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Broadband multicolor lasers are able to provide valuable information concern-

ing ultrafast molecular dynamics through time-resolved spectroscopy. Here, I

present my work developing a multicolor, 10-fs laser source through the mar-

riage of three key technologies: (1) a high-repetition-rate, 10-fs, energetic NIR

front end, (2) NIR pulse shaping, and (3) adiabatic frequency conversion. These

technologies provide the means to generate femtosecond pulses in the visible,

near-IR, and mid-IR with amplitude and phase control without multiple com-

plex dispersion-management schemes, constituting a toolbox of femtosecond

pulses that can be used to probe fleeting molecular dynamics. 100-µJ, 10-fs

pulses are generated from the NIR front end, which are shaped and compressed

with NIR 4f pulse shapers and subsequently converted to 10-fs visible (MIR)

pulse using dispersion-managed adiabatic sum (difference) frequency genera-

tion. Compression of the NIR pulses has been confirmed using SHG FROG.

The MIR pulses were measured using a sensitive, phase-matching-free tech-

nique called frequency-resolved optical switching. Additionally, various ap-

plications are reviewed including quantum frequency homogenization, simul-

taneously converting visible single photons to the telecom C-band and reducing

their spectral distinguishability, and ultrafast time-resolved spectroscopy exper-

iments planned for single-layer graphene, rhodopsin and various mutants, and

DNA.
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CHAPTER 1

INTRODUCTION AND OVERVIEW

Driven by the demands of ultrafast spectroscopy and intense light-matter in-

teractions, laser pulse durations and peak intensities have reached the femtosec-

ond and petawatt scales through the development and progress of mode-locked

lasers and nonlinear optics [25,80,128]. Novel laser architectures, new materials

for gain media and nonlinear interactions, and new techniques for manipulation

and control of ultrashort pulses have facilitated the development of ultrafast

laser laboratories that aim to investigate physical phenomena that take place

in a few hundred femtoseconds or less. Typically, these laboratories rely on

well-established technologies like solid-state Ti:Sapphire lasers, Yb-doped crys-

tals, and fiber lasers as well as nonlinear frequency conversion through second-

and third-order nonlinear processes to generate broad, tunable ultrafast pulses

ranging from ultraviolet (UV) to terahertz [15, 80].

The typical ultrafast spectroscopy source architecture is summarized in

Fig. 1.1a. It begins with a high-average-power laser source that pumps a

Ti:Sapphire-based or Yb-based laser combined with a visible or near-infrared

(NIR) optical parametric chirped pulse amplifier (OPCPA). The resulting am-

plified visible or NIR pulses are converted to other frequencies using nonlinear

frequency conversion such as difference frequency generation (DFG), sum fre-

quency generation (SFG), and second harmonic generation (SHG). These con-

version processes suffer from an efficiency-bandwidth tradeoff—meaning that

they can either efficiently convert a modest bandwidth or convert a broader

bandwidth with lower efficiency. Next, the pulses in each spectral range are

compressed. This must be done independently, sometimes requiring expensive,
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(a) Typical source architecture

(b) Our new 10-fs multicolor source architecture

Figure 1.1: Schematics of the typical ultrafast nonlinear spectroscopy architec-
ture and our new 10-fs multicolor source architecture.

custom-designed dispersion management solutions. Finally, pulse shaping can

be implemented, which must also be done separately for each spectral range.

Overall, this architecture results in broad spectral coverage but suffers from lim-

ited conversion bandwidths resulting in longer pulse durations.

For this work, our goal was to improve the traditional source architecture

to facilitate the generation of multicolor femtosecond pulses for ultrafast spec-

troscopy. We developed a new versatile source architecture with 10-fs pulses in

the visible, near-infrared (NIR), and mid-infrared (MIR). To compare with the

typical architecture, our architecture is summarized in Fig. 1.1b. Like the typi-

cal architecture, our system begins with a high-average-power laser that pumps

white light generation (WLG) and a NIR OPCPA. From here, our architecture

varies substantially. Instead of using conventional nonlineary frequency con-

version, we use a novel frequency conversion technique known as adiabatic

frequency conversion [133] with a new dispersion-managed design that we de-

veloped. This technique allows efficient one-to-one photon number conversion,

imparts a linear transfer of amplitude and phase, and preserves the absolute
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bandwidth of the pulse. Additionally, no dispersion is imparted by the fre-

quency conversion device, allowing the conversion of a transform-limited NIR

pulse to a transform-limited visible or MIR pulse. Due to these properties, we

are able to move the pulse shaping and compression before frequency conver-

sion, greatly reducing system complexity. With this design, separate compres-

sion stages, pulse shapers, and interferometers are not required for each spec-

tral region—all of this is performed by the NIR pulse shapers, whose output

can be sent to any conversion device. This architecture allows us to have a

broad spectral coverage with 10-fs pulse sequences. Furthermore, to generate

pulses in a new spectral region, three additional stages (frequency conversion,

dispersion managment, and pulse shaping) are required for the typical architec-

ture, whereas our architecture only requires one additional stage (dispersion-

managed adiabatic frequency conversion), resulting in a three-fold decrease

in system complexity when adding new beamlines. Ultimately, our system

boasts programmable control of broadband NIR pulses that can be efficiently

converted to the visible or MIR, creating a toolbox of femtosecond pulses for

measuring ultrafast dynamics or developing novel frequency conversion tech-

nologies.

1.1 MULTICOLOR, FEMTOSECOND LASER SOURCE

Our multicolor, femtosecond laser source relies on the culmination of several

technologies: a high-repetition-rate, 10-femtosecond, energetic NIR front end,

broadband NIR pulse shaping, and adiabatic frequency conversion. The de-

velopment of these technologies has been fueled by a conserted effort from the

optics and spectroscopic communities to reach higher peak intensities, greater
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pulse energies, and shorter pulse durations to study nonlinear light-matter in-

terations and to resolve the fastest molecular dynamics. In our system, I have

implemented these technologies making improvements to allow robust opera-

tion and generation of femtosecond pulses in the visible, NIR, and MIR. My con-

tributions include (1) improving the operation of our commercial, high-average-

power, high-repetition-rate pump system by adding beam diagnostics and en-

suring adequate beam quality through beam scraping and imaging, (2) design-

ing, building, and optimizing the NIR front end including the white light stage

and the NIR optical parametric chirped pulse amplifiers, (3) investigating dis-

persion and aberrations imparted by 4f pulse shapers for few-cycle pulses, (4)

implementing pulse characterization systems for our NIR and MIR pulses, and

(5) demonstrating dispersion-managed adiabatic frequency conversion allow-

ing broadband and efficient frequency conversion without complex dispersion.

Below, I will discuss these technologies and contributions, specifically how they

are integrated into a new type of multicolor, fs-pulsed laser architecture allow-

ing versatile pulse-shaper-assisted control of 10-fs pulses in the visible, NIR,

and MIR without the need of separate complex dispersion management for each

frequency range [51]. These technologies and contributions are the subjects of

Chapters 2, 3, 4, and 5.

1.1.1 High-Repetition-Rate, 10-fs, Energetic NIR Front End

First is the high-repetition-rate, 10-fs, energetic NIR front end. The NIR front

end converts several mJ of energy at 1.03 µm to a few hundred µJ in the NIR

spectral region. This is an essential task as energy in the form of laser radia-

tion is readily available through high-average-power, picosecond-pulsed lasers
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that operate around 1.03 µm—several emergent technologies are fiber chirped

pulse amplifiers [34, 35, 58, 155], thin-disk lasers [86, 97], and Innoslab ampli-

fiers [112–114, 117]. Moreover, these systems can easily provide a secondary,

low-power, sub-picosecond pulse that is trivially synchronized with the high-

power pulse. This low-power, sub-picosecond pulse can be used to drive white

light generation (WLG) which can be amplified by the frequency-doubled high-

power pulse through optical parametric chirped pulse amplification (OPCPA).

Collectively, the high-average-power, picosecond pump laser, WLG, and broad-

band OPCPA form our NIR front end system.

My contriubtions to the NIR front end include troubleshooting and improv-

ing the performance of our commercial, high-average-power, high-repetition-

rate pump laser, optimizing the WLG stage, and designing, building, and

optimizing the broadband, noncollinear OPCPAs. Initially, the commercial

pump system was not suited for rigorous scientific applications being a first-

generation product for research laboratories transitioning from a product line

for industrial laser machining. Our key improvements include adding beam di-

agnostics to monitor system performance, installing access points for periodic

adjustment of the beam alignment in the booster amplifier and compressor sys-

tems, and installing and optimizing scrapers and lenses for beam collimation

and quality control. This work was a collaboration between Amphos, Noah

Flemens, and myself. Furthermore, Noah and I built and optimized the WLG

stage, ensuring stable operation. Finally, I designed, built, and optimized the

dual-stage OPCPA system that amlpifies a portion of the white light (WL) spec-

trum to ∼100 µJ based on previous work investigating broadband amplifica-

tion [18, 83, 157].
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1.1.2 Pulse Shaping

Second is NIR pulse shaping which allows amplitude and phase control of an

electric field. Throughout the past few decades, various pulse shaping tech-

niques such as 4f pulse shaping using liquid crystal modulators, deformable

mirrors, or acousto-optic modulators and acousto-optic programmable disper-

sive filters, have matured for visible and NIR pulses [33, 39, 40, 54]. Due to this

extensive development and the unique properties of adiabatic frequency con-

versation, the NIR pulse shapers in our system allow versatile and precise con-

trol of a toolbox of femtosecond pulses in different spectral regions for numer-

ous applications without the need of complex dispersion-management schemes

for each spectral region.

Here, my contributions include analyzing the aberrations imparted by re-

flective 4f geometries in 4f pulse shaping devices [52] and investigating and

understanding the total dispersion imparted by these devices. For the abber-

ation study, we compared two common 4f geometries: one with 1-D off-axis

parabolic mirrors and the other with cylindrical mirrors. For these designs,

I found a tradeoff between the amount of spatial chirp and chromatic astig-

matism imparted on the beam, which becomes especially significant for broad-

band pulses. These results determined that the cylindrical-mirror design, while

more difficult to align, provides superior beam quality than the parabolic-mirror

design, prompting a transition from parabolic-mirror-based 4f pulse shapers

to cylindrical-mirror-based 4f pulse shapers in our lab. Regarding the opera-

tion of the pulse shapers, I calculated the dispersion imparted to the optical

pulse by the carrier acoustic frequency, which cannot be controlled by the user,

and determined the phase mask that would result in Bragg operation—uniform
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diffraction from the acousto-optic modulator (AOM) for all optical frequencies.

Finally, I investigated the dispersion resulting from nonuniform optical beam

paths due to the detuned 4f geometry required by 4f AOM pulse shapers.

1.1.3 Adiabatic Frequency Conversion

The final cornerstone technology is adiabadic frequency conversion (AFC)—

which is used to upconvert or downconvert the shaped NIR pulses to visi-

ble or MIR pulses. Adiabatic processes enable robust population transfer be-

tween two states via rapid adiabatic passage [81, 124]. In nonlinear optics,

rapid adiabatic passage enables highly-efficient and broadband frequency con-

version [7,8,133,135] which has been used to generate and amplify femtosecond,

few-cycle pulses without the limitation imposed by the efficiency-bandwidth

tradeoff [53, 69, 85, 91, 102, 131, 132, 132, 134].

In our architecture, we implemented dispersion-managed AFC stages that

enable broadband and efficient conversion of transform-limited NIR pulses to

transform-limited visible or MIR pulses. My contribution includes verifying the

net-zero group-delay-dispersion operation of the stages by characterizing the

pulses before and after frequency conversion. I characterized the NIR pulses us-

ing second harmonic generation frequency-resolved optical gating (SHG FROG)

and the MIR pulses using a sensitive, phase-matching-free technique called

frequency-resolved optical switching (FROSt) [76, 77].

7



1.2 APPLICATIONS AND FUTURE OUTLOOK

The last two chapters discuss applications of our source and additional research

endeavors motivated by engineered frequency conversion. First, Chapter 6

dicusses frequency homogenization—reducing the spectral distinguishability

of single-photon sources through frequency conversion. Lastly, Chapter 7 re-

views our multicolor, 10-fs source and describes future spectroscopy experi-

ments planned to investigate the ultrafast dynamics mediated by degeneracies

in the electronic potential energy surfaces, known as conical instersections, of

specific biomolecules after photoexcitation.

1.2.1 Quantum Frequency Homogenization

Developing a robust quantum infrastructure relies on the interconnection of ma-

ture quantum technologies such as stable, determinisitic, and bright single pho-

ton sources, robust quantum memories, and low-loss and long-distance quan-

tum networks. Such a system may rely on solid-state single photon sources such

as quantum dots or color centers that operate in the visible spectral region and

interact with quantum memories based on trapped ions or atomic ensembles.

We have designed a device to convert visible single-photons to the telecom C-

band while simultaneously decreasing the spectral distinguishability, which we

call frequency homogenization. In Chapter 6, we describe this device as well as

the specific phase-matching conditions that must be satisfied. A free-space BBO

device and a waveguide Rb:KTP device have been designed and will be tested

as outlined in Chapter 7.
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1.2.2 Ultrafast Molecular Dynamics

Coherent light pulses are among the most precise tools developed for measur-

ing and recording events in time. Circa 1878, Eadweard Muybridge used flashes

of light to record events much faster than those that can be perceived by the

human eye establishing the foundations of time-resolved optical science. Muy-

bridge used multiple cameras and fast shutters to obtain fast acquisition times.

With the realization of the laser in 1960, higher time resolution became pos-

sible with the much shorter durations of coherent light pulses. From there, the

time resolution of transient studies has gradually increased with Ahmed Zewail

earning the 1999 Nobel Prize in Chemistry for his work developing femtochem-

istry [156]. Laser pulse durations are now routinely sub-100 femtoseconds and

are used to investigate ultrafast dynamics. For example, some molecular reac-

tions occur in just a few hundred femtosceconds after photoexcitation.

In Chapter 7, I describe several pump-probe and 2D spectroscopy exper-

iments that utilize our multicolor, 10-fs laser source. The first is a study of

single-layer graphene, which utilizes our octave-spanning MIR pulses to cap-

ture carrier relaxation after photoexcitation as the excited carrier approaches the

Dirac point. The other experiments aim to study ultrafast dynamics mediated

by conical intersections, degeneracies in the electronic potential energy surfaces

where the Born-Oppenheimer approximation fails. These degeneracies result

in raditionless decay of the excited molecular wavepacket as it moves from the

Franck-Condon state to a local minimum corresponding to the final photoprod-

uct. We plan to study rhodopsin, channelrhodopsin mutants, and DNA to in-

vestigate the effects of local energy topography on the molecular dynamics and

photoproduct yield.

9



CHAPTER 2

A HIGH-REPETITION-RATE, 10-FEMTOSECOND, ENERGETIC NIR

FRONT END

2.1 INTRODUCTION

Our multicolor, femtosecond laser source is built from several key technologies.

First is the high-repetition-rate, femtosecond, energetic NIR front end, which

consists of a high-average-power solid-state amplifier, stable white light gener-

ation (WLG), and broadband optical parametric amplification via noncollinear

optical parametric chirped pulse amplification (OPCPA). The development of

high-average-power and high-repetition-rate pump lasers has enabled intense,

femtosecond pulse generation facilitated by their resevior of pump energy and

high peak intensities. Through highly nonlinear processes like WLG, these

lasers—with sub-picosecond to a few picoseond pulse durations—can generate

bandwidths large enough to support femtosecond pulses. Finally, additional

pump energy can be used to amplify these bandwidths to the 100-µJ to mJ level

at repetition rates in the range of 1–100 kHz using broadband amplification tech-

niques such as noncollinear optical parametric amplification.

In this chapter, I will review the development and details of our NIR front

end, with the aim of making a guide for any graduate student with a back-

ground in optics to understand, plan, and design critical aspects of a femtosec-

ond, µJ-level NIR front end laser. The basic principles and key technical as-

pects are reviewed for the three components that create our NIR front end: a

high-average-power, picosecond-pulsed pump laser, a white light generation

stage, and a pair of broadband optical parametric amplification stages. These
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components enable the generation of >100-µJ NIR pulses with spectral power

densities that support sub-10-fs pulses. These NIR pulses are used for every ap-

plication in our laboratory: terahertz generation, octave-spanning mid-infrared

pulse generation, adiabatic four-wave mixing, phase-matching-free pulse char-

actierzation, and ultrafast nonlinear spectroscopy. A diagram of the high-

repetition-rate, 10-fs, energetic NIR front end is shown in Fig. 2.1.

Figure 2.1: Ultrafast, energetic NIR front end system diagram. The NIR front
end consists of three key components: (blue background) the high-average-
power, picosecond pump laser, (green background) stable white light genera-
tion, and (red background) broadband, noncollinear optical parametric chirped
pulse amplification stages.

2.2 HIGH-AVERAGE-POWER, PICOSECOND PUMP LASER

High-average-power and high-repetition-rate picosecond lasers often used for

laser machining are promising pump sources for ultrashort, energetic NIR

systems used in ultrafast spectroscopy and nonlinear frequency conversion.

Throughout the process of working with our 10-kHz, 280-W pump laser sys-

tem, we have learned about the short-comings of these sytems—specifically

those limiting scientific applications—and about the problems that can arise.
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With proper engineering controls and design, these systems have proven to be

a successful alternative to the Ti:sapphire systems that have pumped ultrashort

NIR front end systems.

Our NIR front end is pumped by a commercial high-average-power, Yb:YAG

Innoslab amplifier (Amphos, GmbH). The Innoslab amplifier design utilizes

multiple passes through a slab crystal allowing high intrinsic efficiency due to

the overlap between the amplified beam and the pumped volume, as well as

effective heat management due to the dimensions of the slab crystal [112–114].

These characteristics allow subpicoseond pulses to be amplified to several tens

of millijoules at repetition rates ranging from 10–100 kHz, providing intense

energetic pulses well suited for optical parametric chirped pulse amplification.

Figure 2.2: Diagram of the high-average-power, 10-kHz, Yb:YAG Innoslab
pump system built by Amphos, GmbH. The system consists of three stages: the
100-W main Innoslab ampflier, the 280-W booster Innoslab amplifier, and the
high-power scraper and compressor. The main Innoslab amplifier has two exit
ports, one low power and the other high power, ideal for seeding and pumping
an ultrafast, energtic NIR front end.

The 10-kHz, multi-stage, Yb:YAG pump laser operating at 1030 nm is shown
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in Fig. 2.2. There are three main components of the pump system: (1) a 100-W

Yb:YAG laser system with a low- and high-power output, (2) a 280-W booster

Innoslab amplifier, and (3) a high-power scraper and compressor. The 100-W

Yb:YAG laser system consists of two arms, a low-power arm producing 2-µJ,

900-fs pulses and a high-power arm that is amplified and compressed in the

subsequent components to produce 18-mJ, 3-ps pulses. The low-power arm

pumps WLG in a YAG crystal while the high-power arm provides the energy

resevoir necessary to pump multiple nonlinear frequency conversion stages si-

multaneously. Because the arms originate from the same laser oscillator, the

laser pulses are guaranteed to be optically synchronized, a great asset for non-

linear frequency conversion stages and pump-probe experiments. To monitor

the performance of the system and ensure robust operation, several components

including additional optical isolators and Basler cameras have been added to

the system.

Here, I will review some critical aspects for applications such as nonlinear

frequency conversion and amplification as well as ensuring proper operation

of the pump laser. These aspects include maintaining good beam and pulse

quality and ensuring proper and repeatable system performance. Furthermore,

I will summarize the solutions that we implemented to improve the commercial

high-average-power, high-repetition-rate pump system to meet the demands of

our applications.

Scraping and Double Pulsing

In nonlinear frequency conversion and amplification, the quality of the pump

beam profile and pulse envelope is critical to achieve efficient conversion. A
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Gaussian beam profile is desirable for straightforward beam propagation, as a

Gaussian beam will remain gaussian throughout propagation under the parax-

ial approximation [2, 68]. Additionally, a Gaussian beam profile results in fairly

uniform and efficient nonlinear conversion across the beam’s transverse spa-

tial dimensions due to the fewer spatial angular frequencies compared to beam

profiles with sharper edges or distinct features. In the case of second-harmonic

generation, a conversion efficiency of >70% can be theoretically achieved with

Gaussian beams, limited by the the wave-vector mismatch of the higher spatial

angular frequencies which induce nonuniform conversion-back-conversion cy-

cles across the transverse beam profile [11, 67]. Moreover, any distortion to the

pulse envelope, including satellite pulses, will reduce the overall performance

of any nonlinear stage. For these high-power, energetic amplifier systems, spe-

cial care must be taken to preserve good beam and pulse quality.

