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Ultrafast lasers have had tremendous impact on both science and applications,

far beyond what their inventors could have imagined. Commercially-available

solid-state lasers can readily generate coherent pulses lasting only a few tens

of femtoseconds. The availability of such short pulses, and the huge peak in-

tensities they enable, has allowed scientists and engineers to probe and manip-

ulate materials to an unprecedented degree. Nevertheless, the scope of these

advances has been curtailed by the complexity, size, and unreliability of such

devices. For all the progress that laser science has made, most ultrafast lasers

remain bulky, solid-state systems prone to misalignments during heavy use.

The advent of fiber lasers with capabilities approaching that of traditional,

solid-state lasers offers one means of solving these problems. Fiber systems can

be fully integrated to be alignment-free, while their waveguide structure en-

sures nearly perfect beam quality. However, these advantages come at a cost:

the tight confinement and long interaction lengths make both linear and non-

linear effects significant in shaping pulses. Much research over the past few

decades has been devoted to harnessing and managing these effects in the pur-

suit of fiber lasers with higher powers, stronger intensities, and shorter pulse

durations.

This thesis focuses on less quantitative metrics of fiber laser performance,

with an emphasis on furthering the versatility and practicality of ultrafast



sources. Much of this work relies on the calculated use of strong fiber nonlinear-

ities, turning conventionally-undesirable phenomena into crucial tools for en-

abling new capabilities. First, the generation of femtosecond-scale pulses from

much slower, more robust sources is investigated, conferring not only reliabil-

ity advantages but also a fundamentally greater scope for repetition rate tun-

ing. Next, prospects for fiber lasers operating at wavelengths far from any gain

media are explored. By leveraging optical parametric gain alongside chirped-

pulse evolutions, energy and bandwidth generated at one wavelength can be

efficiently converted to another, while keeping the pulse’s phase and compress-

ibility intact. Both the scaling properties and the underlying theoretical consid-

erations of this approach are discussed. Prospects for realizing optical paramet-

ric sources in birefringent step-index fibers are then studied. By using the po-

larization modes in a telecom-grade fiber to obtain phase-matching, new wave-

lengths can be generated while eschewing photonic crystal fiber and its inherent

practical disadvantages. Finally, more speculative ideas for future work along

these themes are discussed.
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CHAPTER 1

INTRODUCTION

Whether or not we are aware of it, lasers have become ubiquitous in modern

life. They transmit our data, scan our groceries, and infuriate our housecats.

The uses of lasers are many, and grow every year. As these application spaces

have ballooned, so has the demand for smaller, brighter, or more versatile laser

sources. One type of system that remains at the forefront of laser science is

ultrafast lasers. Rather than the constant output of a continuous-wave laser, an

ultrafast laser emits isolated pulses of light, with each pulse lasting only picosec-

onds or femtoseconds. The high peak intensities that arise from delivering even

a modest amount of energy over such a short time interval enable new modes

of interacting with materials, and are the key to many emerging applications.

Ultrafast lasers have conventionally taken the form of solid-state lasers, cap-

italizing on the broad gain bandwidths of crystals such as titanium:sapphire.

These highly-engineered systems represent the gold standard in short-pulse

generation, readily generating pulses as short as a few optical cycles and Watt-

level average powers. For all their impressive performance, however, solid-state

ultrafast lasers remain impractical for many applications. Their size, cost, and

lack of user-friendliness make them poorly suited for widespread uses like in-

dustrial materials processing or clinical diagnostics, where a shift in alignment

or an interruption of lasing can require significant maintenance and cause unac-

ceptable levels of downtime. Furthermore, operation at higher powers typically

requires cumbersome thermal control measures. As a result, the proliferation of

ultrafast lasers remains far below that projected by their potential applications.

In recent years, fiber lasers have been explored as a means of addressing
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these issues. Rather than traveling predominantly through free-space as in a

solid-state laser, light in a fiber laser resides largely within the core of an optical

fiber. Mature fiber integration techniques can be used to create nearly mono-

lithic systems, eliminating the possibility of misalignments and improving ro-

bustness. Furthermore, due to fiber’s waveguide format and high surface-to-

volume ratio, fiber lasers can maintain pristine beam quality even under high

thermal loads, permitting scaling to kilowatt-scale powers while obviating com-

plex cryostats. Nevertheless, fiber lasers face their own challenges. Ultrashort

pulses in a fiber laser experience not only tight spatial confinement in the fiber

core, but also long interactions lengths with the waveguiding fiber. Therefore,

both linear and nonlinear propagation effects are orders of magnitude more sig-

nificant in fiber lasers than in their solid-state counterparts, hindering the de-

velopment of high-performance fiber lasers.

Students of physics are of course aware that light obeys Maxwell’s equations,

a set of linear partial differential equations. They quickly grow accustomed to

using that linearity to simplify analyses and better understand the behavior of

light. At high optical intensities, however, this model breaks down, and ef-

fects that depend nonlinearly on the field strength begin to assert themselves.

Through these effects, pulses of light can distort themselves, warping their spa-

tial, temporal, and spectral profiles. Improving the performance of fiber lasers

requires a thorough understanding of these numerous effects–what they do,

how they interact, and how they can be managed. Traditionally, this work has

focused on avoidance: using large-mode-area fibers and temporal stretching

can reduce nonlinearity to a negligible level, recovering linear pulse propaga-

tion. However, as emerging applications demand ever-better performance, this

standard approach is reaching its limits. It appears increasingly likely that the
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next generation of ultrafast lasers will need to transcend this model and in-

corporate new methods of tolerating fiber optic nonlinearity. As this school of

thought is developed, nonlinearity may even come to be seen as an opportunity:

as complex as it is, within that complexity lies the potential for qualitatively new

capabilities beyond what a linearized model can achieve, if only they can be un-

derstood and controlled. This thesis explores several ways in which this might

be done, ranging from new ways of generating ultrashort pulses to techniques

for extending their wavelengths beyond existing gain media.

1.1 Organization of thesis

This thesis is organized as follows.

Chapter 1 introduces some basic principles and motivations for studying

nonlinear fiber optics. This includes treatments of how ultrashort pulses are

modeled, how they are generated, and how they are used.

Chapter 2 discusses the generation of energetic, femtosecond-scale pulses

from a gain-switched diode by way of nonlinear shaping and amplification in

fiber. A particular method of producing microjoule-scale, nearly transform-

limited femtosecond pulses is described in depth, and the noise properties of

the resulting pulses are compared with that of those from typical modelocked

fiber systems. The applicability of this approach to compact and robust sources

with tunable repetition rates is also explored.

In Chapter 3, fiber optical parametric chirped-pulse amplification with a

continuous-wave seed is investigated as a means of generating femtosecond

pulses at new wavelengths. Several such systems operating near the bio-
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imaging window at 1300 nm are demonstrated, and the scalability of this ap-

proach through stretching is verified numerically and experimentally. Finally,

the potential for such systems to generate microjoule-scale, femtosecond pulses

at new wavelengths is discussed.

In Chapter 4, the theoretical underpinnings of fiber optical parametric

chirped-pulse amplification are studied in more depth. Systems seeded by

continuous-wave beams are discussed first, followed by those seeded by broad-

band, chirped pulses. The phase and gain dynamics in such lasers are analyzed,

with an emphasis on how the parametric gain chirp dominates the interactions

between the pump and seed pulses. The implications for designing and opti-

mizing fiber optical parametric chirped-pulse amplifiers for a variety of pur-

poses are discussed.

Chapter 5 explores the use of vector four-wave-mixing in polarization-

maintaining fiber as a means of generating new wavelengths without the use

of photonic crystal fiber. The advantages and disadvantages of this approach

are enumerated, both from a practical point of view and based on the under-

lying nonlinear wave physics. Proof of concept is demonstrated in the form of

a fiber optical parametric oscillator constructed entirely of standard, step-index

fibers which generates ultrashort pulses at 840 nm and 1340 nm. Routes for

scaling up and improving upon this result are discussed.

Finally, in Chapter 6, a more speculative assessment of ultrafast sources that

lack modelocking is given. Various approaches for generating picosecond-scale

pulses from non-modelocked lasers are compared, along with possible tech-

niques for compressing such pulses to femtosecond durations and improving

their coherence–potentially to the point where they could replace modelocked
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systems. Emphasis is placed on the potential impact stemming from the sim-

plicity and robustness that such systems could one day provide. Additional

avenues of research for vector optical parametric devices are also explored.

These include alternative formats and architectures, as well as prospects for

wavelength-tuning such systems and the new nonlinear dynamics that may re-

sult from doing so.

1.2 Nonlinear pulse propagation in optical fibers

Light in an optical fiber, just like all other light, obeys Maxwell’s equations, and

in particular, the electromagnetic wave equation:

∇2 ~E −
1
c2

∂2 ~E
∂t2 = µ0

∂2~PL

∂t2 + µ0
∂2~PNL

∂t2 (1.1)

where ~E is the electric field, and ~PL and ~PNL are the linear and nonlinear parts, re-

spectively, of the induced polarization in the fiber. Starting from this formalism,

a standard derivation [1] yields the nonlinear Schrödinger equation (NLSE), a

key tool for modeling pulse propagation in fiber:

∂A
∂z

= −
1
2

iβ2
∂2A
∂t2 + iγ|A|2A (1.2)

where A = A(z, t) describes the slowly-varying envelope of the complex electric

field as it propagates along the z axis of a fiber, and β2 and γ give the strengths

of group-velocity dispersion (GVD) and self-phase modulation (SPM), respec-

tively.

The NLSE makes a number of simplifying assumptions. For instance, it as-

sumes a scalar field propagates in a single-mode fiber, where the mode’s spatial

profile has been factored out; it assumes the field envelope A varies much more
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slowly than the optical carrier wave, i.e., the pulse spans many optical cycles;

and it assumes many complicating or higher-order effects are negligible. Much

of the NLSE’s versatility stems from the lifting of its various assumptions as

needed: gain and loss can be readily accounted for, as can higher-order disper-

sive and nonlinear effects involving one or more polarization or spatial modes.

In this manner, the NLSE can be generalized to encapsulate the manifold possi-

bilities of optical fiber itself.

1.3 Four-wave-mixing in optical fibers

One particular nonlinear process merits special attention here due to its cen-

trality to this thesis. Four-wave-mixing is a third-order nonlinear process

whereupon two photons are annihilated, and two different photons are created

(termed a signal and an idler). The most common type of four-wave-mixing in

optical fibers is partially-degenerate four-wave-mixing, where the two original

photons come from the same pump wave while the new photons belong to the

signal and idler, respectively. This process must satisfy conservation of energy:

2ωp = ωs + ωi (1.3)

where ωp, ωs, and ωi are the pump, signal, and idler frequencies, respectively.

Between the signal and the idler, the redshifted wave is alternatively referred to

as the Stokes wave, while the blueshifted wave is referred to as the anti-Stokes

wave.

Four-wave-mixing can occur spontaneously if neither the Stokes nor the

anti-Stokes wave is seeded. In this case, the process is seeded by shot noise,

and is consequently initially weak. If this process is allowed to continue, a
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Stokes/anti-Stokes pair is generated, but the resulting waves are incoherent.

Coherent four-wave-mixing can be achieved by seeding the signal with an-

other, externally-provided wave. Optical parametric amplification can then oc-

cur, with the signal being amplified and an idler wave being newly generated.

While equal numbers of signal and idler photons are always generated, the dif-

ference in photon energies at different wavelengths means the signal and idler

waves will not experience the same increase in power. This asymmetry between

the changes in the pump, signal, and idler powers (Pp, Ps, and Pi, respectively)

is encapsulated by the Manley-Rowe relations:

d
dz

(
Pp

ωp

)
= −2

d
dz

(
Ps

ωs

)
= −2

d
dz

(
Pi

ωi

)
(1.4)

For significant conversion from the pump to the signal and idler waves to

occur, the four-wave-mixing process must be phase-matched. In the low-power

limit, this amounts to satisfying:

∆β ≡ βs + βi − 2βp (1.5)

where βx ≡ β(ωx) = n(ωx)ωx/c is the wavevector at frequency ωx. In general,

equation 1.5 is a vector equation; however, in a fiber, the waveguide dispersion

included in n(ωx) accounts for this, permitting the scalar form of the equation

to be used. By explicitly accounting for the nonlinear contribution to phase-

matching, the unit power gain g can be written in the small-signal approxima-

tion as [1]:

g2 = −∆β

(
∆β + 4γP

)
(1.6)

where, by Taylor expanding β(ω = ωp + Ω) about some pump frequency ωp,

∆β = 2
∞∑

n=1

β2n

(2n)!
Ω2n (1.7)
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From equation 1.6, it can be seen that the peak parametric gain occurs at ∆β(Ω)+

2γP = 0.

The gain spectrum in equation 1.6 takes different forms depending on the

sign of the group-velocity dispersion. In anomalous dispersion, very broad-

band parametric gain can be achieved, but only in a single spectral region con-

tiguous with and localized near the pump wavelength (Fig. 1.1a). In normal

dispersion, the individual gain windows become narrower, but separate from

the pump wavelength (Fig. 1.1b). Thus, this regime permits the generation of

light in brand new spectral regions far from the pump, albeit with more modest

bandwidths. In practice, a compromise is often reached by pumping just to the

normal side of the zero-dispersion wavelength. While this is at times difficult

to precisely achieve, systems that do so can achieve the best of both worlds,

exhibiting generously broad bandwidths at wavelengths far from the pump.

(a) (b)

Figure 1.1: Cartoons illustrating typical four-wave-mixing gain for pumping in
(a) anomalous dispersion and (b) normal dispersion.

1.4 Modelocked oscillators

A natural environment for encountering and studying nonlinear pulse propa-

gation is a modelocked oscillator. An optical resonator is said to be modelocked
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when its cavity modes maintain a fixed phase relation over a long time inter-

val. Following from Fourier theory, this corresponds to a periodic train of short

pulses in the time domain. The number of participating modes can easily be on

the order of 105, spanning multiple THz; as a result, modelocked lasers can gen-

erate extremely short (< 100 fs) pulses with high (>kW) peak powers, leading to

dispersion, nonlinearity, and their manifold interactions all playing significant

roles in pulse-shaping. A variety of different modelocking regimes have been

discovered, each distinguished by the parameters of the cavity and the way a

pulse evolves within it [2, 3]. Despite this diversity, certain features are common

to all modelocked lasers. In particular, some mechanism for initiating the pulse

from noise (so-called self-starting) is required. This can be achieved actively,

by acousto-optically or electro-optically modulating the cavity, or passively, by

using an intra-cavity saturable absorber or effective saturable absorber. In the

latter case, the saturable absorber preferentially attenuates lower-intensity light,

allowing a pulse to effectively modulate itself much more quickly and strongly

than is possible using active techniques. Passive modelocking consequently re-

sults in the highest-energy, shortest-duration, and lowest-noise oscillators.

In a typical modelocked oscillator, a single pulse continually circulates and

evolves through the cavity (i.e., fundamental modelocking). For stable oper-

ation, the pulse evolution should be self-consistent: the pulse should be un-

changed after each roundtrip through the cavity, modulo overall phase factors.

The various dispersive and dissipative processes in the cavity must balance to

make this possible, with the precise balance needed depending on the particular

pulse evolution used. More thorough reviews of modelocking techniques can

be found in [4] and [5]. The perfect self-consistency of a good modelocked state

has further implications: a stably-circulating pulse exhibits low intensity, phase,
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and timing jitter, resulting in a highly coherent output at a consistent repetition

rate. In the time domain, this corresponds to a stable, reliable source of short

pulses; in the frequency domain, as per the Fourier relations, it corresponds to

a comb containing hundreds of thousands of narrow lines, all spaced perfectly

uniformly in frequency and maintaining a fixed phase relation with respect to

one another. Depending on the application, either or both of these characteris-

tics can be a valuable feature.

1.5 Gain-switching

Another means of short-pulse generation is gain-switching. In this technique,

an active medium without feedback is sharply modulated [6]. Quickly and

strongly pumping the medium results in a population inversion that quickly ex-

ceeds the lasing threshold; provided that the upper-state lifetime is sufficiently

long, stimulated emission will be minimal, and the inversion can continue to

grow. Eventually, stimulated emission will increase, and the built-up inversion

will be rapidly depleted by the emission of one or more gain relaxation oscilla-

tions. Proper system design can limit the emission to a single, sharp oscillation

with a duration on the order of the photon lifetime, which may be much shorter

than either the gain lifetime or the modulation speed. For instance, one for-

mat of particular interest is a gain-switched diode, which can produce pulses

as short as tens of picoseconds. Such systems can be much simpler and more

robust than modelocked oscillators, which require a resonant cavity supporting

a stable pulse propagation. Furthermore, gain-switched diodes can be electroni-

cally triggered, allowing them to operate at either fixed repetition rates or more

complicated, even aperiodic, patterns. Nevertheless, gain-switching also has

10



a number of disadvantages compared to modelocking. Perhaps the biggest of

these is the incoherent nature of the pulses generated: each pulse is seeded by

whatever spontaneous emissions are present when the active medium reaches

threshold, and even small changes in the number and phase of these initial pho-

tons can lead to noticeable amplitude, duration, or timing jitter in the emit-

ted pulse [7]. The degree to which this noise will prove harmful is highly

application-specific.

