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Abstract
Ultrafast adiabatic frequency conversion is a powerful method, capable of efficiently and
coherently transfering ultrashort pulses between different spectral ranges, e.g. from near-infrared
to mid-infrared, visible or ultra-violet. This is highly desirable in research fields that are currently
limited by available ultrafast laser sources, e.g. attosecond science, strong-field physics,
high-harmonic generation spectroscopy and multidimensional mid-infrared spectroscopy. Over
the past decade, adiabatic frequency conversion has substantially evolved. Initially applied to
quasi-monochromatic, undepleted pump interactions, it has been generalized to include
ultrashort, broadband, fully-nonlinear dynamics. Through significant theoretical development and
experimental demonstrations, it has delivered new capabilities and superior performance in terms
of bandwidth, efficiency and robustness, as compared to other frequency conversion techniques.
This article introduces the concept of adiabatic nonlinear frequency conversion, reviews its
theoretical foundations, presents significant milestones and highlights contemporary ultrafast
applications that may, or already do, benefit from utilizing this method.

1. Introduction

Ultrafast sources are at the heart of research breakthroughs in many fields, ranging from strong-field
light-matter interactions and multi-photon spectroscopies, to communication, sensing and more.
Tremendous progress has been achieved in the past few decades towards realizing high power, high energy,
broadband, ultrashort-pulse coherent sources. However, there are wide frequency ranges where such sources
are not available via direct laser action, or fall short of the requirements of applications, e.g. mid-IR.
Nonlinear frequency conversion is a powerful solution to the absence of adequate lasers, allowing
highly-efficient and coherent transfer of properties of excellent laser sources from one part of the spectrum
to another.

Progress in attosecond science is strongly linked to progress in ultrafast laser technology. Ultrafast laser
sources are critical tools that can be used to directly resolve attosecond dynamics in strong-field phenomena,
or generate attosecond pulses that can probe physical phenomena on this time scale [1, 2]. Over the past
three decades, much of the work in the field has been carried out using Ti:Sapphire laser systems. These laser
systems provide the necessary pulse energy (usually >1 mJ) and short pulse duration (commonly <40 fs) in
the near-IR spectral region. However, access to such sources in other spectral ranges, especially in the
mid-IR, is highly desirable [3–5].

First, the fundamental dynamics of strong-field phenomena depend strongly on the driving field’s
wavelength, as tunnel-ionized electron trajectories are shaped by the field. Consequently, the manner in
which these photoelectrons recombine with, or scatter off, parent atoms and molecules depends drastically
on the field’s wavelength. In particular, the ponderomotive energy acquired by the photoelectrons scales as
the square of the driving laser wavelength [1, 2], thus scaling of up to 20-fold is offered by ultrafast laser
sources at mid-IR wavelengths. As the spectral range of ultrafast sources available for such experiments
expands, new regimes of attosecond physical phenomena can be explored.
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Wavelength scaling of the photoelectron scattering process can be used to probe molecular structure over
wide spatial and temporal ranges [6]. Another approach is high-harmonic generation (HHG) spectroscopy,
which utilizes photoelectron recombination to probe attosecond-scale dynamics [7]. There is strong interest
in extending this method to large and biologically-relevant molecules [8]. However, most biomolecules have
low ionization potential, which leads to ionization saturation that prevents the useful application of HHG
spectroscopy. The lower photon energy associated with mid-infrared light as compared to near-infrared light
can address this challenge.

Second, as the generation of attosecond pulses itself is driven by ultrafast lasers, extending the spectral
reach of these lasers directly translates into the extension of the spectral reach of attosecond pulses. In HHG,
a decrease of the driving frequency results in an increase of the highest generated frequency (cut-off
frequency), due to the ponderomotive energy scaling. Another approach utilizes a short-wavelength source
to ionize an atom and subsequently drive HHG in the ion. Since the cut-off frequency also depends on the
ionization potential, this ion HHG yields much higher frequencies. Both approaches reach into the x-ray
spectral range [9, 10]. Each development of an attosecond pulse source in a new spectral range opens a
window into atomic, molecular and material systems and phenomena that previously could not be probed
on this time scale.

Fully-controllable broadband (multi-octave) ultrafast mid-IR sources are also of great importance in
materials science, chemistry, biology and condensed-matter physics: the fundamental vibrational modes of
many solids and biologically-significant molecules are in the mid-IR. Ultrafast mid-IR laser sources have
been extensively utilized for resolving the femtosecond-scale dynamics in such physical systems, e.g. via
multidimensional spectroscopy [11] or coherent control of lattice displacement [12]. As in attosecond
science, achieving arbitrary shaping of few-cycle mid-IR pulses will provide control over coherent dynamics
of material systems. This control will make it possible to follow energy flow between internal states of
materials, with new levels of temporal resolution and state-distinguishability (via improved spectral
resolution) [13].

The work toward such novel laser technology faces challenges on a number of fronts, where technical
progress would translate directly to scientific advances. In the context of attosecond science [14], these
include limited attosecond pulse flux, temporal-shape tailoring of driving mid-IR pulses and high-energy
mid-IR sources for generating attosecond pulses in the x-ray spectral range. In a broader context of ultrafast
mid-IR sources, arbitrary pulse-shaping of few-cycle (multi-octave) pulses remains a significant technical
challenge. One might try to shape a near-IR pulse and use it to drive mid-IR generation. However,
commonly used nonlinear methods for generating broadband mid-IR (e.g. supercontinuum generation)
couple intensity and phase or need a (not-shaped) short driving pulse. Therefore, they cannot transfer the
near-IR driver’s pulse-shape to the generated mid-IR pulse. Direct shaping of the generated mid-IR over
multiple spectral octaves is also very challenging, as there is no appropriate optical actuator (e.g. spatial light
modulator, SLM) that covers the entire spectral range of interest to vibrational spectroscopy (2.5–20 µm).
Single-cycle pulses have been successfully shaped with methods that address each part of the spectrum
separately followed by coherent combining [15–17], however at the cost of great experimental complexity.

One approach that could address these issues is optical frequency conversion. In optical frequency
conversion, energy is coherently transferred between optical waves at different frequencies. The interaction
between these waves is mediated by a nonlinear medium in which they propagate. Most commonly, the goal
is to transfer as much energy as possible from one spectral range to another. Frequency conversion processes
have an inherent challenge. Due to the dispersive nature of matter, the driving and generated waves travel
through the nonlinear medium at different phase velocities. This phase-mismatch severely diminishes the
conversion efficiency [18]. Multiple techniques (reviewed below) have been developed to compensate for the
phase-mismatch. Each technique has different strengths and weaknesses; however, many share a common
thread: a trade-off between efficiency and robustness to variation in parameters such as temperature and
wavelength. The latter strongly restricts the application of frequency conversion of ultrafast lasers, which are
broadband by their nature.

Over the past decade, ultrafast adiabatic frequency conversion has emerged as a method that can address
all these challenges. It facilitates efficient, broadband and coherent frequency conversion. In this manner, it
effectively transfers the capabilities of highly developed pulse-shaping tools from the near-IR to other parts
of the spectrum.

Unique challenges in ultrafast frequency conversion rise due to the inherently broad spectrum, which is
acutely influenced by the dispersion of the materials in which pulses propagate. Group velocity mismatch
(GVM), group velocity dispersion (GVD) and further high-order dispersion, cause a temporal walk-off
between the interacting waves and cause the pulses to spread, reducing the overall efficiency of the
interaction.
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Figure 1. Comparison of broadband frequency conversion techniques. Reprinted with permission from [21].

In this review article we cover both the theoretical foundations of the adiabatic frequency conversion
technique along with various examples of experimental realizations, with a special emphasis on ultrafast
optics applications. The adiabatic technique has proved to be extremely valuable owing to its ability to
overcome the efficiency-bandwidth trade-off. In recent years, both theory and experiments have expanded
this method to include a broad operational space of ultrafast nonlinear optics.

While much of the work done so far has focused on demonstrating efficient broadband frequency
conversion, several works have demonstrated the potential of the method to allow the flexible temporal
shaping of energetic and broadband—even greater than octave spanning—pulses, allowing precise control of
the temporal pulse shape. These include: (a) programmable pulse shaping of energetic mid-IR pulses
spanning 1.3 octaves [19]. Single-cycle pulses were obtained, as well as the ability to impress complex pulse
shapes, such as the modulation required to generate single-cycle pulse pairs with arbitrary temporal
separation (discussed in section 2.5); (b) spectral phase shaping in adiabatic second harmonic generation
(SHG) allows for the creation of complex temporal pulse shapes when frequency doubling sub-100 fs pulses
[20] (discussed in section 4); (c) adiabatic downconversion by four-wave mixing (FWM) in hollow optical
fiber that preserves the pulse phase, allowing pre-conversion pulse shaping that can simplify dispersion
management for a very broadband pulse and that is independent of the pulse energy. The same method
could be used to generate high-energy pulses with a passively stabilized CEP in the near-octave-spanning
down-converted pulse (discussed in section 6). While these pulse conversion technologies have not yet been
used for attosecond pulse generation and the control of other strong-field phenomena, these preliminary
works that have investigated and/or demonstrated efficient, ultrabroadband bandwidth conversion
combined with the capability for precise control of the generated time-domain pulse characteristics,
demonstrate their promise.

This review is organized as follows: the remainder of this section presents common broadband frequency
conversion techniques (1.1) and outlines the historical progress of the adiabatic technique specifically (1.2).
Section 2 reviews the theoretical foundations of adiabatic nonlinear frequency conversion under the
undepleted pump approximation. Section 3 covers the theoretical and experimental extension to the fully
nonlinear (depleted pump) regime in the quasi-monochromatic limit (i.e. with narrowband and chirped
broadband pulses). Section 4 introduces a recent development—analysis and realization of
all-ultrashort-pulse adiabatic frequency conversion with pump depletion. Section 5 discusses cascaded
adiabatic processes and their applications. Section 6 presents adiabatic FWM. Section 7 discusses the
significance of these advances within the context of ultrafast optics, in particular attosecond science, HHG
and mid-IR spectroscopy. Section 8 concludes the article.