Due to the geometry of the gain crystal in the Innoslab amplifier, the am-

plified light develops side bands or lobes that cause the spatial profile to de-

viate from a Gaussian beam profile. A typical beam profile of the amplified

light is shown in Fig. 2.3. Note, the beam at the gain crystal is highly ellipitcal

Figure 2.3: Beam image of the 1030-nm, high-average-power beam at the gain
crystal in the booster Innoslab amplifier taken with the Double-Pass Basler cam-
era. The inset shows the horizontal (x) and vertical (y) line readouts and gaus-
sian fits at the center-of-energy of the beam profile.
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to optimize the overlap with the gain region and to reduce the peak intensity

which could result in laser-induced damage. To recover a uniform Gaussian-

like beam profile and prevent clipping of these lobes on down-stream optics

in our system, we implemented beam imaging and scraping in collaboration

with Amphos. The transerve beam axes are independently imaged using com-

binations of cylindrical lenses, and the lobes are carefully blocked after the final

amplification stage, well before the exit aperture of the pump laser system to

allow sufficient time for the resulting diffraction pattern to propagate out of the

main beam. Water-cooled ceramic razers and highly-reflective pick-off mirrors

are used to block the lobes—these components are collectively called the beam

scraper. The beam at the scraper position is shown in Fig. 2.4a. Ideally, the

(a) (b)

Figure 2.4: Beam images of the high-average-power pump system. (a) Beam
image at the scraper position. Lobes above and below the central beam are visi-
ble. (b) Beam image at the position of the frequency doubling stage to generate
the 515-nm pump the for OPCPA stages. The side lobes have been blocked, and
the transverse beam widths and divergence have been adjusted using pairs of
cylindrical lenses.

beam at the gain crystal is carefully imaged to the scraper position to minimize

beam drift from pointing deviations during thermalization of the system. The

beam profile at the first nonlinear stage is shown in Fig. 2.4b, showing the re-

covered Gaussian-like beam profile. Additional steps could be taken to improve
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the quality, including the addition of a high-power spatial filter using a water-

cooled diamond pinhole.

In addition to the beam profile, the quality of the electric field envelope must

be considered. Specifically, care should be taken to ensure a clean pulse train

consisting of one pulse per round trip in the laser oscillator cavity and that the

pulse train does not become distorted during amplification. If driven with ex-

cessive pump power, semiconductor saturable absober mirror (SESAM)-based

laser oscillators can enter multipulse regimes with side pulses and/or double

pulses. Multipulse dynamics have been studied in passively modelocked ver-

tical external-cavity surface-emitting lasers with an intracavity SESAM [144]. If

over-pumped, a side pulse forms at a quarter-round-trip time of the laser cavity

away from the main pulse. This has been observed in our laser oscillator which

operates at 18 MHz, corresponding to a quarter-round-trip time of 13.9 ns. If

this side pulse lies within the gated time window of the AOM pulse pickers and

the gain window of the amplifiers, the side pulse will persist in the amplified

pulse.

Robust Operation

To build a reliable femtosecond-pulsed, energetic NIR front end, the pump laser

system must have robust, repeatable performance over an extended period of

time. Furthermore, the system must be adequately designed to mitigate poten-

tial damage such as back reflections that could initiate CW breakthrough in the

seed laser or preamplifiers. Such considerations are essential for building a ro-

bust, pump laser source that is able to meet the requirements for driving white

light generation and amplifiying that light in a consistent and repeatable way
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throughout the course of a year.

To ensure consistent performance of our pump laser and NIR front end, the

laboratory space has been carefully designed to maintain clean and consistent

laboratory conditions. Water-cooled radient panels act as a heat bath to damp

out fluctuations in room temperature, and an in-line humidification unit ensures

that the room humidity stays above a specified threshold during dry climate. A

consistent postive air pressure is maintained in the laboratory space to prevent

unconditioned air and dust from entering the room. Even with these preventa-

tive measures, the system performance varies on a seasonal basis, correspond-

ing to the increase in humidity during the summer months. To mitigate the

variation, dehumidier units are used to prevent excessesive humidity. Never-

theless, the system must be carefully monitored during the transitional months

circa October and March, when there are the greatest changes in outside cli-

mate, and the humdifier and dehumidifer must be routinely checked for proper

operation. If there is a significant change in the overall power or beam quality,

realignment of the booster Innoslab amplifier, scraper, and compressor may be

necessary.

We have developed a method to ensure day-to-day reliable operation of the

laser. The booster alignment is monitored with basler cameras at three strategic

positions shown in Fig. 2.2: the In-Coupling (IC) beam into the Innoslab ampli-

fier crystal, the output beam after a Single Pass (SP) through the amplifier, and

the output beam after its second pass or Double Pass (DP) through the amplifier.

Typical beam images upon start up and after thermalization are shown in Fig.

2.5. The beam centroids and output power are monitored throughout the ther-

malization procedure to determine how long each stage requires to reach steady
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Figure 2.5: Beam profiles from leakage light at strategic points in the booster
amplifier (IC: In-Coupling, SP: Single Pass, DP: Double Pass) using Basler cam-
eras. (Top row) Images upon startup of the booster. (Bottom row) Images after
2 hours of thermalization. These images are used to actively monitor the align-
ment and performance of the booster Innoslab amplifier.

state and if multiple components can be thermalized simultaneously. The op-

timal thermalization procedure is summarized in Table 2.1. First, the 100-W

Innoslab amplifier requires 30 minutes to thermalize. After which, the booster

Innoslab amplifier and the high-power scraper and compressor can be started.

These stages require 120 minutes to reach a state that is sufficiently stable for

operating the beam pointing stabilizers. After the beam pointing stabilizers are

started, the system including the second-harmonic stage and NIR OPCPA stages

require approximately 120 minutes to reach a state with similar operation as the

previous day due to heating of the nonlinear stages and additional beam drift
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Order Component Time (min)

1 100-W Yb:YAG Innoslab Amplifier 30

2
280-W Booster Innoslab Amplier

120
High-Power Scraper and Compressor

3 Beam-Pointing Stabilizer and NIR Front End 120

– – 270

Table 2.1: Start-up procedure for daily operation of the pump laser and NIR
front end system to allow for thermalization.

through the booster Innoslab amplifier, scraper, and compressor.1

Finally, the pump system must have enough optical isolation to prevent

continuous-wave (CW) breakthrough and damage from back-reflected light.

Additional free-space optical isolation was added to the low-power arm (shown

in Fig. 2.2), and a fiber-coupled optical isolator was added in the early stages of

the high-power arm. An example of CW breakthrough in the spectrum of a fiber

amplifier in the high-power arm is shown in Fig. 2.6. If there is insufficient op-

Figure 2.6: Power spectral density of the fiber tap in the high-power arm. The
inset shows the CW breakthrough.

1The system is cooled by one chiller unit. As additional stages are started, they add feedback
through the chiller, increasing the warm-up time. Additional chiller units could be added to
uncouple the system and reduce this warm-up time.
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tical isolation or a strong back reflection due to misalignment or burn damage,

CW breakthrough can occur. The CW breakthrough competes with the pulse

throughout the amplification stages increasing intensity noise and endangering

other components in the system including the laser oscillator.

2.3 WHITE LIGHT GENERATION

White light generation (WLG) is a versatile technique to generate stable, ultra-

broadband laser radiation, resulting from highly-nonlinear wave mixing in

wide-bandgap dielectric materials [16,32]. Physically, the process can be under-

stood as an interplay between many optical processes including self-focusing,

self-phase modulation, self-steepening, free-electron plasma formation, and

chromatic dispersion which produce, sustain, and eventually disperse a column

of intense laser filamentation. The self-focusing descreases the beam size in the

material, increasing the peak intensity which induces free-electron plasma via

multiphoton absorption and avalanche photoionization. The plasma-induced

change in refractive index counteracts the effects of self-focusing preventing

catastrophic collapse of the beam and forming the long filament. Due to the

high optical intensities sustained in the filament, the driving pulse undergoes

signficant pulse broadening from self-phase modulation and other nonlinear

processes. As the pulse propagates through the material, energy is absorbed

by the free electrons, and chromatic dispersion stretches the pulse reducing the

optical intensity, which in turn reduces the effect of self-focusing and leads to

the breakup of the filament.

The catalyst of filament formation is self-focusing, a lensing effect produced
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by an intensity-dependent change to the refractive index, n = n0 + n2I, where

n0 is the linear refractive index, n2 is the nonlinear refractive index, and I is the

intensity of the optical field. Thus, the driving pulse must have a peak power

above the critical power for self-focusing—the power required such that self-

focusing balances diffraction—to initiate WLG. For a uniform Gaussian beam,

the critical power is

Pcr =
1.9λ2

4πn0n2
, (2.1)

where λ is the wavelength of the driving field [16, 32]. Empirically, the ratio of

peak power to critical power is used to determine the operating point and is

typically 1–5 for WLG in bulk materials.

In addition to the peak power, the numerical aperture (NA) of the external

optics and the pulse duration of the driving field play a significant role. If the

NA is too high, the field intensity surpasses the damage threshold of the ma-

terial without the pulse having enough energy to surpass the critical power for

self-focusing [5, 16, 94]. If the NA is too low, multiple filaments can form as a

result of divergence and refocusing of the beam [29, 79, 150]. Empirically, a NA

of <0.05 with a peak power several times the critical power for self-focusing is a

good operating point. Furthermore, stable WLG is typically achieved with fem-

tosecond pulses [5, 30, 94] but has recently been demonstrated with picosecond

pulses [20,44]. With femtosecond pulses, defocusing dynamics are governed by

multiphoton absorption—whereas, with picosecond pulses, these dynamics are

governed by avalanche ionization [16,44]. Due to the different mechanisms, sta-

ble WLG using picosecond pulses requires longer crystal lengths [16]. Addition-

ally, Grazuleviciute et al. [20] noted that WLG with picosecond pulses can lead

to permanent material modification after consecutive laser shots when operat-

ing in the multifilament regime. However, when operating under conditions
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that produce a single filament and stable WLG, no material modification is ob-

served [20]. Thus, through appropriate choice of experimental parameters (i.e.

numerical aperture, pulse energy and duration, and crystal length), stable white

light (WL) can be generated using picosecond pulses from high-average-power

systems. Ultimately, the optimum parameters depend on the exact experimen-

tal conditions, and a thorough review of the practical considerations for stable

WLG can be found in Dubietis et al. [32].

For our WLG setup, the 900-fs, 2-µJ pulse from the low-power exit of the

pump system is focused into 13-mm YAG crystal using a 75-mm focal length

lens.2 The 1/e2 beam diameter at the lens is 2 mm corresponding to a NA of

0.013 and a confocal parameter of 3.7 mm. A typical WL spectrum is shown in

the top panel of Fig. 2.7 where the sharp edge is from a 1-µm shortpass filter

used to filter the strong residual pump beam. To determine noise characteris-

tics, the WL spectrum was recorded every 1 second over a period of 2 minutes

with one pulse per measurement. The top panel in Fig. 2.7 shows the spectral

measurements (light blue) and the average (black). The bottom panel in Fig.

2.7 shows the standard deviation of the data set as a function of wavelength

(black). The noise across much of the spectrum is dominated by the dark noise

of the detector shown as the red dashed line. Integrating the power spectrum

over wavelength, the percent standard deviation of the spectral energy is 1.5%.

The vertical dashed curves indicate the cut-on and cut-off wavelengths of the

longpass and shortpass filters used to select the bandwidth seeding the OPCPA

preamplifier.

Optimal performance of the WLG stage is achieved when a single filament

2Note, we use a 13-mm YAG crystal with our near-picosecond pulse. For a pulse with a
few hundered femtosecond pulse duration, a shorter crystal could be used to achieve stable,
single-filament WLG.
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Figure 2.7: WL spectra (top panel) captured every 1 second for 2 minutes. Ac-
quisition is set to capture 1 pulse per frame. Individual measurements are
shown as light blue lines, and the average is shown as a black line. The stan-
dard deviation (bottom panel) approaches the dark counts of the spectrometer
(dashed red line) over most of the WL bandwidth. In both panels, the wave-
lengths between the vertical dashed black lines are used to seed the OPCPA
stages.

forms closest to the front face of the crystal using a transform-limited pulse [16].

If the NA or pump energy is too high, a filament will form, break apart, and

reform, producing multiple filaments that have complex phase profiles. If a

chirped pump pulse is used, the most stable WL spectrum will not coincide

with the filament being produced closest to the front face of the crystal nor will

it be as stable as the WL spectrum produced with a transform-limited pulse. The

steps below indicate how the optimal white light spectrum can be achieved.

1. Measure the pulse duration of the pump pulse and adjust the grating com-
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pressor until the pulse is transform-limited. If an autocorrelator measure-

ment is not practical, steps 3–4 can be repeated iteratively adjusting the

seperation of the gratings in the low-power compressor until optimal sta-

bility is achieved.

2. Position the WL crystal a focal length away from the lens and unblock the

pump beam.

3. If a filament is observed, scan the crystal position until it is closest to the

front face as possible. The panels below in Fig. 2.8 demonstrate the fila-

ment dynamics that should be obsvered [16]. If no filament is observed,

increase the NA or the pump power.

4. Once a filament is formed and WL is visible, a spectrometer can be used

to monitor the stability. Acquisition should be set to have on average 1

pulse per acqusition window. With this setting, no fluctuations should be

visible when the optimal WL performance has been achieved.

5. If the fluctuations in the power spectrum are minimized at a position

where the filament is not closest to the front face of the crystal, the pulse

duration should be optimized. Repeat steps 3–4 after slightly adjusting

the grating sepearation until optimal performance is achieved when the

filament is closest to the front face of the crystal.

6. If fluctuations persist, increase the pump power or the NA and repeat

steps 2–5. Care should be taken to avoid a multifilament regime which

can be idenified by distinct rings around the main WL beam in the far-

field profile [32].

Stable WLG can be achieved using the several-µJ, sub-picosecond pump

pulses available from our pump system. Moreover, these pulses are readily

24



Figure 2.8: Filament dynamics as the WL crystal is moved through the focus,
away from the focusing lens. At the closest distance to the focusing lens, where
WL is first generated, the filament forms near the back of the crystal. As the
crystal is moved away from the lens, the filament approaches the front of they
crystal, reaches the point of closest approach with the front face, and then begins
to recede toward the back face of the crystal. The point of closest approach
produces the most stable WLG.

available from pre-amplfier stages in commercial multi-stage, high-average-

power, picosecond-pulsed amplifier systems, creating a valuable source of sta-

ble, broadband NIR pulses that can be readily amplified in parametric ampli-

fiers driven by the high-average-power output of the pump system.

2.4 OPTICAL PARAMETRIC AMPLIFICATION

Optical parameteric amplification (OPA) has become an essential part of the

ultrafast optics laboratory, enabling the transfer of energy from fixed pump

frequencies to tunable, broadband frequency ranges. Below, I will present an

overview of OPA and the properties that make it ideal for amplification of fem-

tosecond pulses.
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2.4.1 Basic Principle

Parametric amplification is a three-wave mixing process that occurs in non-

centrosymmetric materials as a result of the induced nonlinear polarization. To

begin exploring OPA dynamics, consider the propagation of a plane wave Ē(z, t)

in a nonlinear medium. The field Ē(z, t) induces a polarization P̄(z, t) in the ma-

terial, which can be expressed as the sum of two terms: P̄(z, t) = P̄L(z, t)+P̄NL(z, t).

P̄L is the linear polarization that depends directly on Ē, and P̄NL is the nonlinear

polarization that depends on terms of Ē2 + O(Ē3). The dynamics are described

by the wave equation

∂2Ē(z, t)
∂z2 − µ0

∂2D̄(z, t)
∂t2 = µ0

∂2P̄NL(z, t)
∂t2 (2.2)

where µ0 is the magnetic permeability of free space and D̄(z, t) = ϵ0Ē(z, t)+ P̄L(z, t)

is the displacement field. A derivation of Eq. 2.2 from Maxwell’s eqations can

be found in Ref. [12].

Now, consider three monochromatic fields co-propagating in the z direction

with angular frequencies ωp, ωs, and ωi where ωp > ωs > ωi. These fields are

known as the pump, signal, and idler respectively. To satisfy energy conserva-

tion, the pump angular frequency must equal the sum of the signal and idler

angular frequencies, ωp = ωi + ωs, as shown in Fig. 2.9a. Furthermore, for

an efficient nonlinear process, momentum conservation must be satisfied such

that the pump wave vector equals the sum of the signal and idler wave vectors,

k̄p = k̄s + k̄i, as shown in Fig. 2.9b. The total field can be described by a complex

field amplitude

Ē(z, t) =
1
2

(
Ās(z)e j(ωst−ksz) + Āi(z)e j(ωit−kiz) + Āp(z)e j(ωpt−kpz) + c.c.

)
(2.3)

where the wave vectors k̄ are reduced to a single scalar value along the z di-
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(a) Parametric energy level diagram. The
pump angular frequency ωp must be equal
to the sum of the signal and idler angular
frequencies, ωs + ωi, to satisfy energy con-
servation.

(b) Collinear wave-vector diagram. For effi-
cient nonlinear conversion, mometum con-
servation must be satisfied such that the
pump wave vector equals the sum of the
signal and idler wave vectors, k̄p = k̄s + k̄i.

Figure 2.9: Energy level and wave-vector diagrams for three-wave mixing pro-
cesses.

rection. As the field propagates through the material, it induces a nonlinear

polarization

PNL
i = ϵ0χ

(2)
i jkE jEk + O(E3) (2.4)

where ϵ0 is the electric permittivity of free space, χ(2) is the second-order di-

electric tensor, the subscripts i, j, and k denote the three cartesian coordinates,

and Einstein summation notation is used. For a three-wave mixing process, the

terms of O(E3) can be dropped.

Substituting Eqs. 2.3 and 2.4 into Eq. 2.2, separating the terms according to

frequency, and making the slowly-varying envelope approximation yields the

following set of coupled wave equations describing the evolution of the fields:

dAi

dz
= − j

ωideff

nic0
A∗sApe− j∆kz (2.5a)

dAs

dz
= − j

ωsdeff

nsc0
A∗i Ape− j∆kz (2.5b)

dAp

dz
= − j

ωpdeff

npc0
AiAse j∆kz, (2.5c)

where n is the refractive index, c0 is the speed of light in vacuum, deff is the ef-

fective nonlinear coefficient, and ∆k = kp − ks − ki is the wave-vector mismatch.

Equations 2.5 describe a general three-wave mixing process—whether that pro-
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cess is difference frequency generation, optical parametric amplification, or an-

other process depends on the initial conditions.

For OPA, the initial pump intensity at ωp is much greater than the initial sig-

nal intensity at ωs, allowing the transfer of energy from the pump field to the

signal and idler fields. To simplify the analysis, we can assume that the pump

is undepleted throughout the interaction such that Ap(z) = Ap. This approxima-

tion does not hold for efficient OPAs where the majority of the pump energy

is transferred to the signal and idler fields, but the resulting solution can still

provide insight into the dynamics. The initial signal amplitude is assumed to

be As(0), and the initial idler amplitude is assumed to be zero, Ai(0) = 0. With

these initial conditions and the undepleted-pump approximation, Eqs. 2.5 can

be solved:

Is(L) = Is(0)
1 + [

Γ

g
sinh(gL)

]2 (2.6a)

Ii(L) = Is(0)
ωi

ωs

1 + [
Γ

g
sinh(gL)

]2 (2.6b)

with Γ2 =
2d2

effωsωi

c3
0ϵ0nsninp

Ip

where I j =
1
2n jϵ0c0|A j|

2 is the field intensity of the pump, signal, or idler ( j =

p, s, i) and g =
√
Γ2 − (∆k/2)2 is the small-signal gain.

Let us consider the behavior of these equations. The signal gain Is(z)/Is(0)

as a function of propagation distance, normalized by a characteristic length L,

is plotted in Fig. 2.10. The plot on the left shows the case of perfect phase

matching, ∆k = 0, for different values of small-signal gain. Note, when ∆k = 0,

g =
√
Γ2 − (∆k/2)2 → Γ which is proportional to

√
Ip. The blue curve shows the

evolution of the signal intensity for a small-signal gain of ΓL = 10. If this gain is

taken to be the value experienced by the signal at the peak of the pump inten-
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Figure 2.10: OPA signal gain as a function of normalized propgation distance.
(left) Signal gain with perfect phase matching for different values of small-signal
gain corresponding to the peak pump intensity (blue), the 1/e value of the pump
intensity (orange), and the 1/e2 value of the pump intensity (green). (right) Sig-
nal gain for a small-signal gain of ΓL = 10 for different values of wave-vector
mismatch.

sity, the orange and green curves represent the gain experienced by the signal

at the 1/e and 1/e2 points of the pump intensity. The plot on the right shows the

effect of wave-vector mismatch. The blue curve in this plot corresponds to the

blue curve in the left plot with ΓL = 10 and ∆k = 0. For increasing wave-vector

mismatch, the maximum signal gain decreases, and the period of oscillation in-

creases as the phase slip between the existing signal photons and the generated

signal photons becomes faster.

Using monochromatic fields and assuming an undepleted pump, the plots

in Fig. 2.10 demonstrate the upper limit of the signal gain. For light pulses, the

gain is limited by the initial energy in the pump and signal fields, the spatio-

temporal overlap of the beams, and parasitic processes. Moreover, the wave-

vector mismatch will not be zero for all frequencies involved, which becomes

especially limiting for ultrashort pulses consisting of many frequency compo-

nents. Nevertheless, these plots demonstrate two important properties of OPA:

29



1. The gain depends strongly on the spatio-temporal pump intensity profile.

For broadband pulses, the gain will have a spatio-temporal dependence.