1.6 Application spaces for ultrafast lasers

Much of the motivation for studying ultrafast lasers stems from their broad

applicability throughout both science and industry. Ultrafast science benefits

greatly from the precision offered by modelocked lasers: either in the time do-

main, where pulses can probe very fast dynamics in a system of interest, or in

the frequency domain, where the uniformly-spaced spectral comb enables opti-

cal metrology with unprecedented precision.

Industrial applications take advantage of ultrafast lasers in a different way:

high-energy (e.g., microjoule- or millijoule-scale) picosecond- or femtosecond-

scale pulses impacting a small target can ablate it more quickly than that energy

can diffuse away. Operating in the so-called cold ablation regime, a short-pulse

laser can chip away at a material without giving it a chance to heat up, pre-

venting thermal effects from reducing the precision of machining. Ultrafast mi-

cromachining can furthermore be applied to a wide range of materials, making

ultrafast lasers a versatile workhorse for cutting metals, polymers, glass, and

sapphire with high throughputs. By making use of multiphoton absorption pro-
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cesses, pulses with sufficiently high peak powers can be used to machine even

transparent media.

The precision and efficacy of ultrafast laser machining can be readily trans-

lated to surgical applications–most commonly, in safely and reliably making

corneal incisions for laser corrective surgery. A wider range of biomedical appli-

cations can be found at lower, less destructive, pulse energies. For instance, non-

linear microscopy can be performed with nanojoule-scale pulses. Here, the goal

is typically to localize the excitation volume within the three-dimensional fo-

cal volume where multiphoton effects are appreciable, enabling high-resolution

imaging of in vitro or in vivo biological systems. With an appropriate choice

of the excitation wavelength relative to the sample’s scattering and absorp-

tion spectra, a focal volume can be intensely illuminated at depths exceeding

a millimeter. Such deep-imaging capabilities are particularly valuable in neuro-

imaging, as much insight can be derived from studying the densely-connected,

millimeter-scale cerebral cortex. Emerging techniques such as functional neuro-

imaging might involve performing an initial, structural scan of the region under

study, and subsequently using precisely-placed pulses to monitor the neurons

of interest under minimal illumination. With additional work, biomedical tech-

niques using ultrafast lasers may move from research labs to hospitals to form

the basis of non-invasive clinical diagnostics.

These and other application spaces, spanning multiple diverse aspects of so-

ciety, form a compelling argument for the continued research and development

of ultrafast lasers. While improving the powers, pulse energies, and durations

obtainable from such systems is likely to expand their range of applications, less

quantitative improvements are also needed to maximize their utility. For ultra-
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fast lasers to be used by non-specialists, they must be robust under temperature

changes, mechanical perturbations, and long-term use–conditions that might be

encountered as they are wheeled about doctors’ offices or operated constantly

on factory floors. Improving their flexibility will also be valuable. Optimiz-

ing the interaction between a laser pulse and a sample often includes tuning

the pulse’s wavelength or arrival rate, both of which are generally configurable

only to a low degree in the laser systems of today. For instance, the excitation

wavelength can have a dramatic effect on the imaging depth in microscopy sys-

tems [8], while fine control over the pulse rate can enable efficient illumination

patterns in functional neuroimaging [9] or novel micromachining regimes [10].

Ultrafast sources that can address these issues will be a major focus of this the-

sis.
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Heinar Hoogland, Ronald Holzwarth, and Fatih Ömer Ilday. Ablation-
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CHAPTER 2

FEMTOSECOND PULSES FROM A GAIN-SWITCHED DIODE 1

2.1 Introduction

Fiber lasers are becoming increasingly widespread in scientific and industrial

settings. In contrast with their solid-state counterparts, fiber systems benefit

from a compact, robust format and diffraction-limited beam quality even at

high average powers. However, the majority of their impact has to-date been in

long-pulse or continuous-wave applications. While few fiber systems can gen-

erate millijoule-scale, ultrafast pulses [2], microjoule-level pulses obtainable by

amplifying a modelocked fiber oscillator hold advantages for imaging, preci-

sion machining, and ultrafast measurement. Nevertheless, such systems have

yet to find widespread adoption outside of research labs. Their limited impact

stems from several persistent, practical obstacles. Maintaining stable mode-

locking in the face of environmental perturbations is an ongoing engineering

problem. Separately from this issue, modelocked oscillators are constrained

to operate at their fundamental repetition rate. This loss of flexibility can be

limiting for applications where pulses must be synchronized with scanning op-

tics or other components, or where both average and peak power need to be

optimized in tandem. Key examples include nonlinear microscopy and mi-

cromachining. In both cases, tailoring the temporal pulse pattern permits not

only greater throughput, but also entirely new imaging and material processing

modalities [3, 4].

Gain-switched diodes (GSDs) offer a way to overcome these challenges. As

1Much of this work was presented in Optica [1].
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integrated optoelectronic devices, they are robust against environmental fluctu-

ations. They also can be electronically triggered to produce arbitrary repetition

rates or more complicated pulse trains. From an applications standpoint, this is

a key advantage over modelocked oscillators. However, GSDs also have a num-

ber of disadvantages. Ultrafast processes in passively modelocked laser cavities

produce highly coherent pulses with fs-scale durations. By contrast, GSDs form

pulses from noise using far slower processes. The pulses therefore exhibit much

greater interpulse amplitude and phase noise, as well as higher intrapulse phase

noise; consequently, pulses are much longer (10-100 ps) and cannot be directly

compressed to the transform limit. As a result, despite offering several unique

capabilities, GSDs have thus far had almost no impact in fields demanding high

peak powers and femtosecond-scale pulses.

Much research has focused on making GSDs more attractive as ultrafast

sources. Some of the earliest work in this area used soliton compression to

obtain pulse durations of hundreds of femtoseconds [5] or even shorter [6],

often in conjunction with amplification or nonlinear pulse cleaning [7]. How-

ever, soliton effects ultimately limited these pulses to picojoule-scale energies.

Bypassing these constraints through chirped-pulse amplification enabled one

early, standout result to achieve 2-nJ, 230-fs pulses, but required a specially en-

gineered diode structure [8]. In the past few years, amplification of GSDs to

microjoule energies has been demonstrated, but with picosecond-scale dura-

tions [9, 10]. Only recently have GSDs been amplified to such high energies at

sub-picosecond durations [11]. A key component in this system was a nonlinear

spectral-temporal filtering process [12] similar to the well-known Mamyshev re-

generator [13]. While this stage was primarily intended to suppress amplified

spontaneous emission (ASE), it had the side effect of shortening the pulses by
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a modest factor. Subsequent amplification in the normally-dispersive regime

permitted pulse compression to 0.6 ps with peak powers exceeding 1 MW. Al-

though this represented a new record for GSDs, the pulses remain too long

for many ultrafast applications, and their large deviation from the transform-

limited duration (>4x) indicates a lack of control over the pulse. In addition, the

system relies on a specially engineered diode, which emits high-quality seed

pulses.

Here, we present a scheme for compressing and amplifying pulses from

a GSD. Starting with partially coherent, ≈10-ps pulses from a commercially-

available GSD, we generate 140-fs pulses with energies of 2.4 µJ. These repre-

sent the shortest pulses from a GSD at comparable energies, and the highest

peak power by an order of magnitude. We achieve these results using a multi-

stage system. We first use a Mamyshev regenerator to shape the pulses from

the GSD, at once compressing them and improving their coherence. The clean

pulses that we thereby obtain are then amenable to parabolic pre-shaping, fol-

lowed by amplification and compression to femtosecond durations [14]. By us-

ing propagation regimes that effectively leverage nonlinear effects, we are able

to compress the amplified pulses to near the transform limit.

2.2 Numerical simulations

To illustrate the nonlinear processes we exploit, we numerically simulate a rep-

resentative system. The results are shown in Figure 2.1, corresponding to the lo-

cations labeled in Figure 2.2. We start with an experimentally-motivated model

of a pulse from a GSD, comprising a 2.5-nJ, 10-ps, coherent, Gaussian core su-
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perimposed on a 2-nJ, broad, incoherent pedestal (Fig. 2.1a). Various real or

artificial saturable absorbers can differentiate between these two pulse compo-

nents to some degree. However, using a Mamyshev regenerator offers a number

of particular advantages, including strong and uniform suppression of the inco-

herent pedestal and a relatively flat (in the ideal case) transmittance for higher-

energy pulses. This stands in contrast to alternatives such as nonlinear opti-

cal loop mirrors and nonlinear polarization evolution, which feature oscillatory

transfer functions, or semiconductor saturable absorbers, which offer limited

modulation. In addition to its uses as a pulse regenerator [13], Mamyshev re-

generation has also been demonstrated experimentally as a modelocking mech-

anism [15, 16, 17, 18] and numerically to increase the coherence of a field [19].

The key advance we report here is to use a Mamyshev regenerator as a simulta-

neous pulse compressor and coherence discriminator, and to subsequently use

these properties to enable further nonlinear pulse shaping.

In our simulated Mamyshev regenerator, the pulse first propagates through

63 meters of passive fiber (Nufern PM980-XP). Self-phase modulation and op-

tical wavebreaking act on the coherent, high-intensity core to generate a series

of new spectral components. Meanwhile, the less-intense pedestal spectrally

broadens negligibly. Filtering a portion of the newly-created bandwidth there-

fore isolates part of the coherent component, producing a 0.1-nJ, 3-ps pulse

within 40% of its transform-limited duration (Fig. 2.1b-c). Importantly, the

pulse is clean and more coherent, making it a good candidate for amplifica-

tion by parabolic pre-shaping [14]. In this technique, an optimized length of

normally-dispersive, passive fiber is used to parabolically shape the pulse [20],

which is then amplified in the highly nonlinear regime. The parabolic pulse

shape converts nonlinear phase into a linear frequency sweep, permitting com-
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Figure 2.1: Simulation results (a) at the output of the GSD, (b-c) before and after
the filter, (d-e) after parabolic shaping, (f-g) after amplification, and (h) after
dechirping.

pression ratios of 30 or more without compromising the pulse quality [14, 21, 1].

Here, we simulate shaping the pulse in 33 meters of passive fiber (Nufern

PM980-XP; Fig. 2.1d-e), before amplifying it first in a core-pumped fiber am-

plifier (1.4 m Nufern PM-YSF-HI) and then in a 2.3-m double-clad fiber ampli-

fier. The latter is modeled after chirally coupled core (3C R©) fiber, which uses a

large, 34-µm core diameter to manage high-energy amplification while a helical,
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Figure 2.2: Schematic of the experimental system. Labels correspond to panels
in Figure 2.1.

secondary core maintains single-mode behavior [22]. While this is an attractive

feature, our system is equally compatible with conventional fiber amplifiers.

The pulse can be amplified to 3 µJ (Fig. 2.1f-g) before distortions from gain nar-

rowing and stimulated Raman scattering become noticeable, and dechirps to

140 fs in a realistic grating compressor (Fig. 2.1h). It is worth remarking that

if amplification by parabolic pre-shaping is applied directly to the GSD pulse,

the pedestal will remain incompressible, causing only a fraction of the total en-

ergy to contribute to the peak power. Furthermore, studies indicate that Raman

scattering will prevent a 10-ps pulse from being compressed to significantly less

than 300 fs [21]. Thus, the combination of Mamyshev regeneration and amplifi-

cation by parabolic pre-shaping is critical to obtaining such short, clean pulses

from a typical GSD.

2.3 Experimental results

Encouraged by these results, we design an equivalent experimental system

along the lines of Figure 2.2. Our starting point is a commercial GSD (OneFive
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Katana-10 LP), which produces pulses similar to those numerically modeled.

The repetition rate is continuously tunable from 50 kHz to 10 MHz, and is set

at 1 MHz for most of what follows. The autocorrelation at the diode output re-

veals a prominent, 14-ps peak on top of a broad, complicated background. As in

simulations, we use a Mamyshev regenerator with a tunable bandpass filter to

isolate part of the coherent component. The filter characteristics are experimen-

tally determined, and will be explained later. Figure 2.3 depicts the resulting

effects on the pulse. As expected, the Mamyshev regenerator strips away the

incoherent pedestal, and we observe primarily a clean, Gaussian autocorrela-

tion. The 0.1-nJ filtered pulses are 3 ps long, within 40% of the transform limit.
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Figure 2.3: (a) Spectra (scaled for visibility) and (b) autocorrelations of the pulses
at the GSD output, after spectral broadening, and after filtering. Inset: logarith-
mic scale.

Following amplification by parabolic pre-shaping and dechirping, we mea-

sure the pulses shown in Figure 2.4. After dechirping the 3.2-µJ pulses, we ob-
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tain a pulse energy of 2.4 µJ. The modulated and greatly-broadened spectrum re-

flects the prominence of nonlinearity in the amplifier. Nevertheless, it is evident

that our system efficiently converts nonlinear phase to a cleanly-dechirpable,

quadratic phase. Autocorrelations (Fig. 2.4b) show a well-compressed pulse

with an inferred duration of 140 fs (using a calculated deconvolution factor of

1.35). The intensity autocorrelation (inset) confirms this result, and shows that

our pulses are very near the 135-fs transform limit (red trace). Despite the par-

tially coherent nature of the GSD output, the 8:1 ratio of the interferometric au-

tocorrelation indicates a mostly coherent pulse, affirming the role of the Mamy-

shev regenerator in promoting coherence. When we launch a small fraction of

the dechirped pulses into passive fiber, we observe spectral broadening consis-

tent with simulations where the peak power of the full pulse is taken to be 13

MW. This eliminates the possibility that the pulses contain a significant pedestal

or noise burst component. In our system, we find that the pulse energy is lim-

ited by stimulated Raman scattering: at higher powers, the rapid growth of the

incoherent Stokes wave coincides with a reduction of the signal energy, and

noticeable increases in the noise (see section 2.4). Hybrid systems employing

GSDs, fiber nonlinearities, and solid-state or thin disk nonlinear amplification

might yield significantly higher energies [23, 24].
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Figure 2.4: (a) Spectrum and (b) interferometric autocorrelation of the out-
put pulses (inset: measured intensity autocorrelation and its transform-limited
counterpart).

2.4 Noise behavior

2.4.1 Noise measurement

One disadvantage of our system is that the output shows significant pulse-to-

pulse fluctuations. A GSD generates independent pulses from spontaneous

emission, making each pulse slightly different. Subjecting these pulses to cas-

caded, nonlinear processes magnifies the differences. Careful design of the

Mamyshev regenerator can produce a locally flat transfer function, reducing

this effect [25]. It is this consideration which guides our choice of the filter char-

acteristics, leading to the filters shown in Figures 2.1(b-c) and 2.3.

We assess the noise quantitatively using RF spectral measurements. Figures
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2.5(a) and 2.5(b) depict the RF spectra observed using a one-photon detector

and a two-photon detector, respectively, each measured at the 1-MHz funda-

mental with a resolution bandwidth of 200 Hz. In both cases, the spectra consist

primarily of the expected comb line and a uniform background. Following the

formalism presented by [26], we interpret the latter predominantly as uncorre-

lated, pulse-to-pulse amplitude noise, which is consistent with theoretical ex-

pectations for a gain-switched diode-based source [27]. The relative magnitude

of this noise can be derived from the ratio between the peak of the comb line

and the uniform background, and is 2% for the one-photon case (corresponding

to energy jitter) and 6% for the two-photon case (corresponding to jitter of the

two-photon photocurrent, which is proportional to the product of energy and

peak power). Our system also displays non-negligible uncorrelated timing jitter

(40 ps rms; Fig. 2.6), as is typical of GSD-based systems and is often exacerbated

by Mamyshev regeneration [25].
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Figure 2.5: Measured RF spectra at the system output using (a) a linear detector
and (b) a two-photon detector. Both spectra are centered at 1 MHz, and have a
resolution bandwidth of 200 Hz. Corresponding noise floors are shown in red.
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Figure 2.6: RF noise at various harmonics of the 1-MHz fundamental repetition
rate, showing a quadratic behavior (solid line: fit) indicative of uncorrelated
timing jitter. One point, at 448 MHz, has been omitted from the fit as a clear
outlier.

2.4.2 Nature of the noise

Although these pulse-to-pulse fluctuations will be too high for some applica-

tions, some discussion of the noise is warranted. Firstly, the timing jitter in a

modelocked oscillator differs in character from that in a GSD. In the former, the

pulse arrival time is highly correlated between subsequent roundtrips, and the

timing jitter manifests as a gradual, yet unbounded, drift over some observa-

tion period [28]. Over sufficiently long observation periods, the timing jitter can

reach picosecond scales in the absence of stabilization techniques [29, 30, 28].