1.1. Summary of broadband frequency conversion techniques
Many techniques for broadband frequency conversion were suggested and demonstrated over the years (see
figure 1). The earliest phase-matching method utilizes birefringence [18]. In this method, the refractive
index’s dependence on polarization compensates for its dependence on frequency. With the birefringence
method, the conversion bandwidth can be increased by using a shorter nonlinear crystal. Unfortunately,
shorter crystals provide lower conversion efficiency, resulting in a bandwidth-efficiency trade-off.

So-called random nonlinear materials (artificial or natural) lack long-range order while possessing a high
degree of short-range order. This arrangement averages-out the effect of the phase-mismatch, since the
generated wave’s phase performs a random walk (rather than just ‘walking off ’ the driving wave’s phase). The
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result is a large conversion bandwidth, determined by the material’s short-range order statistics [22, 23].
However, this comes at the expense of efficiency: the phase’s random walk degrades the coherent build-up of
the generated wave along the medium.

Another common approach for phase-mismatch compensation is quasi-phase matching (QPM) via
electric field poling [24]. In this technique, the sign of the crystal’s nonlinear susceptibility is usually
modulated (poled) in a periodic manner along the direction of propagation. The modulation period is
chosen such that the phase of the generated wave is inverted where it is about to get out of phase with the
propagating wave. QPM with periodic modulation suffers the same efficiency-bandwidth trade-off as
birefringent phase-matching; however, some variations of this approach relax the trade-off to some degree:
multi-periodic modulation [24], non-adiabatic chirp [25, 26] and adiabatic chirp [27, 28]. These techniques
are rather complex but highly beneficial in terms of flexibility, robustness, bandwidth and efficiency.

With the multi-periodic design, the crystal is composed of multiple periodically-modulated sections.
Each section quasi-phase matches a different, relatively narrow frequency range, and together they cover a
broader range of frequencies than standard periodic designs. A significant disadvantage of this arrangement
is that it produces a discontinuous conversion spectrum. If an ultrashort pulse with a broad and continuous
spectrum is to be converted, its shape will not be preserved. Therefore, the multi-periodic design technique is
suitable for multiple simultaneous narrowband processes but not for shape-preserving conversion of
ultrashort pulses.

In chirped poling design the poling periodicity monotonically increases or decreases along the direction
of propagation. The main advantage of the chirped design is its high bandwidth due to the wide range of
compensated phase-mismatch values. However, a non-adiabatic chirped design introduces the usual
trade-off between bandwidth and efficiency. In contrast, in an adiabatic chirp design, where the chirp rate is
sufficiently low, high efficiency is maintained over a large bandwidth. Adiabatic frequency conversion is
extremely useful, surpassing other methods in terms of efficiency, bandwidth and robustness. This technique
is not limited to monotonically changing the periodicity of the poling—any pattern is possible as long as the
rate of change is slow enough, i.e. the adiabaticity criterion is satisfied (detailed below). The conversion
efficiency is uniform over a broad and continuous spectral range, offering pulse-shape-preserving
conversion. This is extremely important for high-quality pulse shaping, generally a difficult task and not
available at all frequencies with the same performance level. By using adiabatic conversion, the pulses can be
shaped in a convenient spectral range and then converted to the desired range. Adiabatic conversion
processes can also be cascaded to facilitate additional advantages (see section 5).

Though most widely used, chirped electric field poling QPM is not the only way to facilitate adiabatic
frequency conversion. Additional approaches include temperature gradients [29, 30], electric field gradients
[31], gas pressure gradients [32], and waveguide width variation [33, 34].

1.2. Adiabatic frequency conversion—timeline of progress
Over the past decade, adiabatic frequency conversion has gained popularity and was substantially expanded.
In this section, we lay out an overview of this progress. Initial work focused on three-wave mixing (TWM) in
the quasi-monochromatic undepleted pump regime. Interestingly, the quasi-monochromatic limit also
applies when mixing a narrowband pump with broadband pulses, making it of interest to ultrafast
applications as well. Under the undepleted pump approximation one of the interacting waves (usually
termed ‘pump’) is much more intense than the other waves (‘signal’ and ‘idler’), and therefore it is negligibly
affected by the interaction. Later developments removed the undepleted pump requirement, increasing the
efficiency and applicability of adiabatic frequency conversion to more types of sources and interactions, e.g.
type I SHG. Recent advances broke out of the quasi-monochromatic regime, enabled all-short-pulse
adiabatic frequency conversion and extended it to FWM processes. These recent approaches were
experimentally demonstrated with ultrashort (few- and sub-cycle) and extremely wideband (more than
octave-spanning) pulses in the fully nonlinear regime (depleted pump). Figure 2 presents the different
regimes of adiabatic frequency conversion.

The first published experimental realization of adiabatic frequency conversion was made by Suchowski
et al [27], who utilized an adiabatically chirped-poled crystal. They demonstrated sum-frequency generation
(SFG) conversion of a tunable 5 ns pulse over a 140 nm (∼17.7 THz) bandwidth from the near-IR
(1470–1610 nm) to the visible range with more than 50% efficiency over the FWHM range, reaching peak
efficiency of 74%. Prior to this achievement, standard periodic poling technique was able to achieve
bandwidth on the order of only 2 nm. At this point and over the next few years, theoretical modeling and
experiments remained in the undepleted pump regime. These showed the conversion efficiency to be
insensitive to input wavelength, crystal temperature and length, pump intensity and angle of incidence [35].
For example, high efficiency over a large conversion bandwidth was shown to be conserved over temperature
variation of more than 100 ◦C.
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Figure 2. Regimes of adiabatic frequency conversion. (a) Undepleted narrowband pump. The color gradient represents chirp.
(b) Depleted narrowband pump (fully nonlinear). (c) Depleted broadband pump (fully nonlinear).

Over 2011–2014, several experiments demonstrated how adiabatic frequency conversion under the
quasi-monochromatic approximation is indeed useful for ultrafast optics applications, even at the extreme of
octave-spanning bandwidth [36–39]. In all of these cases, near-IR stretched or uncompressed broadband
sources of picosecond duration were upconverted into the visible range or downconverted into the mid-IR
range. Importantly, the broad conversion bandwidth implied pulse-shape preservation. Significant
milestones include the generation of an octave in the mid-IR, spanning 2–5 µm, with near-100% conversion
efficiency [38], and the generation of visible light spanning 405–500 nm with 92% conversion efficiency [39].

After achieving these benchmarks, the established adiabatic technique was used to facilitate
temporal-shaping of mid-IR pulses. Krogen et al [19] shaped and stretched near-IR pulses, converted them
to the mid-IR, and then compressed them, showing that the conversion process preserved the pulse shape.
They were able to demonstrate generation and multi-octave shaping of high-energy (µJ scale) mid-infrared
single-cycle pulses (11 fs, 1.2 optical cycles) with a spectral span of 1.8–4.4 µm.

Simultaneously, progress has been made with adiabatic optical parametric amplification (OPA) [40–46]
for high repetition rate ultrashort (few-cycle) mid-IR pulse generation from available near-IR sources, such
as Ti:Sapphire. This was done with a view towards HHG research. A recent experiment exhibited the
generation of 14.4 fs pulses centered at 2.5 µm at a repetition rate of 100 kHz with average power of 12.6 W,
achieving high peak power of 6.3 GW [47].

Significant advancements were made by expanding adiabatic frequency conversion to the fully nonlinear
regime, i.e. removing the undepleted pump approximation, but remaining in the quasi-monochromatic
regime [41, 48, 49]. The first demonstration of adiabatic SHG achieved 86% conversion efficiency of a
stretched femtosecond pulse in a LiNbO3 waveguide [50]. In a bulk KTP crystal, adiabatic SHG of
nanosecond pulses achieved 73% efficiency with temperature acceptance bandwidth of >100 ◦C [51]. Both
used adiabatically chirped poling designs.

Next, the adiabatic approach was expanded to include the short-pulse regime outside the
quasi-monochromatic approximation. The first experimental demonstration achieved SHG of ultrafast
(300 fs) pulses with 30% efficiency, limited by parasitic nonlinearities [52]. Later experimental work
frequency-doubled short and shaped pulses. The SHG was pulse shaped while achieving 50% conversion
efficiency [20]. Notably, high-efficiency SHG of ultrashort (sub-picosecond) pulses had been realized earlier
[53] but over a bandwidth of 8 nm, significantly smaller than the 75 nm bandwidth that was achieved with
the adiabatic design.

Adiabatic frequency conversion has been realized by additional approaches besides the chirped poling
technique. Markov et al [29] facilitated adiabatic OPA of a 700 fs source by applying a controlled temperature
gradient to a 5 cm long LBO crystal. The experiment demonstrated 45% conversion efficiency over a
bandwidth of 300 nm in the near-IR. Rozenberg et al [30] used the same technique with a large-aperture
(5× 5 mm) LBO crystal. This showed that adiabatic temperature gradients could facilitate higher power
scaling (while avoiding laser induced damage) as compared to poling (which is limited to∼1 mm apertures).
Liu et al [31] presented a third approach. They applied an electric-field gradient along a crystal, which
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resulted in adiabatic phase-mismatch variation through the electro-optic effect. The temperature- and
electric-field-gradient techniques make it possible to implement adiabatic frequency conversion with
additional materials, i.e. not only those that are amenable to poling. These materials have advantageous
properties, such as high damage thresholds, transparency in the UV and/or mid-IR, large apertures and high
thermal conductivity (enabling power scaling). Additionally, as opposed to poling, these methods provide in
situ configurability and fine-tuning.