2. The gain depends strongly on the wave-vector mismatch, which is fre-

quency dependent. This determines the phase-matching bandwidth of the

OPA.

Considering these properties, the amplification of broadband, femtosecond

pulses becomes troublesome. As the gain depends strongly on the pump in-

tensity and wave-vector mismatch, each part of the signal intensity profile and

each frequency component within the signal spectrum will experience differ-

ent gain dynamics resulting in nonuniform amplification—with some compo-

nents undergoing conversion and backconversion cycles, limiting the overall

efficiency. Fortunately, there are techniques to mitigate these effects improving

OPA performance for broadband pulses.

OPA efficiency and amplification bandwidth can be optimized through the

signal and pump temporal profiles and overlap. By stretching the broad-

band signal pulse to overlap well with the pump pulse, OPA efficiency can

be improved—this is known as optical parametric chirped pulse amplification

(OPCPA) and is routine for amplification of femtosecond pulses [31]. As the

signal pulse duration is stretched toward the longer pump pulse duration, the

efficiency increases as more energy can be extracted from the pump pulse. How-

ever, as the signal pulse duration approaches and surpasses the pump pulse

duration, the amplification bandwidth decreases as portions of the signal band-

width lie outside the effective gain region. References [110, 111] have explored

the tradeoff between OPA efficiency and amplification bandwidth for different

signal pulse chirps with Ref. [110] determining that a signal-to-pump pulse du-
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ration ratio of 0.57 optimizes the efficiency and amplification bandwidth nearly

simultaneously for Gaussian signal and pump pulses. Additionally, the sig-

nal and pump pulse shapes can be engineered to improve OPA performance,

known as conformal profile theory [89, 90].

To maximize the phase-matching bandwidth, let us consider the wave-

vector mismatch for collinear interaction, ∆k = kp − ks − ki where k j = 2πn(ω j)/c.

The phase-matching bandwidth is maximized when |∂∆k/∂ωs| is minimized. As-

suming a quasi-monochromatic pump field and invoking energy conservation,∣∣∣∣∣∂∆k
∂ωs

∣∣∣∣∣ = ∣∣∣∣∣− ∂ks

∂ωs
+
∂ki

∂ωi

∣∣∣∣∣ , (2.7)

where
(
∂k j/∂ω j

)−1
is the group velocity vg, j of the wave at angular frequency ω j.

Thus, the broadest phase-matching bandwidth is realized when the signal and

idler group velocities are equal. However, this requirement depends strongly

on the dispersion of the nonlinear crystal and is not always possible for the

frequencies involved.

Fortunately, by introducing a noncollinear angle, α, between the signal and

pump, group-velocity matching (GVM) can be achieved along the direction of

the signal wave vector. This technique is called noncollinear optical paramet-

ric amplification (NOPA) [18, 157]. For NOPA, the wave-vector mismatch is a

vector equation ∆k̄ = k̄p − k̄s − k̄i. A schematic of NOPA in a uniaxial birefrin-

gent crystal is shown in Fig. 2.11. The pump wave vector, k̄p, makes an angle θ

with the crystal axis c̄ and an angle α with the signal wave vector, k̄s. The idler

wave vector is generated at an angle Ωwith respect to the pump and an angle β

with respect to the signal to satisfy the phase-matching condition. Note, Ω and

β are frequency dependent as the varying magnitudes of k̄s and k̄i yield differ-

ent angles, resulting in an angularly dispersed idler. The wave-vector mismatch
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Figure 2.11: Wave-vector diagram for a noncollinear OPA. The signal and idler
wave vectors make angles α andΩ respectively with the pump wave vector. The
extraordinarily polarized pump wave vector makes an angle, θ, with the crystal
axis, c̄, known as the phase-matching angle. Introducing the noncollinear angle,
α, between the signal and pump wave vectors allows group velocity matching.

can be broken into components that are parallel and perpendicular to the signal

wave vector such that

∆k∥ = kp cos (α) − ks − ki cos (β) (2.8a)

∆k⊥ = kp sin (α) − ki sin (β). (2.8b)

Assuming perfect phase matching, ∆k∥ = 0 and ∆k⊥ = 0, and taking the deriva-

tive of Eqs. 2.8 with respect to the signal angular frequency, the relationship

between the signal and idler group velocities is determined to be

vg,s = vg,i cos (β). (2.9)

Thus, the projection of the idler group velocity along the signal direction can be

matched with the signal group velocity by using a noncollinear configuration,

expanding the phase-matching bandwidth. The full derivation of Eq. 2.9 is

included in Appendix A.1.

Enabling few-cycle pulses with terawatts of peak power, these techniques

are a cornerstone to our 10-fs multicolor source architecture. Through non-

collinear OPCPA, a broad, near-IR bandwidth of white light is amplified to the

µJ-level, providing a high-energy femtosecond pulse that can be readily shaped
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and converted to other regions of the electromagnetic spectrum. In the follow-

ing section, I will describe the OPCPA system that I designed, built, and opti-

mized in our NIR front end system.

2.4.2 OPCPA Details

In our NIR front end, a two-stage OPCPA system amplifies a portion of the WL

spectrum to >100 µJ. Details about the performance of the OPCPA system are

reviewed below.

Frequency Doubling of the Pump

The OPCPA stages are pumped by frequency-doubled light from the high-

power output of our pump system. 6.1-mJ of the 1030-nm pulse are used to

drive second harmonic generation (SHG) in a 2.5-mm BBO crystal. The crys-

tal length is chosen to optimize the SHG efficiency given the beam width and

pulse duration of the high-power, 1030-nm beam. The conversion efficiencies

of the second harmonic stage with a 2.5-mm crystal and a 4.3-mm crystal are

shown in Fig. 2.12. The SHG process reaches saturation at the highest powers

in the 2.5-mm crystal, where the efficiency approches its maximum value. In

the 4.3-mm crystal, conversion-back-conversion cycles are clearly visible. The

SH beam profiles shown in Fig. 2.13 demonstrate the distortions that occur if a

nonlinear stage is pushed beyond saturation. The percent of pump energy used

of the total available for the second harmonic stage is listed in each panel. To

record these beam images, the SH beam was imaged to a wide-area CCD camera

(DataRay-LCM) using a 25-cm lens placed 120.5 cm from the second harmonic
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(a) (b)

Figure 2.12: Efficiency and output power of the SHG stage with (a) a 2.5-mm
and (b) a 4.3-mm BBO crystal.

stage. This produced an image 31.5 cm after the lens with a magnification of

0.26. Notably, the beam profile using the 2.5-mm crystal remains constant as

the pump power is increased, unlike the beam profile using the 4.3-mm crystal

which develops a hole in the center of the beam.

The second harmonic power produced from the SHG stage is 25 W with 41%

conversion efficiency. The SHG power is split between the two OPCPA stages

with 3 W going to the preamplifier and 22 W going to the power amplifier. The

amount of power used for each stage is dictated by the amplifier noise charac-

teristics and saturation dynamics.

Preamplifier OPCPA

The preamplifier OPCPA stage is designed to maximize the amplified band-

width with a gain of >40 dB. The stage is seeded with approximately 1 nJ of the

white light that is spectrally filtered to 650–950 nm with a series of shortpass

and longpass filters. The WL beam is collimated to 2.3-mm 1/e2 beam diame-

ter using a 2-inch off-axis parabolic mirror. The 3-W pump beam is reduced to
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(a) SH beam profiles produced by imaging the beam at the
SHG stage using a 2.5-mm BBO crystal. No conversion-back-
conversion cycles are observed.

(b) SH beam profiles produced by imaging the beam at the
SHG stage using a 4.3-mm BBO crystal. Conversion-back-
conversion cycles are observed resulting in signficant beam
distoration.

Figure 2.13: Images of the SH beam at various pump powers from a 2.5-mm and
4.3-mm BBO crystal. The percent value represents the percent of the maximum
pump power available for the SHG stage. Significant beam distortion produced
by conversion-back-conversion cycles is visible with the 4.3-mm BBO crystal.

a 1.2-mm 1/e2 beam diameter to achieve a target peak pump intensity of 14.9

GW/cm2.

The noncollinear angle, α, and phase-matching angle, θ, are chosen to mini-

mize the wave-vector mismatch over as much WL bandwidth as possible given

the central wavelengths of the pump and signal and the Sellmeier equations

for the extraordinary and ordinary refractive indices of BBO [64]. The phase-

matching angle and noncollinear angle for the preamplifier OPCPA stage are
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chosen to be 24.29◦ and 2.4◦ respectively. The wave-vector mismatch, ∆k, is cal-

culated using Eqs. 2.8 and 2.9 where |∆k| =
√
∆k2
∥
+ ∆k2

⊥. Once |∆k| is known,

the small-signal gain, g =
√
Γ2 − (∆k/2)2, is calculated asssuming the target

peak pump intensity. See Eq. 2.6 for the definition of Γ. Finally, the super-

flourescent (SF) spectrum is calculated from the small-signal gain according to

IS F =
1
4 exp (2gz) [89]. The wave-vector mismatch, |∆k|, is shown in Fig. 2.14a,

and the resulting super-flourescent spectrum using a peak pump intensity of

14.9 GW/cm2 is shown in Fig. 2.14b.

(a) Absolute value of the wave-vector mis-
match of the preamplifier OPCPA stage.
The phase-matching angle, θ, is 24.4◦, and
the noncollinear angle, α, is 2.47◦.

(b) The calculated (blue) and measured
(orange) superflourescent spectrum from
the preamplifier OPCPA stage with 3.0 W
of pump power corresponding to a peak
pump intensity of 14.9 GW/cm2.

Figure 2.14: Wave-vector mismatch and superflourescent spectrum of the
preamplifier OPCPA stage.

The amplified signal spectrum is shown in Fig. 2.15 with 2.5 W and 3.0

W of pump power corresponding to 5.8 µJ and 9.6 µJ of output signal energy

respectively. Ultimately, the final operating pump power and output signal en-

ergy are determined by the saturation and noise characteristics of the amplified

light. To determine the saturation dynamics, the signal beam was imaged after

the OPCPA crystal. The beam images are shown in Fig. 2.16. At the lowest
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Figure 2.15: The output spectrum of the preamplifier OPCPA stage with a pump
power of 2.5 W (blue) and 3.0 W (orange).

Figure 2.16: Beam images of the amplified signal beam profile at the BBO crystal
of the preamplifier OPCPA stage. As the pump power is increased, a hole devel-
ops in the center of the beam profile indicating saturation and backconversion.

pump power, the signal is singly peaked. As the pump power is increased, the

peak becomes flatter until a hole forms at 2.75 W. At even-greater pump pow-

ers, the hole continues to grow. Short-term noise measurements of the average

power were conducted as a function of pump power, shown in Table 2.2. From

these measurements, a pump power of 3.25 W is optimal with 1.27% noise in

the signal average power—however, the stage is operated at 2.5 W to preserve

the beam and pulse quality without oversaturating the high-gain preamplifier.
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Pump Power (W) Signal Noise (%)

2.5 3.14
3.0 1.38

3.25 1.27
3.5 1.93

Table 2.2: Average power noise measurements of the amplified signal from the
preamplifier OPCPA stage. The percent noise is the standard deviation divided
by the mean value.

Power Amplifier OPCPA

After the preamplifier stage, the signal beam is further amplified in the power

amplifier OPCPA, which is designed for approximately 10-dB gain. The pump

power and beam size are determined by the saturation and noise dynamics of

the amplifier. The phase-matching angle and noncollinear angle are similar to

the values in the preamplifier stage with slight variations to accomodate specific

experimental needs.

The amplified signal spectrum is shown in Fig. 2.17. This spectrum cor-

Figure 2.17: The output spectrum of the power amplifier OPCPA stage with a
pump power of 19.2 W.

responds to a pump power of 19.2 W. The amplified signal beam images are

shown in Fig. 2.18, confirming that there is no distortion to the amplified beam
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image due to oversaturation. The corresponding noise in the average power

Figure 2.18: Beam images of the amplified signal beam profile at the BBO crystal
of the power amplifier OPCPA stage. There is a slight flattenig of the signal
beam profile as the pump power is increased. However, the beam profile is not
distorted by oversaturation of the amplifier stage.

of the amplified signal is shown in Table 2.3. The pump power is set to 18.24

W to minimize the noise of the amplified signal producing 130 µJ of NIR pulse

energy.

Pump Power (W) Signal Noise (%)

17.17 2.11
17.83 1.74
18.08 1.37
18.24 1.32
18.4 1.47

18.56 1.77
19.2 2.52

Table 2.3: Average power noise measurements of the amplified signal from the
power OPCPA stage. The percent noise is the standard deviation divided by the
mean value.

Through the marriage of high-average-power, picosecond Yb:YAG Innoslab

amplifier technology, WLG, and noncollinear OPCPA, our NIR front end pro-
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vides >100-µJ pulses with a bandwidth spanning 670–950 nm with an average-

power noise of 1.32%. The NIR pulse from the front end system is used in every

application in our laboratory ranging from terahertz pulsed-light generation for

probing phonon dynamics, seeding adiabatic four-wave mixing, and generat-

ing femtosecond MIR pulses through dispersion-managed adiabtic difference

frequency generation. To facilitate these applications, the NIR pulse is split into

several beam paths. Two paths are directed into 4f acousto-optic pulse shapers

that enable amplitude and phase control of the NIR pulses—creating a power-

ful tool for ultrafast nonlinear spectroscopy when combined with adiabatic sum

and difference frequency generation.
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CHAPTER 3

PULSE SHAPING

Pulse shaping is a powerful technique that allows control of the amplitude and

phase of an electric field by applying a linear, time-invariant filter. Through-

out the past few decades, pulse shaping techniques with 4f configurations us-

ing liquid crystal modulators, deformable mirrors, or acousto-optic modulators

and acousto-optic programmable dispersive filters have matured in the visible

and NIR regions of the electromagnetic spectrum [33, 39, 40, 54]. Recently, these

techniques have begun to expand to the mid-infrared region, as demand for con-

trollable MIR pulses increases [120–122]. Due to their extensive development in

the visible and NIR and the unique properties of the proceeding adiabatic fre-

quency conversation stages that I will discuss in Sec. 4.2, the NIR pulse shapers

in our system allow versatile and precise control of a toolbox of femtosecond

pulses in different spectral regions for our spectroscopic applications. In the fol-

lowing paragraphs, I will summarize the basic operating principles of 4f pulse

shapers and review considerations for shaping ultrashort pulses. These consid-

erations include the fixed dispersion imparted by the carrier acoustic wave and

varying optical beam paths within a 4f acousto-optic pulse shaper, the angular

dispersion resulting from nonuniform diffraction from a chirped acoustic wave,

and the degree of spatial chirp and chromatic astigmatism inherent to reflective

4f pulse shaping geometries used for few-cycle pulses. I analyzed these charac-

teristics for the pulse shapers in our lab, leading to a new understanding of the

tradeoff between ultrafast 4f pulse shaping designs [52]. For a complete review

of pulse shaping principles, there are a number of review articles and books

published on the topic [88, 99, 147–149].
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Figure 3.1: 4f pulse shaper schematic. An amplitude and phase mask, H(ω), is
positioned at the Fourier plane of a 4f telescope created by two lenses (L1 and
L2). The telescope is positioned between two gratings (G1 and G2) such that the
frequency components of an incident electric field Ẽin(ω) are spatially separated
at the Fourier plane. The mask is applied to the incident field in the frequency
domain such that Ẽout(ω) = H(ω)Ẽin(ω).

A basic pulse shaping apparatus with a pulse shaping mask at the Fourier

plane of a 4f configuration is shown in Fig. 3.1. The first half of the pulse shaper

is comprised of a grating positioned at the front focal plane of a lens or curved

mirror. The grating angularly disperses the spectral components of the beam

while the focusing optic transfers these angular components to spatial coordi-

nates and focuses them to diffraction-limited spots at its Fourier plane. The

second half of the shaper is the reverse of the first half with the focusing optic

collimating each spectral component and transferring the spatial coordinates to

angular components which are then recombined by the second grating. If no

mask is placed at the Fourier plane, this setup is dispersion free, and the in-

put pulse remains unaffected, neglecting aberrations from the focusing optics

and the frequency response of the gratings. With a mask at the Fourier plane,

the amplitude and/or phase of the input field can be controlled depending on

the type of mask used. As discussed below, the use of 10-fs pulses with this

technology poses new challenges.
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3.1 BASIC PRINCIPLE

Mathematically, the shaper operation can be described as a linear filter where

the output electric field is the product of a transfer function and the input elec-

tric field in the frequency domain such that

Ẽout(ω) = H(ω)Ẽin(ω), (3.1)

where the tilde above the electric field indicates frequency domain. The precise

nature of the transfer function H(ω) depends on the configuration of the shaper

and is calculated in detail in other works [33, 88, 146, 149].

Here, I will review of the basic theory and operation of a 4f pulse shaper

using an AOM [19]. The acousto-optic (AO) interaction results from the elasto-

optic effect—in which a pressure wave traveling through a material creates a

strain tensor ¯̄S that changes the material properties [12, 19, 143]. Pockel’s phe-

nomelogical theory states that the change in the impermeability of the material

∆ ¯̄η is proportional to ¯̄S such that

∆ηi j = pi jklS kl, (3.2)

where pi jkl is the electro-optic tensor. Thus, the change in the relative electric

susceptibility ∆ ¯̄ϵ is related to the strain tensor through its inverse relationship

with the impermeability such that

∆ϵi j = χi jklS kl, (3.3)

where χi jkl = n2
i n2

j pi jkl is the elasto-optic susceptiblity tensor, and the displace-

ment field in the material can be written as

D̄ = ϵ0
( ¯̄ϵ + ∆ ¯̄ϵ

)
Ē

= ϵ0 ¯̄ϵĒ + P̄, (3.4)
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where P̄ is the acoustically induced polarization.1 Substituting D̄ into the wave

equation yields

∇ × ∇ × Ē + µ0
∂2

∂t2

[
ϵ0 ¯̄ϵĒ

]
= −µ0

∂2

∂t2 P̄, (3.5)

which is analogous to the wave equation for three-wave mixing where P̄ would

be the optically induced nonlinear polarization.

Thus, the AO interaction can be framed as a parametric process in which

an incident electric field mixes with an acoustic wave to generate polarization

waves—which, in turn, generate electric fields corresponding to the different

diffraction orders. As with other parametric processes, the interaction must sat-

isfy energy and momentum conservation. The incident electric field of angular

freuqency ωi and wave vector k̄i interacts with the acoustic wave of angular fre-

quency ωac and wave vector k̄ac producing diffracted electric fields of angular

frequencies ωd = ωi+mωac and wave vectors k̄d = k̄i+mk̄ac where m is the diffrac-

tion order. For Bragg diffraction, only the first-order diffracted electric field is

significant, and the total electric field can be written as

Ē(r, t) =
1
2

(
Āi(z)e j(ωit−k̄i·r̄) + Ād(z)e j(ωdt−k̄d ·r̄) + c.c.

)
(3.6)

where m = 1 and Āi(z) and Ād(z) are the slowly-varying amplitudes of the inci-

dent and diffracted fields respectively. The polarization can be written in terms

of the strain induced by the acoustic wave via Eq. 3.3 such that

P̄(r, t) = ϵ0 ¯̄χS̄ (r, t)Ē(r, t). (3.7)

The strain from the acoustic wave can be written as

S̄ (r, t) =
1
2

(
ŝS e j(ωact−k̄ac·r̄) + c.c.

)
, (3.8)

1This analysis assumes ¯̄ϵ = ¯̄ϵ(1) ignoring the higher-order nonlinear dielectric tensors. Con-
sider D̄ = ϵ0 ¯̄ϵĒ expanded to D̄ = ϵ0

(
¯̄ϵ(1)Ē + ¯̄ϵ(2)ĒĒ + O(Ē3)

)
. The acoustic wave would per-

turb all orders of the dielectric tensor such that the total polarization would be P̄ = ∆ ¯̄ϵ(1)Ē +
¯̄ϵ(2)ĒĒ + ∆ ¯̄ϵ(2)ĒĒ + O(Ē3). This may be a way to achieve tunable modulation of the nonlinear
susceptibilty—an interesting avenue for future research.
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where ŝ is the unit stress tensor and S is the amplitude of the acoustic wave.

