulses as a result of this challenge [156]. The
solution we have chosen is to stretch the signal with a double-pass transmission grating grism pair
and to compress the idler with a standard Treacy double-pass reflective grating pair compressor,
an arrangement analyzed in detail in Reference [177]. Grism stretchers were originally designed by
Tournois as a way to apply negative GDD with zero TOD [178]. The scheme was later modified to
yield both negative GDD and TOD [179] - of particular interest in order to compensate material
dispersion (from, for instance, many meters of fiber), which in the sub-1100 nm spectral range
generally yields positive GDD and TOD.

The grism stretcher used in this work is illustrated in Figure 4.8. Of the 102 mW at 100 MHz
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Figure 4.8: The 1.5 pm grism stretcher. (a) A photograph of the stretcher configured to amplify
100 fs compressed pulses. The photographed configuration matches the ray tracing simulation in
(c), resulting in predicted temporal pulses depicted in Figure 4.9, and matches the compressor con-
figuration described in the following section. Increasing the distance between the subunits increases
the GDD but reduces the bandwidth. The incident angle is 1.7 deg off Brewster. Improvements
to the bandwidth of the seed EDFA resulted in clipping of the spectrum in the grism - in this case
between 1485 and 1630 nm - which we are actively addressing with larger prisms and gratings.
This results in a tradeoff between seed bandwidth and GDD, which influence both the compressed
pulse duration and the conversion efficiency in the OPAS by changing the temporal overlap. The
GDD predicted by the ray tracing code includes both forward and backwards passes through the
stretcher. The code was developed by Michaél Hemmer.

that enters the stretcher from the pulse shaper, about 46 mW can be measured at the output, for
a transmission of 45%. The stretcher is composed of two identical subunits. Each subunit contains
two identical right angle uncoated SF57 prisms (from Tower Optical) that are 20 mm tall. The
two side lengths adjacent to the right angle are 48.5 and 35.2 mm, forming a 54°-90°-36°triangle.
Sandwiched between the two short-leg faces is a 966.18 lines/mm, 0.675 mm thick transmission
grating (part T-966C-35X20-94 from LightSmyth/Finisar/II-VI/Coherent). The grating is held in
place purely by mechanical force. The 1.5 pm beam leaving the pulse shaper enters the stretcher
slightly off Brewster angle, for reduced reflection losses. The beam enters high, propagates through
the two subunits, is brought down in height by a roof mirror, propagates back at a lower height, and
is ejected by a gold mirror towards OPA1. By adjusting the relative position of the two subunits, the

applied GDD and TOD can be tuned: increasing the distance between the two subunits increases
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the applied GDD, but it also decreases the maximum bandwidth allowed before clipping. A ray
tracing code was used to simulate and optimize the dispersion. Figure 4.8(c) shows a ray tracing
simulation for the OPCPA configuration analyzed in this chapter, in which a GDD of ~ -2.5x100 fs?
is applied to the seed. As can be seen, the second subunit is insufficiently large to accommodate the
full bandwidth while still applying sufficient chirp to the seed. We have also experimentally found
that some components near the clipped edges of the transmitted grism spectrum do not amplify
in the OPAs. The ray tracing code was used to verify that the maximum GDD achievable for a
given bandwidth scales with the linear dimension of the prisms. With this understanding, we are
currently in the process of replacing the second grism subunit with prisms and gratings that are
twice as large. With this new, large bandwidth grism, we will be able to apply an appropriately
large stretch factor without clipping the seed spectrum from the EDFA. For an illustration of the

current balance between bandwidth and stretch, see Figure 4.9.

4.4.3 Grating pair compressor

The grism stretcher was chosen because it ultimately results in a stretched idler pulse with
the correct phase (positive GDD and negative TOD) to be correctly compensated by a Treacy-style
grating compressor. Although a variety of pulse compression schemes exist, the combination of
femtosecond, millijoule pulses, mid-IR wavelength and relatively large amount of GDD (few 10°
fs?) make a grating compressor a natural choice. While bulk material compressors have been used
with high-efficiency, the large amount of GDD would require, for instance, 5-10 m of propagation
through silicon. As an interesting aside, we note that the actual origin of spectral phase in a grating
compressor is often misunderstood to be a simple matter of red frequencies traveling a different path
length than blue frequencies, where the relative delay due to the path length difference accounts for
the entirety of the pulse compression. In fact, this simple ray tracing approach fails to accurately
predict the GDD, something that was recognized in Treacy’s original 1969 paper [180], where
the applied phase is described in terms of a “geometric term” and “correction term,” the latter

originating from the nature of grating diffraction. When light diffracts from a grating into the first
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Figure 4.9: Calculations of the OPCPA pump and signal seed in the time domain. Few
hundred ps pulses are somewhat inconvenient to measure in time, as they push the limits of fast
photodiode technology and are generally too long for FROG techniques. Instead, we apply known
spectral phase to measured spectra to estimate the time domain envelope. The dispersion on the
pump spectrum (black line) is 1.5 ns/nm and arises from the front-end CFBGs; the dispersion on
the 1.5 pm seed spectrum primarily comes from the grism stretcher. The geometric configuration of
both the stretcher and the compressor verify that the applied GDD is ~-2.5x100 fs?. We also note
that the stretch factor has evolved as the system bandwidth has been improved, and is a balance
between desired gain bandwidth and conversion efficiency - therefore, this configuration may not
be representative of all results presented in this thesis.

order, the angle of diffraction is set by the condition that neighboring lines emit radiation into
that direction that is exactly 27 out of phase, which creates constructive interference and bright
radiation in that particular direction. Since many grooves are illuminated, it is necessary to add 27
times the number of illuminated grating grooves to the geometrically calculated phase. Although
rather interesting, we don’t generally need to employ this observation as we calculate the spectral
phase from a grating compressor.

It is very useful to be able to quickly and accurately calculate the GDD and TOD from a
grating compressor for arbitrary conditions. Although some amount of dispersion originates from
material and nonlinear phase between the stretcher and compressor, these values are generally much

smaller than the dispersion applied by the stretcher and compressor. For this reason, and due to
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the large and rather simple geometry of a grating compressor, simply measuring the optimized
compressor is arguably the best way to accurately characterize the amount of stretch on the pulses
in the OPCPA - a critical parameter for optimization. The equations describing GDD and TOD
of a double-pass grating compressor from Reference [181] have been used by the author and are
considered accurate. To use them, simply make note of the angle of incidence, 6, of the collimated
beam onto the first grating, off-normal and in radians; the line spacing, d, in meters (by inverting
the known groove density); the perpendicular distance, L, between the gratings, depicted in Figure
4.10 and not to be confused with the center to center distance, and apply these values to the

following formulas:

ML A 2]~
GDD = s |l <d — sin 0) ] (4.1)
3\ A A/d—sind
TOD = -GDDo 1+ =/ —sm 9)2]’ (42)

where A is the central wavelength, c¢ is the speed of light, and the resultant GDD and TOD are in
units of sec? and sec?, respectively. It is apparent from inspection of Equations 4.1 and 4.2 that
the magnitude of the GDD can be adjusted by changing the perpendicular spacing between the
gratings L, and the TOD/GDD ratio can be set by changing the angle of incidence 6. Despite this
tuneability, it is often difficult to produce a perfectly transform-limited pulse from a compressor;
the previously described pulse shaper is sufficient to remove any residual phase.

A photograph of the compressor used here is shown in Figure 4.10. The compressor is com-
posed of two 300 lines/mm reflective gratings (part 53006CU06-780R, from Newport/Richardson),
with a blaze angle of 26.75°, blaze wavelength of 3.12 pm, on a 58 x 58 x 10 mm copper substrate
with a protected silver coating, and a metallic roof mirror. The primary issue with the compres-
sor is the low transmission, which is typically around 65%. The losses stem from sub-optimal
diffraction efficiency, reflectivity losses due to the grating coating (gold would likely be better),
low reflectivity of the root mirror (dielectrics would likely be better), and potentially even losses
associated with a collimating lens. Higher efficiency diffraction gratings can also be achieved using

multilayer dielectric reflective gratings or dielectric transmission gratings, but both of these options



Figure 4.10: A photograph of the 3 pm grating compressor with approximate represen-
tation of beams overlaid. The perpendicular distance, L, used in Equation 4.1, is depicted in
yellow (L = 25.75 c¢m for the compressor shown). This compressor configuration compensates the
dispersion from the grism depicted in Figure 4.8.

would require very expensive, fully custom solutions. The specific geometrical configuration of the
compressor changes depending on the configuration of the front-end (bandwidth) and the grism
(stretch factor). The configuration depicted in Figure 4.10 has a perpendicular distance L=25.75
cm and an angle of incidence of ~37°. Applying these values to Equations 4.1 and 4.2 results in a
predicted GDD = -2.5x106 fs? and TOD = 1.5x107 fs?. Figure 4.9 shows a time domain plot of the
1.5 pm signal spectrum with this applied GDD.2 We also plot the predicted time domain pump
pulse, which is calculated by applying a stretch factor of 1.5 ns/nm to the measured spectrum, as
well as the bandwidth limitation of the current configuration of the grism stretcher.

Various post compression schemes have been proposed and demonstrated to increase the peak
power of pulses in the mid-infrared. Carlson et al. numerically investigated nonlinear mid-IR pulse
compression using a multipass cell containing thin dielectric plates [182]. Sub-two cycle 3.2 pm

pulses have been generating using two thin silicon plates for post-compression [183]. The use of a

2 The TOD is not applied in the calculation because it has a negligible contribution.
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gas-filled anti-resonant hollow core fiber has been demonstrated with 75 pJ pulses at 3.1 pm [73].
The use of thick dielectric materials has also proven effective. Hemmer et al. demonstrated self
compression at 3.1 pm from 70 to 30 fs using a 3 mm thick YAG plate [184]. In the high pulse
energy regime, a 2 mm YAG plate was used to self compress 21 mJ, 3.9 pm pulses from 90 to 30 fs
with a transmission of 95% [185]. While not implemented in this work, nonlinear post compression

remains an intriguing option to increase the peak intensity for HHG.

4.5 Four stage PPLN optical parametric amplifier

The analytical nonlinear optical theory describing optical parametric amplification was de-
veloped in Chapter 2. Later, in Appendix A, we will simulate some practical elements of OPA in
both periodic and bulk crystals. In this section, we aim to describe the OPA chain as it exists on

the optical table, and give some representative experimental results.

4.5.1 Overview

The OPA chain is constantly being improved in order to optimize for amplified pulse band-
width, compressability, and pulse energy. Therefore, the best that we can do is to provide a
snapshot of the system, with explanations of how it got to its current state and where it is going.
Over the course of our investigation, some elements were held constant: the regenerative amplifier
afforded roughly the same, ~18 mJ, 275 ps FWHM pulses, and the only crystal used in the system
was PPLN. The seed spectrum, on the other hand, has evolved several times - forcing modifications
to allow for the larger bandwidth, as described in the dispersion management section, but also a
rethinking of the OPAs. In general, it is not so difficult to get some parametric amplification out of
PPLN; on the other hand, optimization of the OPAs can be an extremely meticulous process. At
every stage of the amplifier, one must select an appropriate pump spot size by carefully balance the
damage threshold of the crystal, the desired peak intensity and the available intensity for seeding.
Also at every stage, one must select a seed spot size that optimizes conversion efficiency, noting

that the seed mode evolves dramatically as it is amplified. One must find the optimum relative
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pulse duration of the seed and the pump, ensuring the wings of the pulse see sufficiently high gain
to maintain bandwidth, while also noting that too short of a seed leaves pump energy unused,
decreases conversion efficiency and can even amplify OPG. Even if all of these factors are perfectly
implemented, there are still the practical matters of ensuring spatial overlap and colinearity of the
pump and the seed, adjusting delays for temporal overlap, tuning the crystal temperature for phase
matching, and ensuring cleanliness of the seed pulse at each stage by filtering out either the signal
or idler between stages.

Figure 4.11 illustrates a recent “snaphot” of the system. At the point in the project depicted
here, harmonics had already been demonstrated with ~130 fs, 680 11J 3 pm pulses. After generating
harmonics, motivated by analytical calculations and numerical simulations that suggested that the
PPLN crystals could amplify significantly more bandwidth (see Appendices), we pursued a careful
study and realignment of the system. The seed EDFA pump current was brought up in order to
increase the seed bandwidth. Figure 4.11, and the associated results, is a snapshot of the system at
this time. As we attempted to compress the pulses originating from this configuration, it became
clear that the spectral phase was preventing total compression: while the bandwidth from OPA4
should in principle have supported sub-80 fs pulses, the best compression achievable was closer to
110 fs - with a heavily wrapped phase mask on the SLM pulse shaper. It was soon discovered
that the EDFA seeding the OPCPA was overdriven - in fact, a FROG of the front-end seed pulse
was practically unachievable, suggesting unexpected spectral phase. Shortly after, the length of
PM1550 fiber after the EDFA was reduced to its shortest practical length, and the currents were
further tuned - this time, with a careful eye to the resultant FROG. A 35 fs, nearly transform
limited pulse was generated in this new configuration. Although some of the seed bandwidth is
now clipped in the grism stretcher, a rough alignment of the system was done (illustrated in Figure
4.14), resulting in compressed ~ 100 fs pulses (illustrated in Figure 4.16) which have driven HHG.
Through careful optimization of the OPAs, as well as a stretcher upgrade, we are now targeting

compressed pulses significantly below 100 fs.
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Figure 4.11: A photograph and annotated schematic of the OPA chain, with a “snap-
shot” of input and output parameters. Note that the seed spectrum has since been modified.
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4.5.2 Stage by stage performance

We will now walk through the OPA chain, highlighting important results and considerations
at each stage. All four stages utilize anti-reflective coated 5% magnesium oxide doped periodically
poled lithium niobote (MgO:PPLN) crystals which are all typically heated in the range of 100 -
130 C, with the exact temperature dependent on the spectrum being amplified. All four crystals
are mounted in ovens from Covesion (United Kingdom). Each oven contains a heating element and
a thermometer, and is controlled by an external unit allowing for precise temperature control. The
ovens are sealed aside from entrance and exit apertures for the laser. While it is possible to run the
PPLN ovens without their lid, we have found that, in addition to improving temperature stability
and uniformity, the downward force applied by the lid is important for consistent thermal contact.
The first OPA stage is typically seeded by 350 - 500 pJ of pulse energy at 1.5 pm, corresponding to
35-50 mW at 100 MHz. It is colinearly combined with the pump beam using a dichroic optic that is
anti-reflective coated at 1.5 pm and highly reflective at 1 pm. The OPA1 pump is typically focused
to a 1/e? diameter of 190 ym and has 200 pJ of energy. This results in a peak fluence of ~1.4
J/cm? and a peak intensity of ~ 5 GW/cm?. We note that this fluence is apparently tolerable to
the PPLN only due to the small beam size/low average power - peak fluences of 1-1.2 J/cm? have
caused damage in the third and fourth OPAs, which see much more pulse energy. Nevertheless,
OPAL1 has withstood this fluence for multiple years. The author tends to target a seed size ~1.4
times larger than the pump size in all the OPAs, striking a balance between maintaining sufficient
seed intensity across the pump mode for efficient and uniform pump extraction and not wasting
seed energy on unpumped regions of the crystal. The first PPLN is 5 mm long and contains 5
different poling periods (from Covesion). We operate on a region of the crystal with a nominal
poling period of 29.98 nm, and heat the crystal to around 130 C - typically about 30 C warmer
than the 30.1 pm poling periods used in the later stages. OPA1 is by far the highest gain OPA of
the system, with a total gain of around 3.6x10% or 46 dB. One consequence of this extremely high

gain is that backreflections at the exit surface of the crystal can reseed the OPA, leading to satellite
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pulses that steal energy from the main pulse. This is particularly problematic with long pump
pulses, which occupy a length in free space of around 8 cm - so that backreflected light has ample
time to be amplified. In our normal operation, we tilt the OPA1 crystal by around 8°off-normal.
This eliminated the issue of backreflection, but it also appears to significantly increase the gain
bandwidth of the OPA - which would otherwise be reduced by the long crystal. The theory of

bandwidth enhancement by tilting PPLNs is described in Reference [186].

Optical parametric generation spectra from a 5 mm PPLN, 30.49 micron period
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Figure 4.12: Optical parametric generation (or OPG) spectra can be used to determine
the optimally phase matched signal wavelengths. Here, we see the phase matching
shift to longer signal wavelengths as a 5 mm long, normal incidence PPLN with a
30.49 pm poling period is heated. Spectra were generated by pumping an unseeded PPLN
and measured with an OSA. Pumping conditions were identical to the OPA1 pump parameters
shown in Figure 4.11.

Optical parametric generation (OPG), also commonly called superfluorescence or parametric
fluorescence, in OPA1 was measured by pumping the unseeded crystal and measuring the power

in the 1.5 pm band. We observed significantly reduced OPG with the tilted crystal compared to a
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normal incidence crystal, which could possibly be explained by the reduced influence of backreflec-
tions. With OPAL1 tilted, we measured 400 nJ of OPG in an unseeded crystal, compared to 18 nJ
of amplified pulse energy when seeded. We also note that 400 nJ does not necessarily reflect the
total amount of OPG present in the seeded pulse, as described in Reference [160]. OPG originates
from a broad spectrum of vacuum fluctuations. Only those spectral components which are phase
matched see significant gain in a pumped crystal. Therefore, OPG can be an excellent way to
measure the phase matching conditions of a nonlinear crystal. In Figure 4.12, we present a series
of OPG spectra from an unseeded, 5 mm long, normal incidence PPLN with a poling period of
30.49 pm. The center of the OPG spectrum reflects the phase-matched signal wavelength for that
temperature. By heating the crystal, we see a red shift in the OPG spectrum, which reflects the
increase of the poling period due to the thermal expansion of the crystal.

Depending on the seed spectrum and relative pulse durations, OPA1 typically produces
around 10 - 20 pJ of 1.5 pum pulse energy. Over the course of ~1 hour, the mean total output
power of OPA1 was measured at 72 mW with a standard deviation of 60 pW. Assuming that all
fluctuations come from the amplified pulse, and not the seed, this corresponds to an RMS instability
of 0.33%. We also verified a high mode quality after amplification. This is particularly important
in OPAs, because backconversion can result in dramatic modal reshaping. For an example of these
measurements of OPA1, see Chapter 7?7. There is a general lack of small-pixel, affordable cameras
in the 1.5 pm spectral range, which are necessary to analyze the mode structure of few hundred
pm diameter beams. We solved this problem by carefully employing the two-photon response of a
standard silicon CCD camera (Mightex), which is insensitive to 1.5 pm light in the single photon
absorption regime. This very useful tool is described in Appendix B.

After OPA1, the rapidly expanding, amplified signal is refocused using a composite system of
two lenses onto OPA2. Between OPA1 and OPA2, and again between OPA2 and OPA3, we insert
a normal incidence, C-coated (AR coating for 1050 - 1700 nm), 12 mm thick window segment made
of N-BK7 (from Thorlabs) to absorb the idler. Due to absorption in the NBK7, 3 pm transmission

of this window is less than 1%, while the signal transmission was measured at 98%. Early iterations
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Influence of 12mm NBK?7 after OPA1: OPA2 amplified output
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Figure 4.13: A 12 mm thick piece of AR coated NBKT7 removes the idler light while
transmitting the signal light after OPAs 1 and 2. Two amplified spectra from OPA2 are
shown above: one with the NBKY7 filter between OPA1 and OPA2, and one without the filter.
The spectral modulations are reduced with the idler filter. The dramatic hole in the middle of the
spectrum was caused by a deep hole in the middle of the pump spectrum/temporal envelope, which
precluded gain in that region. The pump problem, which originated from a circulator failure in the
front end, has since been resolved!

of the OPA chain without these filters produced spectra with deep modulations, likely due to the
OPA process being seeded by both the signal and the idler. Due to material dispersion between
OPA stages, the signal and idler become phase shifted relative to one another. Figure 4.13 shows
how the addition of the NBK?7 filter mitigated this effect, and decreased the modulations in the
amplified spectra.

The remaining three OPA stages use 30.1 pm poling period (single period) PPLNs from HC
Photonics. The crystals are each 3 mm tall, 3 mm long and 10 mm wide and are operated at normal
incidence. Two examples of spectral evolution of the signal are shown in Figures 4.11 and 4.14.
Typical operating parameters are shown in Figure 4.11. OPA2 and OPA3 are both seeded with 1.5
nm light (with the idler removed), while OPA4 is idler seeded. The signal is removed after OPA3
and OPA4 by dichroic optics that are highly reflective in the 1-2.5 pm range, and transmissive
to the 3 pm idler. D- or E-coated CaFy lenses from Thorlabs are used for the 3 pm beam, and
exhibit highly variable transmission, ranging from 93% for both D- and E-coatings (the same as
uncoated CaF?) to as high as 98% for a D-coated lens. A primary issue with OPA3 and OPA4 is

sub-optimal conversion efficiency. In general, we target ~10% pump to idler energy conversion and
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Figure 4.14: A series of signal spectra from the OPCPA using an improved configuration
of the seed EDFA. These spectra are representative of OPA chain configuration that delivered
the 99 fs pulse presented in Figure 4.16. We partially attribute the reduction in bandwidth between
the seed and the OPA1 output to clipping in the grism stretcher - however, only future experimental
measurements can determine the full gain bandwidth of the OPAs.

