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Abstract of the Thesis

A tunable wavelength pump apparatus with arbitrary repetition rate
for time- and angle-resolved photoemission spectroscopy

by

Michael J. Wahl

Master of Science

in

Physics

(Instrumentation)

Stony Brook University

2024

Time- and angle-resolved photoemission spectroscopy (TR-ARPES) exper-
iments strongly benefit from varying the wavelength of the pump laser, which
permits direct excitation of electronic states over a range of energies. The
long acquisition times of TR-ARPES can be assuaged by using pulsed lasers
of MHz-scale repetition rates, but some sample relaxation effects can take
longer than the nominal pulse period. Thus the most flexible pump sources
would have both a tunable wavelength and repetition rate. In this thesis, I first
present an arbitrary repetition rate laser based on a nonlinear Er:doped fiber
amplifier capable of producing 100 kW peak power pulses. Successive broad-
ening in highly nonlinear fibers generates a NIR supercontiuum. Second, I
describe an amplification system based on optical parametric amplification
that is capable of producing up to 8 nJ pulses with 660-800 nm wavelength
tunability while maintaining arbitrary (0-60 MHz) repetition rate operation.
In parallel with our existing, fully synchronized XUV source, this next gener-
ation light source will enable the study of new interactions and materials with
TR-ARPES.
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Chapter 1

Introduction

1.1 Time- and Angle-Resolved Photoemission

Spectroscopy

Photoemission spectroscopy (PES) is a common and effective method of
probing materials which relies on the photoelectric effect [1, 2]. Famously
explained by Einstein in 1905, photoemission experiments use lasers, syn-
chrotrons, and other high photon energy sources to overcome the work function
of solids and eject electrons from their surfaces. These electrons are emitted in
a broad spectrum of energies, and these can be analyzed to reveal the energy
levels of the sample.

Fully characterizing the electronic structures of solid-state samples is chal-
lenging, as their band structures have explicit momentum dispersion. This
necessitates a momentum measurement in conjunction with an energy mea-
surement. Angle-resolved PES (ARPES) can deduce the electron’s initial mo-
mentum vector within the crystal by measuring its final momentum vector
after photoemission. Simultaneous energy and momentum measurements can
be performed with advanced time-of-flight momentum microscope (ToF k-mic)
detectors such as in Figure 1.1 [3–5].

Conventional ARPES can only probe occupied electronic states, namely
those below the Fermi level. Thus, if one wishes to map the electronic struc-
tures of states above the valence band, one needs another light source capable
of exciting these states first, such as the scheme in Figure 1.1. The necessity
of a second source also introduces the ability to vary the relative time delay
and resolve the temporal dynamics (TR-ARPES).

TR-ARPES is used to study a variety of fundamental physics. In past ex-
periments, our lab has studied the behavior of electrons in monolayer graphene
near the Dirac points [6]. Figure 1.2 depicts TR-ARPES data of the six Dirac
points in momentum space. Variation of the pump polarization cause a clear
shift in the distribution of excited electrons which we attribute to graphene’s
lattice pseudospin polarization.

A recent topic of interest is the formation of excitons in transition metal
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Figure 1.1: An ultrashort pump laser pulse (typically visible or infrared) is
absorbed by a solid surface, exciting electrons into the conduction band. After
an adjustable time delay, an ultrashort probe pulse (here, in the extreme UV),
ejects an electron from the surface. The momenta and energy of the electrons
are detected in a ToF k-mic.

Figure 1.2: TR-ARPES data highlighting the Dirac (K) points of graphene in
momentum space. The distribution of excited electrons changes between p-
polarized (left) and s-polarized (right) 517 nm pump light, which we attribute
to lattice pseudospin polarization.
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dichalcogenides (TMDs), especially in heterostructures formed from stacking
multiple TMDmonolayers [7–9]. We have already demonstrated measurements
of excitons in one of these TMDs, monolayer WS2 [10], but limitations of the
pump apparatus prevented us from performing experiments of WSe2, MoS2,
MoSe2, and corresponding heterostructures.

The WSe2, MoSe2, and MoS2 A-exciton transitions are around 2.0 eV, 1.6
eV, and 1.9 eV, respectively, each with bandgaps of less than 2.4 eV [11]. If
were were to study these materials with the 2.4 eV pump used in the WS2

experiments, we would instead see a conduction band signal. Studying these
material requires a pump of tunable wavelength.

Additionally, the study of interlayer excitons (ILXs) in TMD heterostruc-
tures uniquely benefits from adjustable pump photon energies. Heterostruc-
tures are composed of two different TMDmonolayers, which allows for selective
excitation of one layer’s exciton or the other [8]. These monolayer excitons can
then relax into ILXs, where the electron and hole components are separated
across TMD monolayers [12]. The ability to selectively control the formation
pathway of the ILX via tunable photon energy is invaluable.

1.2 Designing a Laser for TR-ARPES

1.2.1 Experimental Considerations

There are several important considerations when designing a laser system
for TR-ARPES:

Photon Energies The photon energy of the probe must exceed the work
function of the material, and should ideally greatly exceed the work
function to access high-k electrons. TMD excitons in particular exhibit
their characteristic behavior at the edge of the Brillouin zone, which is
only accessible with XUV photons.

The energy of pump photons is also important. Ideally, pump photons
excite the state of interest, and should not exceed it by too much lest
higher states may be errantly populated. This is especially true for states
with transitions near the bandgap like excitons, which would be washed
out by conduction band signal.

Pulse Duration Time-resolved data resolution can be limited by the pulse
duration of the pump and/or probe. Pulse durations should be shorter
than the desired timing resolution.

Pulse Energy/Repetition Rate The excited state signal of TR-ARPES is
minuscule compared to the ground state, as only a fraction of atoms
illuminated by the pump are actually excited. To improve the data rate,
more excited electrons must be sent to the detector by increasing four
factors [13]:

3



Data Rate ∝ (repetition rate)× (e−collection efficiency)

× (pump fluence)× (probe fluence)
(1.1)

Electron detection efficiency is already excellent when using a ToF k-mic,
and the probe fluence is limited by the space charge effect [14]. High
pump fluences can increase the probability of excitation, but directly
studying the dynamics of quasi-particles (e.g. excitons) limits the pump
fluence to the µJ/cm2 regime.

Instead, gains are made by increasing the repetition rate of the laser.
However, some electronic relaxations, such as interlayer excitons in TMD-
TMD [15] and TMD-pentacene [16] heterostructures, take longer than
the pulse-to-pulse period to return fully to the ground state. Re-pumping
a state before it is completely relaxed can result in a build-up effect which
complicates the measurement. Thus, the repetition rate is limited by the
time scale of the dynamics in question.

In order to keep data acquisition times reasonable, optimizing the pump
laser is essential. Ideally, one would be able to independently control the
wavelength, pulse energy, and repetition rate to collect data from a variety of
samples as quickly as possible.

1.2.2 The Design Before Tunable Pump

The straightforward solution to synchronizing the pump and probe is to
derive the both from the same oscillator, but the drastically different pho-
ton energies of the respective beams require an elaborate nonlinear frequency
conversion process. To obtain high photon energy probe pulses on a tabletop
scale, one can perform high harmonic generation (HHG) in a gas [17].

HHG is understood with the three-step model, where intense laser fields
first create tunneling ionization, then energetically recombine electrons with
their host atoms [18]. The pulse energies needed to achieve HHG are typically
∼100 µJ in the IR. HHG with in the visible is possible with ∼10 µJ pulses, but
this geometry produces fewer, less energetic harmonics which are more widely
spaced in frequency [19]. This is not ideal for large, continuous scans of probe
photon energy.

With kHz lasers, HHG with a NIR laser is possible at average powers of
< 10 W in a single pass. In order to optimize TR-ARPES data rates, repeti-
tion rates around 100 MHz are preferable, but this requires multi-kW average
powers. Although impractical with a single pass system, these powers are pos-
sible by utilizing a high-finesse enhancement cavity. However, gas ionization
presents limitations on the finesse of such HHG cavities, so these intracavity
powers still require ∼100 W driving lasers [20].

All of these considerations led to the development of the high-power Yb
laser system detailed in Li et. al. [21]. This system used a home-built Yb:fiber
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Figure 1.3: (top) TR-ARPES laser system prior to 2023. (bottom) Laser
system after swapping the oscillator to a commercial Er:fiber device and up-
grading the pump arm to a tunable wavelength and arbitrary repetition rate.
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oscillator centered at 1035 nm to drive a two stage (later upgraded to three
stage) chirped-pulse Yb:fiber amplifier. With this oscillator, the system pro-
duced ∼155 fs pulses of 1µJ at 88 MHz repetition rate. This laser coupled into
an enhancement cavity which produced XUV probe light through HHG [22,23].
The plethora of 1035 nm light could simultaneously drive a static 517 nm pump
via second harmonic generation.

The major roadblock of this laser system was the static pump. This lim-
ited the types of samples we could study to those which have an electronic
excitation around 2.4 eV, such as the aforementioned graphene and monolayer
WS2 [6, 10].

1.2.3 After Tunable Pump

The ability to simultaneously control the wavelength, repetition rate, and,
pulse energy is invaluable for TR-ARPES as it allows a single apparatus to
study a wide variety of materials. In particular, a tunable pump photon energy
of 1.6-2 eV would unlock the study of additional TMD excitons.

The home-built Yb:fiber oscillator has been replaced by a stable, low-noise
commercial Er:fiber oscillator with a slightly lower repetition rate of 60 MHz.
To seed the Yb:fiber amplifier and HHG cavity (which remain unchanged), we
use a nonlinear Er:fiber amplifier (EDFA) to shift the wavelength of the 1550
nm Er:fiber oscillator light to 1035 nm, as seen in Figure 1.3.

The new pump arm also implements a nonlinear EDFA along with a po-
larization modulation scheme used to achieve arbitrary repetition rate. Af-
terwards, an optical parametric amplifier (OPA) amplifies a narrow, tunable
band of the NIR nonlinear EDFA spectrum (1320-1600 nm), and successive
second harmonic generation creates a tunable wavelength pulse (660-800 nm,
1.55-1.88 eV) . The following chapters detail the specifics of creating such a
system.

1.3 Overview

Chapter 2 outlines the relevant theory of nonlinear optics used in this
thesis. Chapter 3 describes the arbitrary repetition rate, 100 kW peak power
Er:fiber laser as well as the generation of new spectral components in the NIR.
This is followed by Chapter 4, which delineates the amplification/frequency
conversion scheme used to create 8 nJ, 660-800 nm pulses from the Er:fiber
laser. Chapter 5 concludes the thesis with a discussion of future improvements
to the apparatus as well as the broader scientific and engineering impact of
this repetition rate tuning scheme.
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Chapter 2

An Introduction to Nonlinear
Optics

The following chapter provides a basic understanding of the mathematical
descriptions and terminology used in Chapters 3 and 4. For more detail,
consult the excellent, comprehensive textbooks of Boyd [24] and Agrawal [25].

2.1 The Nonlinear Susceptibility

Light’s strongest interaction with non-relativistic matter is through the
electric field, and can be described in bulk materials by the dipole moment
per unit volume, or polarization, P . It can be described by a power series
expansion in vector form:

P̃(t) = ϵ0

(
χ(1) · Ẽ+ χ(2) : ẼẼ+ χ(3) ..

.
ẼẼẼ+ ...