Very recently, the adiabatic technique was theoretically extended to include FWM in χ(3) nonlinear
platforms, such as silicon photonics and optical fibers [54]. Highly efficient (90%) conversion of a
1.62–1.72 µm source to 1.78–1.86 µm is predicted in an adiabatically-tapered silicon waveguide. Initial
experiments in a linearly-tapered highly-nonlinear photonic crystal fiber (PCF) show 60%–70% conversion
efficiency of nanojoule pulses from a near-IR band (696–723 nm) to the mid-IR (2.15–2.43 µm) [33]. A
recent numerical analysis considers broadband generation of mid-IR light via adiabatic FWM in a
linearly-tapered anti-resonant hollow-core fiber (AR HCF) with a simultaneous pressure gradient [32]. This
work predicts 70% conversion efficiency of a 26 fs pulse from near-IR to mid-IR, generating a 3–5 µm
spectrum. The linear transfer function survives to idler pulse energies above 10 µJ, making the technique
relevant to strong-field science. A similar approach in large-core hollow capillary fibers may allow scaling to
much higher energies. As adiabatic FWM is a very recent development, more exciting implementations and
advances are expected in the near future.

In the following sections, we introduce the theoretical foundation of adiabatic frequency conversion. The
summarized theoretical analysis is interlaced with examples of significant landmarks and contemporary
applications.

2. Adiabatic frequency conversion in the undepleted pump regime: from
quasi-monochromatic to ultrafast

In this section we present the fundamentals of adiabatic frequency conversion as a basis to exploring the
dynamics of this interaction. Further information and in-depth analysis can be found in other sources [18,
28]. We begin by describing the dynamics in a relatively simple case, i.e. in the quasi-monochromatic regime
under the undepleted pump approximation. We use the term quasi-monochromatic to refer to the case
where the pump field (ω2) is significantly narrowband to approximate a one-to-one conversion between the
other frequencies: ω3 (ω1)≈ ω1 −ω2, where ω2 is constant. Throughout the next sections we gradually relax
these approximations, advancing towards more general cases. The most general case involves interactions
where all pulses are ultrashort (≪1 picosecond), in the fully-nonlinear (depleted pump) regime.

2.1. Nonlinear susceptibility
Nonlinear optical phenomena occur when the optical properties of matter are modified by the presence of
light. The modification depends nonlinearly on the amplitude of the applied field. New frequencies can be
generated as a consequence of the nonlinear light–matter interaction. In most cases, the optical field can be
treated as a perturbation to the internal field in the medium. The induced polarization in these cases can be
expressed as:

P⃗= P⃗Linear + P⃗Nonlinear = ε0χ
(1)E⃗︸ ︷︷ ︸

P⃗Linear

+ ε0χ
(2)E⃗2 + ε0χ

(3)E⃗3 + · · ·︸ ︷︷ ︸
P⃗Nonlinear

(1)

where χ(2),χ(3) are the second- and third-order nonlinear susceptibilities, respectively, unique properties of
each dielectric material [18]. Notably, only non-centrosymmetric materials have nonzero even-order
nonlinear susceptibilities, such as χ(2). Most commonly, the lowest-order nonlinear susceptibility dominates
the nonlinear optical response. The presence of a field, possibly containing multiple frequencies (e.g. ω1 and
ω2), results in the generation of new frequencies that were not incident onto the material. A few examples of
such TWM processes, a result of non-zero second-order susceptibility, are ω3 = ω1 +ω1 = 2ω1 (SHG),
ω3 = ω1 +ω2 (SFG) and ω3 = |ω1 −ω2| (difference frequency generation, DFG). Similarly, there are FWM
processes due to the third-order susceptibility.

2.2. Nonlinear coupled wave equations and QPM
In the case of TWM, where the nonlinear polarization is limited to the second-order nonlinear term, the
interaction is governed by three coupled nonlinear wave equations:
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dA1 (z)

dz
= iκ1A

∗
2A3e

−i∆kz

dA2 (z)

dz
= iκ2A

∗
1A3e

−i∆kz

dA3 (z)

dz
= iκ3A1A2e

+i∆kz , (2)

where Aj are the amplitudes of the electric fields (j= 1,2,3 are usually termed ‘signal’, ‘pump’ and ‘idler’,

respectively), κj =
ωjχ

(2)

cn(ωj)
are the coupling coefficient, kj =

n(ωj)·ωj

c are the wavenumbers and n
(
ωj

)
are the

frequency-dependent refractive indices of the material. The term∆k= k1 + k2 − k3 is the phase mismatch.
The phase mismatch can significantly affect the efficiency of the conversion process. Equation (2) describe
monochromatic waves, where the index of refraction can be regarded as a constant for each wave. For
modeling short pulses, the index must be explicitly calculated for each frequency within the bandwidth of
each wave. The nonlinear susceptibility χ(2) is generally frequency dependent as well, but usually this
dependence is very weak and can be neglected [18]. In the remainder of this section we will elaborate on the
importance of the phase mismatch and present common phase-matching techniques. Later these will be used
to facilitate adiabatic evolution.

The phase mismatch arises due to the dispersive nature of matter: the refractive index depends on
frequency, and therefore each of the interacting waves propagates through the medium at a different phase
velocity. The incident and generated waves are coupled through the nonlinear polarization. Depending on
the relative phase between the waves, energy will flow either from the incident waves to the generated wave,
or vice versa. Since these waves have different phase-velocities, their relative phases change as they propagate
through the medium. Consequently, the direction of energy flow alternates along the medium, resulting in a
low net flow, i.e. low conversion efficiency.

The coherence length parameter, defined lc ≡ π/∆k, is a measure of the spatial distance that is sufficient
to cause the waves to get out of phase with each other. When that happens, the direction of energy flow is
reversed, a phenomenon called back-conversion. For example, in DFG, instead of energy flowing from the
pump and signal to the idler, energy will flow from the idler to the pump and signal. This reversal repeats
every lc propagation distance (commonly∼10 µm), effectively preventing the build-up of the desired idler
wave and lowering the efficiency of the process. Naively, one can design the crystal to the exact length that is
required for the maximum build-up of the interaction, but the limited interaction length (order of 10 µm)
will result in very low conversion efficiency.

2.3. Adiabatic frequency conversion and adiabaticity criterion
One of the main drawbacks of the periodic QPM design is that it is relatively narrowband, i.e. the range of
frequencies for which phase matching can be achieved with this technique is relatively small. Modulating the
susceptibility in an aperiodic manner, e.g. by varying the lengths of the modulation sections along the
direction of propagation, can increase the range of frequencies for which phase matching can be achieved.
This was demonstrated with (non-adiabatic) chirped QPM designs, where significantly larger bandwidth was
achieved at the expense of efficiency. If the rate of change of the modulation period is small enough, the
interaction becomes adiabatic.

In adiabatic evolution a system remains in one of its eigenstates throughout the interaction, while the
character of the eigenstate gradually transforms. This can occur when system variables vary at a much slower
rate than the internal dynamics of the system. This allows the dynamical system to adapt to the changes and
remain in an eigenstate. The adiabaticity criterion is [28]∣∣∣∣d∆k

dz

∣∣∣∣≪
(
κ2 +∆k2

) 3
2

|κ|
. (3)

We note that, in the undepleted pump approximation, the dynamics of TWM possess SU(2) symmetry. This
makes it analogous with linear two-level systems, such as the interaction of coherent light with a two-level
atom, spin 1/2 dynamics in NMR, etc [28].

An adiabatic process transfers all of the energy from the eigenstate’s initial form to its final form. For
example, the initial and final forms of the eigenstate could correspond to different distributions of energy
between optical frequencies. As theoretical and experimental results that are presented in this review show,
this technique eliminates the efficiency-bandwidth trade-off.
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Figure 3. Adiabatic conversion scheme. Conversion efficiency for the adiabatic chirp design along the propagation axis
(horizontal axis) and different input wavelength (vertical axis). Reprinted from [28] with permission from John Wiley & Sons.
© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The adiabaticity criterion requires that the phase mismatch parameter,∆k(z), should be very large
compared to the coupling coefficient in the edges of the crystal, i.e. |∆k|z=0,Lc

≫ κ, slowly varying from large
negative (positive) to large positive (negative) value (i.e.∆k< 0 at the beginning of the crystal and∆k> 0 at
the end or vice versa). The exact manner of variation throughout the crystal is of secondary importance as
long as it meets the adiabaticity criterion.

2.4. Adiabatic frequency conversion of broadband sources
The theoretical analysis presented so far in the context of monochromatic waves is also valid in the case of
broadband sources, as long as each spectral component can be treated separately as a quasi-monochromatic
source. This requirement can be fulfilled by stretching short pulses, e.g. from femtosecond transform-limited
duration to durations on the order of few picoseconds, and employing a relatively narrowband pump pulse,
such that a one-to-one conversion relationship is established between the frequencies of the other waves,
ω3 (ω1)≈ ω1 −ω2, where ω2 is constant.

In this case, the phase-matching condition∆k≈ 0 is satisfied over a very short distance for each
wavelength, and occurs at different longitudinal positions in the nonlinear medium. The effective interaction
length, over which a significant exchange of energy between waves at different frequencies occur, is smaller
than crystal length (usually on the order of 10 mm). One may think of a broadband frequency conversion
device in this regime as consisting of a continuous superposition of monochromatic adiabatic conversion
devices. The fact that the effective interaction length is shorter than the device length also helps to partially
mitigate the impact of GVM, as discussed below.

Figure 3 shows a simulation of adiabatic evolution of a frequency conversion process with more than
12 THz bandwidth reaching nearly 100% efficiency in a single 20 mm long chirped crystal, using
equation (2) to model each signal frequency component in the pulse. The adiabatically varying
phase-mismatch offers a significant improvement over the periodic design by eliminating back conversion,
due to the fact that each frequency has a short range in which it is phase-matched—the idler does not have
the opportunity to be converted back to the signal. Each signal frequency is seen to convert efficiently to its
corresponding idler at a different longitudinal coordinate.