~20% pump to signal conversion. In the first two stages, conversion efficiency is not a concern, so
long as sufficient bandwidth and a quality beam profile can be amplified. However, the efficiency
of the final two stages determines the output power of the system. Using a fixed ~1.3 mm 1/e?
diameter pump spot size on OPA3, we varied the pump energy from 2.2 to 8 W and characterized
the pump to idler conversion efficiency. The conversion efficiencies ranged from 7.2% at 2.2 W to
8.6% for all pump energies in the range of 3.5 to 5 W and then decreased again to 7.5% for the 8
W pump. For this reason, we settled on ~ 5 mJ of pump at 2.7 GW/cm? for OPA3. The greatest
conversion efficiency deficit is in the final stage, which is seeded by about 300 pJ of idler energy. We
note that lossy optics reduce the seed by more than 30% between OPA3 and OPA4. In this stage,

the conversion efficiency was measured to monotonically decrease with pump fluence, from 6.2%
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Figure 4.15: Unfocused and focused modes of the compressed 3 pm beam. Both im-
ages were captured with a VOx microbolometric beam profiling camera (WinCamD-IR-BB from
DataRay). The structure at the top of the unfocused mode was later determined to be caused by
damage on a post-compressor steering mirror, and was removed for the measurement of the focused
beam. The concentric rings on the right side of the unfocused mode are attributed to artifacts from
the attenuating filters.

when pumped with 1 mJ to 5% when pumped with 6.4 mJ, while maintaining a constant spot size
of ~1.4 mm 1/e? diameter. The low conversion efficiency of this final stage ultimately limits our
pulse energy for HHG experiments, and is likely responsible for our inability to generate harmonics
with helium. Simulations predict that thinner, 1-2 mm crystals would be more appropriate for
the low gain OPA3 and OPA4 stages, and that excessively long crystals can result in sub-optimal
conversion efficiency. These shorter crystals are soon to be incorporated into the system in an effort

to improve both the conversion efficiency and gain bandwidth.

4.5.3 Characterization of the compressed 3 pm pulses

After the dataset for Figure 4.11 was recorded, the front-end seed EDFA was modified to
deliver pulses with cleaner phase and more bandwidth. A rough alignment of the OPCPA was done
with the improved seed. The evolution of the signal spectrum in this configuration is presented in
Figure 4.14, where the dramatic spectral narrowing between the seed and the output of OPA1 is

partially attributed to clipping in the under-sized grism stretcher. A higher bandwidth stretcher is
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Figure 4.16: SHG FROG pulse characterization of the compressed 3 pm pulse, showing
a near-transform limited 99 fs FWHM duration. (a) Experimentally measured SHG FROG
trace using a home-built FROG apparatus with a 0.4 mm thick AGS crystal. (b) The retrieved
FROG trace using a 128x128 grid exhibited a 1.2% retrieval error. Note that both (a) and (b)
plot intensity to the 1/3 power in order to highlight low amplitude features. (¢) The reconstructed
spectral intensity (blue) and spectral phase (orange) is presented alongside the measured spectrum
(grey). The spectral phase varies by less than 0.5 radian across the spectrum. (d) The reconstructed
temporal intensity envelope (orange) has a FWHM duration of 99 fs.
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actively being constructed. The 3 pm pulse ultimately generated from this new configuration was
compressed with the help of an iterative phase optimization algorithm on the pulse shaper that
used an SHG signal from an AgGaSs (AGS) crystal as a fitness metric. A home-built SHG FROG
utilizing a 0.4 mm thick AGS crystal for frequency doubling was used to characterize the compressed
pulse. The FROG data and retrieval is presented in Figure 4.16. The compressed 3 pm pulse
exhibited less than 0.5 rad of spectral phase across the spectrum, resulting in a 99 fs FWHM pulse.
The spectrum was measured using a mid-IR spectrometer (S2 from Miriad Technologies combined
with home-written readout code) and found to have a transform limit of 94 fs. The reconstructed
spectrum (which has a transform limit of 95 fs) is in good agreement with the measured spectrum,
and the retrieval error using a 128x128 grid was 1.2%, suggesting a trustworthy reconstruction.
The spatial mode of the compressed 3 pm beam is excellent. In Figure 4.15 we present an
unfocused (near-field) profile and a profile in the focus of an =50 cm lens (far-field). The far-field
profile exhibits a 95% fit with a Gaussian profile in both the x and y coordinates, calculated by
summing the difference between the measured beam profile and a Gaussian and dividing the sum
by the area under the curve. The power after the compressor was measured at 620 nJ and the peak

power was calculated to be 5.9 GW.

4.6 Distributed parametric amplification for higher pulse energies: numerical
simulations of the strong seed regime, and the role of crystal length in

conversion efficiency

One approach to amplify energetic signal and idler pulses in the face of a low damage threshold
nonlinear crystal is to distribute amplification over a number of crystals. For instance, if the goal is
to amplify pulses to 3 mJ idler pulses, and 30 mJ of pump is available, a distributed amplification
scheme might involve three crystals in series, each pumped with 10 mJ and generated 1 mJ and
seeding the next. A couple immediate concerns come to mind with this approach. The inter-stage
transmissive optics, including lenses for beam resizing and dichroic optics for pump and signal

filtering, are generally lossy in the 3 pm spectral region. Nevertheless, the 10-30% loss between
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stages® may be an acceptable cost. There is also a significant growth in size and system complexity,
as each OPA stage requires its own delay line, as well as material cost, in particular for the large
aperture PPLNs. Nevertheless, the requirement of high deg crystals imposed by the long, ~275 ps
pump pulses makes this option highly appealing. Ultimately, we have begun pursuing this approach
in the final two stages of the OPA chain. While the final OPA stage could in principle be seeded
with the signal from OPA3, that would result in wasting ~300 nJ of idler pulse energy.

A critical question remains: how does a strong seed influence the onset of back-conversion? It
is known from our review of OPA theory in Chapter 2 that the change in amplitude of the pump is
dependent on both the amplitudes of the signal and idler, and we further note that the concepts of
signal and idler are interchangeable in OPA. We also know, from theory and experiment, that when
the pump becomes significantly depleted, back-conversion occurs, in which signal and idler photons
combine through the process of sum frequency generation to form pump photons. It is therefore
reasonable to ask if a strong seed brings the OPA process that much closer to back-conversion,
ultimately limiting the achievable conversion efficiency.

To investigate this, we used sisyfos to simulate the fourth OPA stage under typical experi-
mental conditions. In the simulations, the energy of the idler seed is varied from 40 pJ to 16 mJ
- or in terms of the pump energy, 0.005E,,mp to 2E,,mp. Pulse energy data was saved during the
simulation at 29 evenly spaced slices along the crystal length. The parameters of the simulation

are summarized in Table 4.2.

Crystal 2 mm PPLN (deg = 14.8 pm/V)
Pump 300 ps FWHM, 8 mJ, 1.4 mm 1/e? diam.
Pump spectrum T.L. Gaussian at 1.03 pm
Seed 150 ps FWHM, 0.04 - 16 mJ, 1.82 mm 1/e? diam.
Seed spectrum Gaussian at 3 nm supporting 80 fs T.L. (idler)

Table 4.2: Simulation parameters used for strong seed simulations. T.L.: transform limit.

3 This is comparable to what we observe between OPA3 and OPA4, which is idler seeded.
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Figure 4.17: Numerical simulations of OPA in a 2 mm PPLN with variable idler seed
pulse energy. All parameters are the same for each of the four simulations presented above (see
Table 4.2), except for a variable seed strength. For each simulation, the 8 mJ pump results in a
peak intensity of 3.5 GW/cm? and a peak fluence of 1.04 J/cm?. The simulations indicate that
distributing amplification across multiple crystals is a feasible - if somewhat cumbersome - approach
to dealing with the low-damage threshold of PPLN.

Figure 4.17 illustrates four representative simulation results. We plot the pulse energy of the
three waves as a function of position in the crystal. We further analyzed the results by measuring
the amount of generated idler energy at the peak of the gain - at whatever crystal plane this
occurs. An illustration of this analysis is presented in Figure 4.18. We calculated the percent
of pump energy that was converted to the idler pulse in the single crystal that was studied, and

plotted that percentage of various seed strengths.
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Figure 4.18: Analysis of the strong seed simulation set. (Left) A representative dataset (1.6
mJ idler seed) is chosen to illustrate how the analysis was conducted. (Right) The analysis was
done for each of the 9 seed energies simulated. For each seed energy, the percent of pump energy
converted to the idler at the gain maximum is plotted. We see an increasing trend in conversion
efficiency as a stronger seed is used and the gain peak occurs over a shorter crystal length. We
caution that to fully utilize the improved conversion efficiency, the correct length of crystal must
be used.

The result presented in this section suggest that a strong seed does not cause back-conversion
to quench efficient pump to idler conversion. In fact, the opposite is observed: strong seeding can
result in improved optimal conversion efficiency. This is in line with a trend generally observed
in the simulations: when the peak of the gain can be brought forward, to a shallower depth in
the crystal - whether through a higher intensity pump or a stronger seed - the optimal conversion
efficiency increases. However, this result is not so simple to implement in the lab: the improved
conversion efficiency can only be realized if the peak of the gain is placed near the back-surface
of the crystal - otherwise back-conversion quickly strips away any improvements in conversion
efficiency. Large aperture (3x10.5 mm), thin (1-2 mm) PPLN crystals are currently $5000-6000
each with a generally long lead time, making a fine-tuning optimization procedure in the lab nearly
unfeasible. Nevertheless, the general trends are important to take note of: there are strong benefits
to conversion efficiency and gain bandwidth if amplification can be achieved in a shorter crystal,

and similarly, the use of an excessively long crystal can significantly reduce conversion efficiency -
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even if the seed is reduced to push the peak of the gain curve to the back-facet of the crystal.

It is also interesting to consider this result in the context of published work on the en-
hancement of OPA conversion efficiency through the attenuation of either the signal or idler waves
[66, 67, 68]. The numerical results presented here clearly show that both the signal and idler fields
need to reach a threshold intensity before back-conversion turns on and begins limiting conversion
efficiency - therefore, by attenuation one field, the other could be allowed to grow to intensities

that would otherwise trigger back-conversion.

4.6.1 Numerical simulation of conversion efficiency and crystal length in OPA4

A primary bottleneck of the OPCPA is low-pulse energy from OPA4, ultimately stemming
from low conversion efficiency. This has prevented us from driving harmonics in higher ionization
potential gases such as neon and argon - a critical goal of the project. To understand this low
conversion efficiency, we modified the simulation parameters in Table 4.2 slightly to more accurately
represent the current state of OPA4: the crystal length was set to 3 mm, the seed energy was set
to 300 pJ, and the pump energy was varied from 2 - 8 mJ (0.26 - 1.04 J/cm?). In Table 4.3, we

summarize the results of this simulation:

Pump energy Maximum C.E. | C.E. at 3 mm | Experimental OPA4 C.E.
2 mJ (0.26 J/cm?) | 15.1% at 2 mm 9.8% 5.8%
4mJ (0.52 J/cm?) | 15.4% at 1.7 mm 8.2% 5.3%
6 mJ (0.78 J/cm?) | 15.4% at 1.6 mm 7.4% 5%
8 mJ (1.04 J/cm?) | 15.3% at 1.5 mm 7.3% -

Table 4.3: Simulation and experimental data on OPA4 conversion efficiency. C.E.: con-
version efficiency, measured by dividing the generated 3 pm pulse energy by the pump energy as
shown in Figure 4.18.

The simulation results presented in Table 4.3 suggest the the effect of back-conversion in the

overly long 3 mm crystal of OPA4 could easily account for the low conversion efficiency observed
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in OPA4. It is important to note that numerical simulations generally offer a best-case scenario
for generated pulse energy. In practice, a reasonable goal for pump to 3 pm conversion efficiency is
10%. The simulation results suggest that the conversion efficiency from a 3 mm crystal may be less
than half of what is optimally possible. For this reason, the experimentally measured conversion
efficiency of ~5% appears to be explainable by the use of an overly long crystal. 1 and 2 mm

crystals from HC Photonics will soon be integrated into the system in an effort to address this.

4.7 Stability of the OPA chain

Stability is of paramount importance for lasers designed to drive HHG for applications.
Longer wavelength HHG driving lasers in particular benefit from high pointing stability. In part,
this is because longer wavelength drivers typically require longer interaction lengths for optimal
HHG brightness - a condition that practically only be obtained through the use of a hollow core,
gas filled waveguide. Due to the extremely high intensity (~10'* W /cm?) near the entrance facet
of the fiber, any wander of the focused beam commonly causes damage to the capillary, resulting in
poor coupling and decreased HHG brightness. For titanium:sapphire lasers, this is often addressed
through the use of active beam stabilization. Good pointing stability is also necessary for high
pressure gas cells. The gas cell used in our HHG experiments has an aperture of 150 pm - the
small diameter is necessary to reduce conductance of the high pressure gas into the vacuum cham-
ber. Small misalignments can easily cause damage to the entrance aperture of the gas cell. The
OPCPA described here delivers excellent pointing stability (shown in Figure 4.19), making active
beam stabilization unnecessary. A strong advantage of the OPA architecture is the possibility of
very high single pass gain - the entire four-stage parametric amplifier is composed of a single pass
that is ~1.5 m long. The improves pointing stability compared to multi-pass systems. Pointing
instabilities of the compressed 3 pm beam were measured by focusing the beam onto a beam profil-
ing camera (DataRay WinCamD-IR-BB) and measuring the wander of the calculated beam center
over the course of 24 hours. The standard deviation of the beam center in the x (y) direction

was 1.8 pm (2.1 pm), representing 0.35% (0.43%) of the mean 1/e? diameter of 525 pm (475 pm).
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The few micron wander is insufficient to cause loss of coupling or damage to typical HHG setups.
As an anecdotal example, we have generated harmonics with the gas cell on Friday, blocked the
beam, then unblocked the beam on Monday to find a comparably bright HHG beam. Aside from
mitigating damage to the HHG setup, this type of stability is a pre-requisite for a usable HHG
source for applications. The relatively low average flux of long-wavelength driven HHG may require
spectroscopic or imaging experiments to average over long periods of time - demanding high source
stability.

Power stability of the driving laser is also critical for an applications-oriented HHG source.
The tunnel ionization rate predicted by the ADK model [187] has a highly nonlinear dependence on
the driving laser intensity - therefore, small fluctuations in driving laser power can dramatically im-
pact HHG power. Furthermore, many applications demand good HHG flux stability. For instance,
the pump-probe signal from a magneto-optical Kerr effect (MOKE) spectroscopy experiment can
have a very low signal to noise ratio - driving some researchers to go so far as to install active noise
cancellation in their HHG spectroscopy beamlines [188]. We measured an RMS power instability
of 0.97% in the compressed 3 pm beam (shown in Figure 4.19.

Environmental, thermal management and mechanical considerations are all critical to the
stability of the OPCPA. Air currents are known to cause instabilities in high power beams, and are
reduced through the use of aluminum composite material (ACM) enclosures around all components
of the system and beam tubes to connect separate enclosures. Whenever possible, vibration causing
and heat producing heavy equipment, such as the cryogenic compressor and roughing pumps, are
kept in a service corridor that is separated from the lab. The lab temperature and humidity is
carefully monitored (using a TSP01 USB probe from Thorlabs), and fluctuations are minimized
to the best of our ability. An effort is made to water cool any significant source of heat that is in
thermal contact with the optical table (such as high power beam dumps) to avoid warping. Finally,
the beam height is held at 2.5 in (6.35 cm) above the optical table in all areas except the dispersion
controlling modules (pulse shaper, stretcher and compressor). Maintaining the beam as low as

convenience allows results in increased mechanical stability of optics.
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Figure 4.19: Pointing and power stability of the compressed 3 pm beam. (Top) Pointing
instabilities were measured by focusing the beam onto a beam profiling camera (WinCamD-IR-BB
from DataRay) with a 50 cm focal length lens and recording x and y coordinates of the calculated
beam center. For a profile of the focused beam, see Figure 4.15. Importantly, the few micron
deviation of the focused beam is sufficiently low to maintain good coupling into a hollow core fiber
without damage. (Bottom) Power stability was measured with a thermopile power meter (3A from
Ophir), with less than 1% instability in the average power of the compressed beam.

Many factors contribute to the stability of the 3 pym OPCPA - the predominant factor being
the energy and pointing stability of the regenerative amplifier pump laser, which was reviewed in
Section 4.3, and to a lesser degree, the power stability of the 1.5 pm front-end fiber laser. Laser
amplifiers (such as the regenerative amplifier) can operate in a saturation regime, in which the
output power is more determined by the amount of available energy stored in the gain medium

than the seed energy. This benefits power stability significantly. In contrast, there is no saturation
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in an OPA in the true sense of the word. Rather, the evolution of the amplitudes of the three waves
in an OPA approximately follow the coupled wave equations presented in Chapter 2 (Equations
2.55), where it can be seen that the amplitude of each wave depends on the amplitudes of the other
two waves. When the signal or idler grow to a sufficiently strong field compared to the pump, such
that the pump is significantly depleted, sum-frequency generation occurs, in which signal and idler
photons combine to form pump photons. Thus, unlike in a saturated laser amplifier, increasing
the pump intensity on an OPA that is already operating at peak conversion efficiency will actually

decrease the signal and idler powers in a process known as back-conversion.

4.7.1 Numerical simulations of OPA stability: output energy sensitivity to pump

and seed fluctuations

The literature suggests that the process of back-conversion has important consequences for
the stability of OPAs [189, 190]. In particular, Guardalben et al. used numerical simulations to
argue that when an OPA gain curve is adjusted such that back conversion begins shortly before the
back surface of the crystal, the signal and idler output power is less sensitive to fluctuations in pump
intensity. This is because a small variation of the pump intensity causes the peak of the gain to
move forward or backward in the crystal. When the pump intensity is increased, back conversion
occurs earlier in the depth of the crystal, such that the increased gain due to the higher pump
is cancelled by the increased amount of back conversion. The opposite process occurs when the
pump intensity is decreased. Here, we use Sisyfos to simulate the fourth OPA stage to understand
the effect of crystal length on output power instabilities induced by both pump and seed energy
fluctuations. The simulation parameters are identical to those summarized in Table 4.2, except
that an idler seed energy of 0.16 mJ is chosen as a central value and the crystal length is 3 mm.

In the simulation shown in Figure 4.20(a), we maintain a constant idler seed energy of 0.160
mJ, and plot the gain curves for pump energies of 7.6, 8 and 8.4 mJ. While the simulations of
Guardalben et al. [189] predict a crystal depth shortly past the gain maximum which is almost

insensitive to 5% fluctuations in pump energy, we find no such obvious plane, with only the possi-
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Figure 4.20: Numerical simulations of the sensitivity of OPA4 to fluctuations in pump
and seed energy. See Table 4.2 for simulation parameters (noting that the idler seed energy has
been changed to a central value of 0.16 mJ and the crystal length set to 3 mm). (a) 3 pm pulse
energy vs depth for +/- 5% pump pulse energy. In different OPA conditions, other groups have
found that locating the back surface of the crystal just beyond the peak of the gain curve makes
the generated pulse energy less sensitive to pump fluctuations. In this parameter space, we do not
see the same effect. (b) 3 nm pulse energy vs depth for +/- 20% seed pulse energy. Here, the
simulation suggest that placing the peak of the gain curve just in front of the crystal back facet
may decrease the sensitivity of the output power to fluctuations in the seed energy. This suggests
that amplified pulse energy stability from the final OPA stage is mostly dependent on pump pulse
energy stability.

bility of very modest stability improvements in the post gain-peak region. We also note that the
total gain of the OPA simulated here is dramatically lower than what was studied by Guardalben et
al., who studied an LBO OPA with an ~25 mm crystal. The result is not particularly problematic
for our OPCPA, which exhibits high stability of pump energy. What is perhaps more interesting
is the influence of seed energy on the output power. In Figure 4.20(b), we maintain a constant
pump energy of 8 mJ and plot the gain curves for seed energies of 0.128, 0.160, and 0.192 mJ
- corresponding to fluctuation of +/- 20%. Here, it is immediately apparent that operating the
OPA in the post-back-conversion regime significantly reduces the sensitivity of the output energy
to seed fluctuations. Interestingly, we find that the generated idler energy converges to the same
value for all three seed energies at a particular crystal depth - however, operating so deep in the

back-conversion regime would likely result in significant modal reshaping and ~30% sub-optimal
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output power. This result agrees with the work of Guardalben et al., who found that +/-5% seed
fluctuations resulted in output power fluctuations of much less than 1% when operating in the
post-back-conversion regime. In our experiment, insensitivity to seed fluctuations is likely more
valuable than insensitivity to pump fluctuations, as seed fluctuations can be amplified from one
stage to the next without careful design. These simulation results suggest that with a highly stable
pump source and a crystal length chosen to allow for a small amount of back-conversion, OPA4
can be optimized to deliver very stable output pulse energies. On the other hand, with an unstable
pump, such stability will be difficult to achieve.