Substituting Eqs. 3.6, 3.7, and 3.8 into Eq. 3.5 and using the slowly-varying

envelope approximation yield the coupled wave equations for Bragg diffraction

dAi

dz
= − j

χω2
i

4ki,zc2
0

S ∗Ade− j(∆kz) (3.9a)

dAd

dz
= − j

χω2
d

4kd,zc2
0

S Aie j(∆kz), (3.9b)

where ∆k = |k̄d − k̄d − k̄ac| is the magnitude of the wave-vector mismatch. The

coefficients on the right-hand side of Eqs. 3.9 can be simplified after noting that

ωac ≪ ωi and kac ≪ ki such that ωi ⋍ ωd = ω and ki,z ⋍ kd,z = kz. Thus, a coefficient

κ = χω2

4kzc2
0
S ∗ can be defined giving

dAi

dz
= − jκAde− j(∆kz) (3.10a)

dAd

dz
= − jκ∗Aie j(∆kz). (3.10b)

Figure 3.2: Wave-vector diagrams for positive, first-order diffraction. (left) The
electric field is incident at the Bragg angle θB resulting in ∆k = 0 and a diffraction
angle of θB. (right) The electric field is incident at an arbitrary angle resulting in
a nonzero wave-vector mismatch.

If the optical wave is incident at the Bragg angle as shown in Fig. 3.2, the
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wave-vector mismatch is zero, and Eqs. 3.10 can be easily solved giving

Ai(z) = Ai(0) cos (|κ|z) (3.11a)

Ad(z) =
jκ∗

|κ|
Ai(0) sin (|κ|z). (3.11b)

Note, because Ad(z) is proportional to κ∗, the amplitude of the diffracted wave

is proportional to that of the acoustic wave. Moreover, the phase of the acoustic

wave is imparted to the diffracted wave. These properties allow direct control

of the amplitude and phase of the diffracted wave through the amplitude and

phase of the acoustic wave.

3.2 PRACTICAL CONSIDERATIONS

Here, I will review aspects of using a 4f AOM pulse shaper including how to

map the acoustic wave to the optical wave, imparting the desired phase func-

tion, and practical limitations of the setup. These topics are discussed in Refs.

[59, 60, 88, 95, 148, 149]. I summarize important details in these works and ex-

pand the calculations to develop analytic expressions for the phase imparted by

the user-defined waveform and by the carrier acoustic frequency using the em-

pirical calibration coefficients. Additionally, I calculate the dispersion resulting

from the detuned 4f geometry of the pulse shapers by modeling the frequency-

dependent optical beam paths using a commercial raytracing software (FRED

Optical Engineering Software, Photon Engineering, LLC). Figure 3.3 shows a

schemetic of a 4f AOM pulse shaper using the positive, first-order diffraction

from the AOM.
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Figure 3.3: 4f pulse shaper using an acousto-optic modulator. The shaper is
aligned such that the frequency centered on the AOM aperture is incident at the
Bragg angle, θB. Each frequency is diffracted at an angle θd(ω) dependent on the
applied phase mask.

3.2.1 Mapping Optical Frequencies onto the AOM

First, let us review how the angular frequencies of the optical field are mapped

to those of the acoustic wave. The incident optical field, shown by the black

arrow on the left side of Fig. 3.3, makes an angle α with the normal vector of

the grating, and each angular frequency ω is diffracted at an angle β according

to the diffraction equation

sin (β) + sin (α) =
2πc0m
ωd

, (3.12)

where c0 is the speed of light in vacuum, m is the diffraction order, and d is

the groove spacing of the grating. The lens or curved mirror positioned a focal

length f away, maps the spread of angles ∆β(ω) = β(ω)−β(ωo) to transverse posi-

tions along the aperture of the AOM positioned at the Fourier plane. The AOM

is slightly tilted such that the optical frequency centered on the AOM aperture

satisfies the Bragg condition, λi,0 = 2λac,0 sin (θB), with the carrier frequency of

the acoustic wave. Thus, an optical frequency is mapped to a position along the

AOM according to

x(ω) = L/2 − f tan (∆β(ω)) cos (θB), (3.13)
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where L is the length of the AOM aperture. Finally, the position, x, along the

AOM must be mapped to the relative acoustic time, tac—this is the time relative

to the acoustic waveform (i.e. the front of the waveform is generated by the

transducer at tac = 0). This is done using the acoustic velocity, 3ac, such that

x = 3actac. (3.14)

By combining Eqs. 3.13 and 3.14, the optical angular frequency can be mapped

to the relative acoustic time.

Empirically, the optical frequencies are mapped to the relative acoustic time

using a polynomial function [59,60]. The coefficients are determined by measur-

ing the optical spectrum of the diffracted wave using two specific amplitude-

modulated acoustic waveforms. The first is a multi-peaked waveform with

constant spacing in relative acoustic time, and the second is a single-peaked

waveform that determines the relative offset. By measuring the two diffracted

spectra, the optical frequencies can be mapped to the relative acoustic time such

that

ω(tac) = p0 + p1tac + p2t2
ac + O(t3

ac). (3.15)

Typically, this polynomial is truncated after the second-order term, which can

then be solved for tac(ω) giving

tac(ω) =
−p1 ±

[
p2

1 − 4p2(p0 − ω)
]1/2

2p2
, (3.16)

where the choice of sign is determined by whether the highest or lowest optical

frequency is closest to the transducer.
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3.2.2 Acoustic Waveform Mask

Following the derivations in Refs. [59, 60, 95], the acoustic waveform mask can

be mathematically described as

M(tac) = A(tac) sin
(
ωac,0tac + Ψ(tac)

)
, (3.17)

whereA(tac) is a variable amplitude modulation, Ψ(tac) is a variable phase mod-

ulation, and ωac,0 is the carrier angular frequency of the acoustic wave. This is

similar to the strain function Eq. 3.8 in the derivation of the coupled amplitude

equations for AO interaction—however, Eq. 3.8 is monochromatic whereas Eq.

3.17 is a chirped acoustic waveform. As discussed in Sec. 3.1, the phase of the

acoustic waveform directly controls the phase Φ imparted to the diffracted op-

tical wave such that

Φ(ω) = m
[
ωac,0tac(ω) + ψ (tac(ω))

]
(3.18a)

= m
[
ψ0 + ψ (tac(ω))

]
(3.18b)

= mΨ (tac(ω)) , (3.18c)

where m is the diffraction order of the AOM2 and tac depends explicitly on ω

through Eq. 3.16. In Eq. 3.18c, the acoustic phase terms are collected into a

total acoustic phase term, Ψ(tac) = ψ0 + ψ(tac). Equations 3.18 show that the

acoustic phase modulation makes two contributions to the optical phase: mψ0, a

constant phase corresponding to sinusoidal modulation with a single frequency

component at the carrier frequency of the acoustic wave, and mψ(tac), a user-

defined variable phase.

Expanding on the derivations in Refs. [59, 60, 95], I will calculate the appro-

priate waveform to impart mψ(tac). A function, ωac(ω), that imparts the desired
2This can be +1 or −1 for Bragg diffraction depending on the specific design of the 4f AOM

pulse shaper.
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optical phase must be determined. Let us consider an acoustic waveform that

varies in frequency along the AOM as ωac(tac) = ωac,0 + ∆ωac(tac). The phase of

this waveform is determined by

Ψ(tac) =
∫ tac

0

(
ωac,0 + ∆ωac(τ)

)
dτ, (3.19)

where τ is the inegration variable for the relative acoustic time. The first term in

this integral is the phase from the carrier acoustic frequency, ψ0 = ωac,0tac. The

remaining term is the variable phase ψ(tac) =
∫ tac

0
∆ωac(τ)dτ. After performing

a change of variables, τ → ω′, where ω′ is the integration variable for optical

angular frequency, the variable phase term becomes

ψ(ω) =
∫ ω(tac)

ω(0)
∆ωac(ω′)

dτ
dω′

dω′. (3.20)

Using the first fundmantal theorem of calculus, Eq. 3.20 can be rearranged as

∆ωac(ω) =
dψ(ω)/dω

dtac/dω
. (3.21)

There are two things to note about Eq. 3.21. First, ∆ωac(ω) is related to the

user-defined optical phase, ϕ(ω) = mψ(tac(ω)), by a factor of the diffraction order,

m, such that

∆ωac(ω) =
dϕ(ω)/dω
mdtac/dω

. (3.22)

Second, Eq. 3.21 can be easily related to the higher-order dispersion of the

acoustic waveform by taking consecutive derivatives with respect to ω,

dn

dωnψ(ω) =
dn−1

dωn−1

(
∆ωac(ω)

dtac

dω

)
. (3.23)

3.2.3 Dispersion Contributions

In addition to the user-defined phase, the 4f AOM pulse shaper imparts dis-

persion from the constant phase sinousoid produced by the carrier acoustic
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frequency and from the frequency-dependent optical beam paths (OBP). The

source of the phase from the carrier acoustic frequency is the variation of optical

frequency across the AOM aperture. Because tac(ω) is a nonlinear function of ω,

the phase is nontrivial and imparts higher-order dispersion [59, 60]. Following

Refs. [59, 60], the amount of dispersion can be calculated by taking derivatives

of ϕ0(ω) = mψ0(tac) with respect to ω such that

dn

dωnϕ0 = m
dn

dωnψ0(tac) = mωac,0
dn

dωn tac(ω). (3.24)

Expanding on this work, the derivatives of tac can be evaluated in terms of the

calibration coefficients of the pulse shaper using Eq. 3.16,

dn

dωn tac(ω) =
(−1)n

√
π

(
2n − 3

2

)
! (4p2)n−1

(
p2

1 − 4p2 (p0 − ω)
)(2n−1)/2

, (3.25)

giving an analytic equation to determine the dispersion imparted by the carrier

acoustic frequency,

dn

dωnϕ0(ω) = mωac,0
(−1)n

√
π

(
2n − 3

2

)
! (4p2)n−1

(
p2

1 − 4p2 (p0 − ω)
)(2n−1)/2

. (3.26)

To calculate the expected amount of dispersion from the carrier acoustic fre-

quency, some typical values for the calibration coefficients of the pulse shapers

in our lab are shown in Table 3.1. Using these calibration coefficients with m = 1,

ωac,0 = 2π (200 MHz), and ω = 2πc0/
(
0.767 µm

)
, Eq. 3.26 can be evaluated. The

resulting terms are shown in Table 3.2.

Coefficient Value

p0 2.7357 PHz
p1 -94285.5 PHz/s
p2 2.58974E-6 PHz/s2

Table 3.1: Typical calibration coefficients for our pulse shapers with 0.767-µm
wavelength aligned to the middle of the AOM aperture using gratings with
830-lines/mm groove density.
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Due to the tilt of the AOM in the Fourier plane of the 4f configuration and

the material dispersion of the AOM, the length of the OBP as a function of op-

tical frequency varies through the 4f AOM pulse shaper, constituting a disper-

sion. This can be seen in Fig. 3.3 as the OBP for the frequency at the top of the

AOM is clearly longer than that at the bottom of the AOM. This dispersion de-

pends on specific physical parameters of the pulse shaper including the grating

groove density and incident angle, focal length of the focusing element (in our

case, cylindrical mirrors), and the wavelength aligned to the center of the AOM

aperture. Due to this intricate dependence, I used modeling to determine the

variation in the OBPs for each frequency. Below, I will review the method used

to determine the dispersion from the detuned 4f geometry of the AOM pulse

shaper.

The 4f AOM shaper configuration using 20-cm focal length cylindrical mir-

rors and 830-lines/mm gratings is modelled with a commercial ray-tracing soft-

ware (FRED Optical Engineering Software, Photon Engineering, LLC). The inci-

dent ray passes over the top of the first cylindrical mirror and is incident on the

first grating oriented in Littrow configuration for 0.767 µm with a slight vertical

tilt to direct the beam toward the first cylindrical mirror. After the cylindrical

mirror the rays are directed toward the AOM with flat turning mirrors. The de-

Dispersion Order n Value (fsn)

GD 1 -16235.3
GDD 2 14036.1
TOD 3 -36404.3
FOD 4 157365
5OD 5 -952341

Table 3.2: Typical dispersion values imparted by the carrier acoustic frequency
evaluated at 0.767 µm.
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sign is mirrored across the plane of symmetry created by the AOM. To satisfy

the Bragg condition, the turning mirror must be rotated by a small amount, such

that the configuration is no longer dispersion free.

To determine the dispersion from the detuned 4f configuration, the length of

the OBP for each optical frequency, denoted as ℓ(ω), is recorded in the first half

of the 4f AOM pulse shaper, from the first diffraction grating to the plane-of-

symmetry in the middle of the AOM. From ℓ(ω), the phase is calculated using

ω/c0ℓ(ω). Then, the dispersion is calculated by taking consecutive numerical

derivatives of the phase with respect to ω. Finally, the dispersion values are

doubled to account for propagation in the second half. These values are plotted

in Fig. 3.4. The values evaluated at λ = 0.767 µm are shown in Table 3.3. Note,

doubling the dispersion is not exact because the propagation is not symmetric,

unless Bragg operation is used as discussed in Sec. 3.3.1, due to the frequency-

dependent diffraction angles from the AOM. In the FRED model, the diffraction

grating is oriented such that the highest optical frequency is farthest from the

transducer, as required by the control software for the pulse shaper.

Dispersion Order n +1 order (fsn) -1 order (fsn)

GDD 2 7162.2 4144.8
TOD 3 -210.3 6175.6
FOD 4 -2306.8 -19191.3
5OD 5 69500.5 123594.9

Table 3.3: Dispersion due to the frequency-dependent optical beam paths eval-
uated at λ = 0.767 µm.

The total dispersion contributions from the 4f AOM pulse shaper configura-

tion are tabulated in Table 3.4.
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(a) (b)

Figure 3.4: Dispersion imparted by the 4f shaper due to the frequency-
dependent optical beam paths for (a) the positive-order diffraction and (b) the
negative-order diffraction. This calculation accounts for the detuned 4f config-
uration and for the material disperion of the AOM crystal.
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m Dispersion
Order

n Carrier
Acoustic
Wave (fsn)

Frequency-
Dependent
OBP (fsn)

Total (fsn)

+1

GDD 2 14036.1 7162.2 21198.3
TOD 3 -36404.3 -210.3 -36614.6
FOD 4 157365 -2306.8 155058
5OD 5 -952341 69500.5 -882841

-1

GDD 2 -14036.1 4144.8 -9891.3
TOD 3 36404.3 6175.6 42579.9
FOD 4 -157365 -19191.3 -176556
5OD 5 952341 123594.9 1.07594E6

Table 3.4: The total dispersion imparted by the 4f pulse shaper evaluated at
λ = 0.767 µm including the contribution from the carrier acoustic wave and
from the frequency-dependent optical beam paths. The calculations are shown
for the positive (m = 1) and negative (m = −1) AOM diffraction orders.

3.3 CORRECTING ABERRATIONS IN 4F PULSE SHAPING

The optical aberrations imparted by a 4f pulse shaper—especially when using a

significant fraction of an octave of bandwidth—can be severe and highly depen-

dent on 4f geometry, causing residual angular dispersion, frequency-dependent

or chromatic astigmatism, and spatial chirp that can greatly impede applica-

tions. In the following section, I discuss the angular dispersion imparted by a

4f AOM pulse shaper as well as techniques to mitigate it [60, 95]. I also discuss

aberrations from reflective designs of the 4f configuration, which are employed

with broadband pulses to avoid chromatic aberration from lenses. In Ref. [52],

we investigated these aberrations which depend on the specific orientation of

the gratings and the reflective optics used, finding a tradeoff between spatial

chirp and chromatic astigmatism imparted to the beam for designs using cylin-

drical mirrors and 1-D off-axis parabolic mirrors.
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3.3.1 Angular Dispersion and Bragg Operation

For efficient diffraction from an AOM, the incident electric field must satisfy

momentum conservation as shown in the left panel of Fig. 3.2. When momen-

tum conservation is fulfilled, the incident angle is equal to the diffraction angle,

and the diffraction equation for light from an acoustic wave of wavelength λac

becomes

2 sin (θB) =
mλ
λac

, (3.27)

where θB is the Bragg angle [12]. In practice, the pulse shaper is aligned such

that this condition is satisfied by the wavelength centered on the AOM aperture,

λ0, with the acoustic carrier wavelength, λac,0. Thus, the incident angle is θi =

θB
(
λ0, λac,0

)
= sin−1

(
mλ0

2λac,0

)
. All other wavelegnths have the same incident angle

but do not satisfy momentum conservation with the carrier acoustic wave nor

are guarenteed to satisfy mometum conservation with the acoustic frequency

required to impart the desired phase profile. The diffraction from an acoustic

waveform consisting of only the carrier acoustic frequency is shown in Fig. 3.5a,

where θd(λ) = sin−1
[

mλ
λac,0
− sin

(
θB(λ0, λac,0)

)]
.

However, an acoustic waveform can be devised such that momentum con-

servation is satisfied for every optical frequency [60, 95]3, as shown in Fig. 3.5b.

This is called the Bragg acoustic waveform. In the following section, I repro-

duce the derivations in Refs. [60, 95] while accounting for the refraction at the

interfaces of the AOM crystal, resulting in a correction to the final equation for

the Bragg acoustic waveform. Consider the diffraction of the incident electric

field from the AOM. First, all frequencies are incident on the AOM interface at

3These references calculate the acoustic waveform, ωac(ω), required for Bragg operation but
include extra refractive index terms as a result of neglecting refraction at the interfaces of the
AOM.
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(a) (b)

Figure 3.5: Depiction of the diffracted wave vectors from (a) an acoustic wave-
form composed of only the carrier acoustic frequency and (b) the Bragg acoustic
waveform.

the same angle, θ1, and refract according to Snell’s Law,

sin (θ1) = n′ sin (θ′1), (3.28)

where n′ is the refractive index of the AOM material and θ′1 is the refraction

angle. Then, the beams are diffracted according to the diffraction equation

sin (θ′1) + sin (θ′2) =
mλ
λacn′

. (3.29)

After which, they refract again as they exit the AOM,

n′ sin (θ′2) = sin (θ2). (3.30)

Combining Eqs. 3.28, 3.29, and 3.30 and enforcing that all optical frequencies

satisfy the Bragg condition, θ′1 = θ
′
2, yields

sin (θ2) =
mλ
2λac

. (3.31)

From Eq. 3.31, the requirement for Bragg operation is clear: λ must be directly

proportional to λac such that λ/λac is constant. This constant is λ0/λac,0 as the

wavelength centered on the AOM is aligned to meet the Bragg condition with
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the carrier acoustic frequency. Thus,

λac =
λ0

λac,0
λ (3.32)

is the condition that must be satisfied for all wavelengths to exit the AOM with-

out angular dispersion.

The phase mask that satisfies Eq. 3.32 can be calculated by solving the inte-

gral in Eq. 3.20 after casting Eq. 3.32 in terms of angular frequencies and solving

for a change about the carrier acoustic frequency,

ωac =
ωac,0

ω0
ω (3.33a)

ωac,0 + ∆ωac =
ωac,0

ω0
ω (3.33b)

∆ωac = ωac,0

(
ω

ω0
− 1

)
. (3.33c)

The resulting orders of dispersion for m = 1 are shown in Table 3.5.

Dispersion Order n Value (fsn)

GD 1 0
GDD 2 -6610.8
TOD 3 11430.6
FOD 4 -44470.2
5OD 5 256309.0

Table 3.5: Dispersion values for the acoustic phase mask required for Bragg
operation evaluated at 0.767 µm with m = 1 diffraction from the AOM.

Diffraction using various phase masks is shown in Fig. 3.6. The Bragg mask

results in uniform diffraction from the AOM at the Bragg angle of the cen-

tered wavelength while other masks impart an angular dipsersion at the Fourier

plane, leading to spatial chirp and residual angular dispersion at the output of

the pulse shaper. In order to have efficient, near-uniform diffraction for all opti-
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cal frequencies from the AOM, the pulse shaper should be operated close to the

Bragg mask.

Figure 3.6: Diffraction angles as a function of wavelength for various phase
masks.

3.3.2 Aberrations in Reflective 4f Designs

Here, I compare the aberrations imparted onto a half-octave, NIR pulse by two

reflective 4f geometries (Fig. 3.7) that are widely used in Fourier-plane pulse

shaping: a cylindrical-mirror design and a parabolic-mirror design (both sup-

plied by PhaseTech Spectroscopy, Inc.). We have published this work in Ref.

[52]. The parabolic-mirror design has been found to greatly simplify alignment,

especially of infrared beams [46], and has been particularly beneficial for 2D IR

and 2D visible spectroscopy [55, 130] and 2D microscopy [100]. The cylindrical-

mirror design avoids parabolic optics but has the additional complexity of a
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vertical displacement and closely overlapping beam paths. We calculated the

amount of spatial chirp and chromatic astigmatism on the output of each design

using measured data and compared the results to calculations from a commer-

cially available ray-tracing software (FRED, Photon Engineering, LLC), finding

strong agreement. Understanding the tradeoffs of these designs, summarized

below, is essential for applications utilizing ultrabroad femtosecond pulses.

(a) Cylindrical-mirror design.

(b) 1-D off-axis parabolic-mirror design.

Figure 3.7: Schematics of (a) the cylindrical-mirror design and (b) the 1-D off-
axis parabolic-mirror design [52].

To determine the chromatic aberrations, such as spatial chirp and chromatic

astigmatism, we measured beam properties of white light continuum spanning

650–950 nm with a CCD camera at various positions relative to the shaper out-
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(a) White light beam at the input of the pulse
shapers.