)
= P̃(1)(t) + P̃(2)(t) + P̃(3)(t) + ... ,

(2.1)

where P̃(t) is the rapidly time-varying polarization, and Ẽ is the driving elec-
tric field from the laser. Introduced here are the susceptibility tensors χ(n),
with the second- and third-order nonlinear susceptibilites (χ(2) and χ(3)) pro-
ducing second- and third-order nonlinear polarizations (P̃(2)(t) and P̃(3)(t)).
The expansion can be carried out to even higher orders, but most practical
applications consider only χ(2) and χ(3) effects.

In non-isotropic media such as optical crystals, the tensorial nature of
χ(n) is an important factor. Lasers which take advantage of nonlinear optics
in crystals often attempt to use the strongest elements of χ with particular
orientations and polarizations of light. For geometries with fixed propagation
directions and polarizations, it is possible to relate the scalar value of the
nonlinear polarization to the driving electric fields through a single constant
deff . This constant is derived from the terms of the susceptibility tensor and
the geometry [24].
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This treatment of the nonlinear polarization assumes an instantaneous re-
sponse of the electrons to the surrounding electric fields, and is adequate to
explain self- and cross-phase modulation, three- and four-wave mixing, and
most other effects discussed in this chapter. An approach analyzing the de-
layed nonlinear response is necessary to explain Raman scattering.

2.2 The Nonlinear Wave Equation

In linear optics, Maxwell’s equation produce the wave equation for light in
a medium:

∇2Ẽ− n2

c2
∂2Ẽ

∂t2
= 0. (2.2)

The linear polarization response creates a screening effect which reduces
the phase velocity of the light, called the refractive index (n). In nonlinear
optics, the nonlinear polarization terms (collectively P̃NL) produce:

∇2Ẽ− n2

c2
∂2Ẽ

∂t2
=

∂2P̃NL

∂t2
. (2.3)

The nonlinear polarization becomes a driving term to the wave equation,
and thus produces new light frequencies as the anharmonic electric dipoles of
the surrounding atoms emit coherent radiation. By combining the the non-
linear polarization and the nonlinear wave equation, one can mathematically
describe many types of nonlinear optical effects. These include three- and
four-wave mixing, optical rectification, the optical Kerr effect, and many oth-
ers.

2.3 Three Wave Mixing

First, we consider interactions of order χ(2). For centrosymmetric materials
(i.e. those that exhibit inversion symmetry) such as glass, χ(2) vanishes in the
bulk. Many crystals such as lithium niobate (LN), β-barium borate (BBO),
and potassium titanyl phosphate (KTP) have complex crystal structures which
break this symmetry and have non-zero χ(2).

In our research, laser beams are typically tightly focused, broadband,
pulsed light. Adopting for now the engineering sign convention of the traveling
wave, we write the rapidly varying scalar electric field:

Ẽ(z, t) =
1

2
A(z, t)ei(ωt−kz) + c.c., (2.4)

where ω is the “carrier” frequency of the oscillation, and A(z, t) is the slowly
varying complex envelope of the pulse such that:

8



∣∣∣∣∂2A

∂z2

∣∣∣∣≪ 2k

∣∣∣∣∂A∂z
∣∣∣∣ . (2.5)

If two such beams are combined in a crystal with χ(2) nonlinearity, Eqs. 2.1
and 2.3 construct a set of three coupled differential equations. The interaction
of the beams along the direction of propagation is approximately described
by [26]:

∂A1

∂z
+

1

2i
β2(ω1)

∂2A1

∂τ 2
+ δ13

∂A1

∂τ
= −i

deffω1

n1c
A∗

2A3e
−i∆kz

∂A2

∂z
+

1

2i
β2(ω2)

∂2A2

∂τ 2
+ δ23

∂A2

∂τ
= −i

deffω2

n2c
A∗

1A3e
−i∆kz

∂A3

∂z
+

1

2i
β2(ω3)

∂2A3

∂τ 2
= −i

deffω3

n3c
A1A2e

i∆kz.

(2.6)

ni are the refractive indexes at frequencies ωi for ω3 = ω1 + ω2. β2(ωi) are the
group velocity dispersions at ωi such that for the group velocity vg(ω),

β2(ωi) =
∂

∂ω

(
1

vg(ω)

)
ω=ωi

=

(
∂2k

∂ω2

)
ω=ωi

(2.7)

Group velocity dispersion is also often written as “GVD”, but fiber optics
prefers the β2 convention which we also adopt. δij = 1/vg(ωi) − 1/vg(ωj) is
the group velocity mismatch (GVM). τ is defined by the frame of reference
corresponding to the group velocity of ω3 (i.e. vg3) such that τ = t − z/vg3.
Finally,

∆k = k(ω3)− k(ω2)− k(ω1)

= k3 − k2 − k1.
(2.8)

Eq. 2.8 is referred to as the phase matching condition or the wavevector mis-
match, the intricacies of which are explained in Section 2.4. In χ(3) materials, a
similar four-wave mixing (FWM) process occurs. The derivation and behavior
are nearly identical to three-wave mixing [24].

2.3.1 Parametric Amplification

Optical parametric amplification, or OPA, shares its acronym with the
device used to produce it, the optical parametric amplifier. OPA relies on the
equations of three-wave mixing (Eq. 2.6), where a strong “pump” beam at ω3

and a weak “signal” beam at ω1 are incident on a χ(2) crystal. Each pump
photon is converted into one signal and one “idler” photon at the difference
frequency ω2 = ω3 − ω1 (see Fig. 2.1).
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Figure 2.1: Intense pump light of frequency ω3 enters a crystal with χ(2) non-
linearity along with a weak signal at ω1. A single pump photon coherently
produces a pair of photons, one at the signal frequency ω1, and a second at
the difference frequency (or idler) ω2. Typically, no input field is applied at
ω2.

For OPA systems that primarily care about amplification of the signal
(such as our own), the idler is discarded. Some systems use OPA explicitly
to generate idler light. Such techniques are useful for creating coherent, high
power MIR sources which can be challenging to produce directly with lasers
[27].

2.3.2 Second Harmonic Generation

A degenerate case of three wave mixing, second harmonic generation (SHG)
generates light at twice the frequency of the incoming laser field. The degen-
eracy means that A1 and A2 in Eq. 2.6 both refer to the fundamental laser
frequency, indicating that as second harmonic (A3) field is produced, the fun-
damental pump field is depleted at twice the rate. This lends itself to an
analogous interpretation of SHG illustrated in Figure 2.2, where a pair of
pump photons at frequency ω1 convert directly into a single photon at the
second harmonic.

Figure 2.2: Pump photons of frequency ω1 enter a crystal with χ(2) nonlinear-
ity. For each two pump photons, a single photon at the second harmonic (ω2)
is coherently produced. Typically, no input field is applied at ω2.

2.4 Phase Matching

A primary consideration when choosing a nonlinear crystal is the phase
matching condition:
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Figure 2.3: The refractive indicatrix for a positive uniaxial crystal is an ellip-
soid with two unique principle axes (i.e. a football). The refractive indexes of
ordinary and extraordinary polarized light is found by considering the orthog-
onal cross-section to k⃗. For uniaxial crystals, this is uniquely determined by
the angle θ between the optical axis and the k-vector of incoming radiation.

∆k = k3 − k2 − k1 = 0. (2.9)

If the phase matching condition is not satisfied, the coherent emissions of the
electric dipoles interfere destructively, and produce little to no macroscopic
effect.

In vacuum, the phase matching condition is trivial, but in media, the re-
fractive index varies with the optical frequency:

∆k =
ω3n(ω3)

c
−

ω2n(ω2)

c
− ω1n(ω1)

c
. (2.10)

This limitation can be overcome in a number of ways, namely through birefrin-
gent phase matching (both critical and non-critical) or quasi-phase matching.

2.4.1 Birefringent Phase Matching

Some crystal structures allow for birefringence, that is, the variation of the
refractive index with the direction of polarization. For uniaxial crystals such
as LN and BBO, n is characterized along the two unique principal axes of the
crystal, the ordinary index (no, 2 axes) and the extraordinary index (ne, 1
axis). Positive uniaxial crystals, such as in the example refractive indicatrix in
Fig. 2.3, have a larger ne than no, with negative uniaxial crystals like LN and
BBO having the opposite relationship. The optical axis, or the propagation
direction in which light experiences no birefringence, happens to align with
the extraordinary axis. True to their name, uniaxial crystals only have one
such axis.
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When light propagates at some angle θ from the optical axis, light polarized
orthogonal to the optical axis experiences the refractive index no, and is said to
have ordinary polarization. Light of the opposite polarization feels a refractive
index between no and ne that is dependent on θ [26]:

1

ne(θ)2
=

cos2(θ)

n2
o

+
sin2(θ)

n2
e

, (2.11)

and is said (somewhat confusingly) to have extraordinary polarization. In
certain crystals with strong enough birefringence, it is possible to satisfy phase
matching by cutting the crystal at angle θ. The strength of the birefringence
is greatly dependent on the wavelengths at play, and generally decreases with
the wavelength.

The birefringence can be further tuned by tilting the crystal itself (critical
phase matching) or by changing its temperature (non-critical phase matching).
In geometries such as Type I phase matching (o + o = e or e + e = o), newly
produced light is emitted at an orthogonal axis to the input beam(s). By
contrast, Type II phase matching (o + e = o or e + o = e) uses input beams
at orthogonal polarizations.

An unfortunate downside of birefringent phase matching is the heavy re-
strictions it imposes on the interaction. There are typically only one or
two configurations of polarization and angle/temperature that correctly phase
match (if any), which inhibits flexibility in the beam geometry and often uses
a deff much less than the maximum possible for the crystal. Additionally,
extraordinary polarized light does not have a Poynting vector S parallel to its
k-vector. This results in spatial walkoff, where the power of the extraordinary
beam wanders away from the ordinary beams and limits interaction strengths
and/or crystal lengths.

2.4.2 Quasi-Phase Matching

As opposed to birefringent phase matching, quasi-phase matching (QPM)
typically utilizes three parallel light polarizations. It accomplishes this with
a special manufacturing process called periodic polling, which periodically in-
verts the crystal structure (Fig. 2.4).

Figure 2.4: To implement QPM, the crystal axis is inverted and reverted at a
polling period Λ.

Periodically inverting the crystal structure inverts the sign of deff and
effectively modifies the phase matching condition, which becomes:
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∆k = k3 − k2 − k1 −
2π

Λ
, (2.12)

where Λ is the polling period. This allows the condition to be satisfied solely
by changing Λ.

This additional freedom allows geometries which take full advantage of the
largest possible deff . However, this is only a benefit if the increase in deff is
greater than the reduction of 2/π caused by the periodic polling. Often, the
largest deff is for beams of parallel polarizations which cannot use birefringent
phase matching. QPM also allows the use of crystals with low birefringence
or none at all. Periodic polling is only possible with ferroelectic crystals, and
the difficulty of the manufacturing process dramatically increases cost and
complexity.

Higher Order QPM

The periodic polling process also introduces higher order effects. When the
polling period is an even multiple of the first order QPM period Λ, complete
destructive interference occurs, as the amplitude is in-phase as much as it is out
of phase. When the polling is an odd multiple of the first order, partial QPM is
maintained. For example, at 3Λ, the first 2Λ of the polling period produces no
net effect, with only the last Λ length providing the phase matching necessary
to make macroscopic contributions to the interaction. These effects are often
disregarded due to the inefficient nature of wasting crystal length, but parasitic
processes which properly phase match at higher orders can steal power away
from the intended signal and/or idler.

2.4.3 Phase Matching Ultrashort Pulses

Ultrashort pulses are supported by broad bandwidths, but these polychro-
matic beams pose difficult questions when it comes to phase matching. A
single crystal angle or polling period may solve the phase matching condition
perfectly for monochromatic light, but pulsed light has several key limitations.