The actual gain curves of the parametric amplifiers in the OPCPA presented in this chapter
have not yet been optimized in this way for stability, largely because the high cost of large-area
PPLN crystals has made length optimization a challenge, and because this level of control over the

OPA process is very challenging - nevertheless, it is a future direction worth pursuing.



Chapter 5

3 pm driven harmonic generation

5.1 Introduction

The 3 pm wavelength OPCPA described in previous chapters was used to drive high-harmonic
generation in both argon and nitrogen. This represents the second ever report of high-harmonic

generation in gases driven by a mid-infrared laser.!

Using nitrogen, HHG photons with energies
up to the carbon K-edge near 284 eV were observed, representing nearly the 700" harmonic of the
driving laser. In this chapter, we first describe the theory of HHG in two parts: we begin with
the microscopic theory from the single-atom perspective, followed by the macroscopic theory that
includes the physics of phase matching and reabsorption. Next, we describe the design, fabrication
and testing of a novel, highly modular high harmonic source, that has enabled optimization based
on experimental feedback. We then present beam profiles and spectra characterizing the harmonic

beam. Finally, we describe preliminary observations of below threshold harmonics and their context

in computational nonlinear optics.

5.2 Theory of high-harmonic generation

5.2.1 The microscopic, single atom picture of HHG

In the introduction, we described the semiclassical, three-step model to describe HHG at the

level of a single atom. We presented a simple equation for the single atom cut-off energy, which

1 According to ISO standard 20473:2007, the mid-infrared spectral region spans from 3 to 50 pm.
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motivated the development of the long-wavelength OPCPA in this thesis:
EsA cut—off = Ip +3.17U, oc ILA3. (5.1)

Here, we expand this microscopic picture to describe a number of key aspects of HHG, including the
characteristic odd-ordered harmonic comb spectrum, the intensity-dependent intrinsic or atomic
dipole phase, and the decrease in single-atom conversion efficiency associated with long-wavelength
drivers. While the single-atom approach does not capture the full picture of HHG, it provides
necessary context for the subsequent discussion of macroscopic phase matching effects.

A qualitative single atom HHG spectrum is illustrated in Figure 5.1(a). The occurrence of
only odd-ordered harmonics from pseudo-monochromatic drivers can be described in several ways.
Perhaps most intuitively, this result can be understood by simple Fourier analysis: the HHG process
in a single-atom can occur twice per laser cycle, as the symmetry of the medium does not discern
between tunnel ionization in one direction or the other. This results in a pulse train of attosecond
HHG bursts every half-period in time. When Fourier transformed to the frequency domain, the
spectrum is a comb separated by 2w, where w is the frequency of the driving laser. We further note
that the centrosymmetry of the gaseous medium allows exclusively for the generation of odd-ordered
harmonics (see Chapter 2 for why the symmetry of a medium dictates the harmonics that it can
produce). Lastly, odd-ordered harmonics are enforced by conservation of spin angular momentum,
as described in Reference [191]. We note that two-color driven HHG can produce spectra with both
odd- and even-ordered harmonics [192, 193].

The specific time that tunnel ionization occurs after the peak of the electric field is referred to
as the ionization phase, and has important consequences for the spatial coherence of the generated
beam and phase matching. An electron ionized at precisely the peak of the electric field will
have an ionization phase of zero and will return to the parent ion with no kinetic energy, thereby
not contributing to HHG. A plot of the kinetic energy of the returning electron as a function of
ionization phase is shown in Figure 5.1(b). The maximum kinetic energy of the returning electron,

corresponding to the single atom cut-off energy, occurs when the ionization phase is approximately
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Figure 5.1: (a) A qualitative single-atom high harmonic spectrum. (b) Kinetic energy of
returning electron as a function of ionization phase. (a) Low-order harmonics are generated
in the perturbative regime, followed by a plateau and eventually a cut-off. The width of each
individual harmonic relates to the temporal window over which the HHG process occurs. Single
color HHG produces odd-ordered harmonics only, and the comb spacing is twice the frequency of
the driving laser. (b) The kinetic energy of a returning electron depends on the ionization phase ¢y.
The maximum kinetic energy occurs with an ionization phase of ¢g ~ 7/10. Ionization at lesser
and greater phases causes electrons to undergo short and long trajectories, respectively. Figure
adapted from Reference [158].

¢ ~ m/10 radians after the peak. Ionization phases less than this maximum result in a so-called long
trajectory, while phases greater than that result in a short trajectory, referring to the amount of time
the electron spends traveling in the continuum. The trajectories can have important implications
for the temporal and spatial coherence properties of the resultant harmonic beam. The phase front
curvature of beams generated through the short trajectory is lower than that of the long trajectory,
causing reduced divergence and a higher degree of spatial coherence [194, 195].

The ionization phase determines the relative phase of the driving laser and the generated
harmonics. This relative phase is often referred to as the intrinsic or atomic dipole phase, and
is intensity dependent [196, 197]. The observation that the relative phase of the harmonics and
the driving laser depends on intensity has significant consequences for phase matching: in a tight
focusing geometry, the variation in intensity through the focus can reduce the interaction region
over which phase matching can occur. On the other hand, the relative invariance of intensity over
the length of a waveguide mitigates this effect.

Finally, we briefly mention the quantum mechanical nature of high-harmonic generation.
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Figure 5.2: Visualizations of an electron wavefunction driven by a three cycle pulse of
different wavelengths. As the wavelength of a driving laser is increased, the electron wavepacket
spends more time in the continuum and undergoes more diffusion, reducing the overlap with the
bound state during recombination, and in turn reducing the efficiency of HHG. Reference [158]
with source material found in Reference [36].

When the electron is ionized, it transitions from a bound state into the continuum. While the
electron is in the continuum, its phase evolves according to the Schrédinger equation. When
the electron recombines with the parent ion, the bound state overlaps with the continuum state
and causes spatial and temporal interference which modulates the wavefunction. The rapid (high
frequency) temporal fluctuations of the electron wavefunction radiates as a dipole, causing the high

energy radiation associated with high-harmonic generation. A visualization of the spatially varying
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wavefunction for three different driving laser wavelengths is shown in Figure 5.2. This model has
significant implications for the efficiency of long wavelength driven HHG. When driven with longer
wavelengths, the free electron wavepacket spends more time in the continuum and experiences a
greater degree of diffusion. This quantum diffusion reduces the free electron wavefunction amplitude
that overlaps with the bound state, reducing the strength of the quantum interference which gives
rise to HHG by a factor which scales as A™2. Furthermore, longer wavelength drivers increase
the cut-off energy, effectively decreasing the generated harmonic power in a given photon energy
interval by a factor of A™2. All told, a variety of experimental and theoretical methods have
suggested that the combined scaling of single-atom HHG efficiency with wavelength is in the range
of A7 to A7? [32, 40, 37, 41]. We will soon see in the macroscopic picture that phase matching
with longer wavelength drivers requires a lower ionization fraction that scales as ¢y A~2, which
would further decrease the number of available emitters in long wavelength driven HHG if it were
not for the observation that gas pressure for phase matching scales as p & A2, so that the line
density of ionized atoms (and therefore potential emitters) stays roughly constant with wavelength.
Further, we can recoup some of the efficiency losses caused by longer wavelength driving lasers
by noting that helium exhibits dramatically lower absorption of higher energy harmonics - further
increasing the accessible pressure-length product, and therefore the total number of emitters that

can be harnessed, before the maximum brightness plateaus.

5.2.2 The macroscopic picture of HHG: phase matching and efficiency
5.2.2.1 Phase matching

In order to generate a bright, well-collimated HHG beam, the emission of individual emitters
must be phase matched over a macroscopic volume. Just as we saw in our study of second harmonic
generation in a crystal, the generated light must travel at nearly the same phase velocity as the
driving light in the interaction medium to achieve the phase matching condition. If the harmonics

remain in phase over the interaction volume, their fields will add constructively and grow over
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the length of the medium, as illustrated in Figure 5.3. At the single-atom level, HHG emission
follows a dipole radiation pattern, but only the emitted light which satisfies the phase-matching
conditions with the driving laser will grow to significant brightness. Therefore, phase-matching
is responsible for the high-degree of spatial coherence generally present in an HHG beam. The
macroscopic efficiency of HHG is further determined by reabsorption of the emitted harmonics by
the gas. This feature depends strongly on both the photon energy of the emitted harmonics and

the species of gas, and is illustrated in Figures 5.7 and 5.8.

Mid-IR
laser

Gas-filled
waveguide

Coherent
addition
of X-rayfields

Sl

Figure 5.3: The generation of a bright, spatially coherent HHG beam requires the emit-
ted harmonics and the driving laser to be well phase matched. In this illustration HHG
in a gas-filled waveguide, the emitted harmonics (shown in purple) are able to add constructively.
Figure from Reference [37].

For the generation of the g-th harmonic to be perfectly phase matched, the wavevector of
that harmonic, kq, must be equal to the sum of the wavevectors of the contributing laser photons,
which each have a wavevector kr. In general, these are vector quantities, and for tight focusing
geometries, it is important to consider the vectorial nature. Nevertheless, for the purpose of this
analysis, we restrict ourselves to the 1D case, where all beams propagate in the z-direction. In this

case, the wavevector mismatch can be written simply as:

Ak =k, — qky, (5.2)

_ Wolg _ qWLTL (5.3)
c c '
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Figure 5.4: An illustration of phase matching in HHG. The phase mismatch between the
g-th harmonic and the driving laser is calculated by determining the effective wavevector in the
medium for the harmonic (ky), and subtracting from that g times the effective wavevector of the
driving laser (Ak = kg — gkr,). The dramatically different responses to soft X-ray and mid-IR light
mean that contributions to k7, and k; by material and waveguide dispersion can be quite different.
It’s also important to remember that the units of Ak are [radians/meter| - to determine the accrued
phase mismatch, one must calculate the product AkL.

where in the second line we have expanded the wavevector according to k = wn/c, where w is the
angular frequency and n is the refractive index. This wavevector mismatch is illustrated in Figure
5.4. We note that the units of Ak are [radians/meter], but the relevant parameter to describe the
efficiency of HHG is the actual phase slip between the harmonic waves emitted throughout the
medium. When emitted harmonics become 7 radians out of phase with harmonics emitted earlier,
they will destructively interfere and decrease the total emitted brightness. We therefore introduce
the coherence length, which is the length of the medium over which the phase slip reaches 7 radians.

This can be easily calculated according to:
AkLeon, =, (5.4)

and will be an important parameter in determining the maximum harmonic yield in the presence
of reabsorption [38].

From Equation 5.3, it is apparent that the case of perfect phase matching (Ak = 0) occurs
when the effective refractive indices experienced by the harmonic and the driving laser are equal.
Earlier, in our discussion of phase matching in optical parametric amplification, we described two
common techniques to phase match different frequencies in media: birefringent phase matching
and quasi-phase matching (QPM). In QPM, harmonic emission in the spatial regions which would

otherwise destructively interfere is reduced through modulation in the gas pressure or through
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the introduction of additional counterpropagating light, in principle allowing harmonic emission
beyond the phase matching cutoff energy [198, 199]. Unlike in crystal phase matching, the phase
mismatch in HHG has many contributions, some of which are oppositely signed and can be adjusted
with experimentally accessible parameters such as gas pressure and laser intensity. This allows for
phase matching to occur even without birefringence or QPM techniques, but it requires careful
accounting of all contributions to the wavevectors of the driving laser and the emitted harmonics.
The following overview of this wavevector accounting follows References [36] and [200].

We first summarize the various terms that we will consider in our expression for the phase
mismatch:

Ak = Akneutrals + Akplasma + Akgeometric + Akidipole (5'5)

where Akpeutrats and Akpiasma are the phase mismatches caused by the difference in refractive index
for the laser and the harmonics due to the non-ionized, neutral atoms and the plasma, respectively.
In general, Akpeytrais < 0, while Akpiasma > 0. The remaining two terms depend on the particular
geometry chosen for HHG. Akgeometric is in general positive. For waveguide harmonics, it stems
from the dispersion of the waveguide experienced by the driving laser, while for harmonics generated
in a free focus, it is primarily due to the Gouy phase. Lastly, Akgipole is caused by the intrinsic or
atomic dipole phase introduced with the microscopic picture of HHG. We will now quantitatively
discuss these contributions to the phase mismatch, with an eye towards how each term can be
balanced to generate bright, phase matched harmonics.

The phase velocity of the driving laser is generally slowed in the presence of a neutral gas,
as the refractive indices of gases in the visible through mid-IR is typically greater than one. This
causes kr, to be larger in a neutral gas than in vacuum. On the other hand, for EUV and soft
X-ray frequencies, the refractive index can generally be approximated to be one. Therefore, using
the convention Ak = k; — qkr, the Akpeytrals contribution is negative. In order to quantify this

mismatch, we first consider a pressure dependent refractive index of the driving laser, given by

ni(P) = P(n{) + n{')11), (5.6)
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(0)

where P is the pressure and n;~ + ng))Q

11, is the refractive index of the gas at P = 1 atm, including
the intensity-dependent nonlinear index due to the x(® nonlinearity. We also introduce 7, which

is the fraction of the gas atoms that are ionized. Making the approximation that n, = 1, we can

summarize the phase mismatch due to the neutral gas:

2T

Akneutrals = _Q(l - "7)P*

- (nf? + {1, — 1) (5.7)

In HHG, some fraction of the gas is ionized to create a plasma, which has a frequency depen-
dent refractive index that is less than one. Balancing the effect of the neutral atoms, the plasma
generally introduces a positive phase mismatch. The critical parameter defining the interaction

between the beams and the plasma is the plasma resonance frequency,

2
qene
= [ el 5.8
“p €QMe ( )

where n, = NN, P is the free electron number density and N, is the number density of atoms in
a gas at standard pressure and temperature. From the plasma frequency wy,, we can deduce the

plasma refractive index for radiation at frequency w:

Nptasmal(w) = {1 - <°"p>2 (5.9)

w

We note that the plasma refractive index is less than one and increases towards unity as
the optical frequency w is increased. The effect of the plasma is to speed up the phase velocity
of the driving laser relative to the phase velocity of the harmonics, such that the phase mismatch
Ak = kq — gk, is positive. The result of some fraction n of the gas being ionized into a plasma is

a phase mismatch given by:
2

1
Akplasma = nPNareqT)\L (510)

where 7. ~ 2.82x1071% m is the classical electron radius.
The combined effect of Akycytrars and Akpjgsmq determines the phase mismatch due to the
partially ionized medium. By increasing the ionization fraction 1, we can increase the contribution

of the plasma term to make the phase mismatch more negative; alternatively, by decreasing n we
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can make it more positive. The ionization fraction that causes the neutral and plasma dispersion
to exactly cancel out is the critical ionization:

A2 N,re -1
L ta® +1 (5.11)

Tle =
or(nf” +n{’yIp — 1)

Above the critical ionization (n > 7.), the phase mismatch from the medium is positive
(Akpmedium > 0) with a magnitude proportional to the gas pressure P. Below the critical ionization
(n < nc), the phase mismatch is negative (Akpedivm < 0), also with a magnitude proportional to
the gas pressure P. We will soon see that the geometric contributions to the wave-vector mismatch
from waveguide dispersion or the Gouy phase are generally positive. As a consequence, when the
medium is overdriven and the ionization is above critical, tuning the pressure cannot balance the
geometric dispersion, and there is generally no way to reach perfect phase matching (Ak = 0). On
the other hand, if the ionization fraction is slightly below critical, the gas pressure be tuned such
that the phase mismatch of the medium exactly cancels the geometric contributions, allowing for
ideal phase matching. The critical ionization places an upper limit on the laser intensity that can be
used to drive phase matched HHG, limiting the maximum photon energies that can be generated.
Experiments have determined that the phase-matched cut-off energy scales as Epyieut—off 0¢ A16717

37].

Gas species | Refractive index at A\, = 3 nm | Critical ionization 7. at A;, = 3 pm

Helium 1.000034682 0.0343 %

Argon 1.00026312 0.259 %

Table 5.1: Calculated refractive indices and critical ionization levels at a driving wave-
length of 3 pm. Refractive index data for argon is from [201]; helium data is from [202]. Data
was measured from 0.48 to 2.06 pm and extrapolated using Sellmeier equations. Critical ionization
was calculated using Equation 5.11, and the nonlinear refractive index was ignored.

The refractive indices of argon [201] and helium [202] have been experimentally determined
up to a wavelength of about 2 pm. We can use the Sellmeier equations (dispersion formulas) to

extrapolate refractive indices to a wavelength of 3 pm and calculate the critical ionization (Table
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5.1). Ammosov, Delone and Krainov (ADK) derived an expression for the rate of tunnel ionization
in a laser field [187], which is commonly used to determined the laser intensity needed to reach
a particular ionization fraction. A clear tutorial on this calculation can be found in [158]. The
critical ionization and the laser intensity needed to reach it is graphically illustrated in Figure 5.5
for the wavelength range of 0.8 to 10 pm. When harmonics are driven in a waveguide, the effect of
the plasma dispersion on the phase velocity of the driving laser can be reduced due to averaging
of the mode over the waveguide area [203]. This means that in a waveguide, it is possible to use
marginally higher laser intensities, and achieve a higher ionization fraction, while still maintaining
phase matching. Compared to unguided geometries, the higher ionization fraction due to modal
averaging can result in brighter emission due to more emitters and higher phase matching cut-off
energies (Figure 5.5, dashed lines).

We conclude our discussion of the macroscopic phase matching effects by considering the
geometric contributions to the phase-mismatch. The phase velocity of the driving laser can be
increased relative to the harmonic beam (Ak > 0) due to contributions from the Gouy phase,
which is most prominent in a free-focused geometry, or waveguide dispersion. The atomic dipole
phase, on the other hand, can either increase or decrease the relative phase of the harmonics
depending on the intensity gradient.

We first consider the case of harmonics generated in a free focus, which are influenced by
both the Gouy phase and the atomic dipole phase. The Gouy phase refers to the phase that a
wavefront accrues as it propagates through a focus (Figure 5.6(b)). A Gaussian beam will acquire
an extra phase of 7w radians going through a focus compared to the same beam comprised entirely
of plane waves. The accrued Gouy phase ¢goyy as a function of longitudinal position z (where the

beam waist is at z = 0) is given by:

¢G’ouy = _arCtaniy (512)

where zr = w3 /AL is the Rayleigh length (the length away from the waist where to beam radius

grows by a factor of v/2). By inspection of Equation 5.12, we can see that the rate at which the
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Figure 5.5: (a) Critical ionization levels and (b) requisite laser intensities for driving
laser wavelengths between 0.8 and 10 pm. Critical ionization can be easily calculated from
Equation 5.11, and scales as 7. o< A™2. Laser intensities are peak intensities on axis. The dashed
lines represent the slightly higher laser intensities that can be used in a waveguide while still

maintaining phase matching - an effect related to modal averaging [203]. Figure from Reference
[41].

phase changes near the focus is greater for tighter focuses (smaller Rayleigh lengths). We also
see that the phase of the driving laser decreases through the focus relative to the harmonic beam
(Equation 5.12 is a monotonically decreasing function with z), speeding up the phase velocity of
the driving laser relative to the harmonics. The influence of the Gouy phase depends strongly on
where the HHG occurs relative to the waist: the phase mismatch due to the Gouy phase will be

greater if the phase matched region is closer to the focus than if it is farther away.



159

Wavefronts
(a) X-r?y Laser X-ray Laser
WGk ron{ wavefront wavefront wavefront
e N N
Laser beam X-ray beam

Atomic gas/

Atomic
gas
(b) Ag, Geometrical Guoy phase and CEP
COSi J Sin -Cos
Wavevector picture
(c)
5 %’ Katomic
qu — I N f—’f kX-ray
e ———— —b—b—v—b—bm
kX—ray Q 1 ¥ QkL ¥ 4
atomic X

Figure 5.6: Phase matching harmonics in a free focus and a waveguide. The Gouy phase
results in a phase shift of the driving laser through a free focus. The intensity gradient through the
focus results in a spatially varying atomic dipole phase. In the region immediately after the focus,
these two effects can balance to enable phase matching over a fraction of the confocal parameter.
Meanwhile, in a gas filled waveguide, the interaction length over which phase matching is possible
can in principle be longer than the confocal parameter. Figure adapted from Reference [36].