Timing jitter in modelocked oscillators therefore depends on the observation

period (or, equivalently, on the range of RF frequencies over which the noise

is integrated). By contrast, timing jitter in a gain-switched diode is uncorre-

lated from shot to shot. Each new pulse in a gain-switched diode forms from

spontaneous emission noise, and so the arrival times of any two pulses are in-

dependent of one another. Following from the statistics of the initial noise, the
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arrival times do nonetheless have a statistical distribution. The measured tim-

ing jitter represents the width of this distribution, and is independent of the

observation time. Over some observation time, the accumulated timing jitter

from our source and from a typical modelocked oscillator will become compa-

rable, with the gain-switched diode actually accumulating less timing jitter over

even longer observation times. Ultimately, since the underlying natures of the

arrival time fluctuations are fundamentally different, direct comparison based

on the single metric of timing jitter is insufficient and potentially misleading.

There certainly exist applications for which a 40-ps uncertainty in the arrival

time of a 150-fs pulse will be problematic. These applications are those that

require carrier-envelope offset stabilization (i.e., most frequency comb applica-

tions), those that require synchronization of the pulsed source to some other de-

vice with sub-40-ps precision, and those that require interactions between sub-

sequent pulses in a pulse train. Nevertheless, virtually all other mature appli-

cations are insensitive to this, including many of the most popular applications

of high-power, ultrafast fiber lasers. Numerous systems only require synchro-

nization to scanning optics on nanosecond or microsecond time scales. This is

the case in most types of machining and multiphoton microscopy, where there

is only one beam present. Still other applications use a single, master oscillator,

and derive multiple pulse trains from a beam splitter (e.g., multi-wavelength

sources or optical parametric amplifiers). In these instances, recombination of

the same pulse later in the system can render inter-pulse timing jitter a non-

issue.

Secondly, the estimated 13-MW peak power represents a pulse ensemble

average, making it a valid performance metric for noise-tolerant applications.
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We furthermore measure the single-pulse spectra using the dispersive Fourier

transform technique [31], and confirm that the distributions of the pulses and

their energies are not heavy-tailed, nor are the averages strongly skewed by ex-

treme outliers (Fig. 2.7). Of the 100 pulses shown, only two deviate markedly

from the mean spectrum, and this outlier status is not reflected in their energies.

Additional experiments suggest that such outliers originate from the GSD itself,

which displays similar statistics (not shown).
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Figure 2.7: (a) Dispersive Fourier transform spectral measurements for 100 con-
secutive pulses. Red: average spectrum measured with an optical spectrum
analyzer, for comparison. (b) Histogram of corresponding pulse energies.

2.5 Repetition rate tunability

An advantage of a GSD is that it can be electronically triggered at arbitrary rep-

etition rates. Provided the amplifiers are adjusted to maintain the same pulse

energy in each stage, the nonlinear evolution remains unchanged, and the same
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level of performance can be maintained. As an example of the fine control af-

forded by such devices, Figure 2.8 depicts the pulses obtained at 0.8 MHz. Slight

differences with the 1 MHz results presented in the main text can be observed,

most likely due to the amplifier powers being imperfectly adjusted. However,

the main features remain unchanged: the pulse energy at 0.8 MHz is still 2.4-µJ,

and the pulses still dechirp to 150 fs (roughly 10% longer than the transform

limit).

Additional experiments were using a similar system. By removing the

power amplifier and extending the preamplifier, the system was scaled down

for improved portability at the expense of reducing the energy to 130 nJ. Us-

ing this system, we reconfirmed that adjusting the pump power to maintain the

same pulse energy allows the repetition rate to be tuned over a larger range

without noticeably affecting the output pulses (Fig. 2.9).
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Figure 2.8: Comparison of the autocorrelations obtained at (a) 1.0 MHz and (b)
0.8 MHz.
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Figure 2.9: (a) Miniaturized GSD-seeded system with scaled-down perfor-
mance, and (b) autocorrelations measured at various repetition rates.

2.6 Conclusions

In conclusion, we have investigated generating energetic, femtosecond-scale

pulses without the use of modelocking. In particular, we have demonstrated

a system which generates microjoule-scale, 140-fs pulses from a gain-switched

diode. We estimate the peak power to be 13 MW, an order of magnitude higher

than previous systems based on gain-switched diodes. Attaining this level of

performance has historically only been possible by amplifying a modelocked

oscillator; by breaking with this trend, our system offers applications an un-

precedented level of control over the delivered repetition rate in a highly ro-

bust format. While pulse-to-pulse amplitude fluctuations on the order of a few

percent remain a concern, additional work may ameliorate this, potentially al-

lowing similar systems in certain fields to rival or even surpass modelocked

oscillator technology.
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Self-phase modulation enabled, wavelength-tunable ultrafast fiber laser
sources: an energy scalable approach. Optics Express, 24(14):15328, 2016.

[13] P.V. Mamyshev. All-optical data regeneration based on self-phase modula-
tion effect. In 24th European Conference on Optical Communication. ECOC ’98
(IEEE Cat. No.98TH8398), volume 1, pages 475–476. Telefonica, 1998.

[14] S Pierrot and François Salin. Amplification and compression of tempo-
rally shaped picosecond pulses in Yb-doped rod-type fibers. Optics Express,
21(17):20484, 2013.
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CHAPTER 3

NORMAL-DISPERSION FIBER OPTICAL PARAMETRIC

CHIRPED-PULSE AMPLIFICATION 1

3.1 Introduction

Although ultrafast fiber lasers have made great strides in terms of the energies,

durations, and powers they can generate, fiber sources remain conspicuously

lacking in wavelength tunability. Available gain media restrict the vast major-

ity of fiber lasers to spectral regions near 1 µm, 1.55 µm, and 1.9 µm. These re-

strictions can be limiting for popular applications such as nonlinear microscopy,

where the laser’s wavelength can be just as important as its power. For instance,

it has been shown that in deep-tissue bio-imaging, microjoule-level pulses with

wavelengths near 1.3 µm or 1.7 µm can penetrate further into a sample [2], and

bio-imaging as a whole already benefits from significant investments into flu-

orophores active at specific wavelengths [3]. While work is ongoing to fill the

spectral gaps using new fiber dopants [4, 5, 6, 7, 8, 9], these efforts have yet to

produce results on par with established ultrafast sources.

Nonlinear wavelength conversion offers a way to leverage existing tech-

nology to generate pulses at new wavelengths. Techniques such as the soli-

ton self-frequency shift [10, 11, 12, 13], soliton self-mode conversion [14], and

self-phase-modulation-enabled spectral shifting [15, 16] have performed im-

pressively in this regard, but their reliance on dechirped pulses limits their

scalability due to intensity-related damage thresholds. State-of-the-art solid-

state optical parametric systems offer unparalleled performance [17], but suf-

1Much of this work was presented in Optics Letters [1].
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fer from their complexity, cost, and alignment sensitivity. Fiber optical para-

metric amplification offers another alternative. Through degenerate four-wave-

mixing, two pump photons can be converted to a blueshifted signal photon and

a redshifted idler photon, with the magnitude of the shift determined by en-

ergy conservation and phase-matching. The latter depends on the dispersive

properties of the fiber. Pumping in the anomalous-dispersion regime results

in broadband phase-matching, but only over a frequency range localized near

the pump wavelength; by contrast, pumping in the weakly-normal regime can

make use of higher-order dispersion to phase-match widely-separated spectral

bands, making this regime more directly applicable to the generation of brand

new frequencies. Fiber optical parametric oscillators (FOPOs) and amplifiers

(FOPAs) based on four-wave-mixing have been demonstrated over a variety

of formats and wavelengths, but tend to produce pulses that are either ener-

getic but long [18, 19, 20, 21], or short but with lower energy [22, 23, 24, 25, 26].

Thus, the performance of fiber optical parametric systems remains below what

is needed by emerging applications.

Fiber optical parametric chirped-pulse amplification (FOPCPA) has been

proposed as a means of overcoming this trade-off [27]. The technique com-

bines the spectral flexibility of fiber optical parametric amplification with the en-

ergy and peak power of chirped-pulse amplification (CPA). Temporally stretch-

ing the pulses prior to parametric amplification and subsequently recompress-

ing them helps reduce unwanted nonlinear distortions, while the use of larger

stretching factors offers tremendous scalability. Furthermore, chirping the

pump gives rise to a chirped parametric gain profile where different processes

are phase-matched at each point in time, permitting the overall gain spectrum

to be very broad [28, 29, 30]. Since FOPCPA was proposed, several groups
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have experimentally demonstrated FOPCPA systems [28, 31, 32, 33, 34, 29, 30].

However, only recently have such systems have produced femtosecond pulses

with microjoule-level energies [35]. Furthermore, all experimental FOPCPA sys-

tems to-date have used anomalous-dispersion pumping, and as such, none have

generated new wavelengths beyond what is already obtainable using standard

doped fibers.

Here, we demonstrate an FOPCPA system pumped, for the first time, in

the normally-dispersive regime. This approach allows us to partially transfer

both the energy and the bandwidth of femtosecond pulses to new wavelengths,

which, due to the normal dispersion, may be widely-separated from the pump.

The FOPCPA is seeded with a continuous-wave signal beam, eliminating the

need for complex seed pulse generation or precise pump-seed synchronization.

As a demonstration of the method, we present results of femtosecond pulse

generation near the important bio-imaging window at 1.3 µm. Finally, we ex-

perimentally and numerically investigate prospects for scaling up the energy

and peak power of the generated pulses.

3.2 CW-seeded FOPCPA

The operating principles of our system are illustrated by the spectrograms in

Figure 3.1. At the system’s input (Fig. 3.1a), a broadband, stretched pump pulse

is launched with a continuous-wave (CW) seed. As an example, a 400-nJ pump

pulse centered at 1.03 µm with a chirped duration of 30 ps and a bandwidth of

≈7 nm is shown, alongside a 40-mW seed at 0.85 µm (marked with a dashed line

to aid visibility). We numerically simulate the propagation of these two waves
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in a photonic crystal fiber (PCF) with a zero-dispersion wavelength near 1.04

µm (NKT SC-5.0-1040). The fiber length is chosen to be short enough to support

the desired pulse evolution (see below), yet long enough to physically handle

with ease; in the simulation shown, a length of 6.7 cm is chosen to match exper-

iments. In the PCF, the pump experiences weakly normal dispersion, leading

to phase-matching at a signal band near 0.85 µm and an idler band near 1.3

µm. As a result, the simulations show significant energy conversion into these

two spectral bands, manifesting respectively as a narrowband, amplified signal

component and a broadband, 70-nJ idler pulse (Fig. 3.1b). The latter exhibits a

clearly linear chirp, allowing it to be cleanly compressed to its 260-fs transform

limit.
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Figure 3.1: Spectrograms depicting the simulated pulse evolution at the (a) in-
put and (b) output of the photonic crystal fiber. The dashed white line in panel
(a) marks the CW seed, which is otherwise not visible on this scale. Color maps
for each panel are separately normalized to the maximum intensity.

The nonlinear pulse evolution in the PCF can be easily understood if tem-

poral effects such as group-velocity dispersion (GVD) and group-velocity mis-

match (GVM) are neglected. This situation can be engineered by keeping the

PCF length well below the dispersion and temporal walk-off lengths of the

stretched pulses, which also helps curtail the fabrication-induced, longitudinal
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fiber fluctuations that might otherwise impede wavelength conversion [36, 37].

Under these conditions, each point in time can be thought of independently as a

separate, quasi-CW, four-wave-mixing process driven by a different temporal-

spectral component of the chirped pump. Because each such process must inde-

pendently conserve energy, the energy conservation relation between the pump

at frequency ωp, the signal at frequency ωs, and the idler at frequency ωi can be

written explicitly as a function of time:

ωi(t) = 2ωp(t) − ωs (3.1)

where the constant ωs reflects the seed’s CW nature. Thus, seeding a CW sig-

nal results in a broadband idler that mimics the pump’s phase up to a factor of

two. This behavior has been previously observed and studied in fiber optical

parametric sources [38, 39, 28, 29], and is furthermore evident in our simulated

FOPCPA (Fig. 3.1), validating the assumption of negligible GVD and GVM.

This transfer of the pump’s phase to the idler is a crucial feature of CW-seeded

FOPCPA: not only does the factor of two in equation 3.1 help buffer the idler

against parametric gain narrowing, but the preservation of the pump’s chirp

allows the idler to be dechirped as easily as the pump, retaining the advan-

tages of existing CPA technology. Note that while the idler is background-free,

the signal retains a pedestal in the form of the unamplified, inter-pulse seed

light (not visible on the spectrogram’s linear scale). Our described system bears

similarities to that presented in [18]; however, where that system deliberately

targeted narrowband pulse generation, ours uses a broadband, highly-chirped

pump, resulting in qualitatively different pulse propagation dynamics and a

femtosecond-scale output.

We experimentally validate our simulations by constructing a system along

the lines of Figure 3.2. A CPA system based on ytterbium-doped fiber generates
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linearly-polarized pump pulses at 1.03 µm with ≈7 nm of bandwidth, stretched

in fiber to 30 ps and amplified to up to ≈500 nJ at a repetition rate of 1.2 MHz. A

polarizing beam splitter is sandwiched between two half-wave plates, permit-

ting precise control of the incident power and polarization. The CW seed wave

is supplied by a linearly-polarized, 0.85-µm diode with a 1-MHz linewidth, and

is also equipped with a half-wave plate to align its polarization with that of the

pump. Finally, the pump and signal beams are combined at a dichroic mirror

and simultaneously coupled into a 6.7-cm piece of the PCF specified above. At

the output of the PCF, the beams are collimated, and another dichroic mirror

isolates the idler for characterization.

Figure 3.2: Schematic of the FOPCPA system and the pulse evolution it utilizes.
PBS: polarizing beam splitter. HWP: half-wave plate. PCF: photonic crystal
fiber.

With 390 nJ of pump energy and 40 mW of seed power coupled into the

PCF, we obtain the results shown in Figure 3.3. The full-field spectrum (Fig.

3.3a) shows three distinct waves: the broadband pump at 1.03 µm; the narrow-

band, amplified signal at 0.85 µm; and the newly-generated, broadband idler at

1.3 µm. Note that due to chromatic aberrations in coupling to the optical spec-

trum analyzer, relative intensities are only accurate within each distinct spectral

band, and should not be compared quantitatively between different regions.
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When we isolate the idler using a dichroic mirror, we measure its energy to be

47 nJ, corresponding to 12% power conversion. Accounting for the signal as

well, the total pump depletion is therefore 30%. Compressing the idler using

a standard grating compressor (Lightsmyth T-1200-1310) yields the autocorre-

lation in Figure 3.3b. We infer from this a pulse duration of 210 fs, very near

the 200-fs transform limit calculated from the spectrum. Coupling a fraction of

the dechirped pulses into a length of passive fiber results in spectral broadening

in good agreement with simulations, confirming the coherent and transform-

limited nature of the generated pulses. The idler spectrum exhibits some struc-

ture (Fig. 3.3a, inset), which may be related to the structure or depletion of the

pump pulse [40]; this does not appear to significantly affect the dechirped pulse

quality.
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Figure 3.3: Measured FOPCPA output using a 30-ps stretched pump. (a) Full-
field spectrum (inset: idler, linear scale). (b) Interferometric autocorrelation of
the dechirped idler pulses (black), and the intensity autocorrelation numerically
calculated from it (orange).

It is worth emphasizing that, although we refer to our system as an amplifier,
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the wavelength we aim to generate is not actually the one we seed. While the

seeded wave is indeed amplified, it is of more limited use due to its small band-

width and its long pedestal of unamplified, interstitial, CW light. Rather, the

desired, broadband pulse is generated from scratch as a byproduct of amplify-

ing the ultimately-discarded seed. Not only does the seed’s presence galvanize

this process [41], but it also ensures (provided that its coherence time is much

longer than the pump duration) that the newly-generated wave is coherent de-

spite it not itself being seeded: every idler photon created is associated with a

conjugate signal photon, leading to a shared coherence between the two waves.

This stands in contrast with wholly unseeded systems, in which noisy and inco-

herent pulses form from amplified vacuum fluctuations. While we have chosen

here to seed the 0.85-µm signal and reap the 1.3-µm idler, that choice might be

easily reversed without significantly altering the system. In that case, a nar-

rowband wave at 1.3 µm would be obtained alongside a train of broadband,

dechirpable, 0.85-µm pulses. Simulations and theoretical considerations alike

suggest that such a system would perform comparably to ours.