The Landau–Zener theorem [55, 56] provides the analytical asymptotic solution for ideal adiabatic
evolution of a linear SU(2) system. It was adapted to frequency conversion [28] and can be used as an
asymptotic approximation of conversion efficiency:

ηLZ (z →∞) = 1− e−
2π|κ|2

|d∆k/dz| . (4)

The expression is precise when the phase mismatch varies linearly and is an approximation otherwise.

Adiabatic evolution occurs when the adiabatic parameter α≡ |d∆k/dz|
2π|κ|2 is very small (i.e. α≪ 1). This limit is

approached as the phase mismatch variation rate decreases and as the coupling coefficient increases (e.g. due
to increased pump intensity). This theoretical analysis was experimentally validated for ultrashort pulses by
Moses et al [37]. They converted 0.7-octave spanning Ti:Sapphire pulses from near-IR to mid-IR in a DFG
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Figure 4.Measured PbSe photodiode response plotted versus peak pump intensity. Error bars indicate the relative measurement
error. Solid line: exponential fit A(1− exp [BI2]) of the experimental data. The adjusted R2 = 0.998. Inset: predicted conversion
efficiency versus idler wavelength for several pump intensities based on numerical simulations. Reproduced with permission from
[37].

process, reaching near-100% efficiency, using an adiabatic chirp-poled potassium titanyl phosphate crystal.
The main result is shown in figure 4.

When mixing broadband pulses, the high-order dispersive properties of the nonlinear medium must be
taken into consideration. The refractive index significantly varies within the bandwidth of the waves and it is
no longer sufficient to consider it constant according to the center wavelength of each wave. Two significant
phenomena that arise from this variation and substantially affect the propagation and interaction of the
waves are GVM and GVD.

GVM, the first order dispersion term, causes longitudinal walk-off between pulses with different carrier
frequencies due to their distinct group velocities. It is characterized by the distance over which pulses with
different carrier frequencies sufficiently overlap, termed quasi-static interaction length: LQS = τ/GVM,
where τ is the FWHM pulse duration and GVM is the difference between the inverse group velocities of the

pulses, GVM=
∣∣∣ 1
vg1

− 1
vg2

∣∣∣. To overcome the GVM limitation in short-pulse frequency conversion, the

quasi-static interaction length should be significantly larger than the typical adiabatic conversion length:
LQS ≫ Ladiabatic =

κ
|d∆k/dz| [28]. Combining the last equations, we obtain a fundamental limit for the

minimum acceptable pulse duration. For example, in the case of SFG of a broadband signal with a
narrowband pump, the minimum acceptable pulse duration is

τmin ⩾ Ladiabatic ·GVM=

∣∣∣∣ κ

d∆k/dz

(
1

vg,s
− 1

vg,i

)∣∣∣∣ , (5)

where vg,s and vg,i are the group velocities of the signal and idler, respectively. Typically, pulse duration on the
order of a few picoseconds is sufficient for efficient broadband conversion in the visible and near infrared
spectral ranges.

GVD, the second order dispersion term, leads to temporal spreading of the broadband pulses. In the case
of ultrafast signal and idler pulses with a narrowband undepleted pump, several possible issues must be
considered. If the signal and idler pulses spread enough to grow longer in duration than the pump, part of
their chirped spectra may no longer overlap with the pump pulse, eliminating the nonlinear interaction.
Alternatively, opposite GVD may dechirp the signal or idler, increasing these waves intensity. In that case,
their intensities may approach or even exceed the intensity of the pump, thus violating the undepleted pump
approximation.

GVD is defined as β = d2ω
dk2 and has a characteristic length of LGVD = τ 2

β . For the case of a highly chirped
signal pulse, the adiabatic length may cover several GVD lengths without a significant change in the signal
pulse duration. This fact is used to the advantage of the pulse shaping scheme outlined in section 2.5.
However, in the case of unchirped pulses and also the case where the pump pulse is broadband (see
section 4), in order to achieve efficient conversion, it is generally required that the GVD length is significantly
longer than the adiabatic interaction length. The implication of this demand is that the conversion occurs
over a distance in which the GVD is negligibly small. This can be achieved by making sure LGVD ≫ Ladiabatic
for the shortest GVD characteristic length, typically corresponding to the shortest wavelength.
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2.5. Linearity of spectral transfer function and ultrafast pulse shaping
For the case of a relatively narrowband pump pulse and undepleted pump, the one-to-one photon transfer
between signal and idler implies a linear transfer function in spectral amplitude, where the ratio of idler to
signal intensity is Ii = (ωi/ωs) Is. The linear spectral amplitude transfer function for ultrafast pulses was
observed in Moses et al [37] as well as in a greater than octave-spanning adiabatic downconversion
experiment in which a chirped 680–870 nm signal pulse was mixed with a relatively narrowband 1047 nm
12 ps pulse in an adiabatically chirped lithium niobate crystal to generate an idler spectrum covering
2–5 µm [38].

In their follow-on experiment [19], the same researchers observed the expected linear spectral phase
transfer function spanning the entire generated 1.8–4.4 µm idler spectrum. Confirmed by the experiment as
well as by a numerical solution of the pulse propagation equations (including exact dispersion across the full
spectral extent of signal, pump, and idler waves), the authors found that the total group delay dispersion
(GDD) of the device was well approximated by

τ (ωi) = k ′ (ωs)zc (ωs)+ k ′ (ωi)(L− zc (ωs)) , (6)

where k(ωs) and k(ωi) are the signal and idler wavenumbers, k ′ (ω) is ∂k(ω)/∂ω, zc (ωs) is the frequency
dependent conversion position (i.e. where∆k(ωs) = 0), and L is the length of the crystal. In other words, for
each converted photon, to determine the total group delay accumulated in the device, the device can be
broken into two sections, a first section where group delay is accumulated at the group velocity of the signal
frequency prior to conversion, and a second section where the group delay is accumulated at the group
velocity of the idler following conversion.

The linearity of both phase and amplitude spectral transfer functions was utilized in Krogen et al [19] for
the shaping of the generated octave-spanning idler pulses. Figure 5 illustrates the scheme. The chirped
(uncompressed) signal from a 10 fs near-IR OPCPA system was combined with 12 ps pulses from the OPCPA
pump laser in the adiabatically poled lithium niobate crystal, generating the chirped 1.8–4.4 µm idler
spectrum, with a relative spectral phase given by the linear transfer function, equation (6). By modifying the
phase function sent to a programmable pulse shaper located in the OPCPA, an additional pre-chirp was
added to the already chirped signal pulse, tailored to eliminate residual high-order dispersion on the DFG
idler pulse after a bulk silicon compressor. This led to the generation of 11 fs pulses—1.1× the
transform-limited duration—corresponding to 1.2 optical cycles of the 2.8 µm central wavelength of the
idler (see figure 5(b)).

The scheme made use of several features of adiabatic frequency conversion in the undepleted pump
regime with a relatively narrowband pump (quasi-monocromatic approximation): since significant changes
to the spectral amplitude and phase profiles of the signal can be made without affecting the efficiency of the
downconversion process, the spectral amplitude and phase profiles of the octave-spanning idler pulse can be
tuned directly by means of the near-IR pulse shaper. Precisely, as photon conversion from signal to idler is
one-to-one, any amplitude shaping imparted on the near-IR signal is directly transferred to the idler. As for
the phase, any differential phase added to the signal by means of the pulse shaper will appear as the identical
differential phase added to the idler, without any additional changes to its power spectrum. For example, by
applying an additional 〖sin〗∧2 spectral amplitude function and sawtooth phase function to the signal pulse
shown in figure 5(b), the idler pulse was split into the corresponding mid-IR single-cycle pulse pair with
arbitrary inter-pulse delay (figure 5(c)). Third, since the downconversion process increases the relative
bandwidth of the pulse (absolute bandwidth is maintained while central frequency is decreased), an ordinary
few-cycle pulse shaper in the near-IR was used to shape the bandwidth of the generated 1.3-octave mid-IR
pulse. The arbitrary pulse shaping of greater than octave-spanning pulses is thus a special characteristic of
adiabatic frequency conversion in this regime, and it may benefit strong-field physics applications as well as
ultrafast time-resolved spectroscopy.

Finally, Flemens et al noted that there is substantial room to vary the function zc (ωs) in equation (6)
through the design of the frequency conversion device’s poling function without spoiling the adiabatic
conversion. Thus, the GDD of the device can be modified, and such ‘intrinsic’ pulse shaping might be used
to simplify the dispersion management of an octave-spanning device [57]. The authors numerically
simulated a poled lithium niobate device for generating a 2.0–4.0 µm idler that has a total GDD of nearly
zero. The study predicted that an 8 fs (unchirped) near-IR pulse can be converted to an unchirped 9 fs
mid-IR pulse at the output of the device. The device is designed to allow the normal GVD of the material for
the signal wavelengths to chirp the signal to picosecond duration before adiabatic conversion occurs, and
then exactly de-chirp the idler pulse through the anomalous GVD of the idler wavelengths after conversion,
producing a recompressed idler at the device’s exit.
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Figure 5. (a) Scheme for the generating and arbitrary shaping of octave-spanning mid-IR pulses. An adiabatic DFG stage is
inserted prior to the compressor of an OPCPA system to convert a chirped 10 fs near-IR pulse to a chirped 11 fs mid-IR pulse. A
programmable pulse shaper in the OPCPA before the adiabatic frequency conversion stage pre-compensates for the residual
dispersion in the system to high orders, producing a near-transform-limited single-cycle mid-IR pulse after the compressor.
(b) By further tuning the shaping function, this single-cycle pulse could be manipulated to generate a complex pulse shape. A
single-cycle pulse pair was demonstrated. (c) Adapted and reprinted from [19] with permission of Springer Nature, © 2017.