The second contribution to the geometric phase in the free focus geometry is the atomic
dipole phase or intrinsic phase. The phase of the driving field at which tunnel ionization occurs
depends on the intensity of the field. This ionization phase also determines the amount of time
the ionized electron spends in the continuum, and therefore, it determines the phase of the emitted
harmonics relative to the driving field. The contribution of the atomic dipole phase to the total
phase mismatch is [204]:

Akgipole = aqlp (5.13)

where o is a parameter that depends primarily on travel time during the trajectory, and is smaller
for the short trajectories and larger for the long trajectories, b = 2zg is the confocal parameter, z is

the on-axis position relative to the waist, and Iy is the peak intensity. The odd-ordered dependence
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of the atomic dipole phase on z causes it to change both sign and magnitude, preventing ideal
phase matching over the full focus. The model from Balcou et al. [205] treats the atomic dipole
phase as a separate wavevector in the phase matching calculation. They demonstrate how, in
particular in front of the focus, the atomic dipole phase can enable off-axis phase matching and
therefore degrade the modal quality of the generated beam (Figure 5.6(c)). The atomic dipole
phase is generally negative after the focus, as the laser intensity decreases, which can be used to
compensate the positive contribution from the Gouy phase. This optimizes phase matching when
the laser is focused just before the region of gas density in a gas jet or a gas cell. Indeed, we
observed the brightest HHG beam when the focus was moved just in front of the gas cell.

When intense laser light is guided in a hollow waveguide, the longitudinal gradient in intensity
is vastly reduced compared to the case of a free-focus, reducing the influence of the atomic dipole
phase on the cumulative phase mismatch. Further, the plane wavefronts that propagate in a
waveguide do not exhibit a Gouy phase and maintain high intensity over a larger interaction volume.
These factors contribute to the possibility of brighter harmonics from the waveguide geometry. The
phase mismatch accounting in a waveguide is considerably simpler: in addition to the terms due
to the medium, we need only consider how the waveguide changes the phase velocity of the driving

laser. This contribution is generally positive (increasing the phase velocity), and is generally given

by:

quil
Akwaveguide ~ W

(5.14)
where ¢ is the harmonic order, u is a parameter related to the waveguide mode, and a is the

radius of the hollow section of the waveguide. In the waveguide geometry, ideal phase matching is

achievable by pressure tuning as long as the ionization level is below critical ionization.

5.2.2.2 Efficiency limits due to reabsorption

The noble gases which are frequently used to generate harmonics also absorb the emitted
harmonic light. The absorption length, or attenuation length, is defined as the length of material

through which the transmission is 1/e (36.8%). Absorption lengths for helium, neon and argon
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are presented in Figure 5.7(a) using data from the Center for X-ray Optics (CXRO) database [9].
The reabsorption of harmonics by the gases that emit them has two significant consequences in the
macroscopic picture of HHG: (1) the total harmonic flux from a source will not increase indefinitely
with the length of the medium (number of emitters), even for the case of perfect phase matching
[38]; and (2), one must take care in designing an HHG source to pump out the gas as quickly as
possible after the interaction region to prevent reabsorption. This second consideration informed
the design of the HHG source presented in the next section.

In the case of perfect phase matching in a perfectly transparent medium, the harmonic
intensity would grow quadratically with the number of emitters - for the case of uniform pressure,
the quadratic growth would be over the length of the medium. This is simple enough to understand:
if all the emitted waves are travelling perfectly in phase, the generated fields are superposed linearly,
and the resultant sum is squared to deduce the intensity. This result is shown in the dotted line in
Figure 5.8. In reality, the harmonic yield does not grow indefinitely over the length of the medium,
but is limited by reabsorption. Constant et al. developed a model to predict the evolution of the
harmonic flux in an absorbing medium, and found that even in the case of perfect phase matching,
the generated harmonic flux saturates after around 10 absorption lengths (Lgps), and reaches around
80% of the maximum yield after about 5 absorption lengths [38]. When the coherence length,
defined by Lo, = m/Ak, is reduced due to sub-optimal phase matching, the maximum harmonic
yield decreases and is reached after just a few absorption lengths (Figure 5.8).

The behavior in Figure 5.8 is nicely captured by the following formula (from Reference [206])
for harmonic intensity as a function of depth in the medium L, phase mismatch Ak, and absorption

length:

) -1 cosh % —cos AkL
By ? ox e7Tans e
Ak + g

abs

(5.15)

This result has critical implications for high-energy harmonics driven by mid-IR lasers. In general,
the efficiency of harmonic generation at the single atom level scales poorly with wavelength (between

A% to A7?[32, 40, 37, 41]). Beyond the single atom picture, the critical ionization, which determines
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(a) The attenuation length is defined as the length of gas which reduces the intensity to 1/e
of the incident value. The densities used are listed in the legend and come from the CXRO
database. The values are for 1 atm of pressure; at higher pressures (generally required for
phase matching), the attenuation length may be shorter.
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(b) Even short lengths of residual gas can dramatically reduce the brightness of an HHG
source due to reabsorption. Argon, for instance, is all but opaque at 250 eV.

Figure 5.7: The soft X-ray attenuation lengths and transmission of gases relevant for
HHG. Due to vastly superior transparency and high ionization potential, helium is the preferred
gas for soft X-ray HHG. Data was compiled from the Center for X-ray Optics database [9].
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Figure 5.8: The influence of reabsorption by gas on the optimum HHG flux for various
phase matching conditions. Even in the case of perfect phase matching (Lcon >> Lgps), the
generated HHG flux stops increasing with interaction length after around 10 absorption lengths.
As phase matching degrades, the coherence length decreases, while the absorption length remains
a fixed property of the gas. Figure from Reference [38].

the fraction of gas atoms which can actually emit light, scales as 7, o )\22. Nevertheless, some of
these losses can in principle be regained for phase matched harmonics due to the higher transparency
of noble gases to high energy soft X-ray photons. For example, the attenuation length in helium
of 500 eV photons is two orders of magnitude larger than that of 100 eV photons (see Figure 5.7).
The result is that, in the case of perfect phase matching, the harmonic yield will saturate after
the driving laser has interacted with (not necessarily ionized) two orders of magnitude more gas
atoms. For the case of 1 keV photons, the improvement is three orders of magnitude. Consider 3
pm driven HHG in helium, where an optimal phase matching pressure is predicted to be around
13 atmospheres [37]. The absorption length for atmospheric pressure helium at 750 eV is 38 cm -
at 13 atmospheres of pressure, this length is reduced to 2.9 cm. A well phase matched source for
these harmonics may require around five absorption lengths for optimal brightness, meaning the
interaction length may be up to around 15 cm in length. In order to sustain the high peak intensity

needed for HHG over these lengths, low loss waveguides are required. One approach to overcome
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the generally higher waveguide losses in the mid-infrared is the use of anti-resonant hollow-core

fibers.

5.3 A versatile, modular HHG source

In order to use our laser to drive high-harmonic generation in gas, we designed and fabricated
a novel source. In this section, we will describe important factors that influenced the design, how

the source actually works, and lastly present some data on gas and vacuum handling.

5.3.1 Introduction: context and design criteria

Earlier in this Chapter, we described the physics of phase matching in HHG. One result was
that in order to increase the brightness of HHG - especially in the mid-IR - it is necessary to phase
match over a length longer than the typical confocal parameters associated with the intensities
needed to drive HHG, motivating the use of gas filled waveguides. The only other reported HHG
result driven by mid-IR lasers utilized a 200 pm diameter, 5 cm long, unstructured gas-filled hollow
waveguide [3], driven by 80 fs, 10 mJ pulses at 3.9 nm wavelength. The peak power accessible by
that OPCPA was more than an order of magnitude higher than what is accessible by the current
build of the 3 pm OPCPA presented here, and higher than what has been used to drive HHG in the
2-3 ym window. The lower peak powers used by many long-wavelength HHG experiments makes
the use of gas-filled fibers challenging due to the scaling of the attenuation, which, in decibels, goes
as A/a, where a is the waveguide diameter. Reducing the waveguide diameter to account for lower
peak power therefore increases hollow-core fiber transmission losses, which are already more severe
in the mid-infrared due to detrimental wavelength scaling. In order to overcome this scaling, we
continue to explore the use of anti-resonant hollow core fibers.

In the Introduction, we reviewed four important laser sources which have driven HHG with
driving wavelengths above 2 pm. Here, we briefly mention their chosen HHG geometries as context
for our own design. The 2.6 mJ, 40 fs source from MIT and the 2.7 mJ, 30 fs source from the MBI

Berlin both utilized a 6 mm interaction length, differentially pumped gas cell to drive harmonics
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in argon and (for the MIT system) nitrogen, with the MBI noting that higher flux could likely be
achieved with improved gas target design [82, 83]. The 250 pJ, 16.5 fs ETH Zurich source utilized
a pressurized stainless-steel needle with a 1 mm inner diameter and 100 pm thick walls, which were
drilled by the laser itself, effectively forming a 1.2 mm long gas cell. The shorter interaction length
is well justified by the tighter focus required to reach sufficient intensity. They also considered a gas
jet but found it unsuitable due to the high pressures required for long-wavelength drivers [84]. The
2.5 pm source at The Ohio State University is the longest wavelength of four sources considered in
this section and delivers 7 mJ, 100 fs pulses. They utilized a gas jet with a 0.5 mm inner diameter
connected to a pulsed piezo-valve, which was sufficient to generate 0.6 keV HHG when backed by 2.5
bar of argon - however, the authors note that for future studies using higher pressure helium, they
intend to switch to a gas cell [86]. In conclusion, three distinct HHG geometries have been used at
wavelengths longer than 2 pm: waveguides, gas cells and gas jets. The physics of phase matching
suggests that waveguides should be the brightest source, but they have only been demonstrated
once before in this wavelength regime, with significantly more peak power than we have access to
in the current build of the system. Further, given our lower peak power, we require sophisticated
dispersion engineered fibers. Gas cells are the most widely utilized in the field, and there is at least
one demonstration using a gas jet - the latter being the simplest and easiest to implement. It is
clear that a significant amount of source optimization work has yet to be done in this field.

In consideration of the macroscopic phase matching and reabsorption effects presented earlier,
and the literature just reviewed, we can pinpoint a few key design considerations in building our

HHG source:

(1) The high pressures required for phase matching in the mid-IR results in significantly more
gas flow into the vacuum system. This gas must be removed rapidly to prevent reabsorption

of the harmonic flux using differential pumping.

(2) The optimization of the HHG source will require significant experimentation, in particular

with regard to type of gas confinement (waveguide, gas cell, or gas jet), interaction lengths,
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aperture sizes and pressure profiles.

(3) Experience has proven that focusing high intensity lasers on solid targets frequently results

in damage to the target; the source must return quickly to service after damage.

(4) Having unfettered access (without clipping) to the driving laser in the vicinity of, and

downstream of, the HHG target is necessary for the purpose of alignment and coupling

diagnostics.
5.3.2 Design and fabrication of the source
Gas cell Capillary Gas jet

Figure 5.9: The full HHG source assembly is highly modular, enabling rapid optimiza-
tion as well as reconfiguration for different driving laser parameters and gas types.
Cross sectional renderings are shown along a longitudinal plane of symmetry. The rendering at the
bottom shows the source configured for a gas cell driven by a high NA beam, which is the configu-
ration that generated the HHG spectra shown in the following section. The beam propagates from
left to right. The three renderings at the top illustrate examples of targets from the three categories
that were tested: gas cells, gas filled capillaries, and gas jets. The target can be easily swapped out
without change to alignment or the differential pumping mechanism. Credit to Jeremy Thurston
for his assistance in artistic renderings.
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In order to satisfy the design criteria, the HHG source is highly modular (Figure 5.9). A
rendering depicting the propagation of the driving laser, generation of a harmonic beam and gas
flow is shown in Figure 5.11. The source is comprised of six distinct modular components: the
differential pumping chassis, the target, the two differential pumping inserts, the laser entrance
port insert and the lid. The differential pumping chassis is the main body (100 mm long x 60 mm
wide x 30 mm tall), onto which the remaining four components attach. The chassis is the most
complex and difficult to fabricate component, and is designed to be the only fixed component of the
system - working with any other possible configuration, and free of any optically active components
which may be damaged by the laser. The chassis is the main body onto which the remaining four
components are attached. It is comprised of two vacuum chambers - the larger of which is the
main chamber, and the smaller is the differential pumping chamber. During operation, gas spews
from either side of the target into the main chamber. Both sides of the main chamber are pumped
directly by ports on the floor (connected to the same high speed scroll pump). The differential
chamber is also pumped out through the floor, and is connected to a separate roughing pump.
High pressure gas is delivered to the target via a port in the bottom of the main chamber. The
bottom of the main chamber contains two parallel rows of precisely positioned 2 mm holes used
for target registration. The targets have identical holes in their mating surface. 10 mm long, 2
mm diameter precision stainless steel dowel pins are used to register the target in the plane of the
chamber floor to within ~+/-10 pm tolerances. Parallel to each row of dowel pin holes are a row of
threaded holes, used to bolt the target to the chamber floor. In this way, targets of varying lengths
up to about 30 mm can be implemented, and the target can easily be exchanged without loss of
alignment - indeed, we have retained good coupling through a hollow core fiber before and after
removing the target. The use of a fixed target position is well suited to the good pointing stability
of the OPCPA.

The chassis is secured to a pedestal (from KMLabs), depicted in Figure 5.10, which is in
turn bolted to the optical table. In this way, the chassis is highly robust to misalignment or

mechanical instabilities, despite being attached to two roughing pumps. The pedestal sets the
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height of the driving laser at 4.5 in above the optical table. The pedestal contains internal passages
for the delivery of gas and connection to the two vacuum pumps. The pedestal also incorporates a
pressure relief valve in case of accidental pressurization of the vacuum system and water cooling,
although the low average powers in this experiment did not necessitate water cooling. The chassis
is sealed to the pedestal with four separate O-rings.

The main and differential chambers are separated by a low vacuum conductance insert. The
standard insert has a 0.75 mm diameter bore and is ~12 mm long. The differential chamber and the
soft X-ray beamline are separated by another low conductance insert which has a 1.5 mm diameter
bore and is 38.45 mm long. The driving laser enters the main chamber through the laser entrance
port insert, which is identical to the exit side insert except for its bore. In our experiments, we
epoxied a 2 mm thick, broadband AR (2-5 pm) AR coated sapphire window to the laser entrance

insert. A CaF, window is also used. For the latter, the calculated B-integral is only 0.07 radians.?

Figure 5.10: The full HHG source assembly on the pedestal, as it appears on the optical
table. The large ports on the bottom of the pedestal connect to two roughing-level vacuum pumps.
The lid is not pictured. Position registration of the chassis is ensured by a lip on the near side of the
pedestal. In the configuration which generated harmonics, a window was epoxied to the brass laser
entrance port insert; the backside insert is connected to the beamline with an ultraTorr fitting.
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The outer diameter of the externally facing inserts is 0.5 in, allowing for easy coupling to the
beamline using standard ultraTorr connections. In the case of shorter wavelength or higher peak
power drivers, it can be useful to connect the source directly to a vacuum chamber containing
beam delivery optics to avoid issues associated with B-integral; for this reason, the entrance side
insert can also easily be connected to a vacuum fitting. All three of the inserts are fitted with
O-rings at the neck of the bolt to improve vacuum sealing. Finger tightening is sufficient for the
externally facing inserts, while the smaller, internal insert requires a hexhead driver for removal.
All three inserts can quickly be exchanged without influence to system alignment, which is useful in
a variety of cases. In particular, during alignment of the beam through a target, it is necessary to
quantify the transmission efficiency and measure the transmitted mode. This is not possible with
the differential pumping inserts in place, due to the restrictive apertures and the rapidly diverging,
high NA beam. Therefore, we align the assembly with the differential pumping inserts removed,
and replace them for high-harmonic generation. Swapping the inserts is also useful for vacuum
diagnostics or optimization of the differential pumping.

A single lid with seals both chambers with two O-rings. In normal operation, we use a clear
acrylic lid to give visual access to the often colorful process (see, for instance, Figures 5.12 and
5.23). In diagnostic operation, we use a modified aluminum lid fitted with a vacuum flange that
allows measurement of the pressure in the main chamber.

With all differential pumping considerations handled by other components, the targets are
designed to be effectively consumable, allowing for rapid prototyping and replacement of laser
damaged units. An example of each type of target tested is rendered in Figure 5.9. All targets,
regardless of type, connect to the chassis with the same arrangement of dowel pins and bolts. The
bottom of each target contains an O-ring to isolate the high pressure gas from the main chamber.
15 atm of gas was applied to a blanked-off target to test the effectiveness of the isolation between
the high pressure gas and the vacuum system; no measurable change of vacuum levels was detected.

The gas cell used for successful HHG is illustrated in detail in Figure 5.16, and involves a central

2 Assuming a window thickness of 3 mm, and a 1 mJ, 120 fs pulse in a 2.4 mm radius beam.
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Figure 5.11: A cross-sectional rendering of the modular HHG source driven by a high
NA beam with a capillary cartridge. Red beam: mid-IR driving laser focused with a 75 mm
lens to a 35 pm radius spot size; pink beam: high harmonic beam; teal: applied gas (typically
argon, neon, nitrogen or helium). Beams are not drawn to scale.

high pressure chamber connected to the main vacuum chamber via two low vacuum conductance
drilled holes. The driving laser and harmonic beams pass through these holes. The gas jet utilized
a 1.2 mm outer diameter, 150 pm inner diameter quartz capillary angled vertically and epoxied to
a flange to deliver gas to the main chamber. Finally, the capillary targets operate by holding a
hollow core fiber colinear to the laser propagation on both ends using UV curable epoxy. Gas inlet
holes are drilled on the side of the capillary using a laser, and gas exits the fiber through either
end facet into the main chamber. Figure 5.11 depicts the operating HHG source configured for a
capillary.

The chassis and the variety of targets were all machined from 6061 aluminum using a 3-
axis Haas CNC mill at the JILA Instrument Shop. The three inserts were machined from brass
precision shoulder bolts using a Hardinge lathe at the JILA Staff Shop. Shoulder bolts were chosen
as starting stock due to their ready availability and tight tolerances on the outer surface of the
cylindrical section, enabling high concentricity and repeatable registration with the chassis. A
photograph showing three completed chassis and a variety of targets and inserts is presented in
Figure 5.12. For more detailed specifications of the HHG source, including technical drawings and

user notes, see Appendix D.
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Figure 5.12: A photograph showing a selection of chassis, inserts and targets, taken
shortly after the units were machined.

5.3.3 Gas handling and differential pumping characterization

The multi-atmosphere pressures requires for phase matching in the mid-IR result in significant
gas flow into the main chamber from all three interaction geometries considered here. We first
characterized the amount of gas that flowed from the target into the main chamber by isolating
the main chamber with two solid (blank) inserts and connecting a hose to the lid. Gas was applied
to both a gas cell and a 12 mm long, 100 pm inner diameter quartz capillary with a single hole
drilled in the middle with a COg laser (Figure 5.14(a)). The measured flow rates are presented
in Figure 5.14(b). We note that the measured gas cell consumes gas at a ~5.5x higher rate than
the capillary. Beyond being a useful data point in developing gas flow models, gas consumption
is useful to understand in the context of the high cost of neon gas and non-renewability of helium
gas. A further experiment was done demonstrating that the exhaust of the main chamber roughing
pump is comprised almost entirely of the feed gas, enabling a route towards recapture of precious

gases.
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Figure 5.13: A photograph of the HHG source configured with an argon filled gas cell
being driven by the 3 pm driver, indicating jet-like behavior of the argon gas as well
as density modulations thought to be shock diamonds. The glowing stream is thought to
be fluorescing argon, and is angled slightly down with respect to the driving beam (towards the
vacuum port on the floor of the chamber), suggesting that fluorescence excitation happens near the
focus, with the glowing gas travelling towards the port.