3.3 Scaling FOPCPA in the time domain

Although FOPCPA is but one means of generating pulses at new wavelengths,

it possesses a key advantage in its potential for scalability. Because the pump’s

various temporal components evolve largely independently of one another in

the PCF, stretching the pump further while maintaining a constant peak power

preserves the nonlinear optical dynamics while scaling them in time. The result

is an increase in the generated pulse’s energy independently of its bandwidth

or phase, limited only by the compressor’s subsequent ability to compensate
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the additional stretching. One estimate of the ultimate performance of FOPCPA

can be reached by considering a supergaussian pump stretched to 1 ns, corre-

sponding roughly to the practical limit of high-performance CPA systems [42].

Numerical simulations of such a pulse reveal that, given adequate management

of third-order dispersion from the stretcher and compressor, 1.3-µJ, 140-fs pulses

at 1.3 µm might be within reach (see below).
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Figure 3.4: Measured FOPCPA output using a 150-ps stretched pump. (a) Full-
field spectrum (inset: idler, linear scale). (b) Intensity autocorrelation of the
dechirped idler pulses (inset: dechirped pump pulses without idler generation).

As a step towards realizing this scalability, we construct a different 1.03-µm

pump source, this one generating up to 4-µJ pulses with a 7-nm bandwidth,

which we stretch to 150 ps using a grating stretcher (Lightsmyth T-1000-1040).

Coupling 1.9 µJ into the PCF, we are able to generate idlers with energies up to

180 nJ (Fig. 3.4). The quality of the compressed pulses is noticeably diminished,

as evidenced by the 600-fs inferred pulse duration, the low-intensity pedestal,

and the appearance of secondary temporal structures; however, the generated

42



idler remains broadband enough to support 220-fs pulses, indicating that it has

still inherited a significant fraction of the pump’s bandwidth. Furthermore, the

loss of pulse quality appears to be a direct consequence of this bandwidth inher-

itance: when we dechirp and characterize the pump pulses themselves without

idler generation, we observe a comparable duration (680 fs) and similar tem-

poral features (inset of Fig. 3.4b). We therefore believe that the idler’s poor

compressibility stems from irregularities of unknown provenance in the pump

phase. We expect that using a pump source with a more linear chirp will elim-

inate this problem, yielding high-energy idlers that can be compressed to their

femtosecond-scale transform limit.

In addition to the two experimental results presented here, we have per-

formed four more experiments spanning a range of pump durations. Figure

3.5 summarizes the idler energies obtained using each pump duration, evinc-

ing the expected, linear relationship (red line). Furthermore, extrapolating this

trend to a 1-ns pump duration–roughly the stretching limit imposed by grating

size constraints in ordinary chirped-pulse amplification [42]–shows reasonable

agreement with the numerical simulations previously discussed (blue circle and

inset). This is a significant extrapolation, and one that should be interpreted

with caution. While the observed agreement between experiments and simula-

tions lends credence to it, realizing it may require additional experimental prac-

ticalities to be overcome, such as control of third-order dispersion in the pulse

stretcher/compressor. Although we expect the peak pump power to remain be-

low the threshold for fiber end-facet damage [43, 44], coreless endcaps may be

useful for extending the margin of error. Successfully achieving the predicted

limit would bring all-fiber sources into a new performance class, allowing them

to fulfill a wide array of new application demands as cheaper, more robust al-
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ternatives to existing solid-state systems.
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Figure 3.5: Experimentally observed scaling of the idler energy vs. the stretched
pump duration using FOPCPA. Red line: linear fit and extrapolation. Lower
inset: close-up of the short-pump region. Upper inset: simulated 1.3-µJ, 140-fs,
dechirped idler corresponding to the blue circle (pump duration = 1 ns).

3.4 Conclusions

In summary, we have demonstrated FOPCPA pumped in the normally-

dispersive regime. Using highly-chirped pump pulses and a CW seed, our sys-

tem generates femtosecond-scale pulses at wavelengths far from the pump, and

can be scaled up to microjoule-level energies by stretching in the time domain.

In preliminary experiments, we use a 1.03-µm pump and a 0.85-µm seed to gen-

erate 1.3-µm pulses with energies as high as 180 nJ that can be dechirped to a few

hundred femtoseconds. Our results support the theoretically-predicted scala-

bility of our approach, indicating a route for wavelength-flexible fiber lasers to

reach unprecedented performance levels.
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CHAPTER 4

THEORETICAL CONSIDERATIONS FOR FOPCPA

4.1 Introduction

As discussed in Chapter 3, fiber optical parametric chirped-pulse amplification

systems have the potential to shore up a key weakness of fiber sources. If de-

signed properly, an FOPCPA can generate ultrashort pulses at in-demand wave-

lengths with performance on par with or exceeding that of solid-state optical

parametric sources. These powerful capabilities motivate further research into

the dynamics of FOPCPA systems: which factors are most important to FOPC-

PAs, and how can they be arranged to maximize the performance and versatility

of such sources? Here, we present theoretical results aimed at shedding light on

these questions. We consider systems seeded by either narrowband or broad-

band sources, and explore the dynamics of phase transfer between the pump,

signal, and idler waves. A major property of this relationship is encapsulated in

the parametric gain chirp factor, which plays a role in determining both the en-

ergy and the bandwidth of the generated waves. Finally, we show how properly

matching the pump, seed, and fiber parameters can result in energetic, ultra-

short pulses being generated without the need for compromise between these

metrics—a route to all-fiber systems with unprecedented combinations of pulse

properties.
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4.2 Types of FOPCPAs

We can identify several variants of FOPCPA, distinguished by the relative band-

widths of the pump and seed. In the first case, both the pump and the seed are

narrowband; this regime, as it does not generally produce ultrashort pulses,

falls outside the scope of this work. In a second case, the pump is broadband

while the seed is narrowband or CW; for brevity, we will refer to this as the CW-

seeded case, and it has been discussed at length in Chapter 3. Finally, the seed

might be broadband, while the pump might be either narrowband or broad-

band; we refer to this approach as continuum-seeded FOPCPA. CW-seeded and

continuum-seeded FOPCPA are the two broad approaches for generating ultra-

short pulses in this manner, and each comes with its own set of advantages and

disadvantages. CW-seeded FOPCPA involves a simpler system due to the lack

of a need for a separate continuum-generation stage, and the trivial ease of syn-

chronizing the pump pulses with the CW seed. On the other hand, an external

laser is required to generate the CW seed, and for reasons that will be elabo-

rated on below, such systems only parametrically generate a single new pulse.

By contrast, in a continuum-seeded FOPCPA, not only must a broadband seed

be stably generated, but it must also be optically synchronized with the pump

pulses. Nevertheless, this can readily be done without resorting to a second

laser. This, along with its simultaneous generation of two new colors, may give

continuum-seeded FOPCPA a complexity advantage according to some crite-

ria. As will be discussed, the additional degree of freedom provided through

the seed can furthermore enable levels of performance beyond the capabilities

of CW-seeded FOPCPA.
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4.3 Theory of CW-seeded FOPCPA

4.3.1 Overview

The pulse dynamics in CW-seeded FOPCPA have been elaborated on in Chap-

ter 3. In brief, a broadband, highly-chirped pump pulse interacts with a nar-

rowband, CW seed, which we will take to be the signal. In an appropriately-

chosen fiber, the four-wave-mixing interaction between these two waves can

be phase-matched. If the pump and seed frequencies are widely-separated, as

is often desired for applications, this will require the group-velocity dispersion

to be weakly normal, implying only a small group-velocity mismatch between

the waves. This assumption of negligible group-velocity mismatch can be re-

inforced by using a pump with a moderate (i.e., kW-scale) peak power and a

highly-chirped (i.e., > tens of ps) duration, which is readily obtainable using

standard amplification techniques. Under these conditions, four-wave-mixing

occurs to good approximation independently at each point in time: different

temporal/spectral components of the pump drive separate, quasi-CW four-

wave-mixing processes seeded by the fixed-wavelength seed. These interac-

tions can be described by the time-resolved energy conservation equation:

2ωp(t) = ωs(t) + ωi(t) (4.1)

where the time-dependence of the pump frequency ωp reflects the chirped

pump, and the CW nature of the seed will eliminate the time-dependence of

the signal frequency ωs. This separation of different pulse components can be

likened to frequency-domain nonlinear optics [1, 2], where the spatial rather

than the temporal domain is used to maintain the independence of the compo-

nents.
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It is clear that for equation 4.1 to hold, the idler frequency ωi must also vary

in time in a manner that mirrors ωp up to a factor of two [3, 4]. Thus, this mixing

of a broadband pump and a CW signal produces not only a broadband, coher-

ent idler, but one that is chirped in the same way as the pump. Provided that

the pump is linearly-chirped (as can often be arranged using existing pulsed

amplification techniques), this implies a linearly-chirped idler that can subse-

quently be spectrally isolated and dechirped to its femtosecond-scale transform

limit. The generation of this idler is accompanied by the amplification of the

seed; however, because this wave retains both its narrowband nature and an in-

terstitial pedestal of unamplified, CW light, it is typically of limited use. Mod-

ulating the seed intensity in sync with the pump pulses may provide a way

to circumvent this restriction, allowing CW-seeded FOPCPA systems to gener-

ate dual-wavelength, femtosecond-picosecond pulse trains for applications like

coherent Raman spectroscopy [5]. In general, though, the CW seed wave acts

merely as a facilitator of the desired nonlinear process: it coherently stimulates

frequency conversion to the idler, while the pump drives the process and sup-

plies the idler’s energy and bandwidth.

4.3.2 Pump evolution

In general, the analysis of fiber optical parametric systems is complicated by

the presence of multiple waves and the large number of third-order interaction

terms between them. To avoid this, solid-state parametric systems often take

advantage of the undepleted pump approximation, which takes the pump to

be fixed and permits solution of the reduced-dimensionality system. As will be

seen, FOPCPA systems generally need not operate in this regime, and can in fact

53



perform optimally under appreciable pump depletion. Nevertheless, FOPCPA

systems can be considerably simplified by the dominance of four-wave-mixing

over other propagation phenomena. This is reflected in the effect of the sig-

nal and idler on the pump pulse. In simulations, the pump at the output of

a typical, seeded FOPCPA (Figure 4.1, red) is virtually identical to that when

the FOPCPA is unseeded, in which case no signal/idler pair is generated (Fig-

ure 4.1, blue). Despite the significant pump depletion, propagation through the

FOPCPA can be treated nearly perturbatively, with the signal and idler serving

only to deplete the pump intensity quasi-independently at each point in time.
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Figure 4.1: Simulated pump power (solid) and frequency (dashed) at the output
of an FOPCPA that is either unseeded (blue) or CW-seeded (red).

Experiments confirm these findings. In Figure 4.2, FROG is used to compare

the pump pulse at the output of an FOPCPA when the seed is present to that

when the seed is blocked. By and large, introducing the seed and thereby al-

lowing the signal/idler to grow only carves a noticeable hole out of the pump’s

spectral and temporal center, leaving it otherwise unaffected. This lack of a mu-

tual interaction is underlaid by the rapid, exponential growth of the signal and

idler waves—potentially exceeding 50 dB—and their resultingly short nonlin-

ear interaction lengths.
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Figure 4.2: Measured FROG reconstructions of residual pump pulses at the out-
put of a FOPCPA system with and without a seed wave present. (a) Temporal
intensity and instantaneous frequency. (b) Spectral intensity. (c) Measured and
retrieved FROG traces for the seeded and unseeded conditions.

4.3.3 Phase dynamics

A well-known feature of solid-state optical parametric amplifiers is the transfer

of the pump’s phase onto the idler, while leaving the signal phase largely undis-

torted [6]. A similar phenomenon occurs in FOPCPA systems, with the phase

dynamics being primarily dictated by the energy conservation equation (Eqn.

4.1). Figure 4.3 illustrates the quantitative accuracy of this effect. The intensity

profiles of the pump, signal, and idler are shown in panel (a), while panel (b)

shows the instantaneous frequencies in the time domain. With the signal and

idler frequencies properly offset and the pump frequency doubled, the trivial

behavior predicted by equation 4.1 is evident.
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Figure 4.3: Simulated pump, signal, and idler from an FOPCPA using a CW
seed and a linearly-chirped pump. (a) Temporal powers, (b) instantaneous fre-
quencies.

While the transfer of a linear pump chirp is a natural means of generat-

ing cleanly compressible pulses at new wavelengths, the direct mapping of the

pump phase onto the idler is not limited to linear chirps. As an example, us-

ing a supergaussian pump pulse with a sinusoidally-modulated linear chirp to

pump an FOPCPA results in an idler with a similarly-modulated chirp (Figure

4.4). Provided the pump profile remains relatively uniform, the idler’s mirror-

ing of the pump phase may be of use in nonlinear amplifiers where preserving

some self-phase modulation plays a role in improving dechirping [7, 8, 9], or in

advanced applications that can benefit from pulse-shaping at disparate wave-

lengths [10].
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Figure 4.4: Simulated pump, signal, and idler from an FOPCPA using a CW
seed and a frequency-modulated pump. (a) Temporal powers, (b) instantaneous
frequencies.

4.3.4 Nonlinear distortions

Our discussion of the pump phase transferring onto the idler has thus far largely

assumed a supergaussian-like pump pulse, where the temporal intensity profile

is relatively flat. Under these conditions, the FOPCPA behavior is largely driven

by the phase dynamics, with intensity-induced, temporal gain-shaping effects

being minimal. While this model has proven a useful aid for understanding

these underlying phase dynamics, it is perhaps of greater practical relevance to

consider a Gaussian-like pump pulse. In particular, we explore the dynamics of

a Gaussian pump pulse that has been nonlinearly chirped by self-phase modu-

lation prior to the FOPCPA. This is a scenario which might easily come about

in the straightforward case of an FOPCPA pumped by a CPA system, where
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self-phase modulation in the pump amplifier is often a major limitation. More

generally, high pump powers can be useful in optimizing the performance of an

FOPCPA system (see section 4.3.5); furthermore, even when this is not the case,

pump MOPAs with smaller core sizes may couple more efficiently to the small

core of a PCF at the expense of incurring nonlinear effects during amplification.

Here, we investigate the effect of a nonlinearly-chirped pump on a CW-seeded

FOPCPA system, and find that the generated idler is surprisingly robust to even

large amounts of pump nonlinearity.

It is well-known that self-phase modulation produces a nonlinear phase that

is proportional to the temporal intensity of a pulse; thus, the chirp acquired by

a Gaussian-like pulse will be nonlinear as the whole, yet locally linear near its

temporal center. A potential concern is that, because CW-FOPCPA can map the

pump’s chirp onto that of the generated wave, the output of a CW-FOPCPA

might feature a similarly nonlinear chirp, making the idler difficult to dechirp.

To assess the extent of these distortions, we simulate a series of FOPCPAs with

various pumping conditions. All of the pump pulses are Gaussian with the

same energy and duration. In each different simulation, the linearly-chirped

pump is additionally pre-conditioned with some amount of self-phase modula-

tion, with the peak nonlinear phase shift characterized by B. Doing so imposes a

nonlinear chirp on the pump, increasing its bandwidth in the process; to isolate

the effect of the nonlinear chirp from this change in bandwidth, we repeat this

battery of simulations with equivalent, linearly-chirped pump pulses, where

the magnitudes of the linear chirps are chosen to locally match those of the non-

linear chirps near t = 0. An example of this, for B = 30π, is shown in Figure

4.5.
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Figure 4.5: Illustration of adding a nonlinear chirp (solid red) or an equivalent
linear chirp (dashed blue) for a chirped Gaussian pulse (solid black). B = 30π is
used for the nonlinearly-chirped case.

At the output of these simulations, we characterize the generated idlers by

their dechirped durations (as calculated assuming an ideal compressor with no

third-order dispersion) and their transform-limited durations (Figure 4.6). We

find that increasing the pump’s chirp either linearly or nonlinearly increases

the idler’s bandwidth while reducing the converted energy. This can be under-

stood intuitively: with a larger pump bandwidth and a reasonably wide phase-

matching bandwidth, a greater number of spectral components will convert to

some degree, yet a smaller fraction of the pump’s energy will correspond to

those components that experience maximally efficient conversion. More strik-

ing are the scant differences between the results using the nonlinearly- and

linearly-chirped pumps. The corresponding idlers’ energies and transform-

limited durations are almost indistinguishable, with the only notable sign of

the pump’s nonlinear chirp being an increase in the dechirped idler duration of

no more than 11%.

We further illustrate this effect by confining our attention to the case of the
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Figure 4.6: Simulated idler (a) energy and (b) duration (dechirped and
transform-limited) as a function of nonlinear phase pre-applied to the pump.

nonlinearly-chirped pump. Figure 4.7 depicts the temporal Strehl ratios (de-

fined as the ratio of the dechirped peak power to the transform-limited peak

power) of the initial pumps and the generated idlers. As expected, imposing

a nonlinear chirp where B exceeds π causes the Strehl ratio of the initial pump

to degrade sharply, reflecting the anticipated loss of compressibility. In spite of

this, the idler’s Strehl ratio remains high, and only ever drops as far as 85%.