3. Adiabatic frequency conversion with pump depletion (fully-nonlinear regime)

Frequency conversion in the fully nonlinear regime is a generalization of the dynamics that were discussed
earlier. In the fully nonlinear regime, it is no longer assumed that one of the waves is significantly more
intense than the others and negligibly affected by the interaction. The coupled equations can no longer be
linearized and the analogy to linear SU(2) systems does not hold. The dynamics in the fully nonlinear regime
are more complex, leading to some difficulties in reaching high efficiency and robustness. However, for
monochromatic waves, the dynamics can be cast into a canonical Hamiltonian form, and the classical
mechanics adiabatic invariance theorem [58] can be used. This theorem applies to any canonical
Hamiltonian system, linear or nonlinear. In this section we consider narrowband and chirped broadband
pulses, cases in which the analytical framework for monochromatic waves can be used to make accurate
predictions of the dynamics. The next section extends these concepts to the ultrashort compressed pulse
regime.

We describe the dynamics of the system in a canonical Hamiltonian structure. The Hamiltonian depends
on a single system parameter, the phase mismatch. According to the classical adiabatic invariance theorem, if
the phase mismatch varies much more slowly than the system’s internal dynamical rate of variation, then the
system state will follow an eigenstate. The coupled wave equation (2) can be reformulated in the canonical
Hamiltonian structure

dQ1

dξ
=

∂H

∂P1

dP1
dξ

=
∂H

∂Q1
, (7)

where the canonical momentum P1 is the excess of photon flux of the two incident waves over the generated
wave, the canonical coordinate Q1 is proportional to the phase difference between the incident waves and
generated wave, ξ = z/

√
κ1κ2κ3 is a scaled propagation length and H is the Hamiltonian. The exact

mathematical expressions of these quantities are given elsewhere [49]. Here we note that the Hamiltonian
depends only on constants of the motion (Manley–Rowe constants), the phase-mismatch, and the dynamical
variables P1 and Q1.
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Figure 6. (a) Exemplary phase space portrait of the canonical Hamiltonian representation of TWM. Arrows indicate motion of
fixed points (corresponding to eigenstates) with increasing phase-mismatch. (b) Normalized canonical momentum for the two
eigenstates versus∆k/

√
κ1κ2κ3P3 , a normalized phase-mismatch parameter. Reproduced with permission from [49].

Figure 6(a) displays an exemplary phase space portrait. The phase mismatch is non-zero. The fixed points
(marked with+ or−) correspond to eigenstates; the arrows indicate the direction of motion of the fixed
points with increasing phase mismatch.

Figure 6(b) displays the corresponding canonical momentum P±1 (vertical position in the phase space) of
the two eigenstates, normalized to the total photon flux P3, versus the normalized phase mismatch
∆k/

√
κ1κ2κ3P3. P

−
1 is seen to be a monotonically decreasing function of the phase mismatch, beginning at

P−1 ≈ P3 for a very large negative phase-mismatch and reaching P−1 ≈−P3 for a large positive
phase-mismatch. In the same figure (and in general), P+1 has the opposite behavior to P−1 , i.e.
P+1 (∆k) = P−1 (−∆k). Physically, this means that the eigenstate labeled with a minus corresponds to having
all of the energy in the incident waves when the phase-mismatch is large and negative. When the
phase-mismatch is large and positive, this eigenstate corresponds to having all of the energy in the generated
wave. For the plus eigenstate, the opposite is true.

If the phase-mismatch varies adiabatically from a large negative value to a large positive value (or
vice-versa), the system will evolve adiabatically. Then the system state can follow one of the two eigenstates as
the eigenstate changes its character in accordance with the variation in the phase-mismatch. This change
corresponds to fully efficient frequency conversion. Porat et al [49] provided an analytical solution for the
case of an adiabatic process where the two low frequencies have equal photon flux.

For adiabatic evolution to occur, the system has to be initially close to an eigenstate (easily satisfied by a
large initial phase-mismatch), and the rate of change of the phase mismatch has to be small enough to
satisfy [49]

rnl =

∣∣∣∣∣√κ1κ2κ3
d
(
P±1 /P3

)
d∆k

d∆k

dz

∣∣∣∣∣v−1 ≪ 1, (8)

where v is the frequency at which the system point orbits a fixed point.
This technique is broadband and robust because the phase mismatch is swept over a large span. Changes

in temperature and wavelength, which other methods are relatively sensitive to, have a much smaller impact
in the adiabatic case. The FWHM phase-matching bandwidth of the process is approximately [49]

∆kBW =∆k|end −∆k|start. (9)

Notably, it depends only on the chirp range of the phase-mismatch. An example of a numerical simulation of
adiabatic SHG from Porat et al [49] is presented in figure 7.

The QPM period in a 40 mm long MgO-doped LiNbO3 crystal with χ(2) = 50 pm V−1 was linearly
chirped from 18.83 µm to 19.44 µm (corresponding to∆k/

√
κ1κ2κ3P3 variation from−3 to+3 for input

intensity of 200 MW cm−2 with λ1 = 1.55 µm). The simulated conversion efficiency was 96% over a
bandwidth of 42 nm.

Leshem et al used adiabatic SHG to experimentally explore the transition from the undepleted pump to
the fully nonlinear regime, with nanosecond pulses [51]. In essence, their findings confirmed the theoretical
analysis summarized above. Furthermore, they were able to demonstrate∼60% and∼80% conversion
efficiency over temperature ranges of > 100 ◦C and 30 ◦C, correspondingly. This experiment used
chirp-poled KTP crystals.

The first demonstration of ultrafast adiabatic SHG [50, 59] used strongly-chirped pulses, in the limit
where the quasi-monochromatic approximation holds. In this experiment, a stretched pulse having 2.5 nJ
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Figure 7. Adiabatic SHG with pump depletion. (a) Intensities along the crystal for input wavelength λ1 = 1550 nm and input
intensity 200 MW cm−2. (b) Conversion efficiency versus input wavelength λ1 for different input intensities, which are indicated
in units of MW cm−2. Only the 200 MW cm−2 case satisfies the adiabatic evolution requirements. Reproduced with permission
from [49].

Figure 8. SH spectrum of a chirped 150 fs 1.5 µm pump in a chirped QPM LiNbO3 waveguide. The blue line is the theoretical
result for the nominal design, the green line is the simulation result using the actual imperfect waveguide and the red line is the
experimental result. Reproduced with permission from [50].

energy, 1.55 µm central wavelength and 150 fs transform-limited duration was frequency-doubled in a
LiNbO3 waveguide. The crystal was chirp-poled to facilitate adiabatic SHG, achieving 86% conversion
efficiency. Figure 8 shows excellent agreement between calculated and measured spectra.

In the context of broadband mid-IR source generation, extensive work has been carried out with OPAs.
An early demonstration of pulse conversion and amplification utilizing the chirped-poling technique was
carried out by Heese et al [42]. Later work by the same group [45, 46] demonstrated few-cycle pulses in
different mid-IR regions, achieving higher intensities and shorter pulses at higher repetition rates. In these
works, the signals were shaped and stretched before amplification, then amplified in multiple stages and
eventually compressed to ultrashort durations. The first stages were high-gain pre-amplifiers where the
pump was significantly stronger than the seed signal and generated idler. The last amplification stages were
saturated power amplifiers with significant pump depletion. In Mayer et al [46], after compression, pulse
duration of 44.2 fs and a pulse energy of 21.8 µJ at a repetition rate of 50 kHz were obtained, utilizing a
non-collinear power amplifier stage.

Fully-nonlinear adiabatic frequency conversion has also been experimentally demonstrated by applying
the temperature gradient technique. Markov et al [29] achieved over 50% conversion efficiency over a tuning
range of more than 200 nm in the near-IR. They used adiabatic temperature-gradients across a bulk LBO
crystal. A schematic setup and the main result are shown in figure 9 below. The converted source in this
experiment was a 700 fs laser, yet is was very well modeled in the quasi-monochromatic approximation.

In another experimental demonstration, the temperature gradient approach was shown to facilitate
power-scaling. The most commonly used method for implementing QPM is electric field poling. This
method places restrictions on crystal aperture. Usually the crystal has to be no more than 1 mm thick in one
transverse direction. This implies a maximum incident beam size, which in turn limits the maximum
incident power that avoids damaging the crystal. Rozenberg et al [30] demonstrated adiabatic SHG with a
large-aperture (5 × 5 mm) LBO crystal that was subjected to an adiabatic temperature gradient.

They achieved 60% conversion efficiency of a near-IR nanosecond laser. Compared to using a uniform
temperature, the conversion efficiency was about twice as high and the temperature bandwidth was 5.4 times
larger (see figure 10).
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Figure 9. Adiabatic OPA with pump depletion, using temperature gradients. (a) Schematic of the experimental setup. (b) The
temperature inside the crystal is controlled by heating four equidistantly-placed spots, and using thermistors positioned in direct
contact with the crystal surface. (c) Measured conversion efficiency as a function of the seed center wavelength for exponential
and linear adiabatic temperature gradients. Reproduced with permission from [29].

Figure 10. SHG conversion efficiency dependence on the crystal temperature (a) for a constant crystal temperature, depleted
pump. The experimental (blue markers) and simulation (magenta line) results are shown. (b) Experimental results for SHG
under a thermal adiabatic profile as a function of the mean crystal temperature, for three input pump intensities. Reproduced
with permission from [30].

The two preceding experiments utilized the high thermal conductivity of LBO, and the significant
dependence of its refractive index on temperature. Liu et al [31] recently introduced a new approach for
realizing adiabatic frequency conversion, which utilizes another crystal property. In their method, they
applied an electric gradient along a crystal (see figure 11).