Figure 5.15 presents pressure measurements in the main chamber, differential chamber and
the beamline far a range of applied pressures of nitrogen and helium. Details of this measurement, as
well as the specific vacuum pumps used in the beamline, are given in the caption. The differential
pumping scheme was found to be sufficient for even high backing pressures of helium, which is
considered the most difficult gas to pump: at 15 bar of applied gas, the beamline pressure stayed
below 2x10 Torr. During HHG in argon, we applied a backing pressure of ~2.2 bar to a gas cell.
In the case of the capillary backed by ~2.2 bar of nitrogen, the main chamber pressure was ~0.6
Torr. According to the CXRO database [9], an 8 mm path through 0.6 Torr of argon results in
transmission of greater than 92% for the entire soft X-ray region, including at the absorption peak
near 250 eV. Vacuum measurements were also made with the gas cell in place using argon gas.
With applied argon pressures in the typical range used for HHG, the main chamber pressure was
~0.85 Torr and the differential chamber pressure was ~60 mTorr. At these pressures, argon is more

than 99% transmissive at 240 eV. While these pressure readings would suggest that reabsorption is
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Figure 5.14: (a) Microscope images of a COg2 laser drilled capillary and (b) measured
gas flow rates through a laser drilled hollow core capillary and a gas cell. A hole was
drilled in the side halfway along the length of a 12 mm long, 1.2 mm outer diameter, 100 pm inner
diameter quartz capillary using a CO9 laser. The capillary was epoxied into the fiber holder with
UV curable epoxy. The gas inlet port was pressurized with nitrogen gas, and the flow rate out
the ends of the capillary was measured. The measurement conducted by measuring the amount
of time the discharged gas took to displace one liter of water in a graduated cylinder. A similar
measurement was taken using a gas cell (for dimensions, see Figure 5.16) with argon gas. For the
capillary, pressures were measured on the bottle regulator; for the gas cell, pressures were measured
on the inline pressure gauge.

not problematic in the HHG source, it is likely that they do not necessarily capture the actual gas
density seen by the HHG beam. The pressure in the main chamber is thought to be inhomogeneous,
with streams of high pressure gas forming higher density regions on either side of the target orifices.

Figure 5.13 illustrates this with a photograph showing a stream of glowing argon gas moving from
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Figure 5.15: Differential pumping pressure measurements for multiple atmospheres ap-
plied to a laser drilled, 100 pm diameter hollow core capillary. In both measurements,
a hole was drilled in the side halfway along the length of a 12 mm long, 1.2 mm outer diameter,
100 pm inner diameter quartz capillary using a COg laser. In both (a) and (b), the input-side
insert was sealed to the environment with an epoxied laser window. (a) The effect of the small
differential pumping insert with applied nitrogen. The exit-side insert was replaced with a high
gas conductance, large bore diagnostic insert, and a vacuum gauge was placed on the output. The
0.75 mm diameter inner differential pumping insert remained. (b) The effect of both differential
pumping inserts with applied helium. Even in the case of 15 bar of continuously applied helium,
the beamline pressure remained in the low 107® Torr level. The second insert is 1.5 mm inner diam-
eter. Helium is more difficult for the pumps to handle, causing the ~3x increase in main chamber
pressure for same applied pressure of helium compared to nitrogen. (c) In all measurements, the
pumps are: Roughing pump #1: “Busch Fossa 0035 A” 35 m3/hr scroll pump; Roughing pump
#2: “Adixen ACP28” 27 m?/hr roots pump. The beamline is pumped on by a Pfeiffer HiPace 300
turbomolecular pump.
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Figure 5.16: The gas cell used to generate 3 pm driven argon harmonics. The high pressure
region does not neck down until a few mm from the interaction region, suggesting that the backing
pressure should be a relatively accurate representation of the pressure in the interaction region.

the gas cell to the chamber floor vacuum port. The glowing gas is thought to be excited argon
atoms undergoing fluorescence during their journey from the gas cell to the vacuum port. We note
that the fluorescence, which is excited at the gas cell orifice by the driving laser, is localized in a
jet. We further note the presence of shock diamonds, indicating supersonic expansion of the gas.
Similar shock diamonds were observed in an HHG gas cell driven by a 1.85 pm laser and used to
model pressure gradients [207]. Recent work has used the fluorescence signal from an argon gas jet

to characterize the density length product of the medium [208].

5.4 HHG results

HHG was observed using the argon backed gas cell backed by an estimated 2.3 bar of pressure.

Exact determination of the backing pressure was challenging with the pressure gauge utilized,
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which gave measurements in psig and had questionable accuracy below 1 bar of pressure; pressure
estimates were made by adding 1 bar of pressure to the measured psig pressure. A dimensioned
drawing of the gas cell used is presented in Figure 5.16. Approximately 630 pJ (as measured in
front of the focusing lens) was focused into the gas cell using a 75 mm focal length CaFs lens. The
1/e? beam diameter at the focus was estimated to be about 70 pm, and the pulse duration was
measured using SHG-FROG to be ~130 fs FWHM.? The intensity on gas was estimated to be
~2.5x10'% W/ecm?. This estimate was validated using the below-threshold harmonic plateau, as
described in the following section.

Careful alignment of the driving beam to the gas cell and the beamline was critical to the
observation of the HHG beam. The 7th harmonic (below-threshold harmonic, see Figure 5.23)
near 422 nm is colinear with the HHG and is dramatically less divergent and easier to observe
than the 3 pm driving beam. The 7th harmonic was successfully used to align the beamline in
the absence of an HHG beam. This ensured that the camera was in the correct location during
parameter scanning. The height of the 7th harmonic beam increased by only ~3 mm over ~1 m
of propagation after the HHG source. In this configuration, the 3 pm transmission of the gas cell
(including the window and lens) was measured to be 73%, but some losses may be accounted for

by difficulty positioning the power meter.

5.4.1 Beamline

The soft X-ray beamline is depicted in Figure 5.17. The source is connected to a gate valve
with a flexible bellows. When the gate valve is closed, beamline pressure typically stabilizes in the
low 107 Torr range. The gate valve allows the beamline to remain under vacuum, and the X-ray
camera to remain cold, during any modifications to the HHG source. The beamline is pumped
on by a Pfeiffer HiPace 300 turbomolecular pump with a 260 1/s pumping speed for nitrogen
gas. The filter wheel assembly (Artemis from KMLabs) contains four separate filter wheels, each

with a capacity of 7 filters. A 2f-2f single lens imaging system uses a 50 cm focal length, 5 deg

3 Later improvements in the OPCPA brought this pulse duration down to around 100 fs
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Figure 5.17: The soft X-ray beamline (drawn partially to scale). Labelled distances and
angles are drawn to scale. Positions of the gate valve, 260 1/s turbopump, iris and filter wheel are
approximate. The nickel toroid images (2f-2f) the source onto the entrance slit plane of the grating.
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glancing incidence nickel coated toroid (ARW Optical Corporation) to image the HHG target to the
entrance slit plane of the grating. No physical slit was used for the spectrometer. The argon and
nitrogen harmonic spectra in the following section were taken using a Hitachi aberration corrected
concave grating (part 001-0437) with 1200 grooves/mm, a 5649 mm radius of curvature, 10 nm
blaze wavelength and 3.2 deg blaze angle. The grating is optimized for the spectral range of 5-20
nm (248-62 eV). This grating (as well as the 2400 grooves/mm grating intended for higher photon
energies) is well characterized in Reference [209]. The camera used for spectroscopy and beam
characterization was a TEC-cooled Andor Newton 940 CCD (part number DO940P-BN) with a

2048 x 512 array of 13.5 x 13.5 pm pixels.

5.4.2 Modes and parameter scans

During beam characterization measurements, the toroidal focusing mirror (Figure 5.17) was
removed and replaced with the X-ray camera. The camera sensor was about 89 cm past the HHG
target. Beam images taken in this configuration are presented in Figure 5.18. In Figure 5.18(a),
we show that the harmonic beam is fully blocked by a 100 pm glass coverslip, which was attached
to a filter wheel.*  Figure 5.18(b) highlights the sensitivity to the longitudinal position of the
7.5 cm focusing lens: moving the lens 50 pm (representing 4% of the Rayleigh length) in either

direction dramatically decreased the brightness of the harmonics.’

We also display sensitivity
to the applied gas pressure in Figure 5.18(c). The narrow range of pressures resulting in bright
HHG is distinctly different than in the case of below threshold harmonics, for which brightness
monotonically increased with gas pressure. The narrow range of pressures generating harmonics is
likely due to phase matching, but we also note that increased gas pressure in the region in front of
the gas cell can result in both Kerr lensing and, depending on intensity, plasma defocusing, which

could account for decreases in brightness at higher pressures.

An enlarged image of the beam is presented in Figure 5.18(d). We note that the cross-

4 The use of a glass plate is an excellent way to distinguish between HHG and below threshold, low order harmonics,
which can penetrate thin metal foils with measurable flux and confuse the observer.

5 We note that the Rayleigh length, which is the distance from the waist to the plane where the cross-sectional
area is doubled, is estimated to be 1.3 mm for the driving laser.



179

like shape imprinted in the beam profile is likely due to damage to the gas cell aperture: during
alignment, even 10s of mW can ablate the aluminum cell, and this particular cell exhibited cross-like
damage from scanning the lens in the X and Y directions to optimize alignment. A cross-sectional
lineout of the beam suggests a Lorentzian like shape, and exact characterization of the beam width
is difficult. Nonetheless, depending on how the fitting is done, the beam radius is on the order of

1.25 mm. Using the formula for the evolution of the beam width of a Gaussian beam,

w(z) = wor |1+ (;;)2 (5.16)

where w(z) and wy are the 1/e? radii of the beam at some position z and the waist (2 = 0),
respectively, and the Rayleigh range is given by zr = @, we can estimate the size of the beam
at the source, 89 cm before the camera. Using a photon energy of 150 eV (8.3 nm), which is
approximately the brightest part of the spectrum, the estimated beam radius at source is 4.8 pm,
compared to an estimated driving laser radius of 35 pm. While this effective source size is not
unexpected, we also note that in a tight focusing geometry, noncolinear phase matching of the
type predicted by Balcou et al. (Reference [205]) may also be influencing the divergence of the
beam. Finally, we note that the driving laser power was increased from 630 to 690 pJ by increasing
the pump power on the final OPCPA crystal, but this did not result in an observable increase in
HHG brightness, again likely due to phase matching but also possibly influenced by nonlinearities
immediately before the gas cell. HHG optimization is often achieved by irising the driving laser. An
adjustable iris was placed before the focusing lens and reduced slightly, bringing the pulse energy
incident on the lens from 630 pJ to 600 pJ. This resulted in a nearly complete reduction in the
harmonic flux.

We now provide some context for the observed optimal backing pressure of 2.3 bar. A 1.85
nm OPA (TOPAS from LightConversion) at ICFO was used to drive HHG using a similar gas cell,
composed of a 0.5 mm ID, 1.5 mm OD tube with 0.3 mm entrance and exit holes for the laser,
with an optimum argon backing pressure of 1.2 bar [207]. The only other system to date that has

to date driven HHG in the mid-infrared used a 3.9 pm laser in a capillary. A phase-matched peak
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Figure 5.18: Raw X-ray CCD images of the HHG beam, including pressure and lens
position scans. (a) The HHG beam is blocked by a 100 pm glass coverslip, effectively ensuring
that the beam is not comprised of below threshold harmonics. (b) and (c) Scans taken with a 100
nm + 200 nm Ti filter and 8 sec exposure time per image, at (b) 2.3 bar and (c) 10.8 mm lens
position. (d) The harmonic beam through a 200 nm Ag filter with an 8 sec exposure time. The
windowing is from the in-vacuum iris. Note: the CCD has a region of hot pixels to the upper left
of the beam.

was reported for argon at a pressure of 3.5 bar [3].

Although our observed optimal backing pressure fits well within the aforementioned data
points, the question of optimal backing pressure is considerably more complicated. Both the MBI
and MIT used a 6 mm long gas cell for their 2.1 ym systems. The MBI reported an optimum

gas backing pressure of 0.24 bar using a 75 cm (loose) focusing lens [83], while the MIT group
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reported an optimum 0.2 bar backing pressure [82]. To complicate things further, the ETH Zurich
group reported an optimum backing pressure of 45 bar of helium for a 1.2 mm long gas cell [84]
- although argon would be expected to have a considerably lower backing pressure than helium.
While it is very difficult to quantify the exact pressure in the interaction region, these seemingly
disparate results may be somewhat clarified if one assumes absorption limited HHG, which results
in a constant pressure-length product for optimized brightness. Under this condition, there is
a hyperbolic relationship between pressure and length. Reference [206] suggests that at lower
pressures, phase matching can be reached at a lower ionization level, while absorption pegs the
optimum pressure-length product at a fixed value. Those authors concede that there is a dearth
of experimental measurements of HHG conversion efficiency as a function of pressure and length
to verify these models. In this context, we note that the modular source presented in the previous

section may be an appropriate platform to provide rigorous measurements in this parameter space.

5.4.3 Spectra

High harmonic spectra were recorded using the beamline depicted in Figure 5.17. The camera
was positioned to capture the m=-1 diffraction from the grating. The spectra were calibrated by
fitting the observed location of absorption features of boron (at 188 V) and argon (at 248.4 eV) [9]
to a simple geometric model derived from the grating equation. Figure 5.19 displays four measured
spectra all taken in the same measurement run, driven by 680 nJ in the argon filled gas cell. Details
of the measurement are in the caption. We note that the shape of the measured spectrum is largely
determined by the combined transmission of the filters and argon gas. Importantly, the spectral
amplitude consistently drops to zero at the argon absorption edge of 248 eV, which is below the
predicted phase matching cutoff of around 330 eV [37]. There are two related explanations for this
behavior based on reabsorption, and both are likely to be contributing. Firstly, if the harmonic
generating region is more than a few absorption lengths away from the backside gas cell aperture,
most of the flux will be reabsorbed. We note that the attenuation length for 2.3 bar of argon drops

from 524 pm before the edge to 33 um after the edge [9]. The high pressure region of the gas cell,
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Figure 5.19: Four measured HHG spectra from the argon filled gas cell using different
filters. All measurements were taken with the Andor CCD camera cooled to -10 C and a 2 min
exposure time. Full vertical binning was performed over a 150 x 2048 pixel region of the sensor.
The displayed region corresponds to ~880 pixels, or about 43% of the sensor. A background scan
was taken using the 100 pm thick glass coverslip and subtracted from the measured signal. The
top panels display transmission data for the metallic filter used for that measurement: (a) 150 nm
silver; (b) 200 nm titanium; (c¢) 200 nm zirconium; (d) 2 x 100 nm aluminum. Also displayed is
the transmission of 1 cm of argon gas at 30 Torr. Transmission data is from CXRO [9].

as defined from aperture to aperture, is 1.75 mm long (Figure 5.16). Therefore, a photon energies
below the argon edge, reabsorption is less severe because the total length of the cell is only around
3 absorption lengths. At photon energies above the edge, any harmonics generated more than

around 100 pm from the backside aperture will be more than 95% absorbed. This is particularly
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Figure 5.20: Low noise HHG spectrum from the argon filled gas cell with a silver filter,
highlighting the stability of the harmonic spectrum over 10 minutes. Measurement
parameters were the same as in Figure 5.19, except that the camera was cooled to -80 C and the
integration time was increased to 10 min. Individual harmonics are resolved in the zoomed in inset.

problematic when we consider that the optimal position of the focus is just before the region of high
gas density, as described in the macroscopic phase matching section. Secondly, we note that even
in the case of ideal phase matching, emission can only out compete reabsorption for a maximum of
around 10 attenuation lengths (far fewer in our case of sub-optimal phase matching). This means
that the effective number of emitters contributing to the harmonic beam is vastly lower at photon
energies above the edge, further decreasing brightness. Clearly, absorption is playing a dominant
role in argon HHG. For comparison, we note that the attenuation length of helium at the expected

phase matching pressure of 13 bar [37] is 2.9 cm at 750 eV, without any absorption edges across
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Figure 5.21: HHG transmission spectroscopy of a 75 nm boron film mounted on a 500
nm parylene substrate. Boron exhibits a strong absorption feature, which can be seen at 188
eV. A 150 nm silver filter was used to block residual driving light. The measurement was conducted
in the same way as those presented in Figure 5.19 (2 min exposure, camera at -10 C).

the soft X-ray region.

Figure 5.20 highlights the stability of the harmonic beam and suggests that this source is
useful for low signal-to-noise spectroscopy applications, such as near edge X-ray absorption fine
structure (NEXAFS) or magneto-optical Kerr effect spectroscopies. In this measurement of an
argon HHG spectrum through a 200 nm silver filter, we reduced noise by cooling the camera to
-80 C and increasing the exposure time to 10 min. Beam pointing and spectral fluctuations are
common in HHG sources, and over longer integration times, these effects can be problematic for
high resolution spectroscopy. We attribute the high fidelity of the spectrum in Figure 5.20 to the
high stability of the OPCPA and the HHG source. We further note the observation of individual
harmonics, separated by around twice the photon energy of the driving laser.

In Figure 5.21, we present transmission spectroscopy of a 75 nm boron film mounted on a

500 nm parylene substrate. Boron exhibits a strong and sharp absorption feature at 188 eV that
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Figure 5.22: HHG spectra generated in nitrogen and argon under identical measurement
conditions. The relative intensity of the two spectra is accurate, with the spectral peak at around
140 eV around 29% weaker in nitrogen than argon. The measurements were taken with a 200 nm
silver filter and a 2 min acquisition time. The nitrogen spectrum just reaches the carbon K-edge
(284 eV), corresponding to approximately the 689*" harmonic of the driving laser.

is clearly resolved.

HHG was also demonstrated in unaligned nitrogen gas (N2). A harmonic spectrum generated
with nitrogen is presented in Figure 5.22 alongside an argon spectrum that was taken under identical
acquisition settings with the same filter (2 min exposure with a 200 nm silver filter). The relative
amplitude of the two spectra reflects the relative brightness of the two beams. At the brightest
part of the spectra near 140 eV, the nitrogen harmonics are about 29% as bright at the argon
harmonics. Unlike monatomic gases, the harmonic emission from diatomic molecular nitrogen
depends on the relative orientation of the internuclear axis and the recombining electron wave k
vector. A separate, lower intensity laser beam is sometimes use to pre-align the nitrogen molecules
to improve harmonic yield [210]. Misalignment between the molecular axis and the laser polarization

may partially explain the difference in brightness. We further note that the ionization potentials of
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argon (15.8 eV) and nitrogen (15.6 eV) are quite similar, so it is unsurprising that harmonics are
optimally generated in a similar spectral region. The optimal backing pressure was found to be 2.3
bar - nearly the same as with argon. Unlike argon, however, nitrogen does not exhibit any distinct
absorption edges in the 100-300 eV range. We therefore attribute the photon cut off energy of
around 285 eV to the phase matching cutoff, approximately corresponding to a harmonic order of
689. The highest energy component of the nitrogen HHG spectrum just reaches the carbon K-edge

of 284 eV.

5.5 Below-threshold harmonics

5.5.1 Introduction

Below-threshold harmonics (BTH) refer to the generation of harmonics with photon energies
that are below the ionization potential of the generating gas. BTH are occasionally referred to as
low-order harmonics to distinguish from high-harmonic generation. BTH generation has received
considerable attention as a possible source of coherent VUV radiation for spectroscopy and metrol-
ogy [211]. Interestingly, BTHs can be used to alter the waveform that drives HHG, resulting in flux
(and potentially cut-off energy) enhancements. This has been demonstrated at 800 nm [212] and
later at 2.1 pm [213], but never in the mid-infrared. In addition to potentially useful applications,
the mechanism behind below-threshold harmonics has been hotly debated by in the literature by
theorists and those employing advanced computational methods. In particular, the relative role of
perturbative interactions (higher-order Kerr effects, or HOKE) and non-perturbative interactions
is controversial [214, 215]. See [216] for a review of this topic.

Furthermore, recent work published by Zuffi et al. [217] introduced and experimentally
validated a model to explain a peculiar effect of below-threshold harmonic generation: as the
driving laser intensity is increased, the generated harmonic intensity reaches a plateau, and ceases
to increase with driving laser intensity. The authors attribute this effect to the perfect balancing

of depletion of electrons due to laser-induced ionization and the increasing harmonic yield with
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excitation power. The authors also observed that the driving laser intensity to reach the plateau
is independent of the driving laser wavelength and the harmonic order, instead depending only on
the ionization threshold of the gas, the laser beam confocal parameter, and the interaction length
of the medium. Besides providing us an opportunity to test this newly presented hypothesis in a
new parameter space, the model also provides a mechanism for us to validate our own experimental
gas delivery geometry and laser intensity on target. In practice, both of these parameters can be
difficult to precisely measure experimentally. The gas pressure profile that the laser encounters - far
from being a simple step function between vacuum and high pressure gas - arises from complicated
vacuum and gas flow dynamics, and it can be difficult to quantitatively determine the actual
length of the interaction region. Secondly, the intensity on target can also be difficult to verify
experimentally. While FROG measurements combined with focal spot size measurements and
average power measurements can in principle allow for the calculation of peak laser intensity on
target, effects such as temporal pulse pedestals, nonlinear Kerr lensing, plasma defocusing, modal
distortions that might not be easy to resolve in the mid-infrared, and even misbehaving optics can
all contribute to the actual peak intensity on target being different than predicted.