The idler remains highly compressible even up to B ≈ 90π; that this is an unre-

alistically high number far beyond the Raman threshold in a typical amplifier

only serves to underscore the degree to which FOPCPA preserves the idler’s

compressibility even in the face of a Gaussian pump strongly modulated by

nonlinearity.

This pulse-cleaning effect is a direct consequence of the temporally peaked

pump pulse, and can be explained by a simple, analytical model. Previously, we

showed that a temporally flat pump will cause the pump’s phase to map onto

that of the idler. While that transfer is in principle still in effect here, it is largely

masked by the differential gain from the pump’s temporal profile. In this case,
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(violet) generated idler pulses as a function of nonlinear phase pre-applied to
the pump.

the pump power is given by:

Pp(t) = P0 exp (−t2/τ2) (4.2)

Assuming a baseline linear chirp α, and following a nonlinear pre-chirp, the

instantaneous frequency and its derivative are, respectively:

ωp(t) = αt + (2Bt/τ2) exp (−t2/τ2) (4.3)

dωp

dt
= α +

(2B
τ2

)(
1 −

2t2

τ2

)
exp (−t2/τ2) ≈ α +

(2B
τ2

)(
1 −

3t2

τ2

)
(t � τ) (4.4)

Deviations from a linear chirp become apparent near t ≈ τ/
√

3, at which point

Pp ≈ P0 exp (−1/3) ≈ 0.72P0. In the undepleted pump approximation, the ex-

ponential gain coefficient is proportional to Pp; therefore, considering that the

peak gain in CW-FOPCPA systems can be on the order of 60 dB, the local con-

version at t ≈ τ/
√

3 can be suppressed by over 17 dB relative to the peak.

While a more complete analysis requires accounting for pump depletion, the

conclusion remains largely unchanged: strong gain shaping in the time domain
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means the nonlinearly chirped regions of an SPM-pre-chirped pump never ex-

perience strong conversion, resulting in an effective pulse cleaning of the idler.

Thus, even pump pulses that are too severely nonlinearly distorted to be di-

rectly useful in applications can drive FOPCPA systems that generate cleanly-

compressible, ultrashort pulses.

4.3.5 Parametric gain chirp

Much of the interest in FOPCPA stems from its potential for scalability, unique

among fiber wavelength conversion methods. This follows directly from the in-

dependence of the various spectral/temporal pulse components previously dis-

cussed. Once an FOPCPA system has been successfully designed with a given

pump pulse, its performance can be improved by stretching the pump pulses

further before amplifying them to the original peak power, as demonstrated in

Chapter 3.

Having discussed the task of scaling in the time domain at constant pump

peak power, it is natural to wonder whether FOPCPA systems might be simi-

larly scalable in time at constant pump energy. One issue immediately presents

itself: when pumping near the zero-dispersion wavelength, the nonlinear con-

tribution to phase-matching will be non-negligible, leading to the gain spectrum

shifting with the pump power. That said, regimes can be found where this ef-

fect is minimal (e.g., when pumping an appreciable distance on the normally-

dispersive side of the zero-dispersion wavelength), or where a tunable seed

compensates for this effect. It is therefore of interest to consider the pulse dy-

namics of constant-energy scaling in the absence of this shift. As we will see,
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this line of inquiry will ultimately help clarify an important aspect of optimiz-

ing FOPCPA systems in general.

We begin by simulating a CW-seeded FOPCPA system with varying pump

parameters. The pump is centered at 1030 nm, while the seed is placed at 950

nm. The pump’s energy and transform-limited duration are held constant at 20

µJ and 140 fs, respectively, while its linearly-chirped duration and peak power

are allowed to vary. A high-order supergaussian pump shape is used to ensure

that XPM effects are uniform across most of the pulse. The fiber length is set to

1 cm for a pump with 75 kW of peak power, and is scaled inversely with the

pump power so as to compare like points in the pulse propagation. The PCF

has a nonlinear parameter of γ = 11.1/kW/m, a group-velocity dispersion of

200 fs2/mm, and a third-order dispersion of -7475 fs3/mm in all cases, while the

fourth-order dispersion is varied to keep the peak gain at 950 nm at different

pump powers (see Table 4.1). We emphasize that these parameters are not in-

tended to be realistic; rather, they are chosen so as to isolate and clearly illustrate

a facet of the pulse propagation dynamics. In the same vein, Raman scattering

and self-steepening are neglected here. The relevance of the illustrated effect to

more typical systems will be discussed later.

Pump
Power
(kW)

Pump
Duration

(ps)

Fiber
Length

(cm)

β4

(fs4/mm)

Idler
Energy

(nJ)

Gain
Chirp
Factor

50 409 1.5 -1.249e5 1790 -0.96
75 273 1.0 -1.368e5 3320 -0.69
100 205 0.75 -1.487e5 4400 -0.48
200 102 0.38 -1.962e5 4910 0.00
400 51.2 0.19 -2.912e5 4790 0.39

1600 12.8 0.047 -8.613e5 4480 0.82

Table 4.1: Simulation parameters corresponding to Figure 4.8. The gain chirp
factor will be introduced later.
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Figure 4.8: Scaling CW-seeded FOPCPA simulations in the time domain at con-
stant pump energy. The resulting pump (solid green) and idler (dashed red)
pulses are shown, along with the initial pump peak powers and the output idler
energies for each case. Note the changing axes.

The results of these simulations are shown in Figure 4.8. As the pump power

increases from 50 kW to 200 kW, the efficiency of the conversion to the idler at

1125 nm initially improves. There are several potential explanations for this,

such as the increase of the four-wave-mixing bandwidth with power [11], or

the lessening of walk-off effects as the fiber length is scaled accordingly (with

the total walk-off decreasing from 2 ps to 0.3 ps over the range of conditions

shown). However, none of these hypotheses can explain what happens next:

as the power continues to increase beyond 200 kW, the conversion efficiency

reaches a maximum and then begins to wane once more. In the process, the

locus of conversion shifts towards the trailing edge of the pulse. Clearly, the

peak pump power has a non-trivial effect on the underlying pulse dynamics.

To clarify this mechanism, we note that broadband FOPCPA seeded by a CW

seed fundamentally differs from typical amplification schemes in that the de-

sired wave is not seeded. Rather, a signal is seeded at some other wavelength,

and it is the amplification of that wave that results in the desired pulse being
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generated as a byproduct. This is, in a sense, the inverse of the typical broad-

band amplification problem: instead of using a single pump wavelength to am-

plify an array of different signal wavelengths, efficient CW-seeded FOPCPA re-

quires using many different pump wavelengths to amplify one single, common

signal wavelength. The more pump wavelengths that participate in this process,

the more broadband the generated byproduct will be, up to an idler bandwidth

of twice the pump bandwidth (as per Eqn. 4.1). The effective gain spectrum

obtained in the idler region is determined by a sum over the pump frequencies,

weighted not by their individual four-wave-mixing gain spectra as one might

intuitively expect, but by the overlap of those spectra with the seed wavelength.

We can further our understanding of this effect by considering the paramet-

ric gain chirp. Our treatment of this parameter systematically extends that pre-

sented in [12]. The CW analysis of four-wave-mixing (section 1.3; [13]) gives

the offset between the pump and signal/idler frequencies as a function of the

dispersion coefficients as evaluated at the pump frequency. If we allow the

pump frequency to vary slightly, not only will the reference point for that off-

set change, but so will the offset’s magnitude as the dispersion coefficients are

reevaluated at the new pump frequency. Thus, varying the pump frequency

will in general produce some different, nonlinear sweep in the peak gain fre-

quency. We define this rate of change of the peak parametric gain frequency

with respect to the pump frequency as the gain chirp factor. If the gain chirp fac-

tor were identically zero, then every spectral component of a broadband pump

would produce peak parametric gain at the same signal wavelength, leading to

the maximally efficient scenario for CW-seeded FOPCPA. For a CW seed, this is

the chirp-matched case. This idea of chirp-matching has been explored in fiber

parametric amplifiers [14, 15, 12, 16], optical parametric oscillators [17], and Ra-
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man fiber amplifiers [18]; here, we formalize it in terms of the pump and fiber

parameters for the case of four-wave-mixing to a fixed sideband frequency.

Mathematically, let a fiber have second-, third-, and fourth-order dispersion

coefficients β2, β3, and β4, defined at some fixed frequency ω0. Define the pump,

signal, and idler frequencies respectively as:

ωp ≡ ω0 + Ωp (4.5)

ωs ≡ ω0 + Ω (4.6)

ωi ≡ 2ωp − ωs = ω0 + 2Ωp −Ω (4.7)

Bearing in mind that the relevant dispersion coefficients for phase-matching will

vary as a function of Ωp, the linear wavevector mismatch can be written as:

∆β ≡ βs + βi − 2βp = β2Ω
2 +

1
12
β4Ω

4 −

(
2β2Ω − β3Ω

2 +
1
3
β4Ω

3
)
Ωp (4.8)

where, assuming that Ωp � Ω, we have neglected terms higher than first-order

in Ωp. It is well-known that maximal parametric gain occurs at values of Ω that

satisfy ∆β + 2γP = 0 [11]; by differentiating this expression with respect to Ωp,

we arrive at an expression for the gain chirp factor, ρ:

ρ ≡
∂ωs

∂ωp |ωp=ω0

=
∂Ω

∂Ωp Ωp=0

= 1 −
3β3Ω

6β2 + β4Ω2 (4.9)

Alternatively, rewriting β4 in terms of the peak power for a given value of Ω:

ρ = 1 +
β3Ω

3

2β2Ω2 + 8γP
(4.10)

Given some (linear) pump chirp ∂ωp/∂t = αp, the peak of the parametric gain

will follow a chirp ∂ωgain/∂t = ραp in the vicinity of the signal band. Equation

4.10 makes clear the role of the peak power, and the trend observed in Figure 4.8.

As shown in Table 4.1, the gain chirp factor vanishes for a peak power of 200 kW
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in the simulated system. Hence, this peak power gives the maximally efficient,

uniform conversion shown in Figure 4.8(d), while for other values of the peak

power, the non-zero gain chirp leads to some pump components contributing

imperfectly to the amplification process.

An interesting feature of equation 4.10 which has been noted before [12] is

the appearance of the third-order dispersion coefficient, which is typically dis-

missed as irrelevant to the intensity dynamics in fiber optical parametric sys-

tems. In the standard, CW analysis of four-wave-mixing, the odd-order dis-

persion terms cancel out and have no effect on the phase-matching relation;

however, when the pump is broadband, the third-order dispersion turns out to

control the leading-order term in the gain chirp factor. A useful consequence of

this is that the third-order dispersion can be used to vary the gain chirp factor

largely independently of the other system parameters. Figure 4.9 depicts the

simulated output of several FOPCPA systems which are identical but for the

third-order dispersion, which is chosen to obtain gain chirp factors between 0

and 1.8. At ρ = 0, conversion to the idler takes place nearly uniformly over a

broad duration (and therefore, due to the linearly-chirped pump, bandwidth).

As ρ increases, different temporal and spectral components experience different

degrees of conversion, reducing the chirped duration, bandwidth, and energy

of the generated idler. Similar results are observed for ρ < 0, with the time

axis simply being reversed. It can be seen in Figure 4.10 that the energy and

chirped duration (and consequently, bandwidth) are approximately Lorentzian

in |ρ|. Note that for a CW seed, the gain chirp factor has no direct effect on

the idler’s chirp; rather, it helps determine the temporal/spectral window over

which parametric conversion occurs, with the idler frequency obeying Eqn. 4.1

within this window.
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Figure 4.9: Pump and idler pulses at the output of simulated FOPCPAs with
different gain chirp factors.
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Figure 4.10: Idler energies and chirped durations obtained from simulated
FOPCPAs with different gain chirp factors.

The widths of the Lorentzians shown in Figure 4.10–i.e., the sensitivity of

a system to the gain chirp factor–depends on the phase-matching bandwidth

of any given, quasi-CW component. Provided that the gain chirp is perfectly

matched, however, the phase-matching bandwidth is essentially irrelevant. For

instance, Figure 4.11 depicts simulations of three different FOPCPA systems,

all with ρ = 0, but with β2 and β4 adjusted to vary the phase-matching band-

width at a constant frequency offset, and β3 adjusted to maintain perfect gain

chirp matching. The parametric gain spectrum of the central pump frequency is

shown in violet in panels (a.ii), (b.ii), and (c.ii), with a bandwidth ranging from

68



much larger than to much smaller than the idler bandwidth. Nevertheless, the

generated idlers are almost identical in energy and bandwidth, evincing the

central importance of gain chirp matching in FOPCPA systems.
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(b) β2 = 20 fs2/mm, β3 = −118.6 fs3/mm, β4 = −1719 fs4/mm.
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Figure 4.11: Simulations of FOPCPAs with the dispersion coefficients given. The
CW parametric gain spectra (dashed violet lines) corresponding to the central
pump frequencies vary widely in bandwidth, while the resulting pump and
idler pulses remain largely unchanged.

Although varying the third-order dispersion is a convenient way of isolat-

ing changes in the gain chirp for studying fundamental FOPCPA dynamics, it

is rarely a degree of freedom afforded in experiments. In practice, the wave-
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length and peak power of the pump are much more readily adjustable parame-

ters. While practical or physical considerations may prevent perfect gain chirp

matching from being achieved, a proper choice of these parameters can still

help reduce the gain chirp mismatch and improve the efficiency of an FOPCPA

system. Another feature that may improve performance is the sign asymme-

try inherent to equation 4.10: if a specific wavelength is not necessarily needed,

choosing to seed the Stokes vs. the anti-Stokes wavelength (i.e., changing the

sign of Ω) will flip the sign of the second term in equation 4.10, potentially bring-

ing the gain chirp for that process closer to zero.

Another effect of relevance here is the shift in the gain spectrum as the pump

power depletes, and as the signal/idler powers become comparable to the re-

maining pump power. A full analysis that includes this phenomenon is quite

complicated, and has been discussed in depth elsewhere [19, 20]. The influ-

ence of a varying pump power on four-wave-mixing has also been studied as

a source of undesirable structure in FOPCPA systems [21, 22]. Here, we will

limit ourselves to the observation that differentiating the phase-matching rela-

tion (∆β + 2γP = 0, with ∆β given by equation 4.8) by γP gives:

∂Ω

∂(γP)
=

Ω

β2Ω2 + 4γP
(4.11)

the absolute value of which, for β2 > 0, decreases monotonically with γP. Thus,

pump depletion has a weaker effect on the gain spectrum when the pump

power is large initially. This may explain why, in Figure 4.8, the performance

falls off less quickly for high pump powers than for low ones.
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4.4 Theory of continuum-seeded FOPCPA

4.4.1 Overview

A second class of FOPCPA systems involves replacing the narrowband, CW

seed with a broadband, stretched pulse. From a practical point of view, this

approach has much to recommend it: in contrast with the CW-seeded case, the

system can be entirely driven by a single oscillator, with no second, narrowband

source needed. Broadband seed generation can be accomplished through any

number of standard fiber techniques, such as the soliton self-frequency shift

[23, 24], dispersive wave generation [25], or coherent supercontinuum gener-

ation [26, 27], with the FOPCPA nicely compensating for the inherently low-

energy nature of these fiber processes. Nevertheless, seeding with a broadband

pulse adds its own set of complications. The generated seed must be coherent

and highly stable, with low jitter in its energy, timing, and wavelength. The

pump and seed pulses must also be both synchronized and roughly matched

in duration, a process which can become technically involved when pulses at

widely-separated wavelengths are involved. The degree to which these chal-

lenges will yield a net advantage over the CW-seeded case will depend on

the needs of individual systems and applications. Provided these conditions

can be fulfilled, however, continuum-seeded FOPCPA systems can exhibit im-

pressive performance [28, 29], motivating a closer look at the underlying pulse

propagation dynamics. Here, we consider continuum-seeded FOPCPA as a

logical extension of the CW-seeded case. We find that under optimal condi-

tions, continuum-seeded FOPCPA has the potential to significantly outperform

its CW-seeded counterpart, producing pulses with a broad range of colors and
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bandwidths.

4.4.2 Gain chirp revisited

In section 4.3.5, we investigated how the parametric gain chirp affects the

pulse dynamics in a CW-seeded FOPCPA. Here, we extend that analysis to the

continuum-seeded case. Recall that when the seed is CW, a gain chirp factor

near zero is desirable so that many pump frequencies can collectively amplify

the same, fixed wavelength; this allows each pump frequency to contribute to

the conversion process and efficiently generate an idler component at a differ-

ent frequency. With a chirped seed, however, this is no longer necessary: even

if the gain chirp is far from zero, the seed wavelength can vary in time to track

the moving gain peak, maintaining optimal conversion.