(b) Cylindrical-mirror design output.

(c) 1-D off-axis parabolic-mirror design output.

Figure 3.8: Beam profiles and centroids measured and simulated at the input
and outputs of the pulse shapers for different frequencies [52]. (Left column)
Spatial chirp measured with a CCD camera and several 40-nm bandpass filters,
with center wavelengths indicated in the legend in (a). (Right column) Ray
tracing simulations showing the beam centers as functions of frequency.
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put for 4 spectral regions selected using 40-nm bandpass filters centered at 750

nm, 800 nm, 850 nm, and 900 nm. Fig. 3.8 illustrates a dramatic difference

in beam quality at the output planes of a cylindrical-mirror design (Fig. 3.8b)

and a 1-D off-axis parabolic-mirror design (Fig. 3.8c). These are compared

to the beam at the input plane (Fig. 3.8a). Both design outputs exhibit signs

of spatial chirp (as seen by the transverse spread of beam centroids) and of a

frequency-dependent beam shape (as seen by the spread of iso-intensity beam

ellipses). The horizontal spatial chirp (spread in X-axis) is stronger for the cylin-

drical shaper than for the parabolic shaper, while the beam shape variation and

distortion are dramatically worse for the parabolic shaper, indicating stronger

chromatic astigmatism. To corroborate these measurements, we evaluated each

design with ray tracing, covering a half-octave of bandwidth.

We found chromatic astigmatism to be inherent to the parabolic-mirror de-

sign. To determine the degree of this effect, we incrementally measured the 1/e2

beam radius as a function of camera position for each spectral region. The data

was fit with the equation for Gaussian beam propagation parameterized by the

far-field divergence and focal plane position relative to the design output. For

comparison, the far-field divergence was calculated from the ray-tracing anal-

ysis using the output direction of rays placed at the 1/e2 values of the input

beam. The focal plane position was calculated by finding the intersection of

rays corresponding to opposite sides of the input beam. Fig. 3.9 shows the

horizontal and vertical far-field divergences, ΘX and ΘY respectively, as a func-

tion of wavelength determined from experimental measurements (markers with

error bars) and from ray tracing (lines). There are several observations of signif-

icance. First, the vertical divergence is predicted to be unchanged by either of

the 4f systems. This is expected because both designs utilize 1-D curved mirrors.
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Figure 3.9: The horizontal (left) and vertical (middle) far-field divergences, ΘX

and ΘY respectively, and the horizontal focal position of the parabolic shaper
relative to the output plane, z(0,X), (right) calculated from measurements (mark-
ers with error bars) and from ray tracing (lines) as a function of wavelength for
the input beam (blue), the cylindrical-design output (orange), and the parabolic-
design output (green) [52].

Second, the parabolic-mirror design is found to dramatically affect the horizon-

tal divergence. The far-field divergences calculated from measurements and ray

tracing match closely. To further investigate the chromatic astigmatism from the

parabolic design, we calculated the color-dependent horizontal focal plane po-

sition relative to the parabolic design output plane, z0,X, from experimental and

ray-tracing data (right-hand panel of Fig. 3.9), which show close agreement.

The chromatic aberrations in the parabolic-mirror design arise from a

frequency-dependent displacement of the beam’s focus from the center plane of

the 4f geometry. The focus for wavelengths larger (smaller) than the wavelength

centered on the parabolic mirror, 800-nm for our case, is behind (before) the cen-

ter plane and closer (farther) from the second parabolic mirror. Therefore, the

only wavelength that is well collimated at the output of the parabolic-mirror de-

sign is the centered wavelength with the smaller wavelengths diverging and the

larger wavelengths converging. Ultimately, this chromatic astigmatism severely

affects the quality of the beam’s focus. Fig. 3.10 shows the measured horizontal

and vertical 1/e2 beam radii, wX and wY , for each spectral region as a function of

distance from a 50-cm concave mirror for the cylindrical-mirror design (top row)
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Figure 3.10: Measured horizontal (left) and vertical (right) 1/e2 beam radii, wx

and wy, of spectral ranges from 750 nm to 900 nm as a function of distance
from a 50-cm concave mirror for the cylindrical-mirror design (top row) and
the parabolic-mirror design (bottom row). The small variation in focal position
along the vertical dimension is due to inherent chromatic aberration in the white
light source [52].

and the parabolic-mirror design (bottom row). Comparing the two designs, the

larger degree of chromatic astigmatism imparted by the parabolic-mirror design

is evident from the variation in the horizontal focal position for each color. A

shorter focal length optic, as would typically be used in pump-probe or multidi-

mensional spectroscopy, would bring the focal planes closer together but cannot

eliminate the chromatic variation in divergence angle.

In Fig. 3.8, we show the ray-tracing calculations for the deviations of beam

centers along horizontal and vertical axes relative to the 800-nm ray (right col-

umn). The ray tracing predicts that the cylindrical-mirror design imparts a spa-

tial chirp of more than 100 µm in the horizontal dimension—mostly on the long

wavelength end of the spectrum—and a small amount in the vertical dimension

over the half-octave of bandwidth, while the parabolic-mirror design exhibits

no spatial chirp.

In summary, we found a tradeoff between the amount of spatial chirp and

chromatic astigmatism imparted by two 4f pulse shaping designs, a cylindrical-
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mirror design and a 1-D off-axis parabolic-mirror design. On one hand, the

cylindrical-mirror design suffers from larger spatial chirp, and, on the other, the

parabolic-mirror design suffers from severe chromatic astigmatism. These re-

sults show that the cylindrical-mirror design, while more difficult to align, pro-

vides superior beam quality than the parabolic-mirror design for applications

such as nonlinear frequency conversion. While the chromatic astigmatism may

not be a large factor in the shaping of narrower-bandwidth pulses (e.g., from

standard many-cycle-pulse OPAs), its consideration becomes essential when

shaping ultrabroadband pulses from few-cycle sources. Based on this study, we

implemented two cylindrical-mirror 4f pulse shapers (PhaseTech Spectroscopy,

Inc.) for dispersion management and amplitude and phase control of the pulses

from our NIR front end.
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CHAPTER 4

MULTICOLOR, FEMTOSECOND SOURCE ARCHITECTURE

In this chapter, I will review how our multicolor, 10-fs laser source is realized

using adiabatic frequency conversion combined with our energetic, 10-fs NIR

front end and NIR 4f pulse shapers. Adiabatic frequency conversion was re-

cently shown to allow arbitrarily shapeable microjoule pulses with single-cycle

duration in the MIR, facilitated by a linear spectral phase and amplitude trans-

fer [69], thus greatly simplifying the technical requirements of arbitrary pulse

shaping across a hyperspectral platform. The advancements in broadband para-

metric amplification, pulse shaping, and adiabatic frequency conversion have

coalesced to enable a uniquely suited, flexible spectroscopy source, allowing the

combination and arbitrary shaping of microjoule-energy, 10-fs pulse sequences

covering several octaves at UV/visible, NIR, and MIR wavelengths. Note, some

of the content of this chapter was published in Ref. [51].

4.1 ARCHITECTURE

The architecture of the multicolor, 10-fs source is shown in Fig. 4.1. We chose

three distinct bands for simultaneous operation, at visible (0.45–0.51 µm), MIR

(1.9–4.3 µm), and NIR (0.67–0.95 µm) frequency ranges, each with transform-

limited duration ∼10 fs. We note that upconversion, downconversion, and

OPCPA stages can be added to cover additional spectral ranges.

The design utilizes our energetic NIR front end based on a high-average-

power (180-W) 10-kHz Yb:YAG amplifier (Amphos GmbH) operating at 1030

nm, WLG, and noncollinear OPCPA combined with dual NIR pulse shapers.
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Figure 4.1: Multicolor source architecture composed of our ultrafast, energetic
NIR front end, NIR 4f pulse shapers, and adiabatic frequency conversion stages,
each outlined by a dashed box. Shaped visible, NIR, and MIR pulses are pro-
duced through adiabatic conversion of shaped NIR pulses. The available spec-
tral bandwidths are shown on the right side of the figure.

The Yb:YAG amplifier has two exit ports that share a common preamplifier,

ensuring optical synchronization. From the first exit port, 900-fs pulses pump

WLG in bulk YAG to generate a visible/NIR continuum. The second exit port

generates 3-ps pulses that are frequency doubled to pump a two-stage non-

collinear OPCPA to generate amplified NIR pulses with >100-µJ energy. More

details on the NIR front end can be found in Chapter 2.

Pre-conversion dispersion management and arbitrary pulse shaping is

achieved with a pair of NIR 4f pulse shapers (PhaseTech Spectroscopy, Inc.).

These shapers admit an optical bandwidth of 170 nm (tunable by choice of

diffraction gratings) and have an update rate up to 25 kHz. The shaped NIR

pulses from the front end are then directed to the various adiabatic conversion

stages, where they mix in aperiodically-poled quasi-phase-matched gratings

with a strong (up to 200-µJ energy) 1030-nm pump pulse from the Yb:YAG am-

plifier. Visible and MIR pulses are generated through adiabatic sum frequency

generation (ASFG) in KTP (Raicol Crystals) and adiabatic difference frequency

generation (ADFG) in lithium niobate (HC Photonics), respectively. Impor-
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tantly, adiabatic frequency conversion enables a linear transfer of spectral am-

plitude through near-one-to-one photon number conversion—nearly every NIR

photon is converted to the targeted range—as well as a linear transfer of spectral

phase [69]. Thus, our source architecture is designed to allow dispersion man-

agement and pulse shaping for each spectral range through a NIR pulse shaper

prior to the conversion stage, eliminating a need for separate post-conversion

shaping devices for each spectral range. Moreover, the aperiodically-poled adi-

abatic conversion gratings are designed to employ intrinsic pulse shaping—the

use of wavelength dependent longitudinal conversion positions—to achieve si-

multaneous adiabatic phase matching and cancellation of the complex material

group delay dispersion (GDD) through the device [43]. The result is a device

with zero net GDD, eliminating the need for post-conversion dispersion man-

agement.

We note several more advantages of our source architecture for hyperspec-

tral and ultrafast nonlinear spectroscopy. With programmable pulse shaping

entirely carried out within the fixed NIR front end, the rapid control of pulse

sequences afforded by pulse-shaper-assisted multidimensional spectroscopy in

a “pump-probe” geometry [123], such as the use of phase-cycling, pi-shifting

for background subtraction, and interferometrically stable control of pulse pair

delay, can be extended over multiple octaves of bandwidth. The 180-W aver-

age power of the pump laser allows operation at a 10-kHz repetition rate while

maintaining microjoule pulse energies, which enables fast acquisition of mul-

tidimensional spectra when combined with the rapid update rate of the pulse

shapers and 10-kHz acquisition rate of modern MCT array detectors. Finally,

the use of orientation patterned semiconductors [118] as adiabatic conversion

stages could potentially extend the hyperspectral range to the molecular finger-
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print region of the mid-IR.

4.2 ADIABATIC FREQUENCY CONVERSION

The concept of adiabatic frequency conversion is critical to the operation of

our multicolor, femtosecond spectoscopy source. Here, the principle of adi-

abatic frequency conversion is reviewed in analogy to the well-known phe-

nomenon of rapid adiabatic passage in two-level atomic systems. Additionally,

the aperiodically-poled crystals used in adiabatic frequency conversion can be

engineered to control the phase of the output pulse, enabling a uniquely-suited

tool for broadband frequency conversion and phase control or dispersion man-

agement.

Adiabatic difference frequency generation (ADFG) and adiabatic sum fre-

quency generation (ASFG) are used to downconvert and upconvert the shaped,

broadband, and energetic NIR front end pulses to the MIR or visible spectral re-

gions, respectively. Adiabatic processes have been thoroughly studied through

the context of two-level systems [81, 124], in which robust population trans-

fer between the two states is realized through rapid adiabatic passage. Within

the field of nonlinear optics, the use of rapid adiabatic passage was first pro-

posed for highly-efficient second harmonic generation [7, 8] and later extended

to sum frequency generation (SFG) and difference frequency generation (DFG)

[133,135]. Within the past decade, various research groups have developed and

advanced this technique for efficient, broadband nonlinear frequency conver-

sion or amplification [53, 85, 91, 102, 131, 132, 134], overcoming the efficiency-

bandwidth tradeoff problem that limits the performance of traditional three-
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wave mixing processes. ADFG was implemented for frequency conversion of

ultrashort pulses [69, 132], demonstrating the generation of greater-than-octave

spanning MIR pulses.

First, let us review the concept of rapid adiabatic passage in the context of

coherent excitation of a two-level atomic system [17, 81, 124, 142]. Consider a

two-level atomic system composed of a ground state, g, and an exited state, e,

that is either (1) suddenly exposed to a driving field or (2) slowly perturbed as

the driving field is quasistatically swept through resonance. In the first case,

the probability of the atom existing in the ground or excited state, Pg and Pe

respectively, varies sinusoidally as the system undergoes Majorana or Rabi os-

cillations [105]. For an ensemble of atoms that exhibit inhomogeneous spectral

broadening of the resonant frequency, each atom will experience nonuniform

Rabi oscillations as those with resonant frequencies closest to that of driving

field will have longer oscillation cycles compare to those with resonant fre-

quencies farther from that of driving field. In the second case, as the driv-

ing frequency is slowly swept through the resonant frequency, the atomic state

changes monotonically from the ground state to the excited state—this is known

as rapid adiabatic passage since the interaction takes place on a timescale much

less than the radiative lifetime. For the ensemble of atoms with inhomogeneous

spectral broadening, each atom is driven to the excited state as the frequency of

the driving field is swept through the inhomogeneous resonance of the ensem-

ble, enabling robust and efficient population transfer.

Mathematically, the dynamics of the two-level atomic system driven by co-

herent laser excitation are described by the time-dependent Schrödinger equa-
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tion

jℏ
d
dt
C(t) = H(t)C(t), (4.1)

where ℏ is Planck’s constant, C is a column vector containing the probability

amplitudes of the ground and excited states, andH is the system Hamiltonian.

The diagonal elements of H are the energies of the ground and excited states,

and the off-diagonal elements are the coupling parameters between the atom-

laser interaction. Under the rotating-wave approximation, the Hamiltonian can

be expressed as

H(t) = ℏ

 0 1
2Ω(t)

1
2Ω(t) ∆(t)

 , (4.2)

where Ω(t) is the Rabi frequency and ∆(t) is the detuning1 with the ground state

used as the reference energy level. Combining Eqs. 4.1 and 4.2 gives the equa-

tion of motion for the two-level atomic system,

j
d
dt

Cg

Ce

 =
 0 1

2Ω(t)

1
2Ω(t) ∆(t)


Cg

Ce

 . (4.3)

If Ω and ∆ do not depend on time, the solution to this set of equations are

the familiar Rabi oscillations, shown in Fig. 4.2. The left panel (a) shows a

single Rabi cycle demonstrating full conversion from the ground state to the ex-

cited state when the laser excitiation frequency is equal to the Bohr Frequency,

∆ = 0. The right panel (b) shows the excited state probability for various values

of detuning. Now, if Ω and ∆ depend on time, more complex and interesting

dynamics can occur. Specifically, if ∆ is swept from a very negative to a very

positive value such that the change inH occurs sufficiently slowly, full conver-

sion from the ground state to the excited state can be achieved [124]. This is

1In this system, the detuning is the difference between the Bohr transition frequency and the
laser carrier frequency.
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(a) Rabi oscillations in the occupation
probability of the ground and excited
state (Pg and Pe respectively) of a two-
level atomic system. The detuning, ∆,
is set to zero resulting in full probabil-
ity conversion to the excited state.

(b) Occupation probability of the ex-
cited state of a two-level atomic system
for various values of ∆/Ω, the ratio be-
tween the detuning and the Rabi fre-
quency.

Figure 4.2: Rabi oscillations in a two-level atomic system.

known as rapid adiabatic passage and is achieved when

|Ω̇(t)∆(t) −Ω(t)∆̇(t)| ≪ 2|Ω̃(t)|3 (4.4)

where Ω̃ ≡
√
Ω(t)2 + ∆(t)2 is the generalized Rabi frequency. Equation 4.4 is

known as the adiabatic condition.

When the detuning is a linear function of time ( ∂
∂t∆ = α) and the Rabi fre-

quency is kept fixed, the resulting dynamics follow the Landau-Zener Theory

of rapid adiabatic passage [73, 154], which states that the probability of transi-

tion between the two states is given by

Pe = exp
[
−2π

(
Ω2

4|α|

)]
. (4.5)

Equation 4.5 is plotted in Fig. 4.3 and illlustrates how full conversion can be

achieved with a sufficient rate of detuning for a given Rabi frequency.

Rapid adiabatic passage can be achieved in three-wave mixing. The set of

coupled wave equations for three-wave mixing shown in Eq. 2.5 can be sim-

plified to a system of two coupled equations by assuming that the pump field
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Figure 4.3: Conversion probability of a two-level atomic system using a linear
sweep rate of the detuning, α = ∂

∂t∆, for various Rabi frequencies.

is much stronger than the other two—for DFG Is ≫ Ii, Ip—and performing the

change of variables, Ãp ≡

√
kp

ωpAs
Ap and Ãi ≡

√
ki

ωiAs
Ai, such that

dÃp

dz
= − jκÃie j∆kz (4.6a)

dÃi

dz
= − jκ∗Ãpe− j∆kz, (4.6b)

where κ =
deffωpωi√

kpkic2
0

As. Furthermore, by using a rotating reference frame, these

equations can be expressed in matrix form as

j
∂

∂z

Ãp

Ãi

 =
∆k(z) κ

κ∗ −∆k(z)


Ãp

Ãi

 . (4.7)

Note, this is the same form as the equation of motion for a two-level atomic

system described in Eq. 4.3. Thus, under the right conditions, full population

transfer can be achieved between the two fields, Ap and Ai. See Suchowski et

al. [133] for a comparison of rapid adiabatic passaage in two-level atomic ex-

citation and adiabatic sum frequency generation. In three-wave mixing, the

wave-vector mismatch, ∆k, is analogous to the detuning, ∆, while the coupling

coefficient, κ, is analogous to the Rabi frequency, Ω. To achieve full population

transfer, ∆k must be swept from a large negative value to a large positive value
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or vice versa compared to κ. Specifically, the adiabatic condition is satisfied

when ∣∣∣∣∣d∆k
dz

∣∣∣∣∣ ≪
(
∆k2 + κ2

)3/2

κ
. (4.8)

Several groups have designed and implemented aperiodically-poled, quasi-

phase-matched nonlinear crystals for adiabatic frequency conversion, setting

the foundation for broadband ASFG and ADFG for femtosecond pulse gen-

eration in visible and MIR. Suchowski et al. [135] demonstrated robust ASFG

and later implemented broadband adiabatic frequency conversion for >30-fs

pulse conversion [131]. In 2012, Moses et al. [91] demonstrated fully efficient

ADFG proving the theory of complete Landau-Zener adiabatic transfer in three-

wave mixing. In 2013, broadband few-cycle MIR pulses were generated using

ADFG [132], and later the robust transfer of phase from the input NIR pulses to

the output MIR pulses was demonstrated [69].

Adiabatic sum and difference frequency generation are employed in our

multicolor, femtosecond source architecture to transfer shaped, femtosecond

NIR pulses to the visible and MIR spectral ranges. Aperiodically-poled KTP

(Raicol Crystals Ltd.) is used for the ASFG stage, and aperiodically-poled

lithium niobate (HC Photonics Corp.) is used for the ADFG stage. The stages

were characterized by measuring the fractional depletion of the NIR power

spectrum (experimental traces, Fig 4.4). Through each stage, a flat photon-

number conversion ranging from 80–90% is observed over a bandwidth cor-

responding to a 10-fs transform-limited pulse (one optical cycle in the MIR and

8 cycles in the visible). The expected group delay of the zero-GDD ASFG de-

vice, calculated by split-step Fourier pulse propagation simulation, is shown as

the inset in the left-hand panel of Fig. 4.4. At the time of these measurements,
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Figure 4.4: Fractional photon conversion of the aperiodically-poled KTP ASFG
stage (left) and the aperiodically-poled lithium niobate ADFG stage (right) cal-
culated from the measured fractional depletion of the NIR power spectrum [51].

the ADFG (MIR) device did not employ intrinsic pulse shaping and is based on

the design in Krogen et al. [69], which generated single-cycle pulses and pulse

pairs through external dispersion management. However, a similar zero-GDD

design for the ADFG crystal has an expected peak-to-valley group delay range

of 10 fs over the full octave-spanning MIR bandwidth.

4.3 INTRINSIC DISPERSION MANAGEMENT

Adiabatic frequency conversion combined with our energetic, femtosecond NIR

front end and NIR 4f pulse shapers creates a uniquely-suited platform for ef-

ficient generation of amplitude- and phase-controlled femtosecond pulses in

the visible, NIR, and MIR. This task, which would typically require indepen-

dent dispersion compensation for each spectral region, is facilitated by domain-

engineering and intrinsic dispersion control in the adiabatic conversion stages.