Up to now, the use of mid-infrared drivers to explore below-threshold harmonics has been
primarily explored theoretically [218, 219], with the exception of some work by the Baltuska group
which explored third and fifth harmonic generation using their 3.9 pm OPCPA [220]. Nevertheless,
mid-infrared lasers may provide fascinating new insights into below-threshold harmonic generation.
The ionization potentials of argon and helium are 15.8 eV and 24.6 eV respectively. Most lasers
that have been used for exploring the HOKE debate and investigating BTH are Ti:sapphire systems
[221, 222], delivering photon energies of around 1.55 eV (800 nm wavelength). For the case of argon
gas, the highest order harmonic of a Ti:sapphire laser which can be generated while staying below
the ionization potential is the 9th. In contrast, the 3 pm laser presented here delivers photons with
energies around 0.42 eV. With a 3 pm laser, up to the 37th harmonic can be generated in argon
while still staying below the ionization potential. To our knowledge, this is a parameter space which

has not been explored until now.
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Figure 5.23: A photograph of 3 pm driven low-order harmonic generation in an argon
filled gas cell. See the text for a complete description of the various effects seen here. The output
side differential pumping inserts were removed and replaced with a UVFS lens, which held vacuum.

5.5.2 Experiment

Prior to our observation of HHG, we observed below-threshold harmonics in argon up to the
13th order (A = 227 nm). This BTH signal exhibited many of the hallmarks of HHG - for instance,
the light penetrated thin metal filters, and vanished when gas was removed from the interaction
region, or when a quarter-wave plate was put in the driving beam. All measurements reported
here were taken by focusing about 600 pJ of pulse energy at 130 fs with a 7.5 cm focal length lens
to a 1/e? radius of around 35 pm into argon gas. BTH was observed in both an unstructured,
150 pm core hollow-core waveguide and using the gas cell. The gas cell produced a brighter BTH
beam. The brightness of the BTH generation from the gas cell increased monotonically with

pressure, with a signal beginning from around 2.5 bar and increasing up to around 18 bar of
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Figure 5.24: A representative below-threshold harmonic spectrum measured from argon
driven in a gas cell with no filtering optics. The spectral components are labelled, and can
be compared to the photograph in Figure 5.23.

backing pressure. Although the vacuum and gas handling system can in principle sustain higher
pressures, we stopped at 18 bar because the system had not been pressure tested beyond that. We
note that these pressures are considerably higher than the backing pressure required for optimum
argon high-harmonic generation in the gas cell, which was around 2.3 bar. A photograph of the
gas cell with a clear acrylic lid generating BTHs is shown in Figure 5.23, illustrating a number of
interesting effects. The red light illuminating the entrance window occurs around 625 nm and is
the sum-frequency of the pump (1029.5 nm) and the signal (near 1590 nm), generated in the PPLN
crystals. This light co-propagates with the 3 pm idler beam even through the compressor. The
pink glow of on the entrance side of the gas cell can be attributed to fluorescence of the argon gas.
On the output side of the gas cell, the yellow emission corresponds to the 5th harmonic (near 590
nm) and the blue emission, visible through a 500 nm shortpass filter, is the 7th harmonic near 422
nm.

A spectrometer (HR4000 from OceanOptics) sensitive in the range of 200 - 1100 nm was
placed behind the gas cell. A UVFS lens was placed on the back side of the chassis using an

O-ring to provide a vacuum seal. This helped focus the BTH into the spectrometer. The resulting
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Figure 5.25: Low-order harmonic generation spatial modes.(a) Low-order harmonic beam
as measured through a 200 nm silver filter by an X-ray silicon CCD camera located 154 cm behind
an argon-filled gas cell backed by 14.8 bar of pressure. (b) Low-order harmonic beam as measured
on a silicon CCD beam profiling camera. An uncoated CaFs window was placed on the back side
of the differential pumping chassis to allow for measurement of the beam in air. The beam was
generated from an argon filled gas cell backed by 5.4 bar, and measured 14 cm from the back of
the cell. The 1/e? diameter of the beam is 4 mm.

spectrum is shown in Figure 5.24.

Two spatial modes from the BTH beam are shown in Figure 5.25. A DataRay beam profiling
CCD camera was placed 14 cm after the gas cell, with a CaFy window at the back side of the chassis
and both differential pumping ports removed to avoid clipping the beam. The 1/e? diameter of the
beam was measured to be ~4 mm, with an excellent mode. We note that the relative brightness
of the third and fifth harmonics has not been well established experimentally or theoretically.
Nevertheless, initial indications are that the third harmonic beam diverges rapidly. Using Equation
5.16, and assuming a wavelength of 590 nm (fifth harmonic) and noting the near-Gaussian mode,
we can predict the size of the beam upon emission at the gas cell to have a 1/e? radius of around
wo = 13 pm, smaller than the predicted 1/e? radius of 3 pm driving laser (35 pm). We further note
that silver, titanium and zirconium foils in the range of 100-200 nm thickness all transmitted a
BTH signal which was brighter than the eventual HHG beam. Figure 5.25(a) shows the BTH beam
transmitted through a 200 nm silver foil on the X-ray camera; a dimmer beam was even observed
on the X-ray camera through a pair of two 200 nm silver foils. In the visible spectrum, thin
metallic foils are more transmissive to shorter wavelengths [223]. Furthermore, surface plasmon
enhanced transmission of light through thin silver films has been reported [224]. Although the

precise mechanism for BTH transmission in the foils has not been established, we caution researchers
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Figure 5.26: Measured below-threshold harmonic spectra. Below-threshold harmonics span
more than 5 orders of magnitude in brightness between the 5th and 13th harmonics. To estimate
the relative brightness of each harmonic, we took a series of spectra with different integration times
and, for the case of the 5th harmonic, optical filters to prevent saturating the spectrometer. We then
adjusted the counts for exposure time and attenuation, and integrated the area under each peak
to create a “high dynamic range” spectrum, which is presented in Figure 5.27. Unexpectedly, we
observed a very small spectral peak near 211 nm, the 14th harmonic of the driving laser. However,
we caution that this is near the edge of the spectral response window of the spectrometer, and may
be accounted for by measurement artifacts such as higher diffractive orders.
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in mid-IR driven HHG that low-order harmonics may have unexpectedly high transmission through

metallic filters.

5.5.3 Perturbative effects in below-threshold harmonics

Two recent papers by Spott et al. have presented calculations for below-threshold harmonic
generation using both ab initio numerical methods as well as perturbative power series expansions
of the third and fifth order susceptibilities. The authors conclude that the transition from pertur-
bative to nonperturbative interactions occurs with driving laser intensities at about 103 W/cm?2.
Calculations were done assuming an 800 nm driving laser [214] and a 1600 nm driving laser [215].
Both papers arrive at nearly the same conclusion regardless of driving wavelength: near intensities
of 1x10'3 to 2x10'3 W /cm?, a particular transition is noted. For lower intensities, the contributions
of the higher-order terms is much smaller than the lowest-order term, such that the perturbative
power series expansion converges. For intensities above the threshold, the sum of the higher order
terms reaches about 10% of the contribution of the lowest order term. Furthermore, we note that
in the perturbative regime, the intensity of the nth harmonic should scale to the nth power of the
laser intensity [101].

Here, we present preliminary results in the context of these numerical studies, but caution
that more rigorous experimental techniques and analysis are needed to draw conclusions. A BTH
beam was generated in an argon gas cell backed by 15 bar using the focusing conditions described in
the introduction, with driving laser power varied using a waveplate in front of the grating compres-
sor. Spectroscopy was performed on the BTH beam using an OceanOptics HR4000 spectrometer
with sensitivity to down to 200 nm. In order to make a semi-quantitative measurement of harmonic
intensities over such a large dynamic range, we optimized each spectral measurement for a single
harmonic peak by adjusting the integration time and, for the case of measuring the very bright
5th harmonic beam, through the addition of calibrated neutral density filters before the spectrom-
eter. Examples of spectra showing the decreasing amplitude of subsequent harmonics are shown

in Figure 5.26. This technique allowed us to stitch together a high dynamic-range spectrum. Two
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Figure 5.27: High dynamic range reconstructed spectra of below-threshold harmonics.
We took separate spectra of the type shown in Figure 5.26 for each harmonic. The area under the
relevant harmonic was integrated and is represented by a single data point. Data was used directly
from the HR4000 spectrometer without any spectral responsivity post-processing, introducing an
unknown spectrally dependent error in integrated counts. We show data for two driving laser in-
tensities: 9.6x10'® W/cm? and 1.8x10'* W/cm?2. References [214, 215] predict that a transition
between perturbative to nonperturbative interactions should occur around 10** W/cm?. Nonper-
turbative effects are not immediately clear from the data.

examples of these high-dynamic range harmonic spectra are presented in Figure 5.27, for driving
laser intensities of 9.6x10'3 and 1.8x10'* W /cm?, corresponding to incident pulse energies of 239
and 445 nJ respectively. We note that analysis using the BTH plateau is presented in the next
section to verify that intensities on target agree with those predicted by pulse energy, focal spot
size and pulse duration measurements. Both of the intensities shown in Figure 5.27 are around an
order of magnitude greater than the predicted intensity for the onset of nonperturbative effects by
Spott et al. Nevertheless, nonperturbative effects for the first 13 harmonics are not immediately
apparent from the raw data, although we note that more careful harmonic analysis and comparison
with theory should be made before concluding that nonperturbative effects are not present in some

capacity. In particular, the USB4000 spectrometer is characterized by an instrument response func-
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tion (IRF) that depends on the detector response, diffraction grating efficiency curve, and other
spectrally dependent effects. The IRF is not provided by the manufacturer. In the data presented
here, the IRF is not corrected for, introducing error in comparing the brightness of different har-
monics. In future work, a dispersive CaFy prism may be used for a more quantitative comparison

of harmonic intensities.

5.5.4 Below-threshold harmonic plateau: verifying intensity and interaction length

Zuffi et al. [217] presented an experimental study of BTH from noble gases driven by a 550
1J pulse energy Ti:sapphire with pulse durations in the range of 25 to 200 fs. They observed that
harmonic yield for the third, fifth and seventh harmonic increased for driving intensities below some
threshold I,,_;j,, and plateaued above that threshold. The third harmonic intensity as a function of
driving laser intensity is reproduced from Zuffi et al. in Figure 5.28, where the intensity plateaus
at the predicted value of 1.3x10'* W/cm?. Below Ip_th, the authors found that the third harmonic

intensity can be fit to a simple power law (dashed line in Figure 5.28):
Iy, = AI? (5.17)

where I, is the laser intensity and p is the harmonic order.

We approximately measured the power the seventh harmonic as a function of laser intensity
in the following way. We focused our 3 pm laser into an argon filled gas cell. We adjusted the laser
power with a half wave plate in front of the compressor (which acts as a polarizer). We placed a
notch filter (part FESH0500 from Thorlabs) after the gas cell, which has OD >5 for wavelengths
>500 nm, ~90% transmission for wavelengths between 390 and 500 nm, and around OD 2 for
wavelengths <390 nm. The wavelengths of the 5th, 7th and 9th harmonics are around 590 nm,
421 nm and 328 nm, respectively. We also note that the 9th harmonic is typically greater than an
order of magnitude weaker than the 7th harmonic. In this way, we isolate the 7th harmonic with
high contrast. The isolated 7th harmonic is focused onto a silicon photodiode using a UVFS lens,

which also acted as the backside vacuum window of the chassis. The amplitude of the photodiode
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signal was measured using an oscilloscope, and is plotted in mV in Figure 5.29, with the RMS
fluctuations plotted as the error bars. This signal was ensured to be in the linear response regime
of the photodiode.

Using a model which considers the depletion of the bound valence electrons by the driving
laser, and considers only the first ionization of the gas, Zuffi et al. develop a simple formula for

I

p—th, Which is independent of harmonic order and depends only on the ionization threshold of the

gas Ijon_th, the interaction length [ and the confocal parameter b = 2zpy:

I o Iion—th 1 l2 5.18
p—th — 9 + b72 ( . )

where the Rayleigh range is 2z = mwg/\. The first ionization threshold for argon is 2.4x10
W/cm? [217]. In our experiment, the 3 pm central wavelength beam is focused to a 1/e? radius
of wp=35 pm. We assume an interaction length [=1.75 mm, which is the distance between the
entrance and exit apertures of the gas cell (illustrated in Figure 5.29 inset). By applying these
parameters to Equation 5.18, we calculate an expected Ip_th:1.76’x1014 W /cm?, corresponding to
an applied pulse energy of around 430 pJ. This intensity is illustrated with a vertical line in Figure

5.29, and agrees well with the onset of the measured plateau. We note that the laser intensity
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Figure 5.28: Third-harmonic intensity versus driving laser intensity for below-threshold
harmonics in argon gas driven by a Ti:sapphire laser. Note that the plateau onset intensity
I,,_4p, is well described by Equation 5.18. Figure from Reference [217].
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Figure 5.29: Seventh-harmonic intensity versus driving laser intensity for below-
threshold harmonics in argon gas driven by the 3 pm wavelength mid-IR OPCPA.
Intensity was measured using a silicon photodiode read out by an oscilloscope, with voltage dis-
played on the vertical axis in mV. The error bars are the RMS fluctuations. While the data does not
fit the expected power law (possibly due to the photodiode not sampling the full beamwidth) the
plateau threshold intensity is well predicted by Equation 5.18, suggesting that our laser intensity
on target is well predicted by secondary measurements of power, spot size and pulse duration, and
that the interaction length can be considered the full length of the gas cell from entrance to exit
aperture. Inset: the gas cell used in this experiment, with Gaussian beam propagation overlaid in
red.

plotted on the horizontal axis in Figure 5.29 was calculated using our independently measured
beam parameters: a 130 fs pulse measured with SHG-FROG, a radius of 35 pm estimated with
a VOx microbolometric beam profiling camera and a pulse energy deduced from average power
measurements using a thermal power meter. We therefore find good agreement between our own

estimates of laser intensity and interaction length with theory.



Chapter 6

Concluding remarks

The field of near- and mid-infrared ultrafast laser physics is in an exciting stage of rapid
development. As these laser technologies mature, and new technologies are developed, they will
be well positions to find numerous applications outside of the optics laboratory. In this thesis,
we have highlighted one such application: the generation of coherent soft X-ray radiation through
high-harmonic generation, but many others abound - from molecular spectroscopy in the so-called
fingerprint region [225] to driving ion accelerators for cancer therapy [53].

In our own laboratory, there is no shortage of promising future directions to take our work.
The greatest promise of mid-infrared driven harmonics has yet to be realized on our optical table:
the generation of keV-level harmonic photons in helium gas. Nevertheless, the ingredients are
there: previous work with a lower repetition rate system has demonstrated that it is possible [3],
and our own HHG demonstration in argon and nitrogen has shown us that we are tantalizingly
close to the needed peak intensity. On the month-scale horizon, the OPCPA will undergo two
upgrades which may get us to this target. Firstly, an upgrade to the grism stretcher will increase
the transmission bandwidth of the device by incorporating larger gratings and prisms, allowing us
to seed the OPCPA with the full bandwidth of the front-end. The influence of this upgrade on
the amplified pulse duration has yet to be seen, but numerical simulations suggest that it holds
promise to decrease the amplified pulse duration and increase peak intensity on target. Secondly,
custom, large aperture PPLN crystals with lengths of 1 and 2 mm will soon be incorporated into

the later stages of the OPA. Simulations presented in Chapter 4 suggest that this may significantly
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improve the conversion efficiency of pump energy to amplified 3 pm energy.

On the slightly longer term horizon, there are several avenues towards scaling the pulse energy
of the OPCPA. In the appendix that follows, we numerically simulate the performance of alternative
nonlinear crystals, and find that incorporating either PPLT or PPKTP in the later amplification
stages of the OPA chain may present an immediate solution to scaling pulse energy, depending
on their damage threshold characteristics. Before 3 pm energy increases of more than 2x can be
realized, the pump laser system must be upgraded to deliver more pulse energy. While adding to
system complexity, the use of few-pass booster amplifiers is well established in the literature [168].
Should periodically-poled crystals be found to be insufficient for power scaling, the simulations
in Appendix A indicate that bulk potassium niobate may be a viable candidate in the power
OPA stages without modification to the pump pulse duration - however, at present, no vendor
for potassium niobate has been located. The readily available bulk crystals MgO-doped lithium
niobate and potassium titanyl arsenate may hold promise for power scaling, but will likely require
the use of a higher peak intensity/lower fluence pump that is only attainable through compression
of the pump pulses. While compression of cryo-Yb:YAG amplifier pulses is challenging due to the
narrow bandwidth, it has been demonstrated in the literature using a folded compressor design
[168]. If compression is pursued, a pulse duration optimization may be done to balance beam sizes,
pulse energy, bandwidth and other considerations.

A recent trend in mid-IR OPCPA technology is the use of 2 ym pump lasers based on
holmium-doped gain media [80, 81]. These lasers can be used to pump bulk non-oxide crystals, such
as ZGP and BGSe [226], which can exhibit impressive nonlinearities and phase-matching properties.
Our group is actively developing such a system, with plans to generate a signal near 3 pm and an
idler near 6.5 pm. Bringing the pump wavelength closer to the amplified wavelength of interest
increases the energy conversion efficiency of OPA. This system may be an interesting candidate to
explore the use of idler absorption to prevent back-conversion and enhance conversion efficiency
[66, 67, 68] - for instance, CSP naturally starts to absorb at around 6-7 pm [227]. Another active area

of research in our group is the use of large mode area ytterbium rod amplifiers as compact, robust
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high-average power pumps for nonlinear processes such as OPA and VUV generation. The high
stability, high single pass gain, and good thermal management properties of large mode area fiber
amplifiers may also make them promising pre-amplifiers in high pulse energy hybrid laser amplifier
architectures. Direct laser amplification of broadband, long wavelength pulses using chromium- and
iron-doped chalcogenides, as well as holmium- and thulium-doped gain media, is another exciting
avenue for soft X-ray high-harmonic generation and other applications.

High-harmonic generation also presents a wellspring of exciting future work. We have already
seen in Chapter 5 that the combination of low critical ionization fraction, high phase-matching gas
pressure, and high SXR transparency will make bright mid-IR driven HHG in helium challeng-
ing without the large interaction volumes afforded by the wave-guide geometry. On the other
hand, small-diameter unstructured hollow-core waveguides are particularly lossy in the mid-IR: the
attenuation coefficient is proportional to A?/radius?® [228, 158]. To solve this dilemma, we are ac-
tively exploring the use of gas-filled anti-resonant hollow core (AR-HC) fiber waveguides for HHG,
which can be engineered to exhibit low transmission losses and low field amplitude in the glass
fiber structure even in the mid-IR [229, 230, 231, 232]. In a separate experiment, building on the
clear observation of below-threshold harmonics from the 3 pm OPCPA, interesting work may be
considered in collaboration with our computational colleagues to better understand the transition
between perturbative and non-perturbative harmonic generation, as well as multi-color waveform
control for enhanced HHG. We also note that recently developed X-ray CMOS cameras have been
used by others to characterize the photon energy of soft X-ray radiation incident on the detector
based on the number of generated electrons [233] - potentially paving the way for high frame rate,
SXR hyperspectral imaging and other applications. Lastly, we consider the macroscopic physics of
HHG itself, which is in general challenging to optimize and study experimentally. The versatile,
modular HHG source presented in Chapter 5 offers a unique combination of repeatability and ease
of modification - which we plan to leverage to experimentally study important effects such as phase

matching and reabsorption.
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Appendix A

Numerical simulations of alternative x(? crystals for 1 pm-pumped OPCPA

Al Introduction

Optical parametric amplification relies on the existence of a suitable X(Q) nonlinear medium.
The two requirements for nonlinear crystals laid out by Franken et. al in their 1961 paper [95]
reporting the first demonstration of second harmonic generation are much the same today as in
the early days of nonlinear optics: a material must have a sufficiently large nonlinear dielectric
coefficient for the process of interest, and it must be sufficiently transparent to all wavelengths
involved in the process. However, with the vast array of nonlinear optical media developed and
reported over the last 6 decades, selecting an appropriate crystal and its relevant parameters for a
particular application can be challenging.

In this Appendix, we will address one of the foremost concerns limiting the performance
of the OPCPA as an effective HHG driver: the limitations of PPLN (periodically poled lithium
niobate) and the suitability of alternative crystals. We will describe some alternative crystals,
and use the sisyfos code package to run numerical simulations to determine the viability of those
alternatives - including quasi-phase matched PPLT (lithium tantalate) and PPKTP (potassium
titanyl phosphate), as well as birefringently phase-matched KTA (potassium titanyl arsenate), LN
(lithium niobate), and KN (potassium niobate). The basic analytical theory of OPA, which is
presented in Chapter 2, is extremely informative in selecting crystals. The scaling of amplification
- both in terms of energy and bandwidth - is strongly informed by the small-signal gain in the

undepleted pump approximation, which is readily understood without the use of simulation. Among
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other things, this analytical theory tells us that the phase-matching bandwidth is insufficient to
determine the actual amplification bandwidth of an OPA, which is strongly determined by gain.
This illustrates a general point about analyzing OPA crystals: many factors are highly coupled.
For instance, the Sellmeier equations alone cannot singularly determine the gain bandwidth of an
OPA - for that, it is also necessary to know the effective nonlinearity and how much peak intensity
the crystal can handle before damaging. Another example of this coupling is in damage threshold,
which is in general dependent on wavelength, pulse duration, spot size and repetition rate.