A simple, analytical model serves to illustrate the modified situation. Let the

pump and seed pulses both be linearly chirped:

ωp(t) = ωp0 + αpt (4.12)

ωs(t) = ωs0 + αst (4.13)

where we have now lifted the CW assumption of αs = 0. The idler frequency

follows accordingly:

ωi(t) = (2ωp0 − ωs0) + (2αp − αs)t ≡ ωi0 + αit (4.14)

Define the gain chirp factor ρ ≡ ∂ωs/∂ωp as before. The moving gain peak in the

region of the seed can then be written:

ωgain(t) = ωgain(0) + ρ · [ωp(t) − ωp0] = ωgain(0) + ραpt (4.15)
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Matching the seed to the gain chirp implies ωs = ωgain, from which we obtain

the seed and idler chirps:

αs = ραp (4.16)

αi = (2 − ρ)αp (4.17)

Since the signal and idler will have comparable durations, αs and αi are fur-

thermore proportional to the two pulses’ bandwidths. Thus, we see that under

perfect gain chirp matching, the pump bandwidth is magnified by a factor of ρ

during transfer to the signal, and (2 − ρ) during transfer to the idler (less some

factor related to the imperfect conversion in the lower-intensity wings of the

pump). If both of these magnification factors are far from zero, highly broad-

band pulses can be generated from even a narrowband pump, provided that a

sufficiently broadband seed can be supplied. This stands in contrast with the

CW-seeded case, where the idler’s maximum bandwidth is limited to twice that

of the pump—not surprising in light of Eqn. 4.17, given that a CW seed is opti-

mally matched by a gain chirp factor of ρ = 0.

To verify this result numerically, we simulate a series of FOPCPAs using a

linearly-chirped pump and seed. The pump’s transform limit is 200 fs, and

that of the seed is varied while the seed’s chirped duration remains fixed. In

each case, we vary the gain chirp factor via the third-order dispersion as in sec-

tion 4.3.5, while adjusting the seed chirp to match the gain chirp. Propagation

through a 3-cm fiber is simulated; this allows the various frequency components

to be appreciably amplified, while simplifying the parametric gain dynamics by

preventing the 10-kW pump from markedly depleting.

Figure 4.12 summarizes the results of these simulations. As expected, the

gain chirp matching means the pump always experiences efficient, uniform con-
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version, with the energy and chirped signal/idler durations remaining constant

(Fig. 4.12a). However, the bandwidths of the signal and idler, plotted as the

inverse of their transform-limited durations, follow absolute-value trends cen-

tered at ρ = 0 and ρ = 2, respectively. This follows naturally from equations

4.16 and 4.17, both in the functional form and in the particular values of ρ at

which the signal or idler bandwidth vanishes regardless of the pump band-

width. These cases can be viewed as a parametric analogue to coherent Raman

scattering with spectral focusing [30, 31]. Note that even when one pulse’s band-

width goes to zero, the other’s can remain appreciable, offering the possibility

of generating synchronized pairs of femtosecond and picosecond pulses.

To gain a fuller picture of these gain dynamics, we consider two cases in

greater depth: one with a moderate gain chirp factor (ρ = 1), and another with

a large one (ρ = 10). For each of these gain chirp factors, we vary the seed

chirp relative to the pump chirp (αs/αp) while holding the pulse durations fixed.

Because the stretched seed duration is always much longer than the pump, this

is functionally equivalent to fine-tuning the stretching factor of an arbitrarily

broadband seed pulse at constant peak power.

The energies and bandwidths of the signal and idler pulses for ρ = 1 are

shown in Figure 4.13. The converted energy peaks at a relative seed chirp of

1, indicative of the perfect gain chirp matching at this point. Meanwhile, the

generated signal and idler bandwidths decrease to zero at relative seed chirps

of 0 and 2, respectively. While the lack of perfect gain chirp matching at these

points means equations 4.16 and 4.17 do not strictly hold, the same qualitative

behavior applies: a relative seed chirp of 0 means there is no signal bandwidth

to begin with (i.e., the CW-seeded case), whereas a relative seed chirp of 2 results
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Figure 4.12: Signal and idler parameters for different gain chirp factors. In each
case, the seed chirp is perfectly matched to the gain chirp.

in a narrowband idler as per equation 1. Importantly, the two zero-bandwidth

points occur near the relative gain chirp that maximizes the converted energy.

Thus, for this value of ρ, it is impossible to obtain pulses that are simultaneously

energetic and broadband.

A different picture emerges when ρ is increased to 10 (Figure 4.14). The gen-

erated bandwidths behave qualitatively the same as before, with the signal and

idler becoming narrowband at relative seed chirps of 0 and 2, respectively. In
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Figure 4.13: Signal and idler parameters for different relative seed chirps, αs/αp,
and a constant gain chirp factor of ρ = 1. The point where the seed is matched
to the gain chirp is shown as a dashed line.

this case, however, the gain chirp is perfectly matched at a relative seed chirp

of 10. As a result, the maximum energy point shifts to a higher relative seed

chirp, away from the narrowband regions. The resulting pulses boast both high

conversion efficiencies and short durations, with simulations producing ∼30-fs

signal and idler pulses despite the pump transform limit being only 200 fs. Even

larger gain chirp factors serve to enhance this effect by further magnifying the

pump bandwidth: provided a seed with the requisite chirp can be generated,

ultrashort continuum-seeded FOPCPA sources benefit from |ρ| far from 0 and

2, such that |αs|, |αi| � |αp| (Eqns. 4.16-4.17). As discussed in section 4.3.5, this

holds even if the phase-matching bandwidth of any given pump component is

narrow, as long as the gain-chirp-matching condition is satisfied. This conclu-

sion should be compared to the CW-seeded case, where the lack of freedom in

the seed chirp pins the optimal gain chirp factor to ρ = 0 and more modest per-

formance. Once broadband and efficient amplification is achieved, the energy

can be scaled as usual by stretching the pump and seed together, taking care to

preserve the relative chirp between them.

In principle, each part of the FOPCPA system need only fulfill one role well:
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Figure 4.14: Signal and idler parameters for different relative seed chirps, αs/αp,
and a constant gain chirp factor of ρ = 10. The point where the seed is matched
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the pump supplies energy, the seed provides bandwidth, and the fiber prop-

erties magnify the pump bandwidth as needed. With only singular demands

on each individual component, the potential exists for such systems to be opti-

mized modularly, facilitating their engineering. This division of labor underlies

the possibility of continuum-seeded FOPCPA enabling fiber sources with un-

precedented performance. Continued research into coherent, broadband seed

generation [32, 33] and the design of photonic crystal fibers with large gain chirp

factors will be important for taking advantage of this capability.

4.5 Conclusions

In summary, we have investigated a number of properties of FOPCPA systems,

primarily via numerical means. We have studied the effect of the pump phase

on the generated pulses, as well as how the pump, seed, and fiber properties

interact. In particular, we have developed expressions describing the paramet-

ric gain chirp and its effect on both CW-seeded and continuum-seeded FOPC-

PAs. In the CW-seeded case, the system depends on an inverse gain bandwidth,
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with a vanishing gain chirp yielding optimal conversion to the idler with up

to twice the pump bandwidth. With a continuum seed, on the other hand, the

gain chirp factor magnifies the pump bandwidth, allowing different combina-

tions of signal and idler bandwidths to be achieved with a given pump. In

this case, provided a matched seed can be generated, larger gain chirp factors

yield the best conjunction of high energies and broad bandwidths. Taking these

properties into account will help enable the design of FOPCPA systems with a

wide-ranging set of parameters, each tailor-made for a given application.
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François Légaré. Frequency domain optical parametric amplification. Na-
ture communications, 5(May):3643, 2014.

[2] Bruno E. Schmidt, Philippe Lassonde, Guilmot Ernotte, Matteo Clerici,
Roberto Morandotti, Heide Ibrahim, and François Légaré. Decoupling Fre-
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CHAPTER 5

PARAMETRIC SOURCES WITHOUT PHOTONIC CRYSTAL FIBER1

5.1 Introduction

Photonic crystal fiber (PCF) has been a key component in almost all fiber OPOs

and OPAs to-date. Much of the success of PCF stems from the unmatched de-

sign flexibility it allows: light in PCF is guided by a complex microstructure of

air and silica, which can be customized to produce drastically different disper-

sion characteristics. In this way, even the higher-order waveguide dispersion

can be tuned during the fabrication process, allowing fibers to be drawn that

satisfy phase-matching for a desired four-wave-mixing process. That said, PCF

is not without its disadvantages. The air-silica microstructures that give it its

attractive properties can be easily damaged or contaminated by improper han-

dling or cleaning, making PCF more difficult to work with. These features also

make it difficult to splice PCF: specialized splicing programs are required to

achieve losses on the order of ≈ 1 dB [2, 3], and even that amount of loss has been

shown to limit device performance [4]. This issue is compounded by the modal

mismatch between PCF and most step-index fibers, especially if bridge fibers

are not used during splicing. The difficulty in splicing PCF to standard fibers

is a marked practical disadvantage, as a key benefit of fiber technology is the

prospect of creating fully monolithic systems. Furthermore, the very flexibility

that lends PCF its widespread appeal can act against it, as even tiny manufactur-

ing imperfections can significantly change important parameters, often within

a single fiber draw [5, 6]. Finally, the most useful PCFs for most fiber parametric

1Parts of this work was presented at the Conference on Lasers and Electro-Optics [1].
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systems invariably have small mode areas. This is a fundamental waveguiding

property: making the tailored waveguide dispersion strong enough to over-

come the natural, material dispersion requires tight spatial confinement. As a

result, dispersion-engineered PCFs feature lower nonlinear and damage thresh-

olds, potentially hindering power-scaling.

An alternate means of phase-matching widely-separated wavelengths relies

on the interactions between different modes in a fiber. From a practical point

of view, the simplest embodiment of this is a polarization-maintaining (PM)

fiber. Such fibers can be single-mode and fully compatible with standard fiber-

handling techniques, facilitating adoption and integration. In a PM fiber, strong

linear birefringence breaks the polarization mode degeneracy, producing a slow

and a fast axis separated by the birefringence, δβ ≈ δn ω/c (with δn generally

taken to be dispersionless). The dispersion of each individual mode is typically

dominated by group-velocity dispersion, which, if positive, would normally

preclude phase-matching. The birefringence offers a crucial means of compen-

sating for this: by pumping various combinations of these two axes, a variety of

different processes can be phase-matched [7]. In particular, pumping the slow

fiber axis maximizes the frequency offset of phase-matching to a signal and idler

wave:

Ω =

√
2δβ + (2/3)γPp

β2
(5.1)

where we have assumed β2 and δβ are both positive. Importantly, while the

pump is polarized along the slow axis, the signal and idler are both generated in

the fast axis. It is this process, with birefringence compensating positive group-

velocity dispersion, that we will refer to as vector four-wave-mixing [8, 9]. This

interaction of physical processes stands in contrast with phase-matching in PCF,

where nonlinearity and slightly positive group-velocity dispersion are counter-
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balanced by significant, negative, higher-order dispersion [5]. Free-body dia-

grams qualitatively depicting the phase balances in these two cases are shown

in Figure 5.1. Importantly, because phase-matching in the vector case relies on

birefringence rather than carefully-tailored higher-order dispersion, it is largely

independent of the modal confinement, potentially enabling the use of large-

mode-area fibers with very high damage thresholds.

(a) Scalar (PCF):

higher-order 
dispersion < 0

nonlinearity
GVD > 0

(b) Vector (PM fiber):

birefringence
nonlinearity

GVD > 0

Figure 5.1: Free-body diagrams illustrating how phase-matching occurs be-
tween (a) co-polarized fields in PCF, and (b) cross-polarized fields in PM fiber.

Here, we demonstrate the first ultrafast fiber optical parametric oscillator

to make use of vector four-wave-mixing. The system is constructed entirely of

standard step-index fibers, allowing it to transcend the challenges associated

with PCF. We show that this system is capable of generating nanojoule-scale,

femtosecond pulses at 835 nm and 1340 nm, with simulations suggesting per-

formance increases on the horizon. Finally, we present an overview of how

pulse propagation in a vector fiber OPO or OPA differs qualitatively from that

in a typical, PCF-based device, and the new effects and interactions that must

be taken into account.
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5.2 Vector fiber OPOs

As a step towards demonstrating ultrafast vector four-wave-mixing, we build a

system as shown in Figure 5.2. A segment of single-mode, telecom-grade, PM

fiber (Nufern PM980, L = 20 cm) is used as the parametric gain medium. With a

group-velocity dispersion of β2 ≈ 24 fs2/mm and a birefringence of δn ≈ 3.6×10−4,

this standard fiber is suited to generating light near 835 nm and 1340 nm when

pumped at 1030 nm. In principle, this fiber could form the basis for a CW-

seeded vector OPA similar to the system discussed in Chapter 3; however, as

a narrowband diode at one of these sideband wavelengths was not available,

a vector OPO configuration was chosen here. The system is synchronously

pumped with an ANDi oscillator [10], directly amplified to several hundred

nJ in a Yb-doped fiber amplifier with a 25-µm core diameter. These 6-ps chirped

pump pulses pass through a dichroic mirror and enter the PM980 polarized

along its slow axis. The residual pump light, along with the idler wave at 1340

nm, are subsequently output-coupled through a short-pass filter, while the 835-

nm signal is partially output-coupled, then fed back into the cavity through a

calculated fiber delay line. Because this fiber is non-PM for reasons of conve-

nience, a fiber polarization controller is used to align the feedback with the fast

axis of the PM980.

Adjusting the pump power, the feedback polarization, the signal output-

coupling ratio, and the optical delay produces the modelocked results shown in

Figure 5.3. Signal pulses are 835 nm are produced with 7 nJ of energy, and can be

dechirped using a grating pair to 200 fs (near the 180-fs transform limit). While

the idler pulses were not directly measured in this experiment, the Manley-

Rowe relations can be used to estimate their energy at ≈4 nJ, with enough band-
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Figure 5.2: Schematic of vector OPO using four-wave-mixing in PM980 fiber.

width to support 200-fs durations. These numbers are already on the order of

what is routinely achievable using PCF-based fiber OPOs, and may only be on

the low side of what is possible: simulations of the experimentally-assessed cav-

ity predict signal and idler energies of ≈20-30 nJ (Figure 5.4). It is left as a goal

of future work to explain, and if possible, close this discrepancy. A leading sus-

pect is the non-PM feedback fiber, which may be responsible for some amount

of signal depolarization. Replacing this with all-PM feedback fiber will be an

important step in determining the extent of this problem. Alternatively, the

problem of feedback depolarization could be rendered moot by redesigning the

system in an OPA configuration, either by acquiring a narrowband, CW, seed

diode at 835 nm or 1340 nm or by using the same pump source to synchronously

generate a continuum seed extending to one of these wavelengths.

5.3 Gain chirp in vector four-wave-mixing

We can analyze the vector four-wave-mixing process in terms of the parametric

gain chirp, introduced in section 4.3.5. The larger value of β2 as compared to

the scalar (PCF) case means we can neglect the contribution of the fourth-order
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dispersion to phase-matching. The relevant equations become:

βp = β0 + β1Ωp +
1
2
β2Ω

2
p +

1
2
δn
ω0 + Ωp

c
(5.2)

βs = β0 + β1Ω +
1
2
β2Ω

2 +
1
6
β3Ω

3 −
1
2
δn
ω0 + Ω

c
(5.3)

βi = β0 + β1(2Ωp −Ω) +
1
2
β2(2Ωp −Ω)2

+
1
6
β3(2Ωp −Ω)3 −

1
2
δn
ω0 + 2Ωp −Ω

c
(5.4)
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Noting the change in the nonlinear term due to the differing strengths of co-

and counter-polarized cross-phase modulation:

∆β = βs + βi − 2βp

=
1
2
β2Ω

2 +
1
2
β2(2Ωp −Ω)2 +

1
6
β3Ω

3 +
1
6
β3(2Ωp −Ω)3

− β2Ω
2
p − 2δn

ω0

c
− 2δn

Ωp

c

=
2
3
γP for perfect phase-matching (5.5)

Differentiating with respect to Ωp at Ωp = 0, and then using equation 5.1 to

eliminate δn:

ρ = 1 −
β3Ω

2 − 2δn/c
2β2Ω

(5.6)

= 1 −
1
2
β3Ω

β2
+

1
2

Ω

ω0
−

1
3

γP
β2ω0Ω

(5.7)

For typical step-index fibers pumped near 1 µm, the second term on the right-

hand side of equation 5.7 is of order 1, while the third and especially the fourth

terms are much smaller; thus, the gain chirp can be approximated as ρ ≈ 1 −

(β3Ω)/(2β2). Thus, because standard fibers have β3 > 0 at this wavelength, CW-

seeding is expected to work better with an anti-Stokes seed (Ω > 0, ρ closer to

zero), while continuum-seeding is expected to benefit from a Stokes seed (Ω < 0,

ρ further from zero). In addition to the direct relevance of these conclusions

to vector OPA systems, they may also help inform the design of future vector

OPO systems, where the seed wavelength and chirp can be chosen through the

particulars of the oscillator’s feedback [11].
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5.4 Other pulse propagation considerations

The practical advantages of vector four-wave-mixing must be weighed against

the shortcomings from a pulse propagation standpoint. For one, cross-polarized

four-wave-mixing has a unit gain of (2/3)γP for perfect phase-matching, as op-

posed to 2γP for the co-polarized, scalar case. Compensating this decrease in

unit gain requires thrice higher pump powers. The problem is compounded by

the larger mode areas of PM fiber: while this aids in power-scaling if an ade-

quate pump can be supplied, it also increases the demands on such a pump.