Dispersion and phase engineering in quasi-phase-matched gratings has been

implemented in second harmonic generation [3] and difference frequency gen-
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eration [57].

There are two main phenomena that contribute to the engineered dispersion

of the output pulses from quasi-phase-matched gratings: (1) the intrinsic ma-

terial dispersion of the grating material resulting in a group velocity mismatch

between the NIR pulses and the visible/MIR pulses and (2) the spatial local-

ization of the conversion of different frequencies. For ADFG, with NIR to MIR

conversion of each frequency component assumed to be well localized with re-

spect to the length of the grating, the group delay of the MIR pulse is

τ(ω) =
∂kNIR

∂ω
zc(ω) +

∂kMIR

∂ω
(L − zc(ω)) , (4.9)

where L is the length of the grating and zc is the localized conversion point of

the MIR angular frequency, ω [69]. The available tuning range of the engineered

dispersion is dictated by the group-delay mismatch between the NIR and the

MIR angular frequencies. This constraint is shown in Fig. 4.5 for a 2-cm lithium

niobate grating using Type-0 phase matching. The group delay of the engi-

neered dispersion function must fall within the range defined by the NIR group

delay (blue) and the MIR group delay (orange). To achieve zero GDD, the group

delay must be constant over the entire bandwidth of the pulse. Thus, the range

of possible group delay is restricted to the smallest value in the NIR bandwidth

and the largest value in the MIR bandwidth, shown as the two black, dashed

lines in Fig. 4.5.

Conversion positions calculated from Eq. 4.9 resulting in constant group de-

lay are shown in Fig. 4.6. Importantly, not all of these functions would result in

adiabatic conversion—the engineered disperison function must be achievable

through a monotonically increasing or decreasing poling period. Moreover, the

adiabatic condition requires a relatively slow change in poling period with the
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Figure 4.5: Group-delay constraint of the engineered dispersion calculated as-
suming complete propagation as either NIR (blue) or MIR (orange) in a 2-cm
lithium niobate grating using Type-0 phase matching. The black, dashed lines
indicate the range of group delay within which zero GDD is possible.

Figure 4.6: Conversion position functions resulting in constant group delay over
the target MIR bandwidth. The conversion positions are restricted to 2 cm, the
length of our ADFG lithium niobate grating.
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maximum rate dictated by the pump intensity, which is limited by the laser-

induced damage threshold of the grating material. The poling period required

to phase match Type-0 difference frequency generation with a 1.03-µm pump

wavelength in lithium niobate is shown in Fig. 4.7a. In Fig. 4.7b, the poling

period as a function of position in the lithium niobate grating (i.e. the conver-

sion position within the grating) resulting in the constant group delay values

in Fig. 4.6 is plotted. Note, the function resulting in τ = 149.5 ps (blue) is not

monotonic and would therefore not result in adiabatic conversion. Addition-

ally, the function resulting in τ = 150.00 ps (green) requires a crystal length >2

cm, a length longer than our device, to achieve a constant group delay over the

MIR range shown—furthermore, to ensure adiabatic conversion, enough crys-

tal length must remain to adiabatically sweep the poling period away from that

of the spectral extremum. Ultimately, the grating function must be carefully

designed such that the adiabatic condition can be satisfied over the entire band-

width of interest.

For our 10-fs multicolor architecture, we designed dispersion-managed adi-

abatic sum and difference frequency conversion stages that use engineered

poling periods to translate our compressed and shaped NIR pulses spanning

680–820 nm to compressed and shaped visible (450–510 nm) and MIR (2–4

µm) pulses respectively. These new dispersion-managed stages allow efficient,

broadband conversion without the need of additional, complex dispersion man-

agement that is required for traditional frequency conversion and adiabatic fre-

quency conversion stages [69]. As a result, the 13.5-fs NIR pulses emerging from

our 4f pulse shapers can be immediately converted to transform-limited visible

or MIR pulses, simply by combining them with a pump pulse in our dispersion-

managed device. We anticipate that these devices will allow the development
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(a) Poling period required to phase match Type-0 difference
frequency generation with a 1.03-µm pump wavelength in
lithium niobate.

(b) Poling period as a function of position within the grat-
ing (i.e. conversion position, zc) resulting in constant group
delays of 149.5 ps (blue), 149.75 ps (orange), and 150.00 ps
(green).

Figure 4.7: Poling periods for Type-0 phase matching in lithium niobate.
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of new sources in the ultrafast community, as new femtosecond beamlines in

different spectral regions could be easily added to existing nonlinear spectrom-

eters, facilitating novel multicolor, ultrafast studies spanning broad frequency

ranges.
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CHAPTER 5

EXPERIMENT TO DEMONSTRATE ZERO GROUP DELAY DISPERSION

IN AN OCTAVE-SPANNING ADIABATIC FREQUENCY CONVERTER

Adiabatic frequency conversion allows efficient and broadband conversion

of ultrafast pulses through three key properties: (1) a one-to-one photon number

conversion, (2) a linear transfer of amplitude and phase, and (3) the preservation

of absolute bandwidth. However, the inherent, localized frequency-dependent

conversion positions, discussed in Chapter 4, result in a complex dispersion pro-

file that can only be compensated using complicated and often expensive dis-

persion management, such as pulse shapers or custom-designed chirped mir-

rors. In a recent demonstration of adiabatic frequency conversion, Krogen et

al. [69] converted shaped, broadband NIR pulses to shaped, few-cycle, octave-

spanning MIR pulses, but their adiabatic frequency conversion stage imparted

complex dispersion, requiring a pulse shaper for compensation. Often, a pulse

shaper is not available, and, when one is, the limited shaping capabilities would

ideally be reserved for amplitude and phase control of pulse sequences used in

nonlinear spectroscopy.1

To avoid complicated dispersion management while taking advantage of the

properties of adiabatic frequency conversion, we implemented intrinsic disper-

sion management in the grating design, creating a dispersion-managed adi-

abatic frequency converter. The concept of intrinsic dispersion managment

in adiabatic frequency conversion is discussed in Section 4.3. Our design al-

lows shaped, transform-limited NIR pulse sequences to be converted to shaped,

transform-limited visible or MIR pulse sequences—removing the requirement

1With 4f pulse shapers using acousto-optic modulators, there is a limited radio-frequency
(RF) bandwidth supported by the RF amplifiers and acousto-optic transducer.
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of separate dispersion management and pulse shaping in each spectral range.

Ultimately, this device could be used to transfer any existing transform-limited

pulse to another transform-limited pulse in a different frequency range by

adding one additional stage. This concept is shown in Fig. 5.1 where a com-

pressed, multi-cycle NIR pulse is converted to a compressed, single-cycle MIR

pulse through a dispersion-managed adiabatic difference frequency converter.

Note, the absolute bandwidth of the input pulse, ∆ω, and the pulse duration,

∆t, is preserved through conversion. In the next few sections, I will describe our

Figure 5.1: Overview of dispersion-managed ADFG. A compressed multi-cycle
NIR pulse at angular frequency ωNIR is converted to a compressed single-
cycle MIR pulse at angular frequency ωMIR when combined in the dispersion-
managed adiabatic frequency converter with a strong pump field at angular
frequency ωp. Both absolute bandwidth ∆ω and pulse duration ∆t of the input
field are preserved.

dispersion-managed ADFG setup and discuss preliminary experimental results

demonstrating the performance of this device through the imparted phase and

group delay, which are measured by characterizing the input NIR pulse and the

output MIR pulse.

5.1 SETUP AND PHASE CALCULATION

The dispersion-engineered ADFG stage consists of a 2-cm, aperiodically-poled

lithium niobate grating, designed to have constant group delay for a MIR band-
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width spanning 2–4 µm. The stage is pumped with 200-µJ pump pulses at 1030-

nm, stretched to approximately 6-ps FWHM. The pump beam is focused to a

spot size to produce a peak intensity of 25 GW/cm2, resulting in 70% energy

depletion of the incident NIR power spectrum, which is filtered with a 140-

nm square filter centered around 750 nm using the 4f pulse shaper to ensure

the transmitted bandwidth lies within the operating range of the dispersion-

engineered grating. A schematic of our dispersion-managed adiabatic fre-

quency conversion stage and the beam routes used for pulse characterization

are shown in Fig. 5.2. The compressed NIR pulse is combined with the 1030-

Figure 5.2: Schematic of our dispersion-managed adiabatic difference frequency
generation stage used to convert a transform-limited input NIR pulse to a
transform-limited output MIR pulse. Beam routes for pulse measurements are
indicated. M–mirror, CM–concave mirror, DM–dichroic mirror, LF–longpass
filter

nm pump pulse in the ADFG crystal using a dichroic mirror (DMSP1000, Thor-

labs). After conversion, a 1.65-µm longpass filter (1.65ILP-25, Andover) is used

to block the pump and any residual NIR light from the MIR output. By mea-

suring the input NIR pulse and the ouput MIR pulse, the spectral phase im-

parted by our device can be calculated. The NIR pulse is measured using SHG
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frequency-resolved optical gating (FROG), and the MIR pulse is measured using

frequency-resolved optical switching (FROSt) [76]. However, optics between

the measurement stages—other than our frequency converter—add additional

dispersion that must be accounted for analytically or empirically. In total, there

are three of these optics: (1) the dichroic mirror, (2) the beam splitter in the SHG

FROG setup (BSW29R, Thorlabs), and (3) the longpass filter. The phase im-

parted by the dichroic mirror ϕDM and the beam splitter ϕBS must be accounted

for analytically. However, we can account for the phase from the longpass filter

ϕLF by taking two FROSt measurements of the MIR pulse, one with a single pass

through the filter and one with two passes through the filter, by translating it in

and out of the second pass as shown in Fig. 5.2.

To calculate the spectral phase imparted by the device ϕD, let us consider

the phases imparted by each component (ϕBS , ϕDM, ϕD, and ϕLF) and the mea-

sured phases (ϕNIR—NIR phase measured with SHG FROG, ϕ(1)
MIR—MIR phase

measured with FROSt with one pass through the longpass filter, and ϕ(2)
MIR—

MIR phase measured with FROSt with two passes through the longpass filter).

Consider a pulse starting at the tail of the red arrow in Fig. 5.2 with a phase ϕin

before the dichroic mirror. After passing through the dichroic mirror and ADFG

crystal, the output phase is

ϕout = ϕin + ϕDM + ϕD. (5.1)

Now, ϕin is determined by the SHG FROG measurement using

ϕin = ±ϕNIR − ϕBS , (5.2)

where the ± comes from the sign ambiguity inherent in SHG FROG. Combining

Eqs. 5.1 and 5.2 yields

ϕout = ±ϕNIR − ϕBS + ϕDM + ϕD. (5.3)
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Next, the phase imparted by the longpass filter can be accounted for using the

FROSt measurements,

ϕ(1)
MIR = ϕout + ϕLF (5.4a)

ϕ(2)
MIR = ϕout + 2ϕLF , (5.4b)

where ϕ(1)
MIR is the MIR phase measured with one pass through the longpass filter

and ϕ(2)
MIR is the MIR phase measured with two passes through the longpass filter.

Subtracting Eq. 5.4b from twice Eq. 5.4a gives

2ϕ(1)
MIR − ϕ

(2)
MIR = ϕout. (5.5)

Finally, the phase imparted by the device can be calculated by substituting Eq.

5.3 into Eq. 5.5 and solving for ϕD,

ϕD = 2ϕ(1)
MIR − ϕ

(2)
MIR ∓ ϕNIR − ϕDM + ϕBS . (5.6)

Thus, the phase imparted by the device can be determined with three phase

measurements, ϕ(1)
MIR, ϕ(2)

MIR, and ϕNIR, while analytically accounting for the phase

imparted by the dichroic mirror and beam splitter.

5.2 NIR PULSE MEASUREMENT

First, we characterized the input NIR pulse using SHG FROG to obtain ϕNIR.

The pulse was compressed and spectrally filtered to the operational bandwidth

of our disperion-managed device using the NIR pulse shaper. The SHG FROG

trace was taken with a home-built background-free, dispersion-balanced auto-

correlator converted into a SHG FROG measurement device, as shown in Fig.

5.3. The measured and retrieved traces are shown in Fig. 5.4. The principal
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Figure 5.3: Home-built SHG FROG setup using a background-free, dispersion-
balanced autocorrelator. The SH signal generated in a thin nonlinear crystal
is measured using a visible spectrometer. RR–retroreflector, BS–beam splitter,
PM–parabolic mirror

Figure 5.4: Measured (right) and retrieved (left) SHG FROG traces. The re-
trieved trace error is 0.66%.

component general projection algorithm (PCGPA) was used for the electric field

retrieval [24, 61, 62]. The measured trace was corrected based on the frequency

marginal of the measured spectrum. During the retrieval, the pulse spectrum

was constrained to the measured NIR spectrum, resulting in a g error of 0.66%

as defined in Refs. [138,139]. The retrieved pulse intensity and phase are shown

in Fig. 5.5a, and the spectral intensity and phase are shown in Fig. 5.5b. The

FWHM pulse duration was measured as 13.5 fs, which is 1.1 times the calculated

transform-limited pulse duration.
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(a) (b)

Figure 5.5: (a) Retrieved pulse intensity (blue) and phase (red) of the NIR pulse
using SHG FROG. The measured FWHM pulse duration is 13.5 fs, 1.1 times the
transform-limited pulse duration, 12.2 fs. (b) Retrieved spectral intensity (blue)
and phase (red).

5.3 MIR PULSE MEASUREMENT

Next, we characterized the output MIR pulse with one and two passes through

the 1.65-µm longpass filter to obtain ϕ(1)
MIR and ϕ(2)

MIR respectively. Because we

are using our device to convert a transform-limited NIR pulse to a transform-

limited MIR pulse, the amount of input pulse energy is restricted due to the

high peak intensity in the crystal. We note significant spatial distortions of the

NIR beam through the ADFG crystal as well as visible WL generation for pulse

energies >0.3 µJ. With the resulting limited MIR energy, pulse characterization

using SHG FROG was not possible. Instead, we implemented a sensitive, phase-

matching-free pulse measurement technique, known as frequency resolved op-

tical switching (FROSt), to characterize the MIR pulse [76]. Recently, this tech-

nique was used to measure the duration of >octave-spanning pulses [77]. FROSt

uses a pump-probe setup with a semiconductor sample. The frequency of the

pump pulse lies above the bandgap of the semiconductor and is focused to a

fluence that excites a high density of free carriers, producing a transient absorp-

tion response. Thus, the high frequency pump pulse acts as an ultrafast optical
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switch while the pulses to be characterized probe the transient absorption re-

sponse. The probe spectrum is recorded as a function of delay between the

pump and the probe pulses, and a ptychography phase retrieval algorithm is

used to reconstruct the switch function and the electric-field profile of the probe

pulse.2

Our FROSt setup, shown in Fig. 5.6, uses a 2-mm thick Si sample that is

pumped with a NIR pulse. For the NIR pump, a portion of the NIR beam

Figure 5.6: FROSt setup. M–mirror, CM–concave mirror, PM–parabolic mirror

is picked off before the 4f pulse shaper and compressed using a dispersion-

compensating chirped mirror pair (DCMP175 Thorlabs). The pump spectrum

and retrieved pulse intensity is shown in Fig. 5.7. The measured FWHM pulse

duration is 13.2 fs, with a transform-limited pulse duration of 7.2 fs. The pump

beam is focused to the Si sample using a 25-cm concave mirror. However, the

sample is positioned before the focal plane such that the pump beam 1/e2 di-

ameter is 265 µm and the average fluence using 90 mW of pump power is 16

mJ/cm2. This fluence results in near-complete absorption of the probe pulse

2This algorithm is discussed in Appendix B.
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(a) (b)

Figure 5.7: (a) Spectrum and (b) pulse intensity of NIR pump used for FROSt.
This NIR pulse is compressed using a pair of chirped mirrors instead of the 4f
pulse shaper.

without exceeding the damage threshold of the Si sample, which was deter-

mined to be 66 mJ/cm2 for our pump parameters. The MIR probe must be fo-

cused to a beam diameter smaller than that of the NIR pump to ensure uniform

absorption and to mitigate walk off resulting from the movement of the trans-

lation stage. The probe beam is focused to a 1/e2 beam diameter of 44 µm using

a 2-inch off-axis parabolic mirror. Another 2-inch off-axis parabolic mirror colli-

mates the beam, which is then measured with a 2D MCT-array monochromator.

The measured and retrieved FROSt traces for the MIR pulse with one pass

through the 1.65-µm longpass filter are shown in Fig. 5.8. The retrieved pulse

Figure 5.8: Measured (right) and retrieved (left) FROSt traces with one pass
through the longpass filter. The retrieved trace error is 0.69%.
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intensity, phase, and switch function are shown in Fig. 5.9a. The corresponding

spectral intensity and phase are shown in Fig. 5.9b. The measured and retrieved

(a) (b)

Figure 5.9: (a) Retrieved probe pulse intensity (blue) and probe phase (red) of
the MIR pulse using FROSt with one pass through the longpass filter. The cor-
responding switch function is shown in orange. (b) Retrieved spectral intensity
(blue) and phase (red).

FROSt traces for the MIR pulse with two passes through the 1.65-µm longpass

filter are shown in Fig. 5.10. The retrieved pulse intensity, phase, and switch

Figure 5.10: Measured (right) and retrieved (left) FROSt traces with two passes
through the longpass filter. The retrieved trace error is 0.79%.

function are shown in Fig. 5.11a. The retrieved spectral intensity and phase are

shown in Fig. 5.11b. From these measurements, we have the spectral phases

ϕ(1)
MIR and ϕ(2)

MIR of the MIR pulse with one and two passes through the longpass

filter.
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(a) (b)

Figure 5.11: (a) Retrieved pulse intensity (blue) and phase (red) of the MIR pulse
using FROSt with two passes through the longpass filter. The retrieved switch
function is shown in orange. (b) Retrieved spectral intensity (blue) and phase
(red).

5.4 RESULTS AND DISCUSSION

The phase imparted by the dispersion-managed ADFG device is calculated us-

ing Eq. 5.6. We have the first three terms on the right-hand side but must cal-

culate the phases imparted by the additional optics, ϕBS and ϕDM. These are

calculated using

ϕ(ω) =
ωnFS(ω)

c
teff (5.7)

where ω is the angular frequency, nFS(ω) is the refractive index of fused silica

[82], c is the speed of light, and teff is the effective path length in the material.

For both optics, the effective path length is caculated according to

teff =
t

cos
(
sin−1

(
1

nFS(ω0) sin (θ0)
)) (5.8)

where t is the substrate thickness, ω0 is the carrier frequency of the NIR pulse,

and θ0 is the incident angle which is assumed to be 45◦.

The calculated spectral phase ϕD imparted by the dispersion-managed de-

vice is shown in Fig. 5.12. Note, the jump around 0.53 PHz is due to the low

spectral amplitude measured in the MIR spectrum (see Fig. 5.9b), which is due
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Figure 5.12: Calculated spectral phase ϕD imparted by the dipsersion-managed
adiabatic frequency conversion device.

to a parasitic nonlinear process in the adiabatic frequency conversion device.

From this phase, we calculated the imparted group delay using

GD =
dϕD

dω
. (5.9)

The measured group delay imparted by our dispersion-managed device is plot-

ted in Fig. 5.13a alongside the analytic group delay imparted by the adiabatic

conversion device used in Krogen et al. [69] which did not employ intrinsic

dispersion management. The group delay from our device varies by <200 fs

(a) (b)

Figure 5.13: Group delay imparted by the dispersion-managed adiabatic fre-
quency conversion device. (a) Comparison with the analytic group delay from
the device in Ref. [69]. (b) Zoomed plot showing the group delay from our de-
vice.
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accross the target bandwidth (2–4 µm), while the group delay from the device

in Ref. [69] varies by ∼750 fs over the same range. On average, the group delay

from our device is fairly linear, meaning that the residual dispersion is mostly

group delay dispersion. We estimate a residual group delay dispersion of −210

fs2 using +ϕNIR or −307 fs2 using −ϕMIR by applying a linear fit over the target

range.

The calculated output MIR pulse using the spectral phase ϕD imparted by

our device is shown in Fig. 5.14. Noteably, the residual dispersion is significant

Figure 5.14: Calculated output MIR pulses with phase imparted by the
dispersion-managed adiabatic frequency converter. The calculated transform-
limited pulse (black) has a FWHM pulse duration of 13.6 fs.

for our octave-spanning pulses, but we could use a small amount of material or

our pulse shapers to compensate. More measurements are being conducted to

investigate the source of dispersion which could be due the manufacturing un-

certainty in the device length. Additionally, dispersion tuning may be achieved

using the temperature of the device and the angle of the incident light.