The first is caused by GVM (δij). The difference in group velocities causes
the pulses to temporally separate as they propagate through the crystal. In
the absence of gain, we can introduce the pulse-splitting length between the
signal/idler (ω1, ω2) and pump (ω3) [26]:

lj3 = |τ/δj3| . (2.13)

While certain geometries and crystals enable additional gain for lengths ex-
ceeding lj3, it nonetheless serves as an important metric beyond which one
must consider temporal walkoff effects.

The second issue is cause by GVD. GVD causes the phase of light +δ(+)ω1

and −δ(−)ω1 away from the central signal frequency ω1 to slip away from con-
structive interference, but the amplitude of the signal still adds constructively
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when for a crystal of length L:

−π < ∆kL < π

(k(ω3)− k(ω1 + δ(+)ω1)− k(ω2 − δ(+)ω1))L < π

(k(ω3)− k(ω1 − δ(−)ω1)− k(ω2 + δ(−)ω1))L > −π

.

(2.14)

The acceptance bandwidth is then defined as |δ(+)ω1 + δ(−)ω1|. Note that
the above definition is 13% greater than the FWHM of the mixing efficiency
[28]. The mixing bandwidth can be approximated by the GVM and GVD of
the interacting pulses, but can also be found more precisely by numerically
calculating the dispersion of ∆k from the dispersion of k(ω) [26]. Typically
given in THz·cm, this introduces an important tradeoff between the amount
of bandwidth participating in the nonlinear interaction and the gain of said
interaction (i.e. the length).

2.5 The Intensity-Dependent Refractive Index

Since fused silica glass is a centrosymmetric material, χ(2) ≡ 0. All optical
fibers we will consider have this property, thus their nonlinearities can be
described as χ(3) interactions. χ(3) is responsible for a litany of effects, such
as four-wave mixing, self-focusing, and self-phase modulation. The latter two
can be understood in the context of how χ(3) induces an intensity-dependent
refractive index.

We begin by studying a linearly polarized plane wave which produces a
scalar polarization:

P̃ (t) = ϵ0

(
χ(1)Ẽ(t) + χ(3)Ẽ(t)|Ẽ(t)|2

)
. (2.15)

The linear polarization allows us to suppress the tensor nature of χ(n). The
rapidly time varying electric field Ẽ(t) uses the same convention as Eq. 2.4,
but can be expressed without the z dependence in the Fourier domain:

Ẽ(t) =
1

2
A(ω)eiωt + c.c. . (2.16)

A(ω) is the slowly varying amplitude of the plane wave at frequency ω. The
refractive index can generally be written as:

n =
√

1 + χeff , (2.17)

where:

P̃ (t) = ϵ0χeff Ẽ(t). (2.18)

When considering only the linear response (χ(1)), this gives the linear refractive
index n0. Including the χ(3) contribution:
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P̃ (t) = ϵ0

(
1

2
χ(1)(A(ω)eiωt + c.c.)

+
1

8
χ(3)

∣∣(A(ω)eiωt + c.c.)
∣∣2 (A(ω)eiωt + c.c.)

)
.

(2.19)

By considering only effects at the laser frequency ω:

P = ϵ0

(
χ(1) +

3

4
χ(3) |A(ω)|2

)
1

2
(A(ω)eiωt + c.c.)

= ϵ0

(
χ(1) +

3

4
χ(3) |A(ω)|2

)
Ẽ(t)

= ϵ0χeff Ẽ(t).

(2.20)

Using Eq. 2.17, this produces a refractive index

n =

√
1 + χ(1) +

3

4
χ(3) |A(ω)|2. (2.21)

One can then expand the above equation to order |A(ω)|2:

n =
√
1 + χ(1) +

3χ(3)

8
√

1 + χ(1)
|A(ω)|2

= n0 + n2I,

(2.22)

where n0 is the linear refractive index:

n0 =
√
1 + χ(1), (2.23)

and n2 is the nonlinear, intensity dependent refractive index:

n2 =
3

4n0ℜ(n0)ϵ0c
χ(3). (2.24)

2.6 Self-Phase Modulation

In fibers, a primary effect of interest is self-phase modulation (SPM), where
a pulse changes the phase of its own electric field through the nonlinear re-
sponse of the refractive index. It can be mathemetically derived by considering
the propagation of an optical pulse centered at frequency ω0:

Ẽ(z, t) =
1

2
A(z, t)ei(ω0t−k0z) + c.c.. (2.25)
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Figure 2.5: For a pulse with gaussian intensity envelope, the leading (left) edge
is shifted down in frequency and the trailing (right) edge is shifted up.

The phase of the oscillation is modified by the refractive index:

ϕ(t) = ω0t− k0z

= ω0t−
ω0(n0 + n2I)

c
z.

(2.26)

Next, we define the instantaneous frequency within the pulse ω(t):

ω(t) = ω0 + δ(ω) =
dϕ(t)

dt
, (2.27)

where δω is the variation in the instantaneous frequency. The effect on the
laser frequency after some propagation length L is simply:

ω(t) =
dϕ(t)

dt
= ω0 − ω0L

n2

c

dI

dt

δω(t) = −ω0L
n2

c

dI

dt
.

(2.28)

For pulsed light, Eq. 2.5 shifts the frequencies of the leading and trailing
edges of the pulse (Fig. 2.5), and can create new spectral components that
were not present in the initial pulse. This also results in a positive chirp,
as new lower frequency components precede the higher frequency ones. In
the absence of other nonlinear effects such as Raman scattering, SPM creates
symmetric spectral peaks flanking the original spectral peak [25].

2.7 Optical Solitons

With visible light, most materials exhibit normal dispersion. That is, the
group velocity of red light is faster than blue light. When combined with
the effect of SPM (which produces a similar effect), this leads to either pulse
breakup or temporal broadening which limits further SPM.
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In the infrared, substances like fused silica instead have anomalous disper-
sion, where longer wavelengths travel slower than shorter. This counteracts
the effects of SPM and leads to what are called optical solitons. In an ideal
medium with only SPM and anomalous GVD, these pulses maintain a peri-
odic temporal shape for infinite propagation lengths. In real media, solitons
are disrupted by higher order dispersion, stimulated Raman scattering, and
fiber losses, but they are still able to support solitons over finite distances.

To understand the effects of solitons, it is useful to first define the dispersion
length LD and the nonlinear length LNL in a particular fiber [25]:

LD =
T 2
0

|β2|
LNL =

1

γP0

, (2.29)

where T0 is the half-width pulse duration at the 1/e intensity, P0 is the peak
power of the pulse, and γ is the effective nonlinear coefficient. These values
provide length scales over which material dispersion (LD) or nonlinear effects
(LNL) become relevant for pulse evolution.

For fiber lengths L ≪ LNL and L ≪ LD, the pulse travels through the
material mostly unchanged. For L ≪ LNL and L ∼ LD, the pulse is mostly
affected by GVD. Depending on the signs of the pulse chirp and the material
dispersion, this can cause either a shortening or a lengthening of the pulse. For
L ≪ LD and L ∼ LNL, evolution is dominated by SPM, which produces new
spectral components. When L ∼ LD and L ∼ LNL, the interaction of GVD
and SPM produces complex effects on the pulse. In the anomalous dispersion
regime this often comes in the form of soliton formation, so it is useful to
introduce the soliton number N :

N2 =
LD

LNL

=
γP0T

2
0

|β2|
. (2.30)

The soliton number determines the temporal oscillation pattern of the result-
ing soliton. For N = 1, this produces a constant sech2 intensity envelope.
Higher order solitons (N > 1) have periodic, oscillating temporal and spectral
envolopes.

2.7.1 Raman Scattering

To properly characterize the evolution of solitons, it is necessary to also
consider the delayed nonlinear response, specifically the resulting Raman ef-
fect. A CW “pump” laser which experiences the Raman effect has a portion
of its spectrum shift to the red, called the Stokes wave [24]. Pump photons are
converted into lower energy Stokes photons through excitation of a molecular
vibrational state, and the energy difference is carried away in the vibration
(i.e. optical phonon). The phonon/photon interaction can also create a blue-
shifted anti-Stokes wave, but this is much less efficient that the Stokes wave.
Generally, this spontaneous Raman scattering is very weak.
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For strong pump powers, a significant number of Stokes photons can be
produced. The successive beating between the pump and Stokes waves cre-
ates oscillations at the phonon frequency, which further excites the molecular
vibration and causes Raman scattering to become much more efficient. This
is called stimulated Raman scattering (SRS).

SRS in ultrashort pulses has a similar effect to the CW case, gradually
shifting the spectrum to the red. However, GVD causes the red-shifted portion
of the spectrum to move at a different group velocity than the pump pulse,
and is thus referred to as the Raman pulse [25]. Resulting GVM between the
Raman pulse and pump pulse eventually causes pulse splitting and limits the
interaction length of SRS.

2.7.2 Soliton Formation

When an input pulse of soliton number Ni ≥ 1 is sent into an anomalous
dispersion fiber, a complex series of events begins. SPM begins to broaden
the spectrum and produce blue- and red-shifted peaks, and the red-shifted
portion becomes a seed for SRS [29]. This intrapulse Raman scattering creates
a Stokes wave which can propagate as a “Raman soliton”. As this process
continues, the Raman pulse shifts further and further red as the red portion
of the soliton spectrum seeds cascading SRS. This is called the soliton self-
frequency shift [30].

In addition to the Stokes wave centered at frequency ω0−δω, an anti-Stokes
wave forms at ω0+δω. Due to the relative inefficiency of the anti-Stokes wave,
this phenomenon is usually negligible. However, if the anti-Stokes wave forms
in the normal dispersion regime of the fiber, it can phase match four-wave
mixing between two pump photons, a Stokes photon, and itself [31]. This
FWM can drastically increase the power in the anti-Stokes dispersive wave.
The resulting spectrum depends strongly on the dispersion profile of the fiber,
which is often characterized by the zero-dispersion wavelength (ZDW). This
value can be tuned via doping and waveguide dispersion, and can be used
to vary the frequencies of the Stokes and anti-Stokes pulses via the phase
matching condition.

2.8 The Generalized Nonlinear Schrödinger

Equation

Understanding the complexity of supercontinuum generation in optical
fiber requires more detail than SPM and GVD. To accurately determine the
spectral evolution of broadband, high peak power pulses, one must also con-
sider higher-order dispersion, SRS, and self-steepening among other effects
[32]. This led to the development of a generalized nonlinear Schrödinger equa-
tion (GNLSE), which usually has no analytical solutions and must be calcu-
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lated numerically. One form of the GNLSE commonly used in fiber supercon-
tinuum simulations is,

∂A

∂z
= −α

2
A−

(∑
n≥2

βn
in−1

n!

∂n

∂τn

)
A+ iγ

(
1 +

1

ω0

∂

∂τ

)
×
(
(1− fR)A|A|2 + fRA

∫ ∞

0

hR(T )|A(z, τ − T )|2dT
)
,

(2.31)

where α is the attenuation constant and βn are the coefficients of nth order
dispersion around the center frequency ω0. fR is the fractional strength of the
delayed Raman response, and hR(t) is the Raman response function. Impor-
tantly, the above formula uses the sign convention common in physics:

Ẽ(z, t) =
1

2
A(z, t)ei(kz−ωt) + c.c., (2.32)

as opposed to the convention used previously in this section (see Eq. 2.4).
Many code libraries exist to solve the GNLSE. In this thesis, we use a slightly
tweaked version of Gabriel Ycas’s PyNLO [33].
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Chapter 3

Broadband Fiber Laser with
Arbitrary Repetition Rate

3.1 Introduction

3.1.1 Mode-locked Lasers

The advent and successive proliferation of actively mode-locked lasers in
the 1960s and 70s gave researchers the first access to consistent pulsed light
sources on the tabletop scale [34]. These systems used synchronized electronics
to modulate the laser cavity and create nanosecond pulses at repetition rates
below 100 kHz.