When comparing PCF to single-mode PM fiber for optical parametric genera-

tion, the mode area increases by a factor of three, resulting in a ninefold total re-

quired power increase. This can quickly stretch the limits of what is obtainable

from standard, linear, CPA systems, and may require new amplification regimes

that can produce chirped pulses with much higher peak powers [12, 13, 14].

Once this gain deficit is closed by boosting the pump source, other unique

facets of the nonlinear pulse propagation must be contended with. Compen-

sating group-velocity dispersion with birefringence instead of higher-order dis-

persion produces a more delicate balance of effects, leading to a much narrower

phase-matching bandwidth in the CW analysis. By itself, this is not a major

limitation–in section 4.3.5, we showed that properly matching a seed to the

gain chirp can yield broadband, stretched-pulse amplification even when the

parametric gain of any given CW pump component is narrow. However, the

greater pump powers required to achieve sufficient cross-polarized gain means

cross-phase modulation of the signal and idler will be significant. A seed that

is initially chirp-matched will find its frequencies shifting over the course of the

propagation, changing its chirp. Slight shifts in the parametric gain spectrum
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as the pump depletes may add to this effect. Temporal walk-off effects, dis-

cussed below, may also shift the seed out of the region of optimal gain, even

in the chirp-matched case. The relatively narrow parametric gain bandwidths

associated with vector four-wave-mixing make such deviations all the more im-

portant, complicating the design of vector OPOs/OPAs.

Another factor that must be accounted for in vector parametric systems is the

non-negligible group-velocity mismatch between the pump, signal, and idler.

Surprisingly, the fact that the waves inhabit different polarization modes tends

not to be a major issue: the polarization-mode walk-off goes as δn/c, which

is typically on the order of 1 ps/m. Chromatic dispersion is much more sig-

nificant. In a PCF, phase-matching widely-separated wavelengths is achieved

by pumping at slightly positive group-velocity dispersion, resulting in a small

group-velocity mismatch as a matter of course (often ∼ps/m). The practical

advantage of using standard, PM fiber, however, rests on no special effort hav-

ing gone into suppressing the fiber’s natural group-velocity dispersion. The

group-velocity mismatch between the signal and the idler can consequently eas-

ily reach ∼10 ps/m. The effects of this are complicated, and lie beyond the

scope of this thesis. Simulations show a variety of behaviors, ranging from

parametric gain being smeared across the spectro-temporal domains to tempo-

ral regions of inhibited and enhanced conversion. A more thorough study of

four-wave-mixing under the simultaneous conditions of narrowband paramet-

ric gain, strong cross-phase modulation, significant pump depletion, and fast

temporal walk-off promises to be fascinating from the point of view of nonlinear

pulse propagation, and may hold the key to demonstrating high-performance,

PCF-free, fiber optical parametric systems.
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5.5 Conclusions

In summary, we consider the generation of energetic, ultrashort pulses at new

wavelengths using vector four-wave-mixing in polarization-maintaining fiber.

By using linear birefringence, rather than higher-order dispersion, to enact

phase-matching, we show that photonic crystal fiber can be eschewed in fa-

vor of standard, step-index fiber. This leads to a number of advantages, both for

practicality and for power-scaling. As a first demonstration of this approach, we

demonstrate a fiber OPO using entirely standard, step-index fiber, which gen-

erates nanojoule-level, femtosecond-scale pulses at 835 nm and 1340 nm. We

find that a number of factors complicate systems such as this relative to stan-

dard, scalar fiber OPOs, offering both challenges and opportunities for future

research.
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CHAPTER 6

FUTURE DIRECTIONS

6.1 Alternatives to modelocked oscillators1

For some applications, having a modelocked oscillator is essential. The coher-

ence and noise properties of such devices are unrivaled by any other technol-

ogy, and their raw performance will only improve as pulse propagation physics

continues to develop. As has been discussed, the Mamyshev oscillator stands

to address many longstanding issues with modelocked fiber oscillators. How-

ever, modelocked oscillators remain limited in certain ways. All lasers require a

means of initiating modelocking and restoring it if it is lost, and even in reliably

self-starting lasers, a given modelocked state must be maintained during oper-

ation. For these reasons, even the best modelocked fiber lasers may sometimes

prove lacking. In this chapter, we discuss alternatives: fiber systems that gen-

erate ultrashort pulses without starting from a modelocked oscillator. We first

review the major methods of producing pulses without modelocking. We then

turn our attention to how useful pulses can be obtained from such sources with

the aid of strong nonlinearity, building off of the work presented in Chapter 2.

6.1.1 Generating pulses without modelocking

One straightforward method of generating short pulses is by launching long

(nanosecond or longer) pulses into anomalously dispersive fiber, and filtering

1Much of this work was presented in Optics Express [1].
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the ultrashort solitons that result from modulation instability [2]. Perhaps sur-

prisingly, even the noisy, chaotic pulse bursts obtained via this approach have

been successfully used for multiphoton imaging [3]. While evidently-controlled

pulses are still preferable, this result reflects a common trend in ultrafast laser

applications, where practical considerations spur unexpected laser source de-

velopments. This can sometimes prompt new features (e.g., tunability), and

other times simply justify a performance reduction in exchange for a lower-cost

or more reliable device. More deliberate methods that can deterministically gen-

erate individual, high-quality pulses can only increase the appeal of these cheap,

but ill-controlled, sources (Fig. 6.1). For instance, a high-bandwidth intensity

modulator can carve pulses out of a continuous-wave (CW) beam by attenuat-

ing the beam in a desired pulse sequence. Techniques with greater efficiency

(up to unity in some cases) have been demonstrated using rapid amplitude or

phase modulation schemes based on time-lenses [4, 5, 6], temporal zone plates

[7], temporal holograms [8, 9], or the temporal Talbot effect [10], followed by

a dispersive delay line that compresses the modulated beam into a pulse train.

The improved efficiency can reduce the number of amplification stages needed;

however, these techniques generate a repetitive pulse train, rather than indi-

vidual pulses, and are therefore less versatile than techniques such as direct

intensity modulation. Furthermore, they can leave a residual CW background.

Short pulses can also be generated without an expensive, high-speed modula-

tor. Some of the first work on non-modelocked sources used seeded modula-

tion instability, either by periodically modulating a CW beam or by beating two

spectrally-separated CW beams against one another, and using soliton effects

to convert the modulation to a high-repetition-rate, high-duty-cycle pulse train

[11, 12, 13, 14]. Self-similar propagation [15, 16] and active pulse shaping [17]
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have been applied to similar systems. Gain-switched diodes offer another al-

ternative: even a relatively slow current modulator can take advantage of the

fast gain dynamics in an optical diode to generate ultrashort pulses on demand

[18], although the pulses typically exhibit random fluctuations and incomplete

coherence [19].

Figure 6.1: Illustration of the major features of several non-modelocked pulse
generation techniques discussed in the text.

A primary shortcoming of modelocking-free laser sources is the achievable

pulse duration. Systems based on modulated CW light are limited by the band-

width and power of electro-optic modulators and their drivers. Rarely do they

produce pulses shorter than a few picoseconds, and more economical systems

are limited to tens of picoseconds. Enhancement loops that compound the ef-

fect of a single modulator can improve this to the sub-picosecond regime, but

they add complexity and sacrifice control over the pulse pattern and repetition

rate [20]. While gain-switched diodes are not bound by the speed of an opti-

cal modulator, the natural rate of their internal photon-carrier dynamics is such

that they, too, emit picosecond-scale pulses. Extending non-oscillator sources

to the short pulse durations commonly associated with modelocked oscillators

(e.g., sub-300 fs) stands to greatly broaden their impact, and will allow a broad

range of ultrafast applications to exploit their robustness and flexibility. The
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salient challenge, therefore, is to nonlinearly compress picosecond-scale pulses

by multiple orders of magnitude in a manner that permits scaling to useful en-

ergies (e.g., microjoules or many nanojoules).

Simultaneously, the generated pulses must display low noise, although often

not to the level displayed by typical modelocked lasers. This poses another chal-

lenge, as nonlinear techniques generally magnify small, pulse-to-pulse fluctu-

ations. One might wonder whether non-modelocked sources can control these

fluctuations in the long run without the optical feedback that stabilizes such

processes in a modelocked oscillator. The relative novelty of non-modelocked

sources that achieve comparable pulse parameters to their modelocked brethren

makes this an open question. As we will see, however, proper system design

can help mitigate this concern and, in some cases, actually reduce noise through

nonlinearity.

6.1.2 Compressing pulses from non-modelocked sources

In anomalous-dispersion fiber, pulses can be adiabatically compressed as fun-

damental solitons. Following from the soliton area theorem, evolution in

fibers incorporating amplification [21, 22] or longitudinally-decreasing disper-

sion [23, 24, 25] produces transform-limited, sub-picosecond pulses. However,

for standard fiber parameters, the soliton area theorem and higher-order effects

limit this approach to sub-nanojoule energies. The reliance on anomalous dis-

persion also typically restricts soliton compression to wavelengths longer than

≈1.3 µm, although this spectral range can be extended in photonic crystal fibers

[26], hollow-core photonic bandgap fibers [27], and higher-order-mode fibers
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[28, 29].

Normal-dispersion compression techniques have more success in scaling

to high energies. By balancing nonlinearity and normal dispersion, a disper-

sive self-phase modulation (DSPM) compressor [30] can linearize the chirp

across much of a pulse, allowing the pulse to be dechirped cleanly. How-

ever, the length of fiber needed to achieve the proper balance increases with

the initial pulse duration. Thus, systems that start from long (≈10-100 ps)

pulses often must compromise on pulse quality for practicality’s sake [31]. A

better-controlled method is self-similar amplification, whereby pulses subject

to gain, self-phase modulation, and normal dispersion asymptotically become

parabolic, linearly-chirped pulses–so-called similaritons [32, 33]. While this

regime is most commonly used for amplification, the exponential bandwidth

growth and linear chirp makes it ideal for pulse compression as well. Further-

more, the asymptotic similariton acts as a global nonlinear attractor, making this

technique applicable in principle to arbitrary seed pulses and potentially reduc-

ing noise [34, 35]. Dispersion-decreasing fibers can replicate this phenomenon,

exchanging the benefits of amplification for greater bandwidth and spectral flex-

ibility [36]. Of course, self-similar evolution has limitations in practice. Al-

though the similariton’s basin of attraction is infinite, the speed of the attraction

depends on the seed parameters [37, 38, 39]. In typical fibers, a long or ill-shaped

seed pulse might not reach the attractor within the finite fiber length. An arbi-

trarily long amplifier would resolve this in principle, but in practice, the onset

of spontaneous Raman scattering and gain narrowing limit the maximum fiber

length, and therefore the effective range of the attractor. These effects reduce

the usefulness of this technique for the picosecond-scale durations and varied

pulse shapes that modelocking-free sources can generate.
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Amplification following parabolic pre-shaping is related to self-similar am-

plification, but has several important differences [40]. Pulses in normally-

dispersive fiber can transiently evolve to a nearly-parabolic state even in the

absence of gain [41], and can be subsequently amplified in another fiber. The

pulses need not be near the amplifier’s similariton attractor to benefit from their

parabolic shape’s linearization of nonlinear phase: following amplification in

the highly nonlinear regime, they can be substantially and cleanly compressed

to the transform limit. While this is a powerful technique, the lack of a nonlin-

ear attractor means that only pulses that are initially well-behaved (for instance,

Gaussian or hyperbolic secant pulses near the transform limit) exhibit the nec-

essary parabolic evolution. As a result, this technique can be unsuitable for the

more complicated pulses that may be formed from non-modelocked systems.

The Mamyshev regenerator from telecommunications can be a versatile tool

for compressing and reshaping pulses [42]. As Figure 6.2 illustrates, launching

a pulse into a nonlinear fiber and then isolating newly-created spectral compo-

nents with an off-center bandpass filter has a number of effects on the pulse,

including reducing amplitude jitter [42, 43], stripping amplified spontaneous

emission [44, 45], suppressing pedestals or background light [46, 47, 48], and

enhancing intra-pulse coherence [49, 50, 51]. These effects are also accompa-

nied by pulse compression by a modest factor (typically ≈2-5), even for input

pulse durations ranging from sub-nanosecond [52] to femtosecond timescales

[53]. With an appropriate choice of bandpass filter, the output can be made

transform-limited or linearly-compressible to the transform limit [43].
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Figure 6.2: Simulation illustrating a Mamyshev regenerator’s ability to accept a
long pulse with a complicated pedestal (solid green), spectrally broaden it (solid
blue, and spectrogram), and convert it into a short, pedestal-free pulse (dashed
red). Top panel: temporal intensity. Right panel: spectral intensity.

6.1.3 Multi-stage compression

The problem of compressing pulses from non-modelocked sources is com-

pounded by the long initial pulse durations. The most powerful compression

techniques require a balance between dispersion and nonlinearity (Fig. 6.3).

Applying them directly to ≈10-100-ps pulses can necessitate many kilometers

of fiber (e.g., [15, 54]). While such fiber lengths are common in telecommuni-

cations, they can have significant consequences for a high-energy pulsed laser

system’s cost, footprint, and loss (particularly at wavelengths where fiber losses

are higher). These restrictions can be particularly limiting for DSPM compres-

sors, where using a more practical yet sub-optimally-short fiber length leads to

pulses with a low-intensity pedestal rather than high-quality pulses [31]. This

can be seen in Fig. 6.3, where, barring standout results, only compressors oper-

ating near the shaded regions tend to produce transform limited pulses.
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Figure 6.3: Performance of various nonlinear compression schemes. Ovals in-
dicate the approximate region over which each technique typically produces
transform-limited, pedestal-free pulses. Data are from [51, 45, 40, 55, 56, 57, 14,
15, 16, 24, 27, 52, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68].

If a more complex system is tolerable, using multiple different compressors

in sequence can ameliorate the problem. For instance, the Mamyshev regen-

erator relies mainly on nonlinearity alone, which can be strengthened through

amplification to permit spectral broadening in more reasonable fiber lengths

[52]. Pulses may thereby be compressed and even amplified, while the Mamy-

shev regenerator’s normalizing effect on the pulse shape enables further shap-

ing via more sophisticated techniques. The diverse properties of Mamyshev

regenerators make them powerful front-line pulse shapers even beyond their

compression capabilities: in systems seeded by gain-switched diodes, they can

improve the intrapulse coherence and reduce amplitude fluctuations, especially

when cascaded; in systems founded on intensity modulators, they can amplify

the low-power pulse trains while curbing amplified spontaneous emission; and

in systems based on amplitude/phase modulation of CW light, they can sup-

press the residual inter-pulse background even at non-uniform repetition rates.
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A Mamyshev regenerator following a DSPM compressor can also attenuate the

pedestal produced by the latter, although interposing another nonlinear pro-

cess before the Mamyshev regenerator will reduce its ability to dampen noise

from the seed laser. An example of this approach is the work that was pre-

sented in Chapter 2, based on a gain-switched diode. There, the combination

of Mamyshev regeneration and amplification following parabolic pre-shaping

led to pulse parameters that previously required an amplified, modelocked

oscillator. This result proved for the first time that, by taking advantage of

fiber nonlinearities, non-modelocked sources stand a chance of competing with

modelocked systems as application-relevant ultrafast lasers. While the demon-

strated source exhibited pulse-to-pulse fluctuations as per the nature of the gain-

switched diode seed, the observed energy jitter was already low enough to be

acceptable for many applications, and incorporating additional techniques may

produce further reductions in noise (see section 6.1.5). While we are optimistic

that sources based on gain-switched diodes may improve to eventually rival

modelocked lasers, it should be noted that many applications–for instance, mi-

cromachining [136] and multiphoton microscopy [3]–can be performed with sig-

nificantly noisier pulses than even the source dicsussed in Chapter 2.