Through the electro-optic effect, this field induces a gradual variation of the refractive index along the
crystal, resulting in a gradual variation of the phase-mismatch. The authors chose to use a KD2PO4 (DKDP)
crystal due its large electro-optic coefficient (r63 ≈ 25 pm V−1). Using a nanosecond laser, the authors were
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Figure 11. (a) Schematic of a nonlinear crystal sandwiched between a pair of electrode plates at an angle and (b) the distribution
of the electric field intensity between the electrodes. Reproduced with permission from [31].

Figure 12. Dependence of second-harmonic pulse energy on crystal temperature in the (a) absence and (b) presence of an
external electric field. Reproduced with permission from [32].

able to demonstrate SHG of 532 nm with 47% efficiency and a four-fold increase of the temperature
acceptance bandwidth as compared to conventional birefringent phase-matching (see figure 12).

Interestingly, the crystal’s aperture was very large, 6× 10 mm, so this approach could also facilitate
power-scaling. Furthermore, this method is readily applicable in other commonly-used nonlinear crystals
with large electro-optic coefficients, such as LiNbO3 (r51 ≈ 32 pm V−1) and KTP (r51 ≈ 7 pm V−1).

Adiabatic frequency conversion in the quasi-monochromatic regime was extremely useful in facilitating
highly efficient and robust conversion of long-duration sources (either narrowband or broadband and
chirped). However, due to the nonlinear nature of frequency conversion processes, the high intensity
associated with compressed ultrashort pulses could be leveraged to facilitate even higher conversion
efficiency. Additionally, direct frequency conversion of compressed ultrashort pulses would reduce the
experimental complexity and power loss resulting from pulse-stretching. The extension of fully nonlinear
adiabatic frequency conversion to the compressed ultrashort-pulse regime is reviewed in the next section.

4. Adiabatic frequency conversion with compressed ultrashort pulses in the
fully-nonlinear regime

When employing compressed femtosecond pulses in adiabatic frequency conversion—an important
parameter space for ultrafast sources—equation (7) is no longer valid and a model incorporating pulse
propagation effects is required. In 2017, Dahan et al [52] published a generalized theoretical model of
ultrafast adiabatic frequency conversion, including high-order dispersion and additional (parasitic)
nonlinear effects, namely two-photon absorption and the Kerr effect. The authors demonstrated the validity
of their theory using ultrafast adiabatic SHG, though the model is also applicable to DFG and SFG.

The dynamical equations that govern the general TWM process are [52]:

∂Bs (z, t)

∂z
+ iF−1 {k(ω+ωc,s)Bs (z,ω)}=−iχ(2) (z)F−1

{
ω+ωc,s

cn(ω+ωc,s)
F
{
Bi (z, t)B

∗
p (z, t)

}}

∂Bp (z, t)

∂z
+ iF−1

{
k
(
ω+ωc,p

)
Bp (z,ω)

}
=−iχ(2) (z)F−1

{
ω+ωc,p

cn
(
ω+ωc,p

)F {Bi (z, t)B
∗
s (z, t)}

}

∂Bi (z, t)

∂z
+ iF−1 {k(ω+ωc,i)Bi (z,ω)}=−iχ(2) (z)F−1

{
ω+ωc,i

cn(ω+ωc,i)
F
{
Bs (z, t)Bp (z, t)

}}
, (10)
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Figure 13. Conversion efficiency as a function of pump energy. Deviation between the loss-free numerical predication and
experimental results can be attributed to TPA. Inset: the generated SHG pulse energy exhibits quadratic dependency on the
incident pump pulse energy for low energies. Reproduced from [52]. © IOP Publishing Ltd. All rights reserved.

where Bs,p,i (z,ω) = As,p,i (z,ω)e−ik(ω)z , k(ω) is the frequency-dependent wavenumber, and As,p,i (z,ω) are
the spectral amplitudes of the waves (i.e. the Fourier transform of the waves’ slowly varying temporal
envelopes).

The notation ‘ω+ωc,j’ is used to emphasize the broad spectral range of the waves: ωc,j is the central
frequency of each wave j, and ω covers the spectral range of each pulse around its center. The second term on
the left side of each equation, F−1

{
k
(
ω+ωc,j

)
Bj (z,ω)

}
, accounts for the dispersion the pulses experience

while propagating through the medium. The term on the right side of each equation accounts for the
nonlinear interaction between the pulses.

In the case of SHG, ωs = ωp is the pump and ωSHG = 2ωp is the second harmonic. Taking into account
two-photon absorption, through an intensity-dependent absorption coefficient α= α0 +βI, and the Kerr
effect, through an intensity-dependent refractive index n= n0 + n2I, the following dynamic equations are
obtained [52]:

∂ASHG (z, t)

z
+ iF−1 {k(ω+ωc,SHG)F {ASHG (z, t)}}=−iχ(2) (z)F−1

{
ω+ωSHG

cn(ω+ωSHG)
F
{
A2
p (z, t)

}}
−β

2
ISHG (z, t)ASHG (z, t)− ik0n2 (ωSHG)

[
Ip (z, t)+ ISHG (z, t)

]
ASHG (z, t)

∂Ap (z, t)

z
+ iF−1

{
k
(
ω+ωp

)
F
{
Ap (z, t)

}}
=−iχ(2) (z)F−1

{
ω+ωp

cn
(
ω+ωp

)F {
ASHG (z, t)A

∗
p (z, t)

}}
−ik0n2

(
ωp

)[
Ip (z, t)+ ISHG (z, t)

]
Ap (z, t) , (11)

where Ip (z, t) =
|Ap(z,t)|2np

η0
and ISHG (z, t) =

|ASHG(z,t)|2nSHG
η0

.
The analysis is performed by numerical simulations using the split-step Fourier method. Figure 13

compares the theoretical prediction of conversion efficiency with experimental results, showing excellent
correspondence.

Later work by the same group achieved highly-efficient, robust, broadband and spectrally-flat conversion
over a wide bandwidth of 35 nm [20]. This allows, as predicted theoretically and realized experimentally,
pulse shaping and phase control of broadband second-harmonic pulses (see figure 14). We would like to note
that in contrary to the adiabatic DFG process in the undepleted pump approximation, which allow
one-to-one spectral phase and amplitude conversion, in adiabatic SHG the control by the spectral phase is
limited.

The shaping of the near-IR pump pulse was carried out using an SLM in a 4f configuration. The pulse
shape was successfully transferred to the second-harmonic vis the adiabatic frequency conversion. This work
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Figure 14. Absolute phase effects of the SHG pulse for different ωAbs, the central absolute phase frequency. (a) Illustration of
absolute phase concept Here, using a pulse shaper, an absolute spectral phase was applied at the center of the pump spectra (left
scheme), dividing temporally the pump pulse into two pulses (center scheme). The separated pulses have been converted
efficiently to their SHG (right scheme). (b) Simulated normalized SHG spectra. (c) Experimental normalized SHG spectra.
Reproduced with permission from [20].

serves as a proof of concept for other pulse-shaping applications for spectroscopy and imaging. The
significance of working with short pulses is highlighted in this experiment by the high conversion efficiency
that was achieved, even when pumping directly with low-energy (10–30 nJ) Ti:Sapphire oscillator pulses.
More than 50% conversion efficiency was obtained for 70 fs pulses (17.5 nm FWHM transform-limited) at
80 MHz repetition rate.

5. Cascaded adiabatic frequency conversion for high repetition rate ultrafast sources

Cascading adiabatic frequency conversion processes can increase their spectral reach, as well as introduce
new capabilities. Using nanosecond pulses, the cascading of processes was experimentally demonstrated to
facilitate tunable upconversion [59] and conversion through a dark intermediate frequency [60, 61]. Theory
and simulation predict that such schemes will enable novel optical switching techniques. Additionally,
cascaded conversion of spectrally-close sources was shown to have the potential to generate frequency combs
[62]. These long-pulse (≫1 ps) works were previously reviewed in detail [28]. Here we focus on newer
applications of cascaded adiabatic frequency conversion in the ultrafast domain. In particular, these have
been shown to facilitate scaling of pulse repetition rate.

Increasing the pulse repetition rate of ultrafast laser sources is important for several types of applications.
Higher repetition rate leads to higher average power, which is necessary for improving signal-to-noise ratio
in a given measurement time. Some applications, such as photoemission spectroscopy [63] and reaction
microscopy [64], can only make use of limited pulse energy (e.g. due to space charge effects in photoemission
spectroscopy). In those applications, scaling up the pulse repetition rate is the only way to improve SNR.
Also, having higher average power is required for long-sought attosecond pump-attosecond probe
experiments, which are currently not feasible with tabletop systems due to average power limitations. Other
existing and future applications, which utilize frequency combs, require high repetition rates in order to be
able to easily access each comb tooth individually. These include astrophysical spectrograph calibration and
future optical communication systems.
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Figure 15. Illustration of the cascaded adiabatic SHG QPM design implemented in MgO:LiNbO3 (see text for details). To the
right of the QPM pattern, the time-dependent intensity of the laser and its SH are illustrated, indicating the small SH intensity in
regions 1 and 3, and the moderate intensity in region 2. Reproduced with permission from [69].

Most commonly, ultrafast mode-locked lasers operate at a repetition rate of 50–100 MHz. In Ti:Sapphire
amplifiers, it has been very common to sample these pulses at∼1 kHz before amplification, in order to
reduce thermal load and avoid damage by bringing the amplified average power down to the Watt level.
However, maturing Yb:fiber and Yb:thin-disk technology has demonstrated amplification to kW average
power levels at full repetition rates [65–68]. Therefore, amplifying very high repetition rate lasers to very
high average power is now at hand.

Scaling the repetition rate of ultrafast lasers is challenging, as it requires the laser cavity to be very short.
In a smaller cavity it is more difficult to integrate elements that will stabilize the mode-locking process, such
as dispersion tuning elements (e.g. grating pairs). This issue is compounded by the fact that a higher
repetition rate means lower pulse energy (for the same average power), making it more difficult to facilitate
self-starting, stable mode-locking. A particular source of concern are Q-switching instabilities, as they can
result in component damage.