With intrinsic dispersion management, the adiabatic conversion stages are

engineered to have a flat group-delay profile with higher-order dispersion terms

(≥2) equal to zero. Thus, the output pulse, either in the visible or MIR, inherits

the phase profile of the incident light up to an overall group delay. Noteably, the
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dispersion-managed adiabatic frequency conversion devices provide a route to

directly convert a transform-limited NIR pulse to a transform-limited visible or

MIR pulse without the need of additional dispersion management, especially in

spectral regions where options for dispersion compensation are limited and/or

lossy. The dispersion-engineered ASFG stage, described in Sec. 4.2, produc-

ing visible pulses is currently not employed but can be easily implemented by

swapping with the ADFG crystal or by building an identical setup allowing

concurrent visible, NIR, and MIR femtosecond pulses.
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CHAPTER 6

FREQUENCY HOMOGENIZATION

Optical frequency conversion provides a means of translating available laser

frequencies to other less-accessible regions, enabling tunable and multicolor

laser systems for applications including chemical sensing, spectroscopy, opti-

cal imaging, and much more. Moreover, frequency conversion has been shown

to preserve the quantum nature of light [70]. This ability to connect disparate

regions of the electromagnetic spectrum, while preserving quantum states, po-

sitions optical frequency conversion as a key tool in connecting quantum tech-

nologies that compose the foundations of quantum networks and communi-

cation. Thus, single photon sources (detectors) that emit (detect) throughout

the visible and NIR [36] can be implemented in the same quantum infrastruc-

ture. Additionally, by converting the photons to telecommunication frequen-

cies, quantum networks can take advantage of the low-loss telecommunication

infrastructure for long-distance applications. To this end, various groups have

made considerable advances, showing that visible photon sources can be down-

converted to telecommunication bands [1, 27, 56, 78, 152] and that NIR photons

can be upconverted for detection or integration with other quantum technolo-

gies [78, 106, 107].

One challenge facing the development of a robust quantum infrastructure

is the availability of high-purity, indistinguishable single-photon sources and

ensembles in the telecommunication bands. For example, solid-state quan-

tum emitters such as quantum dots and nitrogen vacancy centers in diamond

[71, 109, 119, 127] emit in the visible region and suffer from inhomogeneous

spectral broadening which increases the spectral distinguishability and dimin-
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ishes the purity of the source. Frequency translation using active feed-forward

spectral multiplexing [49, 151] and quantum frequency conversion using cross

phase modulation [96], three-wave mixing in periodically-poled waveguides

[6, 136, 145], and four-wave mixing in nanophotonic chips [126] have been used

to address the spectral distinguishability of disparate photon sources. Spectral

multiplexing techniques can operate on single photon sources in the telecom-

munication band but require heralding for feed-forward control and typically

use electo-optic modulators resulting in frequency shifts of <20 GHz (< 0.16 nm

at 1550 nm). Meanwhile, frequency conversion techniques allow larger shifts in

frequency, albeit not always to telecommunication wavelengths. Ates et al. [6]

used frequency upconversion in a periodically-poled lithium niobate waveg-

uide to convert two spectrally disparate InAs/GaAs quantum dot sources to

600 nm. Weber et al. [145] converted the output of two narrowband, spectrally

distinct quantum emittors to a telecommunication band using two narrowband

frequency conversion stages. These stages required independent temperature

control and separate, tunable pump laser sources.

We propose a technique to convert an inhomogeneous emission spectrum

from a single-photon emitter to a narrow, homogeneous linewidth at 1.55

µm, simultaneously increasing the spectral homogeneity and translating the

frequency to a telecommunication band. We use a distinct phase-matching

function (PMF) that can be achieved in specific birefringent materials and

periodically-poled waveguides. The required PMF results when the group ve-

locity of the input single photon is matched with that of the pump field. The

spectral homogeneity of the output is determined by the purity of the transfer

function associated with the DFG process in analogy to the purity of the joint

spectral amplitude (JSA) of a bi-photon state produced from spontaneous para-
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metric downconversion (SPDC). The chapter is organized as follows: Sec. 6.1

reviews the purity calculation of the JSA of a bi-photon source using Schmidt

decomposition; Sec. 6.2 intoduces the analogy to a classical DFG process and

details the calculation of the coupling amplitude connecting the input and out-

put spectral distributions; and Sec. 6.3 reviews suitable devices and numerical

simulations.

6.1 SCHMIDT DECOMPOSITION OF JSA

The purity of a bi-photon state generated via SPDC can be quantified using

Schmidt decomposition of the JSA which captures the spectral-temporal prop-

erties of the generated photons [48, 158]. In SPDC, a bright pump source of an-

gular frequency ωp is used to generate a pair of photons, the signal and the idler,

of angular frequencies ωs and ωi respectively, satisfying ωp = ωs+ωi. The gener-

ated state, assuming single-mode emission from a weakly pumped waveguide1,

can be described by

|ψPDC⟩ = C

∫
dωsdωi f (ωs, ωi) â†(ωs)b̂†(ωi) |0⟩ , (6.1)

where C is a constant including the second-order nonlinear susceptibilty and

pump power, â†(ωs) and b̂†(ωi) are creation operators for the signal and idler

photons respectively, h.c. is the Hermitian conjugate, and f (ωs, ωi) is the JSA

normalized such that
∫

dωsdωi | f (ωs, ωi)|2 = 1. The JSA is characterized by the

pump spectral amplitude, α(ωs + ωi), and the phase-matching function (PMF),

ϕ(ωs, ωi), such that

f (ωs, ωi) = α(ωs + ωi)ϕ(ωs, ωi). (6.2)
1Weakly pumped indicates that Fock states of photon number >2 in the output are ignored.
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By engineering the pump spectral amplitude and the PMF, the purity of the out-

put state can be controlled. If a strong correlation exists between the signal and

idler angular frequencies, the output state is highly frequency entangled, and

the JSA cannot be expressed as a product of two functions, g(ωs) and h(ωi), that

depend only on the signal angular frequency and the idler angular frequency,

respectively. However, if no correlation exists, the output state can be expressed

as a product of g(ωs) and h(ωi). In this case, the JSA is separable and pure. This

is the basis of the purity analysis using Schmidt decomposition.

Using Schmidt decomposition [75, 101], the JSA can be expressed as a sum

of orthogonal modes such that

f (ωs, ωi) =
∑

n

√
λngn(ωs)hn(ωi), (6.3)

where {gn} and {hn} are sets of orthonormal basis functions for the signal and

idler spectral distributions respectively and
√
λn is the Schmidt coefficient cor-

responding to the nth mode in the summation. The Scmidt coefficients,
√
λn,

satisfy the normalization condition
∑

n λn = 1. The Schmidt Number defined as

K =
1∑
n λ

2
n

(6.4)

describes the effective number of populated modes [74]. Finally, the purity is

defined as the inverse of the Schmidt number, P = 1/K.

The Schmidt decomposition of a JSA is pictorially represented in Fig. 6.1a.

The JSA is decomposed into a sum of orthogonal modes weighted by the

Schmidt coefficients,
√
λn. The pump spectral amplitude and the PMF are as-

sumed to have Gaussian distributions with FWHM values indicated by grey

dashed and solid lines respectively. The first three modes are shown on the

right-hand side of Fig. 6.1a. Figure 6.1b shows the square of the Schmidt coeffi-
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cients for the first 5 modes. The Schmidt number is 1.76, and the purity is 0.57.

(a)

(b)

Figure 6.1: Schmidt decomposition of an example JSA for SPDC. (a) Pictorial
representation of the decomposition. The JSA is constructed from a Gaussian
pump spectral amplitude and PMF. The FWHM of the functions are shown as
the grey dashed and solid lines respectively. The first three orthogonal modes
are shown. (b) Square of the Schmidt coefficients for the first 5 modes. The JSA
has a Schmidt number K = 1.76 and a purity P = 0.57.

6.2 DFG ANALOGY AND COUPLING AMPLITUDE

In analogy with the JSA of a bi-photon state from SPDC, a coupling amplitude

between the input and output fields in a DFG process can be constructed. Con-

sider a classical device that downconverts an input field of angular frequency

ωin to an output field of angular frequency ωout using a strong pump field of

angular frequency ωp such that ωin = ωp + ωout. The dynamics are described by
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the set of coupled wave equations given in Eq. 2.5. For the DFG process, the

subscripts {p, s, i} are replaced with {in, p, out}.

In the low-conversion regime (i.e. dAin
dz = 0) and with a constant pump (i.e.

dAp

dz = 0), Eq. 2.5a can be solved by integrating over the interaction length, L,

such that

Aout = − j
ωoutdeff

noutc0
A∗pAin

∫ L

0
e− j∆kzdz. (6.5)

Eq. 6.5 can be written in terms of a coupling amplitude f (ωin, ωout) as

Aout = f (ωin, ωout)Ain, (6.6)

where

f (ωin, ωout) = − j
ωoutdeff

noutc0
A∗p

∫ L

0
e− j∆kzdz. (6.7)

Using the syntax of the JSA in Eq. 6.2,

f (ωin, ωout) = − j
ωoutdeff

noutc0
α∗(ωin − ωout)ϕ(ωin, ωout), (6.8)

where α(ωin − ωout) = Ap is the pump spectral amplitude and ϕ(ωin, ωout) =∫ L

0
e− j∆kzdz is the PMF.

Our goal is frequency homogenization—to convert a broad, inhomogeneous

input spectral distribution to a narrow, homogeneous output spectral distribu-

tion. Thus, the desired coupling amplitude is a long, narrow ridge lying parallel

to the axis correpsonding to the input angular frequency. From Eq. 6.8, there are

two main contributions to the coupling amplitude, f (ωin, ωout): the pump spec-

tral amplitude and the PMF. First, the pump spectral amplitude must be broad

enough to satisfy the energy conservation required to convert a broad input

bandwidth to a narrow output bandwidth. Moreover, the pump spectral am-

plitude will allways be oriented along the line dictated by energy conservation

of the carrier angular frequencies, ωout = ωin − ωp. Second, the PMF must allow
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efficient conversion of the broad input to a single output frequency. The contri-

bution of the PMF to the coupling amplitude can be determined by expanding

the wavenumbers to first order around the carrier frequencies and solving for

the wave-vector mismatch. The expansion of the wavenumbers gives

k j(ω j) = k j(ω j) + v−1
j Ω j, (6.9)

where v−1
j =

∂k j

∂ω j

∣∣∣∣
ω j

is the inverse of the group velocity evaluated at the carrier

angular frequency ω j and Ω j = ω j −ω j is the relative angular frequency. Solving

for the wave-vector mismatch gives

∆k = kin − kp − kout

= kin(ωin) + v−1
in Ωin − kp(ωp) − v−1

p Ωp − kout(ωout) − v−1
outΩout. (6.10)

Using Ωp = Ωin −Ωout , Eq. 6.10 can be simplfied to

∆k = ∆k0 +
(
v−1

in − v−1
p

)
Ωin +

(
v−1

p − v−1
out

)
Ωout, (6.11)

where ∆k0 = kin(ωin) − kp(ωp) − kout(ωout). When ∆k0 = 0, the orientation of the

PMF can be determined by assuming ∆k = 0 and solving for the output angular

frequency Ωout as a function of the input angular frequency Ωin. This gives

Ωout =
v−1

in − v−1
p

v−1
p − v−1

out
Ωin. (6.12)

The angle, Θ, that the PMF makes with respect to the axis corresponding to the

input angular frequency is

Θ = tan−1

 v−1
in − v−1

p

v−1
p − v−1

out

. (6.13)

Thus, the PMF is parallel to the input angular frequency axis (Θ = 0) when

the group velocity of the input field is equal to the group velocity of the pump
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field2, vin = vp.

The group velocities of the pump and input fields are equal for the crystals,

wavelengths, and phase-matching conditions shown in Table 6.1. Note, this

list is not exhaustive and only considers bulk, unpoled crystals with an output

wavelength of 1.55 µm. Waveguide dispersion and quasi-phase matching may

allow the group-velocity matching condition to be met for other materials and

wavelengths.

6.3 DEVICE CALCULATIONS AND SIMULATIONS

Two devices are proposed and analyzed: (1) a 12.5-mm BBO crystal and (2) a

2-mm, quasi-phase-matched Rb:KTP waveguide. For each device, the target

output wavelength is λout=1.55 µm; the purity of the coupling amlpitude is cal-

culated using Schmidt decomposition; and the performance is further analyzed

using a split-step Fourier pulse propagation simlulation. Simulations are per-

formed for several narrowband input spectral intensities with different carrier

frequencies spaced around the group-velocity-matched input frequency. The

pump spectral intensity is kept fixed for all simulations of a single device. The

degree of homogenization is calculated using the normalized intensity spec-

tral overlap between the output spectral intensities, Iout, and the group-velocity-

2The group velocity requirements are similar to those for broadband OPA. However, for
the OPA process, a quasi-monochromatic pump is used to amplify a broadband signal and
generate a broadband idler. In frequency homogenization, a broadband pump is used to transfer
a broadband input to a quasi-monochromatic output. The group velocities of the broadband
input and pump fields must be equal.
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Crystal λin (nm) λout (nm) λp (nm) θ (◦) ϕ (◦) PP n Ref.

BBO 908 (e) 1550 (o) 2192.2 (e) 26.7 — — [137]
BiBO 705 (o) 1550 (o) 1293.2 (e) 44 0 XZ [140]
BiBO 969 (o) 1550 (e) 2585.1 (e) 41.3 0 XZ [140]
BiBO 885 (o) 1550 (e) 2062.8 (e) 34.9 — XZ [140]
LBO 640 (o) 1550 (e) 1090.1 (e) 87.7 0 XZ [65]
LBO 520 (e) 1550 (o) 782.5 (o) 22.3 0 XZ [65]
LBO 840 (o) 1550 (e) 1833.8 (o) 15.4 90 YZ [65]
LiIO3 815 (e) 1550 (e) 1718.7 (o) 30.6 — — [63]
KTP 745 (o) 1550 (o) 1434.5 (e) 53 0 XZ [66]
KTP 735 (o) 1550 (o) 1397.9 (e) 44 90 YZ [66]

Mg:LNB 961 (e) 1550 (o) 2528.9 (o) 43 — — [153]

Table 6.1: Crystals, wavelengths, and phase-matching parameters that result
in group-velocity matching between the input and pump fields and an output
wavelength of 1.55 µm. The input, output, and pump wavelengths are λin, λout,
and λp, respectively. The polarization of each field is listed as either e for ex-
traordinary or o for ordinary, where the extraordinary polarization lies in the
plane created by the wave vector and the crystal axis for uniaxial crystals or
in the principal plane (PP) for biaxial crystals. For uniaxial crystals, the phase-
matching angle θ defines the angle between the crystal axis and the wave vector.
For biaxial crystals, the phase-matching angles θ and ϕ define the direction of the
wave vector from the crystal Z axis to the XY plane and from the crystal X axis
to the crystal Y axis, where the crystal axes are defined such that nX < nY < nZ.
The phase-matching angle ϕ and the principal plane are only listed for biaxial
crystals.

matched output spectral intensity, Iout,0,

S =

∫
dω′dωIout,0(ω′)Iout(ω)√∫

dω′Iout,0(ω′)2
∫

dωIout(ω)2
. (6.14)

6.3.1 BBO Free-Space Device

For a target output wavelength of 1.55 µm, the input and pump group velocities

are matched for λin=0.908 µm and λp=2.1922 µm in BBO. Corresponding to the

first row of Table 6.1, the polarizations of the input, output, and pump fields
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are (e), (o), and (e) respectively, and the phase-matching angle is 26.7◦. The

Sellmeier equations from Tamosauskas et al. [137] are used for the calculation.

The coupling amplitude, shown in Fig. 6.2, is calculated according to Eq. 6.8,

given a pump spectral intensity with a 100-nm FWHM bandwidth centered at

2192.2 nm. The absolute values of the PMF, pump spectral amplitude Ap, and

coupling amplitude f are shown in Fig. 6.2. The Schmidt number is 1.114, and

the purity is 0.898.

Figure 6.2: Absolute value of the coupling amplitude f calculated from the
pump spectral amplitude Ap and the PMF. The pump spectral intensity is as-
sumed to have a 100-nm FWHM bandwidth centered at 2192.2 nm. All plots
are normlized to the maximum values. The Schmidt number and purity of the
coupling amplitude are 1.114 and 0.898 respectively.

Split-step Fourier pulse propagation simulations are performed to verify the

homogenization capabilities of the device. For all simulations, the pump pulse

parameters are kept fixed while the center wavelength of the input pulse, λin,0,

is varied. The pump pulse is assumed to have a 100-nm FWHM bandwidth cen-

tered at 2192.2 nm. The pump beam size, intensity, and energy are determined

by the spatial walk off, conversion rate, and crystal length. The Poynting vector

walk off of the pump and input fields is ∼ 62.5 mrad corresponding to 720 µm

of spatial walk off after the 12.5-mm crystal. To avoid significant distortion to

the generated output, the pump beam radius is assumed to be 0.775 µm at half

maximum. To achieve the target peak pump intensity of 0.5 GW/cm2, a pulse
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energy of 1 µJ is required. The input pulse is assumed to have 0.1-nm FWHM

spectral bandwidth corresponding to a transform-limited pulse durations of ∼5

ps. The input pulse energy is set equal to that of a single photon, E = ℏωin,

where ℏ is Planck’s constant divided by 2π. The input beam size is assumed to

be equal to the pump beam size. The resulting output spectra are shown in Fig.

6.3.

Figure 6.3: Output spectra from split-step Fourier pulse propagation simula-
tions for the 12.5-mm BBO crystal. The input center wavelength, λin,0, is varied
about the group-velocity matched wavelength.

The spectral overlap integral from Eq. 6.14 is used to quantify the degree

of homogenization. The normalized overlap integrals between the output spec-

trum generated by the input field with a center wavelength of λin,0 = 0.908 µm

and output spectra generated from other input fields are plotted in Fig. 6.4. The

open circles show the results of the pulse propagation simulations assuming a

50-nm FWHM pump spectrum (blue) and a 100-nm FWHM pump spectrum

(orange). The solid lines show the normalized spectral overlap integrals calcu-

lated using the coupling amplitudes assuming a 50-nm FWHM pump spectrum

(blue) and a 100-nm FWHM pump spectrum (orange). The black dashed line

in Fig. 6.4 corresponds to an overlap integral S = 0.9. For the 50-nm (100-nm)
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Figure 6.4: Normalized spectral overlap integrals between the output spectra
generated from the input pulse with a center wavelength of 0.908 µm and the
input pulses with center wavelengths, λin,0. The solid lines show the overlap
integral calculated from the coupling amplitudes, and the open circles show
the overlap integral calculated from the pulse propagation simulations. The
calculations are done for a 50-nm pump bandwidth (blue) and a 100-nm pump
bandwidth (orange). The black dashed line marks an overlap integral ofS = 0.9.
For the 50-nm (100-nm) pump, 14 nm (29 nm) of the overlap integrals calculated
using the coupling amplitude lie above this threshold.

pump, the overlap integral calculated using the coupling amplitude lies above

this threshold for 14 nm (29 nm).

6.3.2 Rb:KTP Waveguide Device

Waveguide dispersion and quasi-phase matching can be used to tune the wave-

lengths at which the group-velocity condition and phase matching are satisfied

for frequency homogenization. A rubidium-doped KTP (Rb:KTP) waveguide

with a 2-µm width, 5-µm diffusion depth, and 81.8-µm poling period satisfies

these coniditions for a 0.605-µm input, 0.992-µm pump, and 1.55-µm output.

Considering the temporal walk off of the output field and damage threshold of

KTP, the device length is chosen to be 2 mm with a target pump intensity of
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5 GW/cm2. The waveguide profile is shown in Fig. 6.5. The index profile is

Figure 6.5: Rb:KTP waveguide profile. The waveguide has a 2-µm width and a
5-µm diffusion depth. The waveguide is constructed by diffusing rubidium ions
into the KTP crystal along the crystal Z axis and poling the electric susceptibility
along the crystal X axis. The composition of different areas and the crystal axes
are labelled.

modeled as a complimentary error function

nRb:KTP
j = nKTP

j +
(
nRTP

j − nKTP
j

)
erfc(z/d), (6.15)

where j indicates the crystal axis, nKTP and nRTP are the refractive indices of KTP

and RTP respectively, d is the diffusion depth, and z is the vertical distance mea-

sured from the crystal surface [125]. Due to restrictions from ferro-electric pol-

ing and rubidium diffusion, optical propagation is confined to the crystal X axis

with the crystal Z and crystal Y axes corresponding to vertical (TM) and hor-

izontal (TE) polarizations respectively. The polarizations of the input, output,

and pump fields are Y, Y, and Z respectively. The effective refractive indices

of the fundamental modes of the waveguide are calculated using the Finite-

Difference Time-Domain (FDTD) method developed by Fallahkair et al. [38].

The field profiles and effective indices are shown in Fig. 6.6.

The purity of the coupling amplitude and the normalized spectral overlap
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(a) The field intensity profile of the fundamental mode at λin = 0.605
µm (TE), λp = 0.992 µm (TM), and λout = 1.55 µm (TE).

(b) The refractive indices along the crsytal Y and crystal Z axes of KTP
(blue), RTP (orange), and the fundamental mode of the waveguide
(green).

Figure 6.6: (a) Rb:KTP waveguide fundamental mode profile and (b) effective
refractive indices.

integrals of the output spectra are calculated for the Rb:KTP waveguide. The

coupling amplitude is shown in Fig. 6.7. The Schmidt number is 1.196, and the

purity is 0.836.