It bears noting that the compression and amplification schemes described

here for gain-switched diodes could be naturally adapted to modulated CW

sources [69]. Indeed, this may be a preferable alternative in some cases: pulses

generated from a sufficiently quiet CW diode will inherit the diode’s long co-

herence time and low noise as a matter of course. However, this approach is

not without its disadvantages. The coherence and noise will still depend on the

linewidth and stability of the CW diode, which will ultimately correlate strongly

with the diode’s cost. In addition, the degree of compression required will de-
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pend on the speed at which the diode can be modulated, necessitating a trade-

off between the cost of fast driving electronics and the complexity of additional

compression stages. As non-modelocked systems with performance compara-

ble to modelocked lasers have only recently been demonstrated, it remains to be

seen which approaches, if any, will have enduring and widespread impact. The

decision to favor one method over another, along with the judgment of whether

the simplicity and advantages of using a non-modelocked seed outweigh the

complexity of compressing the pulses, will ultimately come down to the needs

of individual applications, and the resources available to them.

6.1.4 Compression using extreme dispersion engineering

As an alternative to the multi-stage compression schemes thus far discussed,

the difficulties of shaping long pulses from non-modelocked sources may be

resolvable through appropriate dispersion engineering. Under the right condi-

tions, the dispersion in a certain spectral range can be made extremely large,

permitting soliton and self-similar evolutions in more practical fiber lengths.

An example of this is near the mode cutoff in a higher-order-mode fiber, where

dispersion nearly two orders of magnitude higher than that of typical fibers

has been reported [70]. Even more powerful dispersion engineering can be per-

formed near (but outside) the reflection band of a fiber Bragg grating (FBG)

[71], where inscribed structures up to a meter long can boost the dispersion by

more than six orders of magnitude [72, 73, 74, 75]. Pulse compressors based on

this technology have been proposed and demonstrated, including those using

soliton and similariton evolutions [76, 77, 78, 79, 80], although the experimental

demonstration of Bragg similaritons remains inconclusive [81]. Intriguingly, be-
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cause the dispersion induced by the grating far exceeds the material or waveg-

uide dispersion, this approach can be transposed to any wavelength of interest

where fibers are available. This flexibility synergizes well with pulsed sources

(modelocked or otherwise) that can be designed at a variety of wavelengths in

the near-infrared [82, 83] or mid-infrared [84, 85]. Concurrent development of

spectrally-flexible gain media based on Raman scattering [86, 87, 88, 89], four-

wave-mixing [90, 91, 92], or semiconductor optical amplifiers [93, 94] will help

exploit this potential for applications where the source wavelength is critical.

Despite the power of dispersion engineering in a FBG, pulse propagation in

such devices is complicated by several factors. Firstly, the strong group-velocity

dispersion is accompanied by disproportionately stronger higher-order disper-

sion [95, 96], which can cause soliton or similariton propagation to break down

[77, 79, 97, 98, 99, 100]. Secondly, the pulse evolution will be constrained by

the nearby reflection band of the FBG. As per the Kramers-Kronig relations, the

strength of dispersion increases with proximity to a sharp transmission or re-

flection feature, forcing a compromise between the induced dispersion and the

pulse bandwidth. Finally, maintaining the same strength of nonlinearity (i.e.,

the same peak power) with much longer pulses necessitates proportionally high

pulse energies, resulting in strong gain saturation during self-similar amplifica-

tion [79, 81]. Using a chirped FBG to effect a dispersion-decreasing fiber may

alleviate this issue, as the varying dispersion behaves like amplification where

the virtual gain is saturation-free [36]. One can envision such a device acting as a

compact, passive pulse shaper, drawing long pulses from a simple pulse gener-

ator towards the similariton attractor for reshaping (Fig. 6.4). Once a parabolic

pulse is generated in this manner, compression can be performed immediately

(as in Fig. 6.4), or nonlinear amplification can be interposed to further increase
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the bandwidth, as in amplification by parabolic pre-shaping [40].
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Figure 6.4: Simulated self-similar evolution in a lossless, dispersion-decreasing
FBG, including dispersive effects through third-order.(a) Seeded, 100-nJ, 40-ps
pulse with a complicated intensity and phase structure (dot-dashed red), and
the parabolic output (black). (b) Output pulse after dechirping to near the 5-ps
transform limit. (c) Output spectrum. (d) Longitudinal evolution of the pulse
spectrum and the FBG stopband. (e) Dispersion-decreasing profile calculated
from the varying Bragg wavelength.

6.1.5 Noise reduction

Given the premium that some specialized applications place on noise, it is worth

considering how the jitter in non-modelocked might be reduced further. Ad-

ditional nonlinear optical processes might accomplish this, at the expense of

adding complexity. For instance, it has been shown that a long sequence of

Mamyshev regenerators can effect an asymptotically stepwise transfer function

and funnel incoherent pulses towards a uniform eigenstate [49, 50], with shorter,

more practically attainable chains still exhibiting intermediate nonlinear attrac-

tion.
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Alternatively, further intensity and timing jitter reductions might be accom-

plished by self-seeding [101, 19, 102] or injection seeding [103, 104] a gain-

switched diode. The former sacrifices fine control over the diode’s repetition

rate, but has the advantage that a second light source is not needed. Although

gain-switched diodes naturally lack inter-pulse coherence–a hallmark trait of

modelocked oscillators, and a necessary one in comb-based applications–there

is some evidence that even that feature might not be out of reach. Self-seeded

gain-switched diodes have been shown to exhibit inter-pulse coherence [105],

and an interesting question is whether injection seeding can accomplish the

same. Given that gain-switched diodes have been shown to inherit coherence

from an externally-seeding, pulsed, master laser, it seems plausible that an ex-

ternal CW seed might likewise confer inter-pulse coherence [106]. However,

this remains to be experimentally verified for injection-seeded gain-switched

diodes to compete with modelocked sources in optical comb applications while

retaining their pulse-on-demand capabilities. If successful, implementing these

approaches could make cheap, robust, non-modelocked systems viable alterna-

tives to modelocked oscillators even for noise- or coherence-sensitive applica-

tions.

6.1.6 Conclusions

Generating ultrafast pulses without modelocked lasers has the potential to en-

able new applications of femtosecond pulses, driven by qualitatively new kinds

of nonlinear fiber light sources. To be sure, non-modelocked lasers are unlikely

to ever match modelocked oscillators in every respect. Despite tremendous ad-

vances in optical and electro-optic pulse shaping, it is difficult to imagine what
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kinds of advances could replicate the pristine, broadband coherence of a finely-

tuned oscillator. Nevertheless, for a significant number of applications, the full

capabilities of a modelocked oscillator are unnecessary, or may yet fall short. It

is here where non-modelocked sources will have a chance to shine: cases where

simplicity and robustness are of primary importance, or where pulses need to

be delivered at precise, aperiodic intervals. By taking advantage of a wide array

of nonlinear pulse evolutions, non-modelocked laser systems stand a chance

of filling this niche with high-energy, ultrashort pulses in an unprecedentedly

versatile format.

6.2 Prospects for vector fiber optical parametric devices

6.2.1 Introduction

In addition to the technical-level improvements suggested in Chapter 5, numer-

ous avenues of research remain for extending vector fiber optical parametric

devices to new levels of performance and practicality. Here, we discuss several

open questions that may bear on the future of such devices. We first consider

alternative system architectures, ranging from in-amplifier designs to the use

of higher-order-modes. We then address how a measure of tunability might

be achieved, before concluding with a discussion of how this tunability might

be used to engineer new kinds of fiber systems with highly-optimized phase-

matching properties.
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6.2.2 In-amplifier vector four-wave-mixing

As another embodiment of this approach altogether, one might imagine com-

bining the pump amplifier and the PM fiber into a single device, as shown

in Figure 6.5. Here, a low-power train of pump pulses is launched into a PM

fiber gain medium. There, their energies increase quasi-exponentially, resulting

in the bulk of their nonlinear propagation (and, hence, the vector four-wave-

mixing) occurring in the last ∼tens of cm of the fiber. This has practical advan-

tages in that focusing a high-power pump beam into a bare PM fiber is never

needed, reducing any resulting thermal instabilities, and that coupling losses

from the pump amplifier to the PM fiber are made trivially zero. Care must be

taken in this arrangement that neither the signal nor the idler faces significant

linear absorption due to the gain medium. As a surprising bonus, some authors

have suggested that performing four-wave-mixing in an active medium could

effect a type of quasi-phase-matching, improving the bandwidth and conver-

sion efficiency of the parametric process [107]. More research is needed to gauge

the strength and impact of this speculative, yet intriguing, possibility.
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Figure 6.5: Schematic of vector OPO using four-wave-mixing in the pump am-
plification fiber.
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6.2.3 Extension to higher-order modes

We have already discussed scaling the performance of vector optical paramet-

ric devices via the mode area. Taking this approach to its natural limit, how-

ever, may introduce new degrees of freedom yet. It is well-known, and often-

lamented, that unless special care is taken in the design of a fiber, increasing

the core size will eventually lead to multimode behavior. While the existence

of many different transverse modes may have consequences for the quality of

the emitted beam, it also creates an opportunity for a much wider range of four-

wave-mixing interactions, each with different phase-matching conditions. Re-

cent work has already begun exploring this approach in the sub-nanosecond

pulse regime, and it will be of great interest to extend this approach to chirped,

ultrafast pulses [108, 109, 110]. Ensuring the environmental robustness of the

multimode fiber, as well as that of the spatial beam shaping that will be neces-

sary at the input and output ends, will be key to making such systems viable.

6.2.4 Tunable birefringence

A benefit of using photonic crystal fiber is that the broad phase-matching band-

widths, brought about through careful dispersion engineering, permit wave-

length tuning away from the parametric gain peak. This is much harder to

achieve using vector four-wave-mixing, due to the more narrowband phase-

matching. While the birefringence of polarization-maintaining fibers is typ-

ically specified to greater precision than the dispersion of a photonic crystal

fiber, care must still be taken to choose pump and seed wavelengths that are

appropriately phase-matched. The demand becomes particularly stringent for
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CW-seeded vector OPAs, as tunable, narrowband diodes can be prohibitively

expensive.

A degree of tunability can nevertheless be achieved through mechanical or

thermal means. It has long been known that bending or coiling an optical fiber

induces a birefringence that goes as δn ≈ α(r/R)2, where r is the cladding radius,

R is the bending/coiling radius, and α is a constant determined by the fiber’s

mechanical properties (typically ≈ −0.1) [111, 112]. If the bending is performed

under tension, an additional, constructively-adding birefringence δn ≈ α′(r/R)εz

is produced, where α′ ≈ −0.5 and εz is the relative strain (typically limited to

. 0.01 to avoid breaking the fiber) [113]. Squeezing the fiber in a V-groove is

another option, producing a birefringence of δn ≈ h · [1 − cos(2γ) sin(γ)](F0/r)

where h ≈ 2.4 × 10−12 m2/N, F0 is the linear force density applied (typically . 10

N/m), and γ is the half-angle of the V-groove [114].

The relative magnitude of these effects is generally small, but can be non-

negligible next to the built-in birefringence of typical PM fibers. Using esti-

mates of mechanical fiber damage as an upper limit, the birefringence produced

by free bending and bending under tension may each be on the order of 10−5,

while squeezing appears limited to 10−7. This is unlikely to suffice for shifting

the parametric gain to substantially different spectral regions, but may be useful

for fine-tuning the gain relative to a proscribed seed. Indeed, several of these

process have been used to tune [115] or even quasi-phase-match [116, 117] vec-

tor fiber optical parametric devices, although they have yet to be applied to high

pulse energies, femtosecond-scale durations, or large wavelength separations.

Because these adjustments can be imposed externally and in situ, an inter-

esting possibility also exists for longitudinally-tuning the parametric gain spec-
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trum in this manner. Extending the spooling approach demonstrated by Mur-

doch et al. [117] to a specially shaped spool with a continuously-varying radius

could enable tailorable control over δn(z), and through it, the parametric gain

spectrum (Figure 6.6). This might be employed to compensate for the cross-

phase modulation or pump depletion effects mentioned in section 5.4, or per-

haps by sweeping the gain through the seed spectrum to phase-match differ-

ent components at different longitudinal positions. At its most basic, the latter

could extend the overall parametric gain spectrum; however, more sophisti-

cated schemes could yield richer benefits. For instance, the dynamic interactions

between group-velocity dispersion and the longitudinally-chirped frequency

conversion might be used to help enhance or shape the generated pulses. With

an appropriately-shaped phase-matching distribution, adiabatic frequency con-

version techniques could even be utilized to obtain highly-efficient broadband

conversion, similar to those being demonstrated in tapered fibers [118]. The

ability to sharply and longitudinally tailor the parametric gain through me-

chanical means is an unanticipated advantage of vector fiber optical parametric

systems over PCF-based lasers, and one that may lead to brand new areas of

research into nonlinear pulse propagation.

6.2.5 Conclusions

We find that a number of factors complicate vector fiber OPOs and OPAs relative

to standard, scalar, PCF-based OPOs, offering both challenges and opportuni-

ties for future research. While vector four-wave-mixing imposes more system

design restrictions than PCF, it also opens the door for new types of nonlinear

pulse evolutions, with the potential for capabilities beyond what is possible in
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(a) (c)

(b)

Figure 6.6: Illustration of coiling a fiber around (a) a spool with a varying radius
to (b) change the fiber’s birefringence and, through it, the peak gain frequency
as a function of propagation distance, thereby effecting (c) a longitudinally-
shapable parametric gain spectrum.

PCF.
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[7] Bo Li, Ming Li, Shuqin Lou, and José Azaña. Linear optical pulse compres-
sion based on temporal zone plates. Optics Express, 21(14):16814, 2013.

[8] Maria R Fernández-Ruiz, Ming Li, and José Azaña. Time-domain holo-
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[15] Stéphane Pitois, Christophe Finot, Julien Fatome, Bernard Sinardet, and
Guy Millot. Generation of 20-GHz picosecond pulse trains in the normal
and anomalous dispersion regimes of optical fibers. Optics Communica-
tions, 260(1):301–306, 2006.

[16] Marco Plötner, Victor Bock, Tim Schultze, Franz Beier, Thomas Schreiber,
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[35] Zuxing Zhang, B. Öktem, and F. Ö. Ilday. All-fiber-integrated soli-
ton–similariton laser with in-line fiber filter. Optics Letters, 37(17):3489,
2012.

[36] Toshihiko Hirooka and Masataka Nakazawa. Parabolic pulse generation
by use of a dispersion-decreasing fiber with normal group-velocity dis-
persion. Optics letters, 29(5):498–500, mar 2004.

[37] V I Kruglov, A C Peacock, John D Harvey, and John M Dudley. Self-
similar propagation of parabolic pulses in normal-dispersion fiber ampli-
fiers. Journal of the Optical Society of America B, 19(3):461–469, 2002.

[38] V I Kruglov and John D Harvey. Asymptotically exact parabolic solutions
of the generalized nonlinear Schrödinger equation with varying parame-
ters. Journal of the Optical Society of America B, 23(12), 2006.

[39] Stefan Wabnitz. Analytical dynamics of parabolic pulses in nonlinear
optical fiber amplifiers. IEEE Photonics Technology Letters, 19(7):507–509,
2007.

[40] S Pierrot and François Salin. Amplification and compression of tempo-
rally shaped picosecond pulses in Yb-doped rod-type fibers. Optics Ex-
press, 21(17):20484, 2013.

[41] Christophe Finot, Lionel Provost, Periklis Petropoulos, and David J
Richardson. Parabolic pulse generation through passive nonlinear pulse

117



reshaping in a normally dispersive two segment fiber device. Optics Ex-
press, 15(3):852–64, 2007.

[42] P.V. Mamyshev. All-optical data regeneration based on self-phase modu-
lation effect. In 24th European Conference on Optical Communication. ECOC
’98 (IEEE Cat. No.98TH8398), volume 1, pages 475–476. Telefonica, 1998.

[43] Lionel A. Provost, Christophe Finot, Periklis Petropoulos, Kazunori
Mukasa, and David J Richardson. Design scaling rules for 2R-optical self-
phase modulation-based regenerators. Optics Express, 15(8):5100, 2007.

[44] Martin Rochette. An all-optical regenerator that discriminates noise from
signal. In 31st European Conference on Optical Communications (ECOC 2005),
volume 2005, pages v3–403–v3–403, 2005.

[45] Yi-Cheng Fang, Tomohiro Chaki, Jui-Hung Hung, Hirohito Yamada, and
Hiroyuki Yokoyama. 1 MW peak-power subpicosecond optical pulse
source based on a gain-switched laser diode. Optics Letters, 41(17):4028,
2016.

[46] K. Taira and K. Kikuchi. Picosecond pulse generation with high extinction
ratio employing electroabsorption modulator, fibre compressor, and self-
phase-modulation-based pulse reshaper. Electronics Letters, 40(1):15, 2004.

[47] Dong Wang, Li Huo, Qiang Wang, and Caiyun Lou. Performance op-
timization of ultra-short optical pulse generation based on Mamyshev
reshaping and its application in 100-Gb/s and 200-Gb/s optical time-
division multiplexing. Optics Communications, 364:76–82, 2016.

[48] Joachim Buldt, Michael Müller, Robert Klas, Tino Eidam, Jens Limpert,
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