The pursuit of shorter pulses, broader bandwidths, and higher repetition
rates culminated in the development of the passively mode-locked oscillator
(PMLO) in the early 1990s [35]. PMLOs use “saturable absorbers” (SAs) to
enforce pulsed operation by increasing the loss for CW modes. This enables
femtosecond pulses by removing the reliance on relatively slow electronics.
Many PMLOs leverage the mature semiconductor manufacturing process to
create semiconductor saturable absorber mirrors (SESAMs) [36, 37]. Other
PMLOs use nonlinear optical effects as artificial saturable absorbers. PM-
LOs can also be made incredibly compact and stable by using optical fibers
doped with a variety of rare-earth ions (e.g. erbium, thulium, ytterbium, and
holmium) as gain media. Modern stabilization and fabrication techniques have
produced PMLOs capable of few-femtosecond pulse durations, repetition rates
of ∼10 GHz, and attosecond timing jitter [38,39].

Femtosecond lasers based on PMLOs have a multitude of unique applica-
tions, including ranging [40], remote sensing [41], and machining [42] in addi-
tion to the more predictable time-resolved spectroscopy [43] and microscopy
[44]. Passively mode-locked oscillators are particularly notable for their abil-
ity to create broadband frequency combs when phase stabilized, which was
awarded part of the Nobel Prize in 2005 [45–47].

Adjusting the pulse repetition rate can benefit many applications that rely
on the stability of the pulse trains produced by PMLOs. Changing the spacing
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of frequency comb teeth is useful for metrology and spectroscopy, and lower-
ing the duty cycle can produce higher peak powers in downstream amplifiers
for nonlinear optics. However, passive mode locking provides a mostly static
repetition rate.

Designing a PMLO for femtosecond pulses is a delicate process, and re-
quires consideration of nonlinearities, pulse dispersion, cavity losses, etc. While
perturbative intracavity modulations can enable slight alterations of the pulse
repetition rate, substantial changes are usually not possible with the oscillator
alone. Instead, pulse picking is usually performed downstream with external
modulators.

3.1.2 The Nonlinear Erbium:fiber Amplifier

Er:fiber lasers and amplifiers are ubiquitous in the telecommuncations in-
dustry, where the 1550 nm emission of erbium is leveraged to transmit data
through long fused silica fibers with minimal loss. This popularity has pro-
duced a plethora of inexpensive, high-performance commercial components.
Despite decades of well-funded engineering, Er:fiber lasers have been slow to
replace existing Ti:Sapphire and Yb laser systems. This is due in part by their
limited spectral bandwidth, longer pulses, and poor power scaling.

However, many solutions now exist to broaden and shift the narrow band-
width, including nanowaveguides [48] and small core fibers [49,50]. Addition-
ally, power scaling can be achieved using Er:Yb co-doped fibers, which use
the higher absorption cross section of Yb3+ ions to improve 980 nm pump
absorption.

Figure 3.1: Narrowband light from an Er:fiber oscillator is amplified in an
Er:doped fiber amplifier. The higher power drives SPM in a following fiber
length, broadening the spectrum as it propagates. If the fiber is anomalous
dispersion, soliton dynamics also temporally compress the pulse.

Despite the slow adoption, Er:fiber lasers can provide a robust, compact,
and inexpensive platform for many fields of optical science. For example,
modelocked Er:fiber oscillators can form the backbone of pump-probe spec-
troscopy [51], metrology [52], and nonlinear optics [53].

The foundation of these experiments is the nonlinear Er:doped fiber ampli-
fier (EDFA). The nonlinear interactions required to generate broad bandwidths
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and short pulses require stronger fields than many commercial oscillators can
provide, and thus the pulses need amplification and temporal/spatial compres-
sion prior to frequency conversion. Shown in Fig. 3.1, the all-fiber nonlinear
EDFA first uses a strongly pumped EDFA to amplify the pulse train to sev-
eral nJs [53,54]. An ensuing length of single mode, anomalous dispersion fiber
simultaneously generates new spectral components and compresses the pulse
via soliton-effect compression [55].

These nonlinear EDFA schemes use a combination of SPM and dispersion
to achieve ultrashort, high-energy pulses. This delicate balance is optimized
only in a narrow range of EDFA pump power, seed power/chirp, and fiber
lengths. Due to the nonlinear nature of the spectral broadening and compres-
sion processes, minor changes in any of these parameters can have dramatic
changes in the resulting pulse shape.

Pulse Picking a Nonlinear EDFA

The sensitivity of nonlinear EDFAs introduces a difficult dilemma when
pulse picking, as changing the input duty cycle of a nonlinear EDFA would
nominally upset the delicate balance of SPM and dispersion, e.g., by changing
the per-pulse EDFA gain [56]. This would disrupt the compression as in Fig.
3.2 B.

Figure 3.2: A) A properly tuned nonlinear EDFA produces compressed pulses
at the repetition rate of the oscillator. B) Pulse picking prior to the EDFA
changes the power of the pulses in the compression fiber, which do not opti-
mally compress. C) Pulse picking after the EDFA can destroy the modulator
or significantly alter the pulse shape. D) Modulating the polarization prior
to the EDFA maintains the optimal compression and enables polarization-
dependent pulse picking after compression.

Pulse picking after the EDFA (Fig 3.2 C) is also problematic. The high
peak intensities within the compression fiber are capable of destroying delicate
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waveguide modulators. Modulators capable of handling high peak intensities
are not ideal either, as the crystals involved can induce strong nonlinearities
in the pulse that break it apart. While it is certainly possible to couple into
free space to increase the mode size and decrease the intensity, this is lossy
and alignment-sensitive. If one is to keep the apparatus all-fiber, direct pulse
picking is not an option.

Our solution is to modulate the polarization state of the light entering the
EDFA (Fig. 3.2 D). This maintains the same per-pulse gain and preserves the
pulse’s initial conditions at the beginning of the compression fiber regardless
of the repetition rate. Therefore, the desired pulses are optimally compressed
at the end of the fiber, and undesired pulses can be removed with a polarizer
or polarization-sensitive nonlinearities.

The relatively low peak power and narrow bandwidth prior to the nonlinear
EDFA enable the use of fiber-coupled, compact, and highly efficient waveguide
EOMs. Typically made possible by lithium niobate thin films, these EOMs
use the Pockels effect to induce a phase shift in the light field when a voltage is
applied across the film. Their miniature size also creates very low capacitances
and enables several GHz switching speeds. Waveguide EOMs come in a variety
of packages, notably as a polarization switcher or as a 1x2 Mach-Zehnder
interferometer. Both of these configurations would function well to modulate
the EDFA, but Mach-Zehnder routers tend to allow higher switching speeds.

3.1.3 Spectral Broadening in Highly Nonlinear Fibers

One can produce even broader bandwidths by launching the compressed,
high-energy pulses from nonlinear EDFAs into small-core, highly nonlinear
fibers (HNLFs) [49]. These smaller waveguides boost the strength of the opti-
cal electric fields by spatially compressing the light, which produces even more
dramatic nonlinear effects. Similar to photonic crystal fibers (PCFs), delib-
erate dispersion engineering from variable doping and waveguide shapes can
produce broad, precisely tailored spectra [50]. The combination of nonlinear
EDFAs and HNLFs can generate octave-spanning bandwidths that can be re-
compressed to <5 fs [57]. They also see broad applications as a low-noise seed
to Ho/Th amplifiers [58–60], OPAs [61] and OPOs [52]. The fiber-delivered na-
ture of nonlinear EDFAs also means that these HNLFs can be spliced directly
to the output port of the compression fiber, which grants the typical benefits
of an all fiber platform (i.e. long-term stability and alignment insensitivity)
for free.

Many HNLFs are made of solid fused silica. This makes them much eas-
ier to splice to standard silica fiber than highly structured PCFs. They also
come is several distinct forms. Most are single-mode, with core sizes of a few
microns. Recent developments have produced commercially available, bire-
fringent, polarization-maintaining versions with elliptical cores [62].

When it comes to spectral broadening, the most important choice is the
dispersion characteristics of the HNLF. Normal dispersion and anomalous dis-
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Figure 3.3: Simulated spectral generation by an unchirped, 45 fs gaussian pulse
using PyNLO [33]. After propagating through 5 cm of anomalous dispersion
(left) and normal dispersion (right) HNLF, the pulse produces characteristic
spectra at the output. The anomalous dispersion (AD-HNLF) forms a Ra-
man shifted soliton and blue-shifted dispersive wave around the pulse’s initial
wavelength. If it instead propagates through a normal dispersion fiber (ND-
HNLF), several peaks are formed flanking the initial wavelength (right).

persion fibers produce drastically different spectral features from SPM and/or
soliton/dispersive wave formation (see Sections 2.6 and 2.7 for more detail).
Generally, the spectra appear as in Figure 3.3, where ND-HNLFs produce
several peaks around the initial wavelength and AD-HNLFs produce a dis-
tinct pair of peaks: a red-shifted Raman soliton and blue-shifted dispersive
wave [25].

3.1.4 Laser Noise

Whether through acoustic vibrations, electronic noise, thermal drifts, or
amplified spontaneous emission (ASE), noise inevitably finds its way into all
laser systems [63]. Laser noise comes in two main forms: phase noise and
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intensity noise. Phase noise appears as a variation in the pulse-to-pulse phase
of the E-field, but also as noise in the repetition rate/timing. Intensity noise,
as the name keenly suggests, is the periodic fluctuations of the laser power and
is the topic of the rest of this section.

The time-varying power output from a laser P (t) can represented as:

P (t) = P̄ + δP (t), (3.1)

where P̄ is a constant average power and δP (t) is the time-varying part
with a mean of 0. It is then useful to consider the Fourier transform of
δP (t), here written as δP (f). This quantity describes the frequency-resolved
power fluctuations in P (t). Instead of the absolute intensity noise δP (f), it
is more practical to quantify the relative intensity noise (RIN). Convention,
however, demands that the RIN does not actually refer to the relative laser
power δP (f)/P̄ , but instead to the relative detector power, or the laser power
squared, δP (f)2/P̄ 2. In this convention, the RIN can be written as a one-sided
power spectral density [37]:

RIN = SI(f) =
2

P̄ 2

∫ +∞

−∞
⟨δP (t)δP (t+ τ)⟩ ei2πfτdτ. (3.2)

Most commonly, RIN is given logarithmically in dBc/Hz, the relative power
to the DC “carrier” in a 1-Hz bandwidth [64]. For pulse trains, this carrier
is actually centered at the laser repetition rate frep, but measurements of the
noise usually alias this down to DC for frep in the several MHz. Calculating
the root-mean-squared relative noise on the interval [f1, f2] is then a simple
calculation:

δP

P̄

∣∣∣∣
rms

=

√∫ f2

f1

SI(f)df. (3.3)

3.2 Broadband Fiber Laser

3.2.1 The Erbium-Doped Fiber Amplifier

Following the general nonlinear EDFA design depicted in Figure 3.1, the
backbone of the experiment is an Menlo Systems FC1500-ULN that provides
a low-noise, 1550 nm pulse train at 60 MHz. While this oscillator platform
enables a proper frequency comb, we do not perform the necessary frequency
stabilization as that degree of precision is unnecessary for our application.
Menlo oscillators have repeatedly demonstrated the ability to serve as robust
oscillators for a variety of experiments [27, 53, 65]. On our particular unit, we
observe significant SPM in the output fiber from the oscillator. When sent
directly into an EDFA, we observed significant pulse breakup, and thus we
cut the spectrum of the output with a 1565±3 nm bandpass filter. This not
only cuts the power (and thus SPM), but also reduces the spectral bandwidth.
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This results in a more stable pulse which can propagate through meters of
fiber without substantial changes to its shape.