Phillips et al [69] addressed this problem by using cascaded adiabatic SHG to facilitate soliton formation
in a SESAMmode-locked laser, operating at a repetition rate of up to 544 MHz. In their experiment, the
cavity of a diode-pumped Yb:CaAlGdO4 laser contained an adiabatically poled MgO:LiNbO3 crystal. This
crystal was designed to facilitate a large and negative effective nonlinear refractive index,
n2 ≈−1.5× 10−5 cm2 GW−1 through phase-mismatched SHG. This feature facilitated soliton formation at
relatively low intensities, bringing about several improvements to the laser operation. First, the laser’s
mode-locking was self-starting. Second, the negative n2 works with the normal dispersion of the other cavity
components to facilitate soliton formation, so that additional dispersion control elements are not required
and the cavity length can be kept short to facilitate a high repetition rate. Third, the crystal introduced a
small nonlinear loss, which helps to suppress Q-switching.

In order to achieve the large and negative n2, the crystal was designed to have three sections (see
figure 15). The first section was adiabatically chirped from a large phase-mismatch to a small, but non-zero,
phase-mismatch. The second section was periodically poled to keep this small phase-mismatch constant. The
third section was a mirror image of the first, bringing the phase-mismatch back to a high value. In the first
section, a small amount of SH is generated. The back-and-forth exchange of energy between the SH and FH
(fundamental harmonic) in the second section is responsible for the large negative effective n2 [70]. In the
third section, the remaining SH is converted back to the FH. Using adiabatic chirping for the first and third
sections is important since it keeps the system in an eigenstate. This means that the third section is able to
perfectly and robustly reverse the effect of the first section, eliminating the SH. This is in contrast to using a
crystal with a fixed phase-mismatch, where residual SH means high losses that destabilize the mode-locked
laser.

Using this approach, the laser could produce 100 fs pulses with 740 mW average power at 540 MHz
repetition rate, or 149 fs pulses with 1.45 W average power at 544 MHz repetition rate.

In a following work [71], the same group was able to scale their laser’s repetition rate to 10.6 GHz, while
maintaining 1.2 W of average power and 166 fs pulses. This was achieved by taking advantage of the strong
nonlinear self-defocusing afforded by the negative effective n2 of the MgO:LiNbO3 crystal. The
self-defocusing allowed the cavity to be very compact (see figure 16), with small beam waists in the gain
medium and on the SESAM, since the defocusing would prevent high-intensity light from damaging the
optical components (such damage results from the high intensity associated with Q-switching instabilities).
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Figure 16. Schematic and photo of the 10 GHz Yb:CALGO laser cavity, which is stabilized by cascaded adiabatic SHG
implemented in MgO:LiNbO3 (labeled PPLN by mistake in the original publication [71]). Reproduced from [71]. CC BY 4.0.

In fact, the defocusing effect worked to reduce the overlap between the cavity mode and pump beam, thereby
limiting the maximum attainable laser gain, and correspondingly limit the maximum intracavity intensity.

Cascaded adiabatic frequency conversion has also been utilized for efficient generation of a UV frequency
comb. Liu et al [34] cascaded χ(3)-based spectral broadening with multiple adiabatic SHG processes to
generate an UV frequency comb spanning 360–425 nm. This was accomplished with a chip-scale platform:
adiabatically tapered AlN waveguides (see figure 17). A 100 fs near-IR laser, with 80 MHz pulse repetition
rate, was incident onto the tapered waveguide structure. Since AlN has high χ(3), the pulse experienced
spectral broadening due to SPM, eventually spanning 650–900 nm. The broadening process was cascaded
with adiabatic SFG and SHG processes in eight chirped waveguide sections. A single tapered waveguide of
the required length (5 mm) and width (0.3–0.5 µm) proved challenging to fabricate, motivating the choice of
multiple tapered waveguide sections of varying length (450–800 µm). Each tapered waveguide section
facilitated the upconversion of a different part of the broad near-IR spectrum, resulting in a gap-free UV
comb. The high coherence of the UV comb was verified experimentally by beating it with a CW laser with a
50 kHz linewidth. This experiment highlights the usefulness of ultrafast adiabatic frequency conversion at
high pulse repetition rate.

6. Adiabatic FWM

Quadratic media as a platform for adiabatic frequency conversion has two primary advantages. First, the
value of χ(2) is large in common media, allowing high conversion efficiency in a short length. Second, QPM
may be implemented effectively through ferroelectric domain poling in several of the best materials available
for frequency conversion. However, the absence of χ(2) in centrosymmetric media prevents applications of
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Figure 17. Illustration of the chirp-modulated taper waveguide based on single-crystalline AlN thin films. The red solid spheres
indicate omitted waveguide segments. Reproduced from [34]. CC BY 4.0.

Figure 18. Frequency up/down-conversion schemes for (a) quadratic nonlinear platforms by sum- and difference-frequency
generation and (b) cubic nonlinear platforms by Bragg scattering FWM.

adiabatic TWM in many important optical devices, including two of the most important waveguide
platforms: fiber optics and integrated silicon photonics.

Nonlinear frequency conversion applications of many forms take place through the cubic nonlinear
susceptibility by FWM, including parametric amplification, frequency up- and downconversion, and third
harmonic generation. These applications generally suffer from the same limitations observed in TWM
applications: limited phase-matching bandwidth, bandwidth-efficiency trade-offs, and sensitivity of the
conversion efficiency to pump and seed power due to the existence of back-conversion. Waveguides often
play a crucial role in frequency conversion applications in cubic media. The property of perturbative
nonlinear optics that

∣∣χ(3)Eapplied
∣∣≪ ∣∣χ(2)

∣∣means that generally longer lengths are needed in cubic media
compared to quadratic media for efficient nonlinear conversion. The long nonlinear interaction lengths
enabled by waveguides thus become essential. On the other hand, a longer interaction length results in a
narrower phase-matching bandwidth, and schemes that can broaden the phase-matching bandwidth could
therefore have broad impact for applications of FWM frequency conversion.

Bahar et al [54] published the first investigation of adiabatic FWM frequency conversion, establishing the
theory of adiabatic frequency up- and down-conversion via Bragg-scattering FWM (BS FWM), which
possesses the dynamics of RAP in direct analogy to adiabatic sum- and difference-frequency generation in
quadratic nonlinear media. Figure 18 compares the two processes. In both cases, the goal is a full photon
population inversion from signal to idler, or vice-versa. In the FWM case, there are two pump fields with
greater photon number than signal and idler, with amplitudes labeled AA and AB. The adiabatic condition
(equation (3)) is still valid. However, the nonlinear coupling coefficient κ is now proportional to χ(3)AAAB,
and the wave-vector mismatch is modified by phase shifts due to self- and cross-phase modulation imparted
by the pump waves,∆k= kA + ks − kB − ki +∆kPM, where∆kPM is a linear function of the pump
intensities.

Employing numerical models, Bahar et al [54] predicted broadband downconversion by adiabatic BS
FWM in both step-index fibers and silicon waveguides, utilizing a longitudinal variation of the waveguide
dimension to achieve the sweep∆k(z) needed to satisfy the adiabatic condition. In an example silicon
photonic device, a chirped modulation of a strip waveguide’s width along the propagation direction allowed
downconversion of a 70 nm bandwidth, centered at 1.68 µm to 1.82 µm, with a photon conversion efficiency
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Figure 19. Experimental demonstration of adiabatic FWM in a tapered photonic crystal fiber (PCF). (a) Schematic of the
experiment. (b) Microscope image of the fiber cross section. (c) Idler power spectra from tapered fiber (adiabatic) and untapered
fiber (nonadiabatic) experiments and corresponding numerical predictions. The dependence of conversion efficiency on pump
power for the tapered fiber (d) and untapered fiber (e) experiments demonstrates the dynamics of RAP and Rabi-flopping,
respectively. Reprinted figure with permission from [33], Copyright 2020 by the American Physical Society.

greater than 90%. The pump pulses at 2.0 µm and 2.2 µm wavelength required only 10 pJ energy. In an
example fiber device, a fluoride step-index fiber was proposed and investigated, using a core taper to achieve
the needed sweep of∆k(z). Maximizing conversion bandwidth by choosing a fiber with zero-dispersion
wavelength lying between pairs of the four interacting waves, λA and λi to one side and λB and λs to the
other, adiabatic phase matching could be achieved for downconversion of a 1.36–1.44 µm signal to a
4.2–5.2 µm idler. The modeled fiber had a core radius taper from 4.5 µm to 3.55 µm over a length of 5 cm.
The∼10 ps pump pulses were at the Tm:fiber wavelength of 2.0 µm and its second harmonic at 1.0 µm, and
had 100 kW peak power. The predicted 5 nJ idler output pulse energy with <50 fs transform-limited
duration at 4.7 µm central wavelength thus represents a potential route to a powerful ultrafast all-fiber based
system for the mid-IR in this spectral range.

Ding et al recently completed the first experimental realization of an optical fiber adiabatic frequency
conversion device [33]. In a 3 cm highly nonlinear PCF with a 4.2 µm to 3.6 µm core diameter taper, 1 nJ,
sub-100 fs near-IR pulses spanning 696–723 nm were efficiently converted to mid-IR wavelengths spanning
2.15–2.43 µm (supporting a 75 fs pulse) by adiabatic BS FWM in the presence of a 1030 nm wavelength, 3 ps,
110 nJ pump ‘A’ and a 515 nm, 2 ps, 24 nJ pump ‘B’ (figures 19(a)–(c)). On average, a 70% signal to idler
photon conversion efficiency was obtained. In comparison, an untapered 3 cm fiber of 4.2 µm core diameter
produced a 25× narrower idler bandwidth. Tapered fibers (figure 19(d)) produced the expected robust,
asymptotic approach to full conversion characteristic of RAP while untapered fibers (figure 19(e)) illustrated
the back-conversion characteristic of Rabi-flopping dynamics.