Split-step Fourier pulse propgation simulations are used to verify the perfor-

mance of the device. The output spectra obtained from input fields with vari-

ous center wavelengths and 0.1-nm bandwidths are shown in Fig. 6.8. For these

simulations, the pump center wavelength and bandwidth are kept fixed at 0.992

µm and 100 nm, respectively. The normalized spectral overlap integrals calcu-

lated between the output spectrum from the group-velocity matched input and
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Figure 6.7: Absolute value of the coupling amplitude f calculated from the
pump spectral amplitude Ap and the PMF. The pump spectral intensity is as-
sumed to have a 100-nm FWHM bandwidth centered at 992 nm. All plots are
normlized to the maximum values. The Schmidt number and purity of the cou-
pling amplitude are 1.196 and 0.836 respectively.

Figure 6.8: Output spectra calculated from split-step Fourier pulse propagation
simulations for the 2-mm Rb:KTP waveguide. The input center wavelength,
λin,0, is varied about the group-velocity matched wavelength.

the output spectra from other inputs is shown in Fig. 6.9. The results from the

pulse propagation simulations (open circles) and from the coupling amplitude

(solid lines) using a 50-nm bandwidth pump (blue) and a 100-nm bandwdith

pump (orange) are compared.
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Figure 6.9: Normalized spectral overlap integrals between the output spectra
generated from the input pulse with a center wavelength of 0.605 µm and the
input pulses with center wavelengths, λin,0. The solid lines show the overlap
integral calculated from the coupling amplitudes, and the open circles show
the overlap integral calculated from the pulse propagation simulations. The
calculations are done for a 50-nm pump bandwidth (blue) and a 100-nm pump
bandwidth (orange). The black dashed line marks an overlap integral of S =
0.9. For the 50-nm (100-nm) pump, 39.1 nm (40.7 nm) of the overlap integrals
calculated using the coupling amplitude lie above this threshold.
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CHAPTER 7

CONCLUSIONS AND FUTURE OUTLOOK

7.1 SYSTEM REVIEW

A multicolor, 10-fs laser source has been developed from a high-repetition-rate,

energetic NIR front end system, NIR 4f pulse shaping, and adiabatic frequency

conversion. The NIR front end consists of a high-average-power, picosecond

Yb:YAG Innoslab pump laser, a WLG stage, and a series of broadband OPCPA

stages. The design of the pump system includes two exit ports: a low-power

exit of 2 µJ with a FWHM pulse duration of ∼ 900 fs and a high-power exit

of 18 mJ with a FWHM pulse duration of 3 ps. The pump system is ideally

suited for driving a femtosecond NIR front end source as the short pulse from

the low-power exit can be used to drive stable WLG while the picosecond pulse

can be used to pump the nonlinear frequency conversion stages. A portion of

the WL spectrum (650–950 nm) seeds the preamplifier OPCPA stage, which am-

plifies the pulse to ∼10 µJ. The pulse is then amplified to >100 µJ in the power

amplifier OPCPA stage, providing enough energy to split the NIR beam into

several paths for various applications including seeding visible and MIR gener-

ation and providing pump and probe pulses for spectroscopy experiments. The

bandwidth of the amplified pulse spans 670–950 nm supporting a 6.4-fs FWHM

transform-limited pulse.

After the NIR front end, a pair of NIR 4f pulse shapers and adiabatic fre-

quency conversion stages complete the 10-fs, multicolor laser architecture. The

NIR 4f pulse shapers are used to control the amplitude and phase of the NIR

pulses. The pulse shapers accommodate 171 nm of the NIR bandwidth and
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compress the pulses to 10.5-fs FWHM. The NIR pulses are converted to the visi-

ble and MIR spectral ranges using adiabatic sum frequency conversion and adi-

abatic difference frequency conversion respectively. The conversion stages are

designed to impart a constant group delay to the converted pulses—the higher-

order dispersion (n ≥ 2) from the frequency-dependent conversion positions

offsets that of the material dispersion of the device. Thus, a transform-limited

NIR pulse is converted to a transform-limited MIR or visible pulse.

Our 10-fs, multicolor laser architecture provides several advantages for spec-

troscopy applications and ultrafast measurements. With the high-repetition

rate and energies of the NIR front end afforded by the high-average-power

pump laser, our multicolor laser source enables fast acquisition of multidimen-

sional spectra when combined with the rapid update and acquisition rates of

the NIR pulse shapers and modern array detectors. Additionally, the combi-

nation of NIR pulse shaping and adiabatic frequency conversion extends the

rapid control of pulse sequences to multiple octaves of bandwidth, allowing the

benefits of pulse-shaper-assisted multidimensional spectroscopy such as phase-

cycling, pi-shift for background subtration, and interferometrically stable con-

trol of pulse-pair delay in the visible, NIR, and MIR.

7.2 ULTRAFAST PUMP-PROBE SPECTROSCOPY

During nonadiabatic transitions where the Born-Oppenheimer approximation

fails, molecular dynamics can occur within the span of a few hundred fem-

toseconds. These dynamics are mediated by electronic energy degeneracies in

the reaction pathway of the excited molecule, known as conical intersections.
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With ∼10-fs pulses in the visible, NIR, and MIR and the pulse-to-pulse control

afforded by the 4f pulse shapers, our 10-fs multicolor laser source is a powerful

tool that can be used to explore these dynamics. We have planned several ul-

trafast spectroscopy experiments to benchmark the 10-fs multicolor laser source

and to explore the ultrafast dynamics mediated by conical intersections.

Pauli Blocking

First, we plan to perform a novel benchmark experiment using single-layer

graphene (SLG). The primary thermalization events in SLG occur in <100 fs af-

ter photoexcitation. These events have been studied using ultrafast pump-probe

spectroscopy [14] and time- and angle-resolved photoemission spectroscopy

[47]. Despite the impressive time resolution, the pump-probe spectroscopy was

limited to a temporal range dictated by the available probe wavelengths, 855–

1030 nm. We propose performing the study with our NIR and MIR pulses,

using the NIR pulses to excite the SLG and the NIR and MIR pulses to probe

the dynamics, covering the spectral ranges 670–950 nm and 2000–4000 nm. As

the carriers relax, the probe absorption is strongly suppressed at the frequency

corresponding to the transition between the valence and conduction bands cor-

responding to the maximum of the electron distribution due to Pauli block-

ing. Thus, by using our octave-spanning femtosecond MIR pulses, the excited-

carrier dynamics can be followed as they approach the Dirac point.
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Rhodopsin and Chrimson

Some biological reactions involve steps that occur on the femtosecond timescale.

Often, these reactions are found in processes that hold significant importance to

the function of an organism. For example, the torsional isomerization of the

retinal chromophore, the primary event in dim-light vision in vertebrates and

light-driven ion pumps in bacteria, takes place in less than a few hundred fem-

toseconds [116]. Interestingly, this reaction is mediated by a conical intersection.

As such, there is particular interest in studying how the electronic energy topog-

raphy affects the timescale and photoproduct yield of the reaction.

Polli et al. [104] have tracked the electronic wavepacket after photoexcitation

of the retinal chromophore in rhodopsin using 10-fs, 500-nm pump pulses over

an energy range corresponding to a visible wavelength range of 500–720 nm

and a NIR wavelength range of 820–1020 nm. This probe range is sufficient to

see a clear progression of the wavepacket toward and away from the conical

intersection; however, the wavepacket is unaccounted for during a period of

50 fs in its last approach to and emergence from the intersection. We plan to

extend this map of the energy topography using probe pulses covering 530–700

nm, 670–950 nm, 1.1–2.2 µm, and 2–4 µm.

Additionally, we plan to study the ultrafast dynamics of Chrimson, a red-

light-activated channelrhodopsin from the algae Chlamydomonas noctigama, and

other channelrhodopsin mutants. Naturally, channelrhodopsins mediate pho-

totaxis and photophobic responses in algae, allowing it to respond to light. The

isomerization of the retinal chromophore mediates ion pore formation and pas-

sive ion translocation, creating a light-induced ion conductance [10, 92, 93]. In

optogenetics, channelrhodopsins are widely used to selectively control neuronal
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activity because of their fast response and red-shifted activation spectrum which

allows deeper penetration into tissue [13,28]. Further investigation of the struc-

ture and operation of these molecules would inform the development of mu-

tants with faster kinetics and alternative activation wavelengths. For example,

through mutation analysis Oda et al. [98] identified the structural features re-

sponsible for the red-shifted absorption and engineered a mutant with an ac-

tivation wavelength shifted beyond 605 nm with accelerated dynamics. Mea-

surements of the potential energy topography of these molecules may provide

additional insights.

Previous pump-probe studies [115,129,141] have found branching ratios and

time constants that are highly dependent on the mutant—each mutation having

different steric electrostatic effects on the electronic structure. Moreover, these

results depend on the specific experimental factors such as excitation wave-

length and solvent. As such, Chrimson and other channelrhodopsin mutants

comprise a rich resource of information regarding how the potential energy

topography affects the dynamics. Using our multicolor source, the channel-

rhodopsin samples would be pumped using visible pulses (530–700 nm) gen-

erated using adiabatic sum frequency generation and probed using pulses cov-

ering the visible, NIR, and MIR (530–700 nm, 670–950 nm, 1.1–2.2 µm, and 2–4

µm). Furthermore, we propose using 2D spectroscopy to investigate the affect

of the pump wavelength on the kinetic energy of the excited-state wavepacket.

DNA

The final molecule that we are interested in studying is DNA. When radiated

with ultraviolet light, DNA is prone to photodamage resulting in photolesions
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that cause skin cancer [4, 26, 103]. However, this reaction depends strongly on

the conformation at the time of radiation and is often suppressed by other, ul-

trafast relaxation pathways [23, 87]. The relaxation time of DNA monomers has

been measured below one picosecond—fast enough to suppress the formation

of harmful photolesions—and is thought to be strongly affected by crossings

with other excited states as well as the local potential energy topography, such

as slopes and barriers. By studying the relaxation rates of the DNA monomers

and various modifications including methylation, we aim to quantify the im-

pact of these factors. Furthermore, by studying the differences in the transient

absorption spectra of adenine monomers in solution and adenine bases in a

double-stranded DNA environment, we can gain valuable insight into the ef-

fects of the local topography. Adenine monomers are predicted to have a peaked

topography at the conical intersection (i.e. the point of degeneracy is a local min-

imum of the upper potential energy surface) and have fluorescence lifetimes of

0.1 ps and 0.3–0.5 ps [21, 22, 50]. Whereas, stacked Adenine bases in a double-

stranded DNA environment have a sloped topography at the conical intersection

(the point of degeneracy is not a local minimum of the upper potential energy

surface) and have lifetimes of 0.39 ps and 4.3 ps [21, 22, 72].

For the DNA studies, pump-probe spectroscopy would be employed. A 260–

300-nm UV pump pulse would be obtained from second harmonic generation of

the 530–700 nm pulse from the adiabatic sum frequency generation. The pump

pulse would be followed by a ∼10-fs visible, NIR, or MIR probe pulse, allowing

us to precisely track the transition energy over a broad range (0.45–4 µm) as a

function of relaxation time.
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7.3 QUANTUM COMMUNICATION

Frequency conversion plays a significant role in the development of ultrafast

laser sources and their applications, allowing the generation and amplifica-

tion of energetic, broadband pulses from high-power narrowband lasers. In

quantum communication, frequency conversion has been shown to preserve

the quantum nature of light and can be used to translate quantum states to dif-

ferent spectral regions [70], allowing the interconnect of quantum technologies

that operate in disparate spectral regions. High purity and deterministic single-

photon sources operating at telecommunication wavelengths would facilitate

the development of a robust quantum communication infrastructure using ex-

isting telecommuication technology. A variety of deterministic, single-photon

sources operate in the visible region of the electro-magnetic spectrum [36], in-

cluding solid-state quantum emitters such as quantum dots and color centers.

These technologies suffer from inhomogeneous spectral broadening which de-

creases the purity of the quantum state. Frequency translation using a narrow-

band pump preserves the spectral distinguishability—however, we propose us-

ing a broadband pump and a group-velocity matched phase-matching function

to simultaneously translate the frequency to the telecommunciation band and

decrease the spectral distinguishability.

Two frequency homogenization devices are proposed and simulated: a 12.5-

mm BBO crystal and a 2-mm Rb:KTP waveguide. To evaluate performance, the

purity of the coupling amplitude and the spectral homogeneity of the output

spectra are calculated. Furthermore, the devices are simulated using split-step

Fourier pulse propagation to capture the temporal dynamics and confirm the

spectral homogeneity of the output spectra. The BBO device converts an inho-
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mogeneous distribution of input spectra around λin = 0.908 µm to a homoge-

neous output spectrum at λout = 1.55 µm. Using a 100-nm bandwidth pump

centered at λp = 2.192 µm, the normalized spectral overlap is above 0.9 for a

29-nm range of input center wavelengths. The Rb:KTP waveguide converts an

inhomogeneous distribution of input spectra around λin = 0.605 µm to a homo-

geneous output spectrum at λout = 1.55 µm. Using a 100-nm bandwidth pump

centered at λp = 0.992 µm, the normalized spectral overlap is above 0.9 for a

40.7-nm range of input center wavelengths.

Future work includes experimental verification of the devices. The BBO de-

vice has been ordered from Conex Systems Technology, Inc. and will be tested

in Dr. Jeffrey Moses’ laboratory at Cornell University. To demonstrate the ho-

mogenization capabilities, the output spectrum will be measured for several

narrowband input spectra selected using the NIR 4f pulse shapers. By tilting the

crystal, the phase-matching angle can be detuned from the angle necessary to

achieve group-velocity matching between the pump and input fields such that

homogenization will not occur. Thus, group-velocity-matched operation result-

ing in homogenization can be directly verified. The Rb:KTP waveguide is being

manufactured by AdvR, Inc. and will be tested at the Air Force Research Labo-

ratory in Rome, NY. A nondegenerate spontaneous parametric downconversion

source driven at 325 nm will be used to generate the input photons. The per-

formance of the device will be analyzed by tuning the input center wavelength.

The quantum characteristics will be investigated by measuring the visibility of

Hong-Ou-Mandel inteference between the outputs of two devices seeded with

input spectra at different center wavelengths.

118



APPENDIX A

PHASE MATCHING OPA PROCESSES

A.1 GROUP-VELOCITY MATCHING IN NONCOLLINEAR

CONFIGURATION

The relationship between the group velocities of the signal and idler in the non-

collinear configuration can be determined under the phase-matched condition

by setting the components of the wave-vector mismatch in Eqs. 2.8 to zero and

taking the derivative with respect to the signal angular frequency:

∆k∥ = 0 =
∂

∂ωs

(
kp cos (α)

)
−

∂

∂ωs
ks −

∂ωi

∂ωs

∂

∂ωi

(
ki cos (β)

)
(A.1a)

∆k⊥ = 0 =
∂

∂ωs

(
kp sin (α)

)
−
∂ωi

∂ωs

∂

∂ωi

(
ki sin (β)

)
, (A.1b)

where the chain rule has been used for terms that are explicitly dependent on

the idler angular frequency.

Now, let us consider Eqs. A.1a and A.1b. The first term in Eq. A.1a is zero

because kp and α are constant with respect to the signal angular frequency. The

second term is the inverse of the signal group velocity ∂ks
∂ωs
= v−1

s . Using ∂ωi
∂ωs
= −1

from conservation of energy and the product rule, the third term can be simpli-

fied to

∂ωi

∂ωs

∂

∂ωi

(
ki cos (β)

)
= −

(
∂ki

∂ωi
cos (β) − ki sin (β)

∂β

∂ωi

)
= −

(
v−1

i cos (β) − ki sin (β)
∂β

∂ωi

)
. (A.2)

Finally, Eq. A.1a becomes

∆k∥ = 0 = −v−1
s + v−1

i cos (β) − ki sin (β)
∂β

∂ωi
. (A.3)
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Similarly, Eq. A.1b becomes

∆k⊥ = 0 = v−1
i sin (β) + ki cos (β)

∂β

∂ωi
. (A.4)

Solving Eq. A.4 for ki
∂β

∂ωi
and subsituting it into Eq. A.3 yields

0 = −v−1
s + v−1

i cos (β) −
(
−

v−1
i sin (β)
cos (β)

)
sin β

= −v−1
s cos (β) + v−1

i cos2 (β) + v−1
i sin2 (β)

= −v−1
s cos (β) + v−1

i . (A.5)

Eq. 2.9 is obtained from Eq. A.5.
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APPENDIX B

FROST RETRIEVAL ALGORITHM

B.1 OVERVIEW

The FROSt technique uses a ptychographic phase retrieval algorithm to recon-

struct the measured trace, I(ω, τ), where ω is the angular frequency of the probe

pulse and τ is the delay between the pump and probe pulses. For our imple-

mentation, we follow the procedure outlined in Ref. [76] which begins with the

Hybrid Input-Output scheme [37,41,42] to identify the space of all approximate

solutions and ends with the Error Reduction scheme [42, 45] to find the closest

local solution. Additional ptychography methods and algorithms are reviewed

in Refs. [9, 84, 108].

The goal is to determine the probe electric field P(t) and the switch function

S (t) created by the transient absorption of the free-carriers excited by the pump

pulse. The measured trace can be expressed as

I(ω, τ) =
∣∣∣∣∣∫

t
P(t)S (t − τ)e jωtdt

∣∣∣∣∣2 . (B.1)

By defining a function Q(t, τ) = P(t)S (t − τ) as a product between the probe elec-

tric field and the switch function delayed by a time τ, Eq. B.1 can be expressed

as

I(ω, τ) = |F [Q(t, τ)]|2 , (B.2)

where F represents Fourier transformation from t → ω (F −1 is the inverse

Fourier transformation).

The retrieval algorithm uses two projections to update Q(t, τ). These projec-

tions are the experimental projection ΠE, performed in the frequency domain,
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and the product projection ΠP, performed in the time domain. The experimen-

tal projection ΠE constrains the Fourier magnitude of Q(t, τ) to the measured

trace IE(ω, τ), such that

ΠE [Q(t, τ)] = F −1
[
F [Q(t, τ)]
|F [Q(t, τ)]|

√
IE(ω, τ)

]
. (B.3)

The product projection ΠP fits Q(t, τ) with the product of two guessed functions

such that

ΠP [Q(t, τ)] = Pg(t)S g(t − τ), (B.4)

where Pg(t) and S g(t − τ) are guesses for the probe electric field and the switch

function delayed by a time τ, respectively. The guessed functions, Pg(t) and

S g(t), are obtained by minimizing the least-square error ϵ given by

ϵ =
∑
t,τ

∣∣∣Q(t, τ) − Pg(t)S g(t − τ)
∣∣∣2 . (B.5)

The least-square error is minimized when the complex gradients with respect to

the guessed functions are equal to zero such that ∂ϵ/∂Pg = ∂ϵ/∂S g = 0. Solving

for Pg(t) and S g(t) gives

Pg(t) =

∫
Q(t, τ)S ∗g(t − τ)dτ∫
|S g(t − τ)|2dτ

(B.6a)

S g(t) =

∫
Q(t + τ, τ)P∗g(t + τ)dτ∫
|Pg(t + τ)|2dτ

. (B.6b)

These create a coupled system of equations that can be iteratively solved. Start-

ing with a random complex guess for S g, Pg can be calculated from Eq. B.6a.

Then, S g is recalculated using Eq. B.6b. Repeating this procedure, the guessed

functions Pg and S g can be found within a few iterations, typically <10.

In the retrieval algorithm, these projections are applied in two ways to pro-

duce different converging behaviors [42]. First is the Hybrid Input-Output
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(HIO) scheme described in Refs. [37, 41, 42]. Here, Q(t, τ) for the next iteration

(n + 1) is given by

QHIO
(n+1) = Q(n) + ΠE[2ΠP[Q(n)] − Q(n)] − ΠP[Q(n)]. (B.7)

Second is the Error Reduction (ER) scheme described in Ref. [42,45] where Q(t, τ)

for the next iteration (n + 1) is given by

QER
(n+1) = ΠE[ΠP[Q(n)]]. (B.8)

The algorithm is summarized in Fig. B.1. First, an initial probe electric field

Figure B.1: Diagram of FROSt retrieval algorithm. (left) Algorithm overview.
(right) Experimental and product projections used in the HIO and ER schemes.

and switch function, which could be random functions or educated guesses (e.g.

the probe pulse amplitude with a specified amount of dispersion), are used to

construct the initial function Q(0)(t, τ). Next, the HIO scheme is used for the

first 15 iterations. Note, the projections used in each scheme are outlined on

the right side of Fig. B.1. Using the HIO scheme, the algorithm converges to a

steady-state regime where it continues to explore the space of all approximate

solutions. Finally, the ER scheme is applied for a few thousand iterations which

slowly converges to the closest local solution. Typically, 1000–3000 iterations
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are sufficient for convergence. The retrieved switch function and probe electric

field are calculated from Q(N)(t, τ) from the final iteration (N).
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