Figure 3.4: A) A controller module sets the pump diode currents and temper-
atures, and optionally takes direct user input or computer commands over the
RS-232 serial bus. Pairs of pump diodes are combined at orthogonal polariza-
tions and sent to the EDFA. B) Top view of the EDFA box. 980 nm pump
light is coupled into the gain fiber (green) with a pair of wavelength-division
multiplexers. The gain fiber rests atop several thermal pads to improve ther-
mal contact with a metal plate. C) Side cross-section of EDFA box. A heating
pad controls the temperature of the gain fiber, which slightly modifies its re-
fractive index.

Component Part #
WDMs AFW WDM-PM-1598-L-P-7-2-1W
Gain Fiber nLight Er80-4/125-HD-PM
Pump Diodes 3S 1999CVB
Pump Combiners G&H FFP-5M3178G10
Pump Diode Controller ILX Lightwave LDC-3916
Pump Diode Box ILX Lightwave LDM-4616
Pump Diode Drivers ILX Lightwave LDC-3916376
Passive Fibers AFW PM 980 Patchcord

Table 3.1: Components in the home-built EDFA.

About 1 mW of the aforementioned pulses are eventually sent to a home-
built nonlinear EDFA which is constructed entirely from readily available com-
mercial components. The amplifier itself is a compact box (see Fig. 3.4 B and
Tab. 3.1). A pair of wavelength-division multiplexers (WDMs) (1550 nm
pass/980 nm reflect) allow 980 nm pump light to pass into the erbium gain
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fiber, which is spliced directly to the WDM pigtails to minimize connector loss
and fiber lengths.

Figure 3.5: Measured SHG-FROG traces and reconstructed pulse envelopes
used to find the optimal post-EDFA fiber length at constant pump power.
Fiber lengths are labeled by the total length after the gain fiber.

The pump diodes take advantage of the simple, yet elegant, ILX Light-
wave diode mainframe sketched in Figure 3.4 A. The controller is remote-
controllable via its RS-232 interface, which allows for full integration of EDFA
control into our existing software. Each mainframe contains room for up to
16 individual diode modules, meaning that up to 4 EDFAs can be driven from
a single device. Indeed, the EDFA which generates our 1035 nm dispersive
wave for the Yb:fiber amplifier is driven with the same mainframe. Each
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pump diode outputs linearly polarized light, so we combine them in pairs at
orthogonal polarizations to avoid the complexity of coherent combination.

The final aspect of the amplifier is its temperature control (Fig. 3.4 C).
The gain fiber rests on several thermal pads that improve thermal contact with
a thin metal plate. This plate has a 20 W heating pad attached beneath it,
and is separated from the chassis with set screws to reduce the thermal mass
and improve response time. This temperature control modulates the refractive
index of the gain fiber, thus changing the time delay of the output pulses. For
more detail on the servo controls, see Section 5.1.1.

Optically, the EDFA performs well, and amplifies 1 mW of input light to
>350 mW when pumped with 600 mW of light from each of the four 980 nm
diodes. To find the optimal length of compression fiber, we connected PM
1550 pigtails of various lengths to the output of the EDFA and measured the
pulse duration with a home-built SHG-FROG [66]. The nonlinear EDFA’s
sensitivity to the initial conditions required us to include the ∼4 dB loss of
the polarization modulator during the optimization process. To minimize the
number of variables, we kept pump powers at a steady 600 mW each, and only
varied the fiber length. When preceded by the 1565 ±3 nm bandpass filter, the
EDFA produces stable, compressed pulses which reach their minimum pulse
duration of 45 fs with 84.5 cm of PM 1550 fiber after the gain fiber (see Fig.
3.5). The bandpass filter succeeds in reducing the sensitivity to dispersion (i.e.
fiber lengths) prior to the gain fiber, as the addition of several meters created
no noticeable effect on the compression. These fiber lengths are recorded in
Table 3.2.

While the necessity of splicing means that measuring the soliton number
is not possible in the fiber immediately after the gain fiber, we know that by
the end of the compression fiber, LD = 3.2 cm, LNL = 6 mm and N = 2.3.
This firmly places us in the realm of soliton-effect compression [55].

Location Length - EDFA chassis (cm)

Before Gain Fiber 64
Gain Fiber 150
After Gain Fiber 43

Location Length - Total (cm)

Before Gain Fiber >300
After Gain Fiber 85

Table 3.2: Lengths of PM 1550 fiber in the laser.

3.2.2 Spectral Broadening in Highly Nonlinear Fibers

HNLF Splice Construction

We launch the compressed pulses from the nonlinear EDFA into an assort-
ment of HNLFs to further broaden the spectrum. In order to achieve the full
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fiber delivery, the HNLFs must be spliced directly to PM 1550 fiber. There
are many parameters to vary when creating an HNLF splice:

HNLF Dispersion As discussed in Section 3.1.3, the choice of normal vs.
anomalous dispersion has an enormous effect on the shape and band-
width of the spectrum. Additionally, the specific dispersion curve has
more subtle effects, especially the ZDW of anomalous dispersion fibers.

HNLF Length The longer the interaction regime, the more time there is for
nonlinear interactions. At the same time, this also gives more time for
the pulse to break up.

PM 1550 Length Even if one were to extremely precisely determine what
length of compression fiber produces the shortest pulse, it does not nec-
essarily produce the best spectrum.

Splice Recipe The splice recipe plays an huge role in the amount of light
which is successfully coupled into the core of the HNLF, as well as how
well aligned the light is to the fiber axes.

All of this is to say that creating an HNLF splice is a trial-and-error process,
and our data was collected with the best performing splices. The ND-HNLF
dispersion is -2.6(slow)/-0.8(fast) ps/(nm·km) at 1550 nm. The AD-HNLF is
2.2/1 ps/(nm·km) at 1550 nm. Both of these fibers are custom runs of OFS’s
elliptical core, polarization maintaining, 4 µm mode field diameter fiber. Our
splice recipe (initially from OFS and then optimized by us) splices the slow
axis of PM 1550 to the fast axis of the HNLFs. Given the issues with the fast
axis of the PM 1550 highlighted in Sec. 3.3.2, all of the following data will use
the fast axis of the HNLF unless otherwise stated.

Spectrum Generation

It is helpful to first analyze how the HNLF behaves indepedently of repe-
tition rate variations. Figure 3.6 compares the the spectra created by the two
HNLFs to the light as it makes its way through the system, and the effect of the
HNLF is immediately clear. Although the compression fiber alone produces a
bandwidth of ∼100 nm, the anomalous HNLF creates a supercontinuum and
the normal dispersion HNLF creates ∼600 nm of bandwidth.
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Figure 3.6: (left) Simplified diagram of the modulated nonlinear EDFA +
HNLF scheme. (right) Spectrum of the light at various points indicated on
the diagram. Spectra at the end of the compression fiber and each HNLF were
collected at the full laser repetition rate.

For the ND-HNLF, we see the characteristic SPM peaks flanking the cen-
ter spikes around 1400 nm and 1700 nm. The AD-HNLF spectrum is more
structured, with a clear dispersive wave forming around 1100 nm and a corre-
sponding Raman soliton around 1900 nm.

3.3 Achieving Arbitrary Repetition Rate

3.3.1 The Modulation Scheme

Our implementation of tunable repetition rate aims to maintain the same
per-pulse EDFA gain using the polarization modulation scheme illustrated in
Figure 3.7 (parts list in Table 3.3). After the 1565±3 nm bandpass filter,
pulses from the Er:fiber oscillator are programmably routed to two parallel
fibers using a lithium niobate electro-optic 1x2 Mach-Zehnder interferometer.
The EOM supports a pair of inputs for independent control of the DC offset
and RF pulses. Both ports are driven by a HP 8110A pulse generator. What
distinguishes the 8110A is the option to directly clock it at 60 MHz, which
we do with a fast photodiode to minimize timing jitter. It is also capable of
outputting 10 V peak-to-peak square waves. Although the Vπ quoted by the
modulator is nominally only a few Vs, in practice we need to use 8.35 Vpp

pulses since we are driving with frequencies far below the intended few-GHz
regime of the modulator. Even when optimized, the pulser produces adverse
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effects on the pulse contrast and laser noise which are discussed further in
Sections 3.3.2 and 3.3.5.

Figure 3.7: Light from an erbium oscillator triggers a pulse generator to syn-
chronously produce an arbitrary electric pulse pattern. An electro-optic mod-
ulator writes this arbitrary pattern onto the linear polarization state of the os-
cillator. This modulated light is amplified in a nonlinear EDFA, then launched
into an HNLF to generate broadband IR light.

The two outputs of the modulator are then combined in a polarization
beam combiner, with one arm having a 90◦ twist which switches the linear
polarization of undesired pulses from the slow axis to the fast axis. Minute
differences in the fiber lengths of the two arms also creates a ∼100 ps timing
offset. The combination of delay and polarization offset allows for pulse picking
with timing and/or polarization-sensitive nonlinearities (e.g. sum-frequency
generation), or even a simple polarizer. Importantly, while the following data
and analysis prefers to use a constant, reduced repetition rate (as this is by
far the most practical use case), this modulation scheme allows completely
arbitrary selection if which pulses to pass. This includes schemes with irregular
pulse spacing.

Component Part #
Oscillator Menlo Systems FC1500-ULN
Isolator AFW PISO-2-15-FB
Bandpass Filter Haphit FPBP-1565-60-H03P1-2L10-FC/APC
Modulator EOSpace AX-1x2-0MSS-10-PFA-PFA
Polarization Combiner Thorlabs PFC1550A
EDFA See Sec. 3.2.1
AD-HNLF OFS 1 ps/(nm·km) (fast axis) PM-HNLF
ND-HNLF OFS -0.8 ps/(nm·km) (fast axis) PM-HNLF
Passive Fiber AFW PM 1550 Patchcord
Pulse Generator HP 8110A
DC Supply HP 8110A

Table 3.3: Parts list for the broadband, arbitrary repetition rate laser.
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The polarization-modulated pulse train is then sent to our home-built non-
linear EDFA for amplification and compression. The compressed pulses are
then sent directly into a connectorized HNLF splice, which lets us easily vary
the splice parameters to dial in optimal spectra.

3.3.2 Pulse Contrast

The polarization state of the light throughout the system is not perfect,
despite the usage of birefringent, polarization-maintaining fiber. The domi-
nating limitation is the EOM itself. For any given pulse from the oscillator,
two pulses are created in the parallel fibers afterward, i.e. the left side of Fig.
3.7. This gives us a pair of pulses on orthogonal polarizations, although one
(the main pulse) is much stronger than the other (the stray pulse). At the
output of the combiner, we observe a on/off pulse contrast of ∼17 dB on the
slow axis (see Fig. 3.8). This performance is comparable to the polarization
contrast specification of the modulator itself (18 dB). Lastly, minute differ-
ences in fiber lengths of the two arms cause the pair of pulses to emerge from
the polarization combiner with a distinct temporal separation. For our batch
of components, they are separated by ∼150 ps.
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Figure 3.8: Photodiode voltages of the pulse train along the slow and fast PM
1550 fiber axes as well as the HNLF. Note that our splice takes light from the
slow axis of the PM 1550 to the fast axis of the HNLF. The pulse-to-pulse
contrast decreases steadily as the pulses pass through the modulator (left),
nonlinear EDFA (middle), and HNLF (right), from 17 dB to 15 dB to 10 dB.
The contrast of broadened light in the HNLF is better than 10 dB.