This first realization of RAP in optical FWM in an optical fiber suggests that fiber platforms more
suitable for intense ultrafast sources may also be realized. In particular, adiabatic frequency conversion in
hollow waveguides presents an intriguing platform for producing ultrafast sources used to drive strong-field
science, as the gas core can possess both a high damage threshold and broad spectral transmission range. A
fiber with a wide core diameter could thus accommodate high energy pulses with wide signal and idler
bandwidths spanning disparate spectral ranges.

Ding et al performed a numerical investigation of octave-spanning downconversion by adiabatic BS
FWM in a tapered AR HCF filled with Ar gas [32], showing that 10 µJ, near-single-cycle pulses might be
generated in the mid-IR. Figure 20 illustrates the fiber design for pump wavelengths corresponding to an
Yb:YAG laser (1030 nm) and its second harmonic (515 nm), a broadband near-IR signal (770–860 nm), and
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Figure 20. Numerical study of adiabatic FWM in an anti-resonant hollow core fiber (AR HCF). (a) Schematic of the fiber
cross-section. (b) Phase-matching curves for varying core diameter, DC, and Ar gas pressure, with arrow indicating the
longitudinal variation of the simulated fiber design. (c) Longitudinal evolution of the photon conversion ratio (PCR) for signal to
idler conversion. (d) Idler power spectrum corresponding to several final idler pulse energies obtained by variation of the input
signal energy. Reproduced with permission from [32].

Figure 21. Transform-limited mid-IR pulse compression and shaping. (a) Phase accumulated in AR-HCF, in 5.2 cm of bulk Si,
and their inverted sums. (b) Temporal intensity (solid) and phase (dashed) profiles of compressed mid-IR pulses at different
output energies. Reproduced with permission from [32].

a generated mid-IR idler covering most of an octave (3–5 µm). To investigate a physically realizable design,
the authors limited the taper ratio (covering a 130–110 µm core diameter over a 60 cm long fiber length) and
utilized a gas pressure gradient to increase the overall variation in∆k(z). This also imparted a longitudinal
change in the nonlinear coupling coefficient, κ(z), which thus also played a role in the fulfillment of the
adiabatic condition (equation (3)). Figure 20(c) illustrates characteristic adiabatic evolution for several idler
frequencies. Conversion efficiencies greater than one indicate the presence of a small degree of a parasitic
FWM process, which acts to amplify some idler frequencies. The predicted broad mid-IR idler spectrum,
covering 3–5 µm (figure 20(d)), can be boosted to 12 µJ by increasing the signal pulse energy before this
parasitic process becomes strong enough to cause strong spectral modulation. The authors found that for
obtained idler pulse energies of up to 16 µJ, the idler spectral phase does not vary with the signal energy,
indicating a linear spectral transfer function. Moreover, for an architecture in which the input signal band
and pump ‘B’ are derived from pump ‘A’ by white light generation and SHG, respectively, the process is
expected to produce an idler with passively stable CEP.

Figure 21 summarizes pulse propagation simulations showing that a 27 fs pulse (compared to a 26 fs
transform limited duration) spanning 3–5 microns (around 2–3 optical cycles) can be obtained from the
AR-HCF AFWM device by pre-shaping the phase of the near-IR signal pulse prior to conversion [32], using
only GVD and TOD compensation. The obtained pulse shape is independent of the signal energy in the
range shown, showing again that the device has a linear phase transfer function. This is an example of how
the adiabatic down-conversion method can simplify dispersion management for a very broadband pulse,
independent of pulse energy.
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The results presented in this section show that adiabatic downconversion by FWM in hollow optical
fibers preserves the pulse phase, allowing pre-conversion pulse shaping that can simplify dispersion
management for a very broadband pulse and that is independent of the pulse energy. This section also
presents a promising high-energy pulse generation scheme for generation of a passively stabilized CEP in a
near-octave-spanning down-converted pulse.

7. Attosecond science and HHG

Progress in attosecond science depends strongly on developments in ultrafast laser technology. Ultrafast laser
sources are required to drive the strong-field interactions that open a window into the domain of attosecond
physical dynamics and that are used to generate attosecond pulses for probing other material systems [1, 2].

For many years, the workhorse of the field has been the short-pulse, high-energy, near-IR Ti:Sapphire
laser. Extending its properties to other spectral ranges, in particular the mid-IR, remains an active field of
research. Moreover, attosecond domain applications have motivated the development of ultrafast source
technology with unusual characteristics, such as coherent multi-spectral sources, single- and few-cycle pulses
with CEP stability and control, and the shaping of ultrabroadband light pulses possessing non-sinusoidal
waveforms. Such applications include shaping the trajectories of ionized electrons, HHG spectroscopy of
low-ionization-potential biomolecules, and the generation of x-ray femtosecond and attosecond pulses
[3–10].

Ultrafast adiabatic frequency conversion delivers a number of new source capabilities that can address the
demands for advancing attosecond and HHG research.

First, attosecond pump-probe experiments would ideally use attosecond pulses for both pump and
probes. However, existing attosecond pulse sources generally provide too low pulse energy and flux to be
used for such purposes, so currently researchers carry out pump-probe experiments combining femtosecond
and attosecond pulses. The influence of the femtosecond pulse makes interpretation of observations
significantly more difficult. The attosecond pulse flux is strongly limited by Ti:Sapphire laser technology,
where it is very difficult to maintain adequately high pulse energy while pushing the pulse repetition rate
(and hence the flux) beyond the kHz range. New laser technology is emerging that can provide relatively high
pulse energy (>100 µJ) at MHz repetition rates. As mentioned above, these lasers are based on Yb-doped
media, such as Yb:fiber or Yb:thin-disk, which produce near-IR light around 1 µm wavelength. Still, pulse
energy at high repetition rates remains low as compared to low-repetition rate (≪1 MHz) systems that reach
100 mJ in common tabletop systems (including both Ti:Sapphire [72] and Yb:thin-disk [73]). This issue is
compounded by the narrower gain bandwidth of Yb-doped media (about ¼ of the gain bandwidth of
Ti:Sapphire), which makes it necessary to introduce additional spectrum-broadening nonlinear processes in
order to facilitate further pulse-compression. For high repetition rate systems with pulse energy well below
1 mJ, significant nonlinear broadening requires strong spatial confinement (tight focusing or guiding
structures), resulting in spectral inhomogeneity across the beam or significant loss of power [74–76],
facilitating shorter yet less-energetic pulses. Having lower pulse energy makes frequency conversion of these
near-IR sources challenging, as nonlinear optical processes depend strongly on peak power. Moreover, all
laser sources suffer deleterious losses when frequency conversion is used to access other wavelengths. Thus,
while the efficiency of the frequency conversion step is a crucial factor for any repetition rate, it is even more
so for high repetition rate attosecond pulse sources needed for photoemission and photo-fragmentation
studies, where the number of emitted particles per laser pulse must be limited (in both existing
attosecond-femtosecond pump-probe schemes and any attosecond pump-probe scheme that may become
possible in the future). For example, in time and angle resolved photoemission spectroscopy and in cold
target recoil ion momentum spectroscopy, space-charge effects, resulting from the interaction between
multiple emitted electrons or ions, distort the spectroscopic information. Often in these studies, the required
attosecond pulse energy is moderate while average flux is the limiting factor [77–80].

Second, attosecond pulse generation and attosecond phenomena depend on the temporal shape of the
pulses that drive them (e.g. in HHG [1] or attochemistry [81]). While low-loss pulse-shaping of near-IR light
is straightforward, pulse-shaping of mid-IR or UV light can be challenging, especially with low losses. In the
past decade of attosecond science research, particular attention has been dedicated to the generation of
precisely shaped and CEP-stable greater-than-octave-spanning pulses. Such so-called ‘waveform control’
may benefit a number of strong-field applications where the shaping of a waveform over a single optical cycle
is desired. These benefits include boosting HHG (and attosecond pulse) photon energy, efficiency, or both
[82–84]. The last decade has seen numerous efforts to create such pulses for strong-field physics by means of
coherent pulse synthesis [85]. One prototypical example is the splitting of multiple bands of a
multiple-octave hollow-core fiber compressor spectrum for separate compression by double-chirped-mirror
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pairs followed by coherent recombination [15]. Another example is the separate amplification of multiple
spectral bands by OPA or OPCPA followed by coherent recombination [16, 17].

Third, as explained above, scaling the frequency of attosecond pulses into the x-ray regime requires
scaling the frequency of suitable driving lasers into the mid-IR regime, while achieving the necessary pulse
energy. To date, the most promising approach for this purpose has been OPA. Power scaling is achieved by
cascading multiple OPAs [47, 86]. Each OPA stage introduces additional noise into the output pulse.
Beam-pointing instabilities increase with each stage, and appear as yet additional noise at the mid-IR output.
When such a mid-IR source is used to generated attosecond pulses or drive other strong-field processes, the
source’s noise is amplified by the highly nonlinear processes involved, such as multi-photon and tunneling
ionization. Consequently, more averaging is necessary to reach useful SNR, and in some cases the averaging
time can become prohibitive. Finally, OPA and DFG are inefficient processes in which a significant fraction
of the pump light remains unconverted.

Ultrafast adiabatic frequency conversion can address all of these challenges. It facilitates efficient,
broadband and coherent (maintaining CEP stability) frequency conversion, which can be combined with
pulse-shaping of the output with no additional losses. Achieving high conversion efficiency without
compromise for bandwidth compensates for the lower pulse energies of novel high repetition rate Yb-doped
laser sources. Additionally, the high efficiency of adiabatic OPA reduces the necessary number of
amplification stages, further improving the noise