While the analytical treatment of small signal gain is informative, many applications require
the use of simulations. The basic foundation of the sisyfos code package [100] used for numerical
simulations is presented in Chapter 2. Numerical simulations are important for answering the often
expensive question of crystal length. We have made a point of including a number of curves showing
the evolution of pulse energy as a function of crystal depth with this in mind. We also note that
absorption was not considered in the simulations presented in this Appendix. While the crystals
considered generally exhibit high transparency to the wavelengths of interest, we note that oxide
crystals (in particular, KN) generally exhibit an absorption spike near 2.8-2.9 pm associated with
an oxygen bond, and also that KTP begins to gradually absorb as wavelengths exceed 3 pm. The
latter absorption was analyzed, and it was found that a 10 mm long KTP crystal would likely
absorb 4% of the total idler energy. This was considered to be within acceptable levels, especially

considering the crystals would likely be 1-2 mm long.

A.l1.1 Damage and pulse duration scaling

Throughout this thesis, we have cited a number of OPCPAs using a wide array of crystals.
For many systems, PPLN is utilized in early stages due to its very high deg of 14.8 - 16.1 (from
SNLO and HC Photonics) - but is rarely used for high pulse energy applications due to a low
damage threshold. The system presented in this thesis appears to be unique in this regard, with
the next highest pump pulse energy found in the literature being 1.35 mJ [161]. The use of a high

degr crystal such as PPLN is motivated by the long, ~300 ps pump pulses from our uncompressed



222

1.8 . . . : . 35 _
e
16 o
Ng 30 ;
RE o
<) 25 >
: 5
S 1 20 ¢
E 0.8} =
2 15 5
§0.6- . 5‘;
04} g
3

0.2 : : : : : 5

0 50 100 150 200 250 300

Pulse duration (ps)

Figure A.1: Expected scaling of PPLN’s damage fluence with pulse duration for a 1030
nm laser, and the corresponding peak intensity. The use of shorter pulses allows for higher
peak intensity before damage. For a crystal with a known damage threshold and/or aperture size,
and a target pulse energy, the duration of a pump pulse is in principle a solveable optimization
problem.

cryo-Yb:YAG regenerative amplifier.

Arguably, more limiting than any other factor in the OPCPA presented in this thesis is
occurrence of laser damage to the nonlinear crystals. Rather unfortunately, it is very difficult to
model and predict than the occurrence of laser induced damage for alternative crystals. Crystal
properties, coatings, surface quality - as well as laser parameters such as beam size, pulse duration,
and repetition rate/average power - all contribute to the damage threshold. Nevertheless, some
rough scaling can be applied within a small range of parameters. In the 10 to few-hundred ps

regime, damage fluence typically scales with pulse duration as [256, 251]:

2
LIDTmy ~ LIDT,14/ ll (A1)
T

In Figure A.1, we plot a reasonable estimate of the damage fluence of PPLN, scaled from
a measured value of 10 J/cm? for 10 ns pulses. It is important to take note of the trade-offs in
pump pulse duration scaling: shorter pulses enable higher peak intensity while still staying below

the damage threshold. This allows for the use of lower deg bulk crystals, which - in comparison to
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PPLN - often have a higher damage threshold, are less expensive, and can be made with a larger
clear aperture. On the other hand, the use of shorter pump pulses leads to a lower damage fluence.
For the same sized beam, this results in a lower total pulse energy. This can be addressed by scaling
up the beam diameters - but only within the limits of the available aperture sizes. Furthermore,
damage threshold is also known to decrease with larger beams. These competing factors result in
an important optimization problem that balances desired pulse energies, pulse duration and the
available crystals. Here, using numerical simulations we present some of the first steps towards

that optimization problem, but note that much more can be done in this space.

A.1.2 Summary of results

Of the alternative crystals analyzed, and in consideration of practical availability concerns,
PPKTP is thought to be the immediate term most promising alternative for peak power scaling
of the 3 pm OPCPA if the pump pulse duration is not shortened from its current value of 275 ps
FWHM. PPLT and PPKTP are both expected to exhibit higher damage thresholds than PPLN
[257, 163]. For instance, a 300 pJ, 3W, few-cycle, 3 pm OPCPA based on PPSLT was reported
in Reference [243]. They observed a damage threshold of PPSLT that was 8-18 times higher than
PPLN. PPLT offers slightly better performance than PPKTP in terms of amplification bandwidth
and conversion efficiency (though still not as impressive as PPLN), but depending on damage
fluence, may require cylindrical optics for power scaling. PPKTP is currently available with a 4x4
mm clear aperture (from SLF, Svenska LaserFabriken AB). PPLT is currently available with a
maximum clear aperture of 2x10 mm, with the possibility of extension to a 2.8 mm height with
some development work (from Oxide). An elliptical beam profile, as was demonstrated with PPLN
in Reference [161], may allow for more power handling with the rectangular aperture of PPLT,
with the added complication of cylindrical focusing optics. The colinear geometry of periodically
poled crystals delivers favorable beam profiles when compared to the noncolinear geometry needed
for many bulk crystals, but this effect is likely mitigated if higher peak intensity pulses/shorter

crystals are used.
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Of the bulk crystals studied, the simulations suggest that potassium niobate is the only option
which may potentially be implemented without a dramatic reduction in pulse duration (damage
fluence depending). Unfortunately, at the present time, we must discount KN because no vendors
has been located. The simulations suggest that low conversion efficiencies exclude both LN and
KTA without reduction in pulse duration/increase in peak intensity. Further simulation is needed
to understand the behavior of these two crystals with shortened pulses, but it is likely that they will
both be able to offer high conversion efficiencies at the appropriate pump pulse duration. Of the
available bulk crystals, it appears that lithium niobate offers dramatically improved amplification
bandwidth compared to KTP in either colinear or noncolinear geometries. On the other hand,
the colinear phase matching geometry of KTA produces significantly better beam profiles. The
simulations suggest that amplification bandwidth and modal distortions may need to be weighed
in deciding between LN and KTA. Due to the generally large apertures available for these bulk
crystals, power scaling may be highly promising if a reduction in pump pulse duration is possible.
It is worth noting that in our case, if a hybrid periodically-poled /bulk crystal OPCPA is built, the
early QPM stages need note - and probably should not - be pumped with the shortened pulses,
to employ their full capabilities and deliver a powerful seed for the later bulk stages. Such an
arrangement could be realized by simply picking off some component of the regenerative amplifier
beam prior to compression.

In the future, if PPLT becomes available with a larger aperture, or if potassium niobate
becomes available at all, based on these simulation results, those crystals should likely replace
PPKTP and MgO-doped lithium niobate as the most promising alternatives. Lastly, we note that
while simulations are useful guides, experimentation is necessary to make a complete determination.
In this regard, we point the reader to a particular useful reference in which Mgo:PPLN, KTA and
KN were compared using experimental methods for mid-IR OPCPA [163], causing that group to

pursue the use of KN for the high power stage of the OPCPA presented in Reference [73].
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A.2 Comparative numerical simulations of periodically-poled crystals: PPLN,

PPLT and PPKTP

We used sisyfos to numerically simulate the performance of PPLN, PPSLT and PPKTP in
the final stage of the OPCPA (OPA4). The bulk approximation, which is described in detail in
Chapter 2, was used to simulate QPM. We note that sisyfos can be implemented to simulate the
actual periodically poled gain medium without approximation, but such an implementation requires
a separate program to be prepared by the FFI. Further, the provider of the code tested the code
used for these simulations with full QPM and found no significant change in the generated spectra.

Fach crystal was simulated for 3 different pump fluences, resulting in nine total simulations.
The fluence is modified by increasing the pump energy with a fixed spot size. Each simulation
took ~2.5 min on a desktop computer. The general parameters for each simulation are presented
in Table A.1, and the parameters specific to each crystal are presented in Table A.2. The Sellmeier
equations are for 5% Mgo-doped PPLN, 0.5% MgO-doped PPSLT, and bulk KTP.! Importantly,
we note that we have experimentally observed damage in PPLN above ~1.2 J /cm? with comparable
spot sizes to this simulation - although the exactly damage fluence has been higher or lower from
crystal to crystal. This means that the PPLN data points at 2 and 3 J/cm? are for academic
purposes only. Optimistically, PPKTP and/or PPLT may be able to handle these higher fluences,
but such a determination is extremely difficult to make without actual measurements.

At an arbitrary z-position, the simulation can produce a 3D array of complex numbers rep-
resenting the electric field in the two transverse coordinates (x and y) and in time. We extract this
data at 39 slices at evenly spaced depths in the crystal, including at the front and back surfaces. At
each slice, we integrate the total pulse energy of the pump, signal and idler. In Figures A.4 - A.6
(bottom), we plot the evolution of the 3 pm “idler” energy in the crystal for three different pump
fluences. We maintain the convention of referring to the 3 pm pulse as the idler, even though it is

the seed in this simulation. These curves can be used to identify best-guess optimum crystal thick-

! The Sellmeier equations for PPKTP from Katz, 2001 [254] and the associated erratum are considered preferable,
but were not available for the simulation.
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2.5 mm

QPM

Bulk approx.: Ak=0 at 99.9, 291.2, 191.3 THz

Seed

3 pm ctr. A, stretched 160 ps FWHM Gaussian supporting 66 fs T.L.

Seed spot size

2.52 mm 1/e? diam.

Seed energy

0.5 mJ

Pump

1029.5 nm ctr. A, 275 ps FWHM T.L. Gaussian

Pump spot size

1.8 mm 1/e? diam.

Pump energy

Variable: 12.7, 25.4, 38.1 mJ

Pump peak fluence 1,2,3J/cm?

Pump peak intensity 3.6, 7.3, 11 GW/cm?

Table A.1: Simulation parameters used for comparison of PPLN, PPSLT and PPKTP
as candidates for the final OPA stage. T.L. indicates the pump is at its transform limit. The
Gaussian seed is stretched from its transform limited duration of 66 fs to 160 ps FWHM through
the application of 2.08x10° fs? of GDD - comparable parameters to the actual OPCPA.

PPLN PPSLT PPKTP
defr 14.8 pm/V | 10.4 pm/V | 8.5 pm/V
Polarization ftf ftf SsS
Sellmeier eq. | Gayer, 2008 | Dolev, 2009 | Kato, 2002

Table A.2: Crystal parameters used in sisyfos simulations. Gayer, 2008: [117]; Dolev, 2009:
[252]; Kato, 2002: [253]. f and s stand for fast (low index) and slow (high index) and refer to the 3
pm, 1 pm and 1.5 pm waves, in that order. For all three crystals, the angle of propagation of the
incident beams relative to the optic axis of the crystal is 90°. All three beams are colinear.

nesses. We also note that if the crystal aperture allows and the amplified bandwidth is sufficient,
simply increasing the spot size without changing the fluence can result in more energetic amplified
pulses - but in this case, the gain peak will shift due to the lower seed intensity. For a sense of how
the gain peak shifts with a variable seed intensity, see Chapter 4. For each curve in Figures A.4 -

A.6 (bottom), we identify the crystal plane where the idler has reached its maximal energy. At this
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Temporal envelopes of pump and 3 pm pulses: PPLN pumped by 1 Jicm?
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Figure A.2: The solid blue line shows the temporal envelope of the pulse used to seed the crystal
in the simulation. The dashed yellow line shows the temporal envelope of the pump pulse before
the crystal. A simulation was performed with PPLN pumped at a peak fluence of 1 J/cm?. We
extracted the temporal envelopes of both the pump and the 3 pm pulse at the peak of the gain
curve. At this plane, the pump pulse energy has been reduced from 12.7 to 6.7 mJ. Shortening the
seed pulse relative to the pump pulse can improve conversion efficiency, but it also means that the
spectral /temporal components near the wings of the spectrum see significantly less gain. Inspection
of the dashed purple line shows the start of back-conversion - at the most intense part of the 3 pm
pulse, corresponding to a region of depleted pump, signal and idler photons combine to form pump
photons. In the spatial domain, this will eventually lead to a doughnut-shaped mode of the signal
and idler.

plane, we extract the idler spectrum, and plot it in Figures A.4 - A.6 (top). Due to the different
phase matching and gain characteristics of each crystal, the amplified idler spectrum varies slightly.
In general, we find relatively little variance in the width of the amplified spectrum of a particular
crystal by changing the pump fluence. On the other hand, we do observe some variability in gain
bandwidth between the three crystals.

We further analyzed the simulation results to understand variations in gain bandwidth be-
tween the three crystals. The 3 pm idler spectra plotted in Figures A.4 - A.6 (top) is the full
spectrum out of the crystal, and therefore contains components from the fairly sizeable 0.5 mJ

seed that were not generated in the crystal. The transform limited pulse duration supported by
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Figure A.3: Transform-limit of the generated 1.5 pm signal pulse at the maximum of
the gain curve. The very high figure of merit (FOM) for PPLN enables high gain bandwidth,
but that can only be realized for low fluences due to the low damage threshold. The marginally
lower FOM of PPLT and PPKTP can be somewhat compensated by a higher pump fluence - if the
crystals will tolerate it.

the amplified idler pulse is therefore artificially improved by the broad seed bandwidth, and is a
sub-optimal metric of the actual spectral gain properties of the crystal. Instead, we considered the
1.5 pm signal spectra that was entirely generated in the crystal - extracted at the crystal plane of
maximal gain. For each of the nine simulations, we computed the Fourier transform of this signal
spectrum, and interpolated it to extract the supported FWHM transform limited pulse duration.
This pulse duration is plotted against the pump fluence for each crystal in Figure A.3. PPLN sup-
ported the shortest amplified pulses, followed by PPLT and then PPKTP. We note that separate
simulations comparing PPKTP and PPLN have indicated that the resultant amplified bandwidth
depends strongly on the seed bandwidth - it was generally found that for both crystals, increasing
the seed bandwidth will increase amplified bandwidth in this regime. Therefore, if amplified band-
width is found to be problematically low, increasing the seed bandwidth may be an avenue forward,

if possible. Nevertheless, with the 66 fs transform limited seed pulse used in this simulation, all
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crystals supported near or sub-100 fs signal pulses - and even shorter idler pulses .

Considering the reasonable conversion efficiencies and only slightly reduced amplified band-
width suggested by the simulations, both PPLT and PPKTP may exhibit superior performance to
PPLN for the high power, final amplification stage of the OPCPA if they are able to withstand
higher fluences. We note that the amplified bandwidth is expected to improve with higher pump
fluence. If amplified bandwidth is problematic, improvements may be possible by tilting the crystal

[186].
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Figure A.4: Numerical simulation of OPA in 5% MgO-doped PPLN. Top: 3 nm idler
spectra as they appear at the peak of the gain curve - not at the back facet of the crystal. Bottom:

evolution of idler pulse energy through the crystal at various pump fluences. For parameters, see
Tables A.1 and A.2.
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Figure A.5: Numerical simulation of OPA in 0.5% MgO-doped PPLT. Top: 3 pm idler
spectra as they appear at the peak of the gain curve - not at the back facet of the crystal. Bottom:

evolution of idler pulse energy through the crystal at various pump fluences. For parameters, see
Tables A.1 and A.2.
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Figure A.6: Numerical simulation of OPA in PPKTP. Top: 3 pm idler spectra as they appear
at the peak of the gain curve - not at the back facet of the crystal. Bottom: evolution of idler pulse
energy through the crystal at various pump fluences. For parameters, see Tables A.1 and A.2.
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A.3 Comparative numerical simulations of bulk crystals: KTA, LN and KN

We also used sisyfos to simulate the performance of KTA, 5% MgO-doped:LN and KN as
candidates for the final stage of the OPCPA (OPA4). Generally, these bulk, birefringently phase
matched crystals can be made with larger clear apertures than periodically poled (PP) crystals,
whose aperture size is in principle limited by the generally high coercive field needed to apply poling.
Furthermore, bulk crystals are generally less expensive and easier to fabricated than PP crystals.
On the other hand, the deg of bulk crystals is generally much lower than for PP crystals, because
the requirements of birefringent phase matching generally preclude accessing the highest valued
coefficients of the dielectric tensor. As was shown in our analytical calculations using small-signal
gain in Chapter 2, the small signal gain depends exponentially on the figure of merit determined by
FOM = d g2 /NpumpDsignalNidler- Accordingly, the gain is even more sensitive to changes in deg than
it is to changes in peak intensity of the pump. Beyond hindering total energy conversion efficiency,
the reduced gain can also deflate the amplification bandwidth.

A theoretical study of OPCPAs in the same parameter space as the system presented here,
including a review of these crystals, can be found in Reference [255]. KTA is a positive biaxial
crystal that can be used in both a colinear and noncolinear configuration, but we find it performs
better in the colinear regime. KTA is widely available and has the lowest deg of the crystals we
considered. LN is a negative uniaxial crystal that is generally used in a noncolinear configuration,
with a moderate deg and relatively high availability. Bulk LN, like PPLN, can also be MgO-doped
to reduce photorefractive effects and green induced infrared absorption. It is thought that bulk LN
generally has a higher damage threshold than PPLN. Lastly, KN is a highly promising negative
biaxial crystal known to be highly resistant to laser damage and exhibiting the highest d.g of the
bulk crystals considered here. However, at the time of writing, despite extensive searching, no
supplier of KN is known to the authors. Other potentially promising crystals include the lithium
chalcogenide crystals LGS and LGSe.

In general, bulk crystals are used when shorter pump pulse are available. This allows access
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to higher peak intensities before reaching the damage fluence, enabling higher gain and shorter
crystals. Among the longer pump pulses used with KTA are the 70 ps pulses used to pump the
OPCPA that generated 1.6 keV HHG in 2012 [71]. Those pulses had flat-top, multimode profiles,
energies above 250 mJ and resulted in peak intensities on the crystal of about 13 GW /cm? and
peak fluences of around 0.9 J/cm?. Interestingly, despite the use of 10 mm long KTA crystals and
the use of colinear geometry, they were able to amplify bandwidth supporting 83 fs pulses. More
common is the use of KTA in OPAs and OPCPA with few ps pump pulses. Another interesting
result claims to have used bulk LN pumped with long, 430 ps pulses at a low peak intensity of
2 GW/cm? to amplify 111 fs pulses at 3.3 pm up to 30 mJ, with a gain of over 4000 [245]. The
authors apparently used a 40 mm long crystal. This result is distinct from any others found in the
literature.

The simulations were similar to the periodically poled simulations presented in the previous
section. Symmetry considerations allowed the PP crystal simulations to be done in a quarter
spatial grid (17x17 -; 32x32); due to the spatial asymmetry from noncolinear phase matching, we
perform these simulations on a full grid (32x32). For each simulation, the 3 pbeam seeds the OPA
at normal incidence. Nevertheless, the amplified 3 pm beams can exhibit distortions, in part due
to the shifting overlap between the pump and the seed through the length of the crystal. These
crossing angle effects can be mitigated by using large beam diameters - as would likely occur if the
pump were compressed. Modes of the pump before and after the 4 mm crystal are shown partly as
an illustration of the relative pump angle. The asymmetry in the amplified profiles from colinear
KTA may arise from spatial walk-off [258]. In noncolinear OPA, the unseeded beam (in this case,
the 1.5 pm beam) generally experiences angular dispersion to complete the phase matching across
a broad spectral range.

The parameters for the simulation and the crystals are presented in Tables A.3 and A.4.
Compared to the periodically poled simulations, we have reduced the beam diameters by a factor
of two. This was done to give more realistic pump energy values to reach the higher fluences

at which bulk crystals may operate at. While 8 J/cm? may be a very high fluence for some of
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these crystals, at a shorter pulse duration, 29 GW /cm? may not be. The data in Table A.4 was
extracted from the SNLO software. We note that the listed Sellmeier equation sources refer to
what was used for the sisyfos simulations, and may differ from the default SNLO sources. Figure
A.7 attempts to summarize the gain bandwidth of each of the 16 simulations performed. As before,
this is done by extracting the generated 1.5 pm spectrum at the crystal plane corresponding to
the most energetic 3 pm pulse (these planes can be identified in the subsequent figures). We then
Fourier transform this spectrum to the time domain, interpolate it, and characterize the temporal
FWHM of the transform limited pulse - thereby reducing the influence of the seed spectrum on
the characterization of amplification bandwidth. It can be seen that both KN and LN perform
similarly well with regard to amplification bandwidth, even with the long pump pulses considered

- but only KN delivers sufficient conversion efficiency.