The next degradation comes from the amplifier and compression fiber, after
which the slow axis pulse contrast falls to 15 dB. This is partially a side-effect of
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the imperfect pulse routing. Since the stray pulses from the modulator are al-
most two orders of magnitude less powerful than the main pulses, they remain
in the small-signal gain regime of the EDFA longer, and are proportionally
amplified more than the main pulse. Additionally, as the pulse duration drops
in the compression fiber, nonlinearities like cross-phase modulation (XPM)
become relevant.

XPM, like SPM, relies on the nonlinear refractive index n2. However,
instead of acting on the pulse itself, it creates cross-talk between two or more
pulses. XPM does not cause interaction between the main and stray pulses
due to the timing delay, rather the two orthogonal polarization states of the
main pulse. This results in a nonlinear polarization evolution as the pulse
propagates [25].

This XPM effect is likely the primary cause of the subsequent drop in
contrast after the HNLF. Since the HNLF has a much smaller core, the strength
of XPM scales alongside the SPM and/or soliton formation we are actually
trying to induce. Additionally, the act of splicing a large, circular core fiber to a
small elliptical core fiber certainly induces further degradations. Although the
spectrally integrated contrast is only 10 dB, the contrast of broadened light is
much better, as discussed in Section 4.2.6. Still, the presence of rejected pulses
along the incorrect axis means that this configuration strongly benefits from
other nonlinear or spectrally selective interactions to improve the contrast.

Also discussed in Section 4.2.6, the timing separation of the two arms
means that stray pulses are not actually an issue for our OPA. However, the
XPM effects have no such timing separation and can cause issues with the
pulse contrast downstream.

Lastly, there is a consistent variation in the pulse-to-pulse intensity, which
is most obvious in the HNLF traces in Figure 3.8. This is due to RF ringing
in the transmission cables between the pulser and modulator. This can be
improved by using shorter cables or with better impedance matching.

3.3.3 Pulse Compression

Figure 3.9 shows selected pulses at the end of the compression fiber at
different modulation duty cycles. The nonlinear nature of the SHG-FROG
measurement drastically increases the signal to noise, and lets us to isolate
selected pulses at relatively low repetition rates. The duration of the main
pulse is approximately 45 fs independent of the duty cycle, even at repetition
rates as low as frep/10000 = 6 kHz.
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Figure 3.9: Pulse reconstructions of SHG-FROG traces taken with optimized
fiber lengths along the PM 1550 slow axis. The pulse shape is largely inde-
pendent of repetition rate, with added noise coming mostly from background
signal in the measurement confusing the reconstruction algorithm.

Interestingly, this duty cycle independence is not present on the fast axis of
the PM 1550. Even at repetition rates as low as frep/5, it is clear just by the
FROG traces that the pulses are not only different, but also are valid FROG
traces. This data can be found in Figure A.1 in the appendix. It is unclear
what causes this behavior, and is a topic of further investigation.

3.3.4 Spectrum Generation

The pulse shape is extremely sensitive to the initial conditions, and the
spectrum is itself highly dependent on the pulse shape. The most important
benchmark for our application is whether or not the spectrum remains con-
sistent independent of the repetition rate. Fortunately, Figure 3.10 indicates
that the pulse spectra along the fast axis of the HNLF stay mostly consistent
as the repetition rate varies. The power spectral densities (PSDs) show an off-
set corresponding to the varying duty cycle, and the energy spectral densitites
(ESDs) are nearly indistinguishable.

34



Figure 3.10: (top) PSD of light coming through the fast axis of the HNLFs.
The spectra are mostly consistent, with only a slight vertical offset charac-
teristic of a drop in duty cycle. (bottom) Energy spectral density calculated
using the various repetition rates. The curves are very similar, indicating that
the spectra of individaul pulses stay consistent. Light leaking through from
rejected pulses is background subtracted proportional to the duty cycle.

3.3.5 Laser Noise

First are matters of convention. Since the average power is constantly
changing with the repetition rate, the RIN normalization factor and the shot
noise limit do as well. Therefore, the shot noise and background level are both
calculated from the DC value of the weakest signal in the figure. Also, it is
not always intuitive to compare RIN curves with different repetition rates, so
this section also includes the raw, unnormalized detector data. Data in these
figures is collected with a static attenuation, so the DC carrier decreases in
proportion to the repetition rate.

We measured the noise of the laser at many different locations to see how
different components affect the noise. It is important to first observe the
inherent noise from the oscillator and EDFA without modulation, depicted in
Fig. 3.11. The EDFA boosts the weak signal from the oscillator so much that
the signal increase outpaces any additional noise, at least from 200 Hz-3 kHz.
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Figure 3.11: RIN of light directly out of filtered oscillator and at the end of
the unmodulated EDFA compression fiber.

The next consideration is the EOM, which has the potential to write signif-
icant RF noise onto the optical signal. Figure 3.12 compares the RIN and raw
noise for slow axis light at multiple repetition rates directly out of the polar-
ization combiner, where each RF pulse passes an optical pulse. Corresponding
fast axis data, where each RF pulse blocks an optical one, is included in the
appendix (see Fig. A.2).

At frequencies less than 10 kHz, the raw noise is comparable for all repeti-
tion rates. The RIN values deviate, but this is only due to the reduced signal.
This seems to imply that the noise floor in this regime comes from unpolarized
ASE in the oscillator. Finding the cause of the strange pattern above 10 kHz
first requires attenuating the 60 Hz harmonics.

36



110

100

90

80

70

60

50

40

Ra
w 

No
ise

 (d
B/

Hz
)

frep/10
frep/2
frep

Detector
Shot Noise

101 102 103 104 105 106

Frequency (Hz)

140
130
120
110
100
90
80
70
60
50
40
30
20
10
0

RI
N 

(d
Bc

/H
z)

Figure 3.12: RIN and raw detector data of slow axis light without the nonlinear
EDFA.

The last step is to add the EDFA after the modulator and observe its
effects. Slow axis data are shown in Figure 3.13 (fast axis in Fig. A.3). Once
again, the RIN drops with increasing repetition rate. The only noticeable
additional effects of the amplifier are to reduce the RIN across the board and
to slightly distinguish the raw noise in the <10 kHz region.
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Figure 3.13: RIN and raw detector data of amplified slow axis light at the end
of the compression fiber.

There are two main takeaways from this data. First, the total noise in the
power of the laser shows no clear pattern with the repetition rate, but the
total power decreases proportionally to the repetition rate. This means that
the RIN drops roughly proportional to the increase in repetition rate.

Second and more obvious, there are massive spikes at 60 Hz and its har-
monics. Clearly, this is mostly technical noise from the modulator, which in
turn receives this noise from the voltages applied to it. Reducing this noise is
a matter of improving electronics. The noise from the DC port can be solved
by using a battery, but the pulses on the RF port produce most of the noise.
This is clearly visible in Figure A.3, where the pulser is nominally not pulsing
at frep. There are still 60 Hz peaks from the DC and RF, but they are dra-
matically reduced in magnitude. It may be possible to reduce the magnitude
of these spikes by using a better pulser or by properly AC coupling the RF
port of the modulator. This is still a work in progress.

This noise analysis is useful to have for the broadband femtosecond fiber
laser as a standalone product, but the noise figures matter little for the in-
tended application. The low electron counts of our low-fluence TR-ARPES
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produce shot noise limits in excess of -20 dBc/Hz.
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Chapter 4

From Broadband Infrared to
Tunable 660-800 nm

4.1 Introduction

4.1.1 Laser-Induced Crystal Damage

The efficiencies of nonlinear optical processes depend strongly on the mag-
nitude of the electric field in the interacting beams. Increasing the strength of
E-field increases the strength of the desired nonlinearities, but it also magnifies
the probability of crystal damage mechanisms.

Crystal damage is often considered a threshold process. As such, it is useful
to characterize a maximum value beyond which permanent damage is likely.
For femtosecond pulsed lasers, a common metric is the peak pulse energy per
unit area, or peak fluence. For gaussian beams, this is,

F =
2U

πw(z)2
(4.1)

Where U is the pulse energy and w(z) is its 1
e2

beam size. When operating
close to this threshold, maximizing the strength of nonlinear interactions (i.e.
the amount of OPA gain or the SHG conversion efficiency) becomes a careful
balance between reliability and performance.

An important caveat is that while the damage threshold for femtosecond
lasers is generally well-defined by the fluence, it also has a complex relationship
with the repetition rate and spectrum [67]. Thus, damage thresholds are more
of a guideline, with direct comparison only meaningful when using lasers with
similar repetition rates and wavelengths.

For lasers with fluences of 1-10 mJ/cm2 like our 10 W, 1035 nm pump
laser, the characteristic damage mechanisms include avalanche breakdown and
multi-photon absoprtion (MPA) [24]. As the name implies, MPA is the si-
multeous nonlinear absorption of multiple photons below a transition energy
which nonetheless produces an electronic excitation. MPA can have several
detrimental effects. If the MPA puts electrons in the conduction band of the
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crystal, they begin to absorb broadband radiation (sometimes called inverse
Bremsstrahlung) and cause crystal heating, burning, and/or cracking. MPA
can also directly ionize atoms within the lattice, which can produce temporary
or permanent changes to the refractive index and transmission [68].

Avalanche breakdown begins with a small number of free electrons in the
conduction band, such as from MPA. These free electrons readily absorb all
wavelengths of radiation, and rapidly accumulate high energies. When they
impact other atoms within the lattice, they can impact-ionize them, producing
more free electrons and causing a catastrophic feedback loop which further
reduces the crystal transmission across the optical spectrum [24].

4.1.2 Damage Mechanisms of Lithium Niobate

Our OPA is centered around a periodically-polled lithium niobate (PPLN)
crystal. Lithium niobate is an incredibly versatile crystal with several conve-
nient optical properties. It is transparent from the visible well into the mid-IR,
and thus for the complete range of wavelengths for both our OPA signal and
idler. It is birefringent, and has an exceptionally high deff of 17 pm/V when
used in QPM geometries. When fabricated with a periodic polling process,
PPLN can form the foundation of high-gain amplifiers and efficient frequency
converters [27, 69]. Lithium niobate’s primary drawback in this context is its
middling damage threshold of of ∼10-15 mJ/cm2 when pumping with fem-
tosecond Yb lasers at 60 MHz repetition rate [67].

The damage mechanism of interest is called green-induced infrared absorp-
tion (GRIIA), where the presence of visible green light increases the absorption
of infrared radiation. Several explanations have been proposed for the physi-
cal origins of the phenomenon [67, 70, 71], but many can be traced back to a
combination of avalanche breakdown and multi-photon absorption.

Figure 4.1: Instead of a low probability 4-photon absorption by the infrared
pump, PPLN’s high nonlinear gain produces enough second harmonic to create
significant 2-photon absorption.

Lithium niobate has a bandgap of ∼3.77 eV at room temperature [72].
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In typical conditions, the 4-photon absorption probability of our 1.2 eV pump
photons is negligible, as the intensities required are enormous. However, PPLN
has extremely high gain, which includes parasitic processes like SHG of the
pump. Even without proper QPM, an OPA can easily produce enough green
light for the probability of 2-photon absorption of the 2.4 eV second harmonic
to become significant (see Fig. 4.1).

At higher intensities near the damage threshold, these conduction band
electrons can begin the process of avalanche breakdown, and these free elec-
trons also readily absorb the more powerful IR light. With small spot sizes, this
localized heating can lead to severe and rapid ablation, burning, and cracking.

4.1.3 Alternative Systems

Other methods of creating ultrashort pulsed lasers with tunable visible
wavelengths exist, such as synchronously-pumped optical parametric oscilla-
tors (SP-OPOs). SP-OPOs are already capable of producing tunable visible
light and can be derived exclusively from relatively narrow bandwidth sources
like Yb [65,73].

The difficulty comes from the tunable repetition rate, as the cavity-enhanced
nature of a SP-OPO means that the cavity signal’s round-trip group delay
must align with the pulse period of the pump. The minimum repetition rate
supported by the SP-OPO cavity is thus defined by its geometry, with smaller
minima requiring longer cavities.

Another option for producing tunable visible light is an OPA pumped with
the second harmonic of Yb. Such a design could directly provide our desired
wavelength tuning range of 650-900 nm [74], and would not suffer from the
same arbitrary repetition rate struggles as a SP-OPO. In this case, crystal
properties are the main limitation. As mentioned in 4.1.2, PPLN struggles
with GRIIA, so directly pumping with green light is not ideal. PPLN also
has very strong GVM in the visible which would limit the crystal length to
less than a millimeter. While crystals such as lithium triborate (LBO) have
higher damage thresholds and lower GVM at these wavelengths, they also have
significantly lower deff (∼ 1 pm/V for LBO).

Ultimately, the relative simplicity of using a NIR-based OPA is the main
driving force in the decision. While the ability to directly produce visible light
out of the OPA is tempting, we have already proven the ability of OPAs to
produce several Watts of output power in the IR [27], and the technology to
create broadband IR sources is well established [53]. The addition of SHG also
helps to improve the pulse-to-pulse contrast.
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4.2 Design and Performance

4.2.1 Optical Layout

The full diagram of the OPA is shown in Figure 4.2, with components
in Table 4.1. 10 W of 1035 nm Yb light passes through a variable attenu-
ator (a half-wave plate and polarizer) which lets us vary the output power
independently of the repetition rate. The pump is focused to a spot size of
approximately 50 µm (1/e2 intensity) at the center of the PPLN crystal.

Figure 4.2: Optical layout of the OPA/SHG system. Light from the tunable
seed collides in a PPLN crystal with 1035 nm pump light of adjustable power.
Spatial and temporal overlap of the pulses can be adjusted with a trio of stages.
The amplified signal is separated from residual pump with a dichroic mirror
and a Si Brewster plate before entering a BBO for SHG.

In parallel, light from the arbitrary repetition rate seed (see Chapter 3) is
broadened in a ND-HNLF and sent into free space with a fiber coupler. It
then passes through a telescope and focusing lens to focus it to a waist of 40
µm (1/e2) for overlap with the pump. Due to the strong SPM in the HNLF,
the seed signal pulse emerges positively chirped. This means that changing
the wavelength also requires slightly adjusting the temporal overlap.

A retroreflector is placed on a stage in the pump arm to precisely control the
pump/signal timing. A piezoelectric transducer is integrated into the stage’s
micrometer to provide femtosecond precision in the temporal overlap. This
PZT can also be used as a feedback device in future iterations of this setup
(see Sec. 5.1.1).

The beams are combined with a dichroic mirror before entering the crystal
with p-polarization. The PPLN is supported by a 3-axis stage, which allows
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Component Part #
Fiber Coupler Thorlabs F240APC-1550

Signal Telescope Lens Thorlabs LC1715-C
Thorlabs LA1509-C

Signal Focusing Lens Thorlabs LA4579-C
Signal Steering Mirrors Thorlabs PF10-03-P01
Pump Focusing Lens Thorlabs LA4579-B
Half-Wave Plate Thorlabs WPH10M-1030
Brewster Polarizer Altechna 2-BFP-1064-0254

Pump Steering Mirrors Altechna 1-OS-2-0254-5-[1PR45]
Dichroic Mirrors Laseroptik R-02140
Collimating Lens Thorlabs LA1433-C
PPLN Crystal HC Photonics 1BKML5G23159002123100Y001

HC Photonics 1BKML5G22815003123100Y001
Silicon Brewster Plate University Wafer A1246
SHG Focusing Lens Thorlabs LA1608-C

BBO Crystal Newlight BTC5100-21(I)-P
SHG Collimating Lens Thorlabs LA4380-AB

Table 4.1: OPA Parts List

selection of the polling period (y), proper overlap of the crystal with the focus
of the pump (z), and moving the crystal in and out of the beam line for
alignment purposes (x). A similar stage on the focusing lens in the signal seed
arm allows overlap of the signal focus once the crystal’s z-stage is optimized.

Excess pump light is dumped out of the beam line with another dichroic,
and the trasmitted amplified signal is collimated with a lens and then filtered
by a silicon brewster plate. This wafer of silicon is opaque to wavelengths below
1100 nm, which further attenuates the 1035 nm pump light and eliminates
parasitic visible light from the PPLN. At brewster angle, it also helps filter off
any s-polarized light from the seed signal (such as rejected pulses). It is only
700 µm thick, but the strong dispersion of silicon requires it to be as thin as
possible to maintain a temporally compressed pulse.

The amplified signal light is tightly focused into a BBO crystal in a rota-
tion mount that grants continuous control of the phase matching angle. Sec-
ond harmonic light is generated in the orthogonal s-polarization, and allows a
polarizer to filter off the p-polarized fundamental.

4.2.2 Phase Matching

Since both second harmonic generation and optical parametric amplifica-
tion are parametric processes, they are both limited in their effectiveness by
phase matching.
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OPA Quasi-Phase Matching

The OPA uses periodically poled lithium niobate (PPLN) as the nonlinear
crystal, primarily because of its high parametric gain (deff = 17 pm/V) and
transparency to both the signal and idler [28]. The pulse-splitting length due to
GVM is about 2 mm, and the finite acceptance bandwidth (∼1 THz·cm across
the signal spectrum) means that we need multiple discrete polling periods to
cover the whole spectral region of interest.
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Figure 4.3: Curves of the OPA signal wavelength over a range of quasi-phase
matching periods and crystal temperatures. Blue dotted lines signify polling
periods on the 3 mm crystal, while red dotted lines delineate the 2 mm crystal.

We ultimately settled on a pair of crystals from HC Photonics: one 2 mm
crystal with 10 discrete polling periods to cover the 1370-2000 nm spectral
region, and a 3 mm crystal with another 10 discrete polling periods to cover
the 1300-1370 nm region (Figure 4.3). These discrete polling periods can be
temperature tuned to overlap with with each adjacent period, which allows
continuous wavelength tunability. The discrepancy in crystal length is due the
having less power in the seed spectrum in the 1300-1370 nm region (Fig. 3.6),
which requires more amplification. This does have the side-effect of limiting
the spectral bandwidth to 3.3 THz on the longer crystal, instead of 5 THz on
the shorter crystal.

SHG Birefringent Phase Matching

For the second harmonic, we use β-barium borate (BBO) both for its op-
tical properties and its simplicity. While it is possible to take advantage of
PPLN’s enormous deff and perform QPM to generate the second harmonic,
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the bandwidth is comparatively narrow and the resulting pulses are ∼1 ps
long [75]. The time resolution of TR-ARPES benefits from broad bandwidths
and short pulses, so Type-I (o+o=e) birefringent phase matching in BBO is
the logical choice.

Although it has a much smaller deff of 1.95 pm/V, it can be easily angle
tuned across the entire wavelength region when the crystal is cut at θ =
21◦. The optimal phase matching angle varies by about 1◦ across the entire
spectrum with a large acceptance angle, so once optimized, the angle hardly
has to be changed, if at all. We use a 1 mm thick crystal that has more than
enough bandwidth to cover the entire fundamental at each polling period.

4.2.3 Power Tunability

The arrangement of our OPA allows for variable attenuation of the 1035
nm pump, and we can use this to carefully dial in a desired second harmonic
power (Fig. 4.4). The power in the second harmonic scales roughly linearly
with the power of the fundamental. While we would expect the χ(2) nature
of SHG to produce a quadratic scaling, this behavior only manifests at low
power where pump depletion is negligible.

Figure 4.4: Power in the amplified 1520 nm fundamental (black, left) and the
second harmonic (red, right) at various pump powers.

4.2.4 Wavelength Tunability

Seeding the OPA with the broadband HNLF signal allows us to amplify
specific, few THz bandwidth chunks at a time. Figure 4.5 shows how the
power in the fundamental IR and the visible second harmonic vary over the
spectral region of interest. There is a sharp drop in power when moving to
the 3 mm crystal, despite its increased gain relative to the 2 mm crystal.
Unfortunately, GRIIA (see Sec. 4.1.2) limits the amount of pump power we
can utilize for these wavelengths, as the longer crystal improves the efficiency
of parasitic SHG of the 1035 nm pump. Still, we successfully produce about
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half the amount of signal power as the 2 mm crystal while using about half
the amount of pump power.
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Figure 4.5: Power in the amplified signal (left) and second harmonic (right).
The 2 mm crystal (orange, cyan) tunes over most of the spectral region of
interest, and consistently handles 10 W of pump power. The 3 mm crystal
(blue, red) only covers a narrow spectrum due to its proximity to the 1035 nm
pump wavelength. Additionally, the lower power on the 3 mm crystal is due
to limiting the pump power to 4-5 W.

The complex seed spectrum predictably produces complex spectra in the
amplifier. As demonstrated in Fig. 4.6, this becomes more exaggerated closer
to 1550 nm in the fundamental, where the SPM peaks in the seed spectrum are
largest and most numerous (Fig. 3.6). These complex spectra also appear in
the second harmonic, with transform limited pulse durations of about 100 fs.
Notably, these spectra depend quite sensitively on the timing delay of the OPA.
Moreover, the timing delay corresponding to maximum signal power does not
always produce the least structured spectrum. This could make locking the
timing delay more challenging if a more gaussian spectrum is desired.
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Figure 4.6: Fundamental OPA signal (bottom) and SHG (top) spectra over
a range of QPM periods. Spectra near the fundamental 1550 nm are more
structured due to the complex seed spectrum.

Beyond 1600 nm

GRIIA is a critical limitation when operating the OPA at high powers, and
its effects are much stronger when phase matching for 1600-2000 nm signal.
PPLN is also commonly used as a frequency doubler of 1035/1064 nm light
due to its high deff , so even when it phase matches at higher orders (see Sec.
2.4.2), the conversion efficiency is high enough to cause problems.

The first order QPM period for SHG in PPLN is about 6 microns, the
5th order of which is right around the 1600-2000 nm signal regime (Fig. 4.7).
Indeed, the reason that none of the previous data in this chapter includes
wavelengths beyond 1600 nm is due to a dramatic increase in 517 nm intensity.
This produces severe, consistent crystal damage when scaling the pump power.
This issue is a topic of further research, and is addressed in Section 5.1.2.
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Figure 4.7: Phase matching curve for our PPLN crystal. The green highlighted
region signifies where 5th-order SHG of the 1035 nm pump phase matches.

4.2.5 Spatial Mode Quality
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Figure 4.8: Spatial modes of the unamplified signal (top left), amplified signal
(top right) and second harmonic (bottom).
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We measured the spatial mode of the fundamental with a FLIR Boson
LWIR thermal camera. The spatial modes of both the input signal and the
pump shape the output signal’s spatial profile. The unamplified signal has
an elliptical profile reflecting the elliptical core of the HNLF from which it
emerges, as depicted in Figure 4.8. The shaping effect of the pump is clear
in the amplified signal. While it is still elliptical, it is rotated by about 10◦.
Importantly, it stays consistent while varying the repetition rate.