Crystal length 4 mm
Phase matching Birefringent: no bulk approximation
Seed 3 pm ctr. A, stretched 160 ps FWHM Gaussian supporting 66 fs T.L.
Seed spot size 1.26 mm 1/e? diam.
Seed energy 0.5 mJ
Pump 1029.5 nm ctr. A, 275 ps FWHM T.L. Gaussian
Pump spot size 0.9 mm 1/e? diam.
Pump energy Variable: 6.35, 12.7, 19.05, 25.4 mJ
Pump peak fluence 2,4, 6,8 J/cm?
Pump peak intensity 7.3, 14.5, 21.8, 29 GW /cm?

Table A.3: Simulation parameters used for comparison of KTA, LN and KN as candi-
dates for the final OPA stage. T.L. indicates the pump is at its transform limit. The Gaussian
seed is stretched from its transform limited duration of 66 fs to 160 ps FWHM through the appli-
cation of 2.08x10° fs? of GDD - comparable parameters to the actual OPCPA.
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KN LN KTA non-col. KTA col.
desr 598 pm/V | -3.93 pm/V | -2.49 pm/V -2.14 pm/V
Polarization sfs sfs ffs fIs

Sellmeier eq. | Ghosh, 1994 | Gayer, 2008 | Fenimore, 1995 | Fenimore, 1995

Krans (rad/m) | 9.27x10° 1.16x10° -1.49x10 0
03 um seed 37.0° 41.7° 63.1° 42.1°
A01 pm pump 4° 5° 4° 0°
P.M. type Type I, XZ Type 1 Type 11, XZ Type 11, XZ

Table A.4: Crystal parameters used in sisyfos simulations of bulk crystals. f and s stand
for fast (low index) and slow (high index) and refer to the 3 pm, 1 pm and 1.5 pm waves, in that
order. Kirans refers to the transverse component of the wave-vector for both the 1 and 1.5 pm
beams, in rad/m. For noncolinear phase matching, these values must be the same for both waves.
The transverse wave-vector for the 3 pm beam is zero. This is how noncolinear angles are specified
in the sisyfos simulations. 03 ,m seed refers to the angle of propagation of the seed beam relative
to the optic axis of the crystal. SNLO would refer to 03 iy, seea as the “redl angle”, where redl is
the 3 pm beam. A6 ym pump is the angle added to 03 ym seed to determine the angle of the pump
relative to the optic axis. SNLO would refer to A8 ym pump as “blue tilt.”
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Figure A.7: Transform-limit of the generated 1.5 pm signal pulse at the maximum of
the gain curve, or the back facet of the crystal - whichever plane produces more
energetic 3 pm pulses. KTP in the colinear and noncolinear configurations has significantly
narrowed amplification bandwidth than the seed spectrum, while KN and LN both exhibit very
high amplification bandwidth. However, only KN exhibits reasonable conversion efficiencies when
pumped below the likely damage threshold.
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Figure A.8: Numerical simulation of noncolinear OPA in bulk potassium niobate. Top:
spectra of the amplified 3 pm pulses at various fluences. For fluences which exhibit a defined gain
peak in the bottom plot, the spectrum is extracted at the position of the gain peak. Otherwise, the
spectrum is extracted at the back facet of the crystal (z=4 mm). Bottom: evolution of the total 3
pm pulse energy through the crystal at various pump fluences. Red text indicates the conversion
efficiency of pump to 3 pm, calculated by subtracting the seed energy from the amplified energy
and dividing by the incident pump energy. Percentages on the right were calculated at z=4 mm
(crystal back facet). Simulation parameters are in the text.
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Figure A.9: Total near field fluence spatial modes (intensity integrated over the duration
of the pulse) from the simulation of noncolinear OPA in potassium niobate. Selected
crystal depths (left column) correspond to peaks in the gain curve. Simulation parameters are in

the text.
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Lithium niobate (LN): noncollinear
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Figure A.10: Numerical simulation of noncolinear OPA in bulk lithium niobate. Top:
spectra of the amplified 3 pm pulses at various fluences. For fluences which exhibit a defined gain
peak in the bottom plot, the spectrum is extracted at the position of the gain peak. Otherwise, the
spectrum is extracted at the back facet of the crystal (z=4 mm). Bottom: evolution of the total 3
pm pulse energy through the crystal at various pump fluences. Red text indicates the conversion
efficiency of pump to 3 pm, calculated by subtracting the seed energy from the amplified energy
and dividing by the incident pump energy. Percentages on the right were calculated at z=4 mm
(crystal back facet). Simulation parameters are in the text.
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Lithium niobate (LN): noncollinear
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Figure A.11: Total near field fluence spatial modes (intensity integrated over the dura-
tion of the pulse) from the simulation of noncolinear OPA in lithium niobate. Selected
crystal depths (left column) correspond to peaks in the gain curve. Simulation parameters are in
the text.
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Potassium titanyl arsenate (KTA): noncollinear
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Figure A.12: Numerical simulation of noncolinear OPA in bulk potassium titanyl arse-
nate. Top: spectra of the amplified 3 pm pulses at various fluences. For fluences which exhibit a
defined gain peak in the bottom plot, the spectrum is extracted at the position of the gain peak.
Otherwise, the spectrum is extracted at the back facet of the crystal (z=4 mm). Bottom: evolution
of the total 3 pm pulse energy through the crystal at various pump fluences. Red text indicates the
conversion efficiency of pump to 3 pm, calculated by subtracting the seed energy from the amplified
energy and dividing by the incident pump energy. Percentages on the right were calculated at z=4
mm (crystal back facet). Simulation parameters are in the text.



243

Potassium titanyl arsenate (KTA): noncollinear
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Figure A.13: Total near field fluence spatial modes (intensity integrated over the dura-
tion of the pulse) from the simulation of noncolinear OPA in potassium titanyl arsenate
(KTA). Simulation parameters are in the text.
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Potassium titanyl arsenate (KTA): collinear
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Figure A.14: Numerical simulation of colinear OPA in bulk potassium titanyl arsenate.
Top: spectra of the amplified 3 pm pulses at various fluences. For fluences which exhibit a defined
gain peak in the bottom plot, the spectrum is extracted at the position of the gain peak. Otherwise,
the spectrum is extracted at the back facet of the crystal (z=4 mm). Bottom: evolution of the total
3 um pulse energy through the crystal at various pump fluences. Red text indicates the conversion
efficiency of pump to 3 pm, calculated by subtracting the seed energy from the amplified energy
and dividing by the incident pump energy. Percentages on the right were calculated at z=4 mm
(crystal back facet).Simulation parameters are in the text.
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Potassium titanyl arsenate (KTA): collinear
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Figure A.15: Total near field fluence spatial modes (intensity integrated over the dura-
tion of the pulse) from the simulation of colinear OPA in potassium titanyl arsenate
(KTA). Simulation parameters are in the text. Selected crystal depths (left column) correspond
to peaks in the gain curve.



Appendix B

Two-photon beam profiling at telecom wavelengths with a standard silicon

sensor

Silicon-based image sensors, found in virtually every consumer image digital camera, are ex-
tremely common and relatively affordable. The technology is highly mature, with pixel dimensions
commonly as low as a few microns. Silicon-based cameras are the technology of choice for profiling
visible and near-IR beams with wavelengths less than 1100 nm, and were used extensively in this
thesis to characterize the beam of the 1030 nm wavelength OPCPA pump laser. However, light with
wavelengths greater than 1100 nm does not carry enough photon energy to excite electrons across
silicon’s band gap of around 1.1 eV, rendering silicon cameras insensitive to those wavelengths in
the single photon absorption regime.

InGaAs image sensors typically exhibit sensitivity in the 900-1700 nm (SWIR) range, with
pixel sizes generally somewhat larger than with silicon detectors. These detectors are uncommon
and costly, but are considered effective. An alternative technology involves the application of a
wavelength up-converting phosphor to a silicon image sensor. While this avoids the use of costly
InGaAs sensors, there are a number of considerable drawbacks: fine structure of the beam is lost
due to the phosphorescence process, dynamic range is dramatically reduced, and the phosphor
response is highly wavelength dependent even over a few 10’s on nm [260]. Pyroelectric array
cameras can also be sensitive to SWIR, but are again expensive, inconveniently large, and have
very large pixel size - for instance, the Pyrocam in our lab contains 80 pm pixel pitch with a

320x320 sensor array - all but obscuring fine features of the beam. Despite these shortcomings in
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Figure B.1: Raw image of an estimated 12 pnJ, 1 kHz, 1.5 pm beam from a silicon CCD.
A total 1.5 pm power of around 25 mW was incident on the CCD array, but about half of this was
estimated to be 100 MHz, sub-nJ pulses. The nonlinear response of this technique enables imaging
the kHz amplified pulses even when the 100 MHz background contains more average power. In the
image above, we note a large hole on the left side which was later attributed to a damaged optics.
The profile shown above represents a beam after it passed through the (unpumped) fourth PPLN
crystal. The image before the crystal does not exhibit the vertical striation; we attribute those
lines to diffraction from the rectangular aperture of the crystal. The full sensor area is shown.

technology, the OPCPA presented a strong need for detailed beam profiling in the SWIR region. As
was shown in numerical simulations in Chapter 4 and Appendix A, optimization of the OPA process
relies on accurate characterization of the gain process, which manifests in the spatial domain in,
for instance, the formation of a doughnut-shaped beam after back-conversion. Due to the high-
degree of coupling between spectral, temporal and spatial effects in OPA, detailed diagnostics are
critical for optimization. Parametric amplification aside, beam profiling is a necessary part of the
construction of any free space laser system: for instance, spatial profiling aids in diagnostic of
optical damage, alignment, characterization of beam size, and so forth.

We addressed these shortcomings by using a standard silicon CCD camera to analyze the
spatial profile of the 1.5 pm pulses in the OPA chain through two-photon absorption in a silicon
sensor. While this technique may not be applicable to lower intensity optical characterization, we
found excellent success using the nJ level, ~200 ps pulses in the OPCPA. Pulses in this regime of
energy and duration delivered a clear two-photon response without causing damage to the detector.

Briefly reviewing the literature, we found a similar use of a silicon sensor in the two-photon regime
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applied to Shack-Hartmann wavefront sensing [261]. Those authors found slopes of 1.96-1.97 re-
lating optical power and detector counts on a log-log plot over ~1 order of magnitude of optical
power for a silicon CCD, suggesting that there is a region of optical power for which a true image
can be calculated by simply taking the square root of the measured two-photon image. Further
characterization of this nonlinear response, and the power range to which it applies, needs to be
performed.

In the remainder of this appendix, we offer a few examples of images taken using this tech-
nique. We used a compact USB monochrome CCD camera (model CGE-B013-U from Mightex),
which incorporates a near-IR enhanced sensor (Sony ICX445ALA). The sensor comprised 1280x960
pixels of 3.75x3.75 pnm size, resulting in an active imager size of 6.26x5.01 mm. The retail price for
this camera is 559 USD. Figure B.1 shows a raw camera image of a 1.5 ym beam. The beam was
carefully spectrally filtered using a long-pass filter, and it was verified that no 1 pm pump light was
detected by the sensor. The beam contained an average power of 25 mW. We estimate that half of
this power was residual from the 100 MHz seed laser (sub-nJ), while the other half was amplified

1 kHz pulses with about 12 pnJ of energy. This technique enabled separation of the pnJ pulses from

Simultaneous
signal and pump
Signal only (1.5 pm) Pump only (1 pm) (1+1.5um)

Figure B.2: Raw CCD images (plotted using scaled colors) showing the simultaneous
imaging of a 1.5 pnm signal beam and a 1 pm pump beam. Images were measured in the
plane of OPA2, using the seed from OPA1 and the pump for OPA2. We caution future users that
optical filters may cause the beams to shift and appear misaligned. The full sensor area is shown
in each image.
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the high-rep rate background. We had previously measured this beam using a Pyrocam, and were
not able to resolve the detailed structure seen in Figure B.1: the hole on the left side of the profile
allowed us to diagnose a burn spot on an optic, and the diffraction pattern allowed us to character-
ize the degree of modal distortion as a result of clipping on the rectangular aperture of the PPLN
crystal.

Another useful application of this technique is shown in Figure B.2. Our OPA requires the
careful alignment and relative sizing of a 1 pm pump and 1.5 pm signal. By adjusting the relative
power of the pump and signal, it is straightforward to achieve comparable signal strengths from
both beams on the image array - despite the fact that one beam employs the linear response and
the other the two-photon response. Figure B.2 shows the 1.5 and 1 pm beams on their own, and
then both impinging on the camera at the same time. As a word of caution, we note that the snell
shift from optical filters can cause the beams to spuriously become offset relative to their position
without the filters. Care must be taken to ensure that power attenuation does not displace the
beams if this technique is to be used for alignment.

As a final application, we use the two-photon beam profiling technique to diagnose the gain
properties of an OPA. Sisyfos simulations readily predict the modal evolution of a signal beam as
it is amplified: in the early parts of the gain curve, the mode shrinks as a result of spatial gain
narrowing. Then, as the gain curve approaches back-conversion, the simulations show the mode
size increasing as the pump becomes more depleted in the central part of the beam. Finally, back-
conversion sets in, causing the center of the signal mode to be converted back to pump, resulting
in a doughnut-shaped mode. Figure B.3 shows the evolution of a beam profile, measured in the
same plane after OPA1, under different amounts of amplification. In the top row, a single 5 mm
PPLN crystal is used for three different pump powers. In the bottom row, a second, 3 mm crystal
is placed after the 5 mm crystal, using residual pump light from the first crystal and increasing the
total gain. The modal evolution reflects the pattern seen in simulation, demonstrating that this

technique can provide useful diagnostic feedback in OPA optimization.
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Figure B.3: Raw CCD images (plotted using scaled colors) showing amplification of a
1.5 pm signal beam in OPA1. Images were measured in the plane of OPA2. Observed reshaping
of the signal due to amplification reflects trends seen in Sisyfos simulations. The full sensor area is
shown in each image.



Appendix C

Analytical studies of OPA gain scaling with crystal length, pump intensity and

effective nonlinearity

The time-dependent coupled wave equations that describe OPA are in general challenging
to solve analytically, leading the application of numerical simulation methods such as the Sisyfos
code package [100]. Nevertheless, we can derive the spectral gain properties of broadband optical
parametric amplifiers in the small signal, undepleted pump regime from the monochromatic, time
invariant coupled wave-equations presented in Chapter 2. This is possible by considering the Fourier
decomposition of the pulses into individual frequency components. We first calculate the frequency
dependent wave-vector mismatch Ak(w), then plug it in to the Equation 2.64 for the small-signal

parametric gain G(L), which is derived in Chapter 2 and reproduced here:

Q
=
I
I

1+[gsinh(gL)r. (C.1)

where I1(0) is the incident signal intensity at z = 0, and we have defined the small-signal gain g as:

Ak?
g=1\/T%— —, (C.2)
4
where
242, jww
2= el g (C.3)
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and I3 is the pump intensity.
For the calculations presented in this appendix, the wave-vector mismatch was calculated

using the temperature dependent Sellmeier equations from the erratum of reference [117]. All three



252

beams have extraordinary polarization, which is necessary to access the highest nonlinear coefficient
dss.

We first plot the small signal parametric gain of PPLN and overlay the full spectrum from
the front-end EDFA. This is particularly relevant for the first OPA stage, which has a typical gain
of around 3.6x10* or 46 dB. We have addressed the problem of gain narrowing in this stage by

tilting the crystal, which has allowed us to use an even longer 5 mm crystal.

4 X 10° 3 mm PPLN 3500 2 mm PPLN 30 1 mm PPLN
3000 25
3
2500
a 20
2 2000
o 2 15
g 1500
[u]
[e8 1 1000 10
500 °

0 : ; 0 : : : 0 : ‘
1450 1500 1550 1600 1650 170 1450 1500 1550 1600 1650 17C 1450 1500 1550 1600 1650 1700
Wavelength, nm Wavelength, nm Wavelength, nm

Figure C.1: Calculated small-signal parametric gain of a 30.1 pm poling period PPLN
at 80 C pumped at 4 GW /cm?, with front-end seed spectrum (arb. amplitude) over-
laid. We note that while the FWHM of the parametric gain broadens with a shorter crystal, the
magnitude of the gain decreases dramatically - owing to the exponential nature of OPA. Using
undepleted pump approximation (small-signal), we first calculate the frequency dependent wave-
vector mismatch Ak(w), then plug it into Equation 2.64 for parametric gain.

In the remaining three plots, we consider how small signal parametric gain scales with crystal
length, deg and pump intensity. The top plot shows the maximum parametric gain, which occurs
for the central frequency where Ak is minimized. The bottom plot shows the normalized spectral
gain. We see that using a short crystal is an extremely effective way at broadening the amplification
bandwidth, stemming from the fact that wave-vector mismatch is determined by multiplying Ak
by length - although we caution that the maximum gain value for crystals shorter than 1 mm was

in the few 10’s.
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Perhaps more interesting is the observation that, for the same crystal length, increasing
either deg or the pump intensity will also increase the gain bandwidth - despite the fact that the

wave-vector mismatch hasn’t changed. This effect is analyzed in the main text.

Maximum small-signal parametric gain (Ak = 0)
T T T T T

100 T T

Parametric gain
<)
»
T

100 F 1 1 1 1 1 1 1 1
0.5 1 15 2 25 3 35 4 45 5
Crystal length, mm

Normalized small-signal parametric spectral gain of signal

145 ]
15 \ 0.8
155 06
16 0.4
1.65 0.2
17
5 1 15 2 25 3 35 4 45 5

0

Wavelength, pm

Crystal length, mm

Figure C.2: Dependence of the small signal parametric gain on crystal length for a 30.1 pm poling
period PPLN at 100 C, with a deg = 14.8 pm/V and a pump intensity of 4 GW/cm?. The gain
spectra (bottom) are normalized at each crystal length.
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Maximum small-signal parametric gain (Ak = 0)
T T T T

o
=
T

Parametric gain
5
[3,]
T

1 1 1 1 1
5 10 15 20 25 30
Effective nonlinearity degr pm/V

o
=)

Normalized small-signal parametric spectral gain of signal

1.45
1.5

1.55

1.6

Wavelength, pm

1.65

1.7
5 10 15 20 25 30

Effective nonlinearity deff’ pm/\V

Figure C.3: Dependence of the small signal parametric gain on deg for a 3 mm long, 30.1 pm

poling period PPLN at 100 C, with a pump intensity of 4 GW/cm?. The gain spectra (bottom)
are normalized for each value of dg.

Maximum small-signal parametric gain (Ak = 0)
T T T T T

100 T T

Parametric gain

1 1 1 1 1 1 1 1
5 6 7 8 9 10

Pump intensity, GW/cm2
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Figure C.4: Dependence of the small signal parametric gain on pump intensity for a 3 mm long
30.1 pm poling period PPLN at 100 C, with a deg = 14.8 pm/V. The gain spectra (bottom) are
normalized at each pump intensity.



Appendix D

Technical drawings and user notes for the HHG source assembly

Label | Description Qty. | Notes

(a) Bolt, M4 x 40 mm 4 Requires M4 to M6 helicoil insert to mount to pedestal. Optimal
performance is achieved by locking the helicoil insert in place
with, for instance, Loctite.

(b) Threaded 1/2” insert | 2 Tight tolerance between insert and bore. Ensure collinearity of
insert and bore while threading. Finger tight is enough for vacuum
seal. Galling can occur; if so, use soft-jawed pliers, alcohol as
lubricant when unscrewing, remove aluminum deposit on insert,
ideally with an abrasive on the lathe, and, if necessary, ream
bore. Customized from McMaster part: 95446A663.

(c) O-ring, -022 1 Material not critical
(d) Bolt, M3 x 12 mm 6 Bolts required to attach lid. Lid is 0.25” thick.
(e) Threaded 5/32” 1 See notes for (b) to avoid galling. To insert/remove, first remove

insert threaded %" insert, then use a 3/32” straight hex (not ball end)
driver to bring the bolt into the hole. Standard bore is 0.75 mm.
McMaster part: 95446A638.

[U) Bolt, M2 x 15 mm 2 Holds the cartridge to the chassis.

(9) O-ring, -031 1 O-ring has a habit of popping out of place. Silicone holds in place
better. More silicone O-rings are on order.

(h) Threaded hole Allows for the attachment of various lengths of fiber cartridges.

@) Dowel pin hole 2 mm x 10 mm long dowel pins are used to precisely locate the

fiber cartridge to the chassis. Dowel pins can easily slip out of the
fiber cartridge when installing/removing. Avoid allowing dowel pins
to fall into vacuum port.
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