The mode of the second harmonic is more structured, and becomes still
more elliptical. Sub-degree deviations in the phase matching angle of the BBO
also create horizontal fringes which require careful alignment to eliminate.
Even when tuned optimally by eye, the camera reveals a dim lobe beneath the
primary spot (Fig. 4.8). Most likely this is due to complications of the phase
matching condition due to tight focusing. This tight focusing causes incoming
light to have a cone of k-vectors as in Fig. 4.9. The plane of light focused
perpendicular to the plane containing the central k-vector and the optical axis
sees no change in the phase matching condition By contrast, orthogonally
focused light sees a varying θ depending on the distance from the center of
the beam. This partially spoils the phase matching condition and reduces
conversion efficiency. Put together, this forms a severely elliptical mode in the
second harmonic.

Figure 4.9: When light is tightly focused, it produces a cone of k-vectors near
the focus. Light focused along the “x” axis still enters the crystal at angle
θ from the optical axis, and sees no effect on the conversion efficiency. Light
focused along the “y” axis enters the crystal at an angle different than θ, and
this deviation increases the further away from the center of the beam. This
causes a decrease in conversion efficiency.

50



4.2.6 Pulse Contrast

Light from passed pulses emerges from the HNLF in three ways depicted
in Figure 4.10 A). Fortunately, only light on the fast HNLF axis with proper
timing (shown in green) is amplified in the OPA. Nonlinear polarization rota-
tion (NPR) arising from XPM (blue) and stray pulses (pink) create light along
the slow axis of the HNLF and have no effect in the OPA.

Light from rejected pulses follow the same formula, and are shown in Figure
4.10 B). Again, only light on the fast axis with proper time (green) is amplified.
However, the pulse is so weak and long that it receives little spectral broadening
and will not be amplified if the OPA is tuned away from 1550 nm. NPR
(purple) of light in the main pulse (pink) also contributes to the diminished
10 dB pulse contrast along the ND-HNLF fast axis in Figure 4.11.

Figure 4.10: For every pulse from the oscillator, two pulses separated by ∼150
ps are created in the EDFA due to the unbalanced fiber lengths between the
modulator and polarization combiner. Light that receives OPA amplification
must have both the correct timing and polarization (green). A) When the
green pulse is passed, it is much stronger, which broadens its spectrum to
include the OPA QPM wavelength. B) When the green pulse is rejected, it
is too weak and too spectrally narrow to interact if the OPA is not tuned to
QPM 1550 nm, despite having proper polarization and timing.

However, when the OPA is is tuned away from phase matching 1550 nm
(Fig. 4.11, top middle), the pulse contrast is clearly much better than 10 dB.
When the OPA is set to phase match 1420 nm, the pulse contrast improves
to 15 dB after amplification. When the OPA is tuned to phase match 1550
nm (Fig. 4.11, bottom middle), the pulse contrast decreases to 5 dB, as
weaker rejected pulses experience more total gain. The effect of the RF ringing
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discussed in Section 3.3.2 is also most visible here.
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Figure 4.11: Photodiode traces of the polarized pulse contrast at the output
of the HNLF (left), amplified by 10 W of pump in the OPA (middle), and
converted to the second harmonic (right). Phase matching away from 1550
nm produces significantly better contrast throughout the system. Deviations
in the pulse-to-pulse height is caused by RF ringing.

SHG significantly improves the contrast in both cases, as the efficiency
scales quadratically with the peak intensity. In the worst case of phase match-
ing 1550 nm fundamental, the second harmonic still reaches a respectable
contrast of 14 dB. When phase matching 1420 nm fundamental, the pulse
contrast is better than our oscilloscope can measure (i.e. >24 dB).

The measurement of the second harmonic also benefits from inherent spec-
tral filtering. The measurements of the fundamental were performed with an
InGaAs detector which is sensitive to nearly the full spectrum. The visible
measurements require a silicon detector, which is transparent to wavelengths
above 1100 nm (i.e. the fundamental). So, the spectrally-resolved contrast of
the fundamental is actually better than the traces indicate, as much of the
light in the rejected pulses is stray 1550 nm light. The SHG measurements
are insensitive to this light, as the Si does not detect it.
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Chapter 5

Conclusion

5.1 Next Steps

While the system succeeds in providing a laser of tunable wavelength and
repetition rate, it falls short in a handful of categories that are enumerated
below.

5.1.1 Active Stabilization

A tunable pump is a good start for unlocking new avenues for TR-ARPES,
but this laser needs to be able to sustain stable operation for the many hour
aquisition times of a typical TR-ARPES experiment. Most critically, the tim-
ing between the pump and signal of the OPA is sensitive to the femtosecond.
Since there are several meters of propagation length in both the signal and
pump arms, this delay is highly susceptible to temperature drifts.

The proposed locking scheme is modeled after the apparatus in Catanese
et. al. [27] and is shown in Figure 5.1. A PZT fiber stretcher placed before
the EDFA is driven at 1 kHz by the local oscillator of a lock-in amplifier. This
modulates the delay of the signal on the order of femtoseconds. The delay
modulation causes a matching modulation in the depletion of the pump:

Iout(t) ∝ F (τ + α cos(Ωt)) ≈ F (τ) +
dF

dτ
α cos(Ωt), (5.1)

where τ is the pump/signal delay, Ω is the modulation frequency, and F (τ)
characterizes the pump intensity Iout at a given delay. When this voltage signal
is returned to the lock-in, it generates an signal proportional to the coefficient
of cos(Ωt). This creates an error signal proportional to dF

dτ
which we minimize

to ensure optimal pulse overlap.
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Figure 5.1: The local oscillator (LO) of a lock-in amplifier (LIA) is amplified
to modulate the delay with a PZT fiber stretcher. This modulation is detected
on a photodiode (PD) and allows the lock-in to generate an error signal. The
error signal is integrated before driving feedback with a PZT in the delay stage.
A second integrator uses the EDFA heater to servo the PZT to remain in the
middle of its stroke.

The first component of the feedback loop is a PZT stage on the pump arm.
This offers relatively fast feedback, but is limited to a short 15 µm stroke. Over
the course of many hours, it is likely to exceed this limited feedback range.

To supplement the PZT, a fiber heater is integrated into the signal EDFA
(see Section 3.2.1). This variable heating slightly changes the refractive index
of the ∼2 m of fiber within the amplifier, and provides slow feedback. The
fiber heater allows the PZT to stay within the center of its stroke while it
performs higher frequency corrections.

5.1.2 Beyond 800 nm

The original goal of the tunable pump was continuous wavelength tunabil-
ity from 650-900 nm. The current apparatus succeeds in the 660-800 nm range,
but is unable to produce significant signal beyond that due the crystal dam-
age effects discussed in Section 4.2.4. In the current geometry, this mandates
finding a way to produce 1600-1800 nm signal light in the OPA.

The simplest option is to use a different crystal. Since different crystals
have unique dispersions and refractive indexes, they also use different polling
periods to phase match the same interactions. One potential option is potas-
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sium titanyl phosphate, or KTP. Like LN, KTP can also be readily purchased
with periodic polling, although with a lower deff of 9.7 pm/V in comparison to
PPLN’s 17.1 pm/V. KTP is also transmissive only to about 4 µm [28]. When
phase matching 1300 nm signal, this would problematically absorb the idler.
However, when used in conjunction with PPLN, the PPKTP crystal would
only need to operate at higher wavelength signals where the corresponding
idler would transmit. Most importantly, KTP avoids higher order QPM of
SHG at these signal wavelengths.

The main worry about KTP is its tendency to exhibit photochromic dam-
age when pumped with high power IR lasers [76]. Also known as grey tracking,
this effect causes the transmission to decrease over time, which could result
in heating/damage and reduced signal power. It is sometimes reversible, but
these variations in power are not ideal in the context of a controlled experi-
ment.

5.1.3 Reducing RIN

Finally, the RIN of the seed signal discussed in Section 3.3.5 is not ideal
for applications without the long integration times and high shot noise limits
of TR-ARPES. There are several steps to take, the first of which is a careful
analysis of the RF performance of the modulator (or a new one altogether).
The RF port is optimized for multi-GHz telecom operation, not for tens of
MHz. Accordingly, the RF port has been observed responding to DC voltages
and causing substantial RF ringing (which is clearly visible in the contrast
data, see Fig. 4.11). If we continue with this modulator, it must be properly
terminated and AC coupled with an external circuit.

The other issue is the voltage sources. The pulse generator itself is the
primary source of the 60 Hz noise, and a new, quieter device would certainly
reflect in the laser RIN. The DC is currently much less of a problem, but
an improved pulser noise figure would mean that a quieter DC source is also
beneficial.

5.2 Future Impact

5.2.1 Applications of Broadband, Arbitrary Repetition
Rate Fiber Lasers

The broadband, arbitrary repetition rate laser described in this thesis is a
valuable tool for TR-ARPES, but other applications could also benefit from
such a system. Other forms of pump-probe spectroscopy are a natural fit,
with those requiring differential pump on/pump off measurements such as two-
dimensional infrared spectroscopy (2D-IR) standing to benefit tremendously
from arbitrary repetition rates [77]. The otherwise inflexible duty cycle of the
nonlinear EDFA has motivated time-domain modulation of the pump/probe
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delay rather than typical amplitude modulation, but this still limits the time
scale of interest to the pulse-to-pulse period [78]. Using the scheme described
in this thesis as an amplitude modulator, one could enable the study of relax-
ations on any time scale.

Precision femtosecond laser machining is also currently being optimized
to incorporate duty cycle modulation in the MHz and GHz regime [79]. The
highly programmable duty cycle of our system could allow unprecedented con-
trol over the machining process. Consecutive frequency conversion to the ul-
traviolet could also find use in surgery and low-resolution photolithography.

Frequency combs with repetition rates of 10-1000 GHz have seen sub-
stantial development in recent years. By using microresonators, CW lasers
can form compact, broadband frequency combs [80, 81]. Additionally, HNLF
schemes seeded with electro-optic combs are able to produce broad, flat-topped
comb spectra in the telecom C-band (1525–1565 nm) [82]. The ability to vary
the repetition rate of the comb could provide a unique source of broadband
wavelength division multiplexing, as adjusting the repetition rate would change
the wavelength channel spacing and could allow selective signal routing.

Nonlinear EDFA+HNLF schemes have already proven their ability to seed
a broad range of amplifiers, including Ho/Tm [58–60], Yb, and OPAs [61].
The ability to seed these amplifiers on demand could unlock unprecedented,
granular control of not only the repetition rate, but the pulse energy.
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Appendix A

Additional Data

Figure A.1: Pulse reconstructions of SHG-FROG traces taken with optimized
fiber lengths along the PM 1550 fast axis. Unlike the slow axis, the pulse shape
is strongly dependent on the repetition rate, with neither the FROG traces
nor their reconstructed pulses resembling one another. Interestingly, the pulse
and FROG trace at frep do strongly resemble the slow axis measurement.
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Figure A.2: Raw detector data and RIN spectra for the fast axis of the fiber
after the polarization combiner. Note that in this case, frep receives no RF
pulses, and the 60 Hz noise is much lower than other repetition rates.
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Figure A.3: Raw detector data and RIN spectra for the fast axis of the com-
pression fiber. Note that in this case, frep receives no RF pulses, and the 60
Hz noise is much lower than other repetition rates.
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Appendix B

Electronics

Figure B.1: Component diagram of the RIN detector used in Section 3.3.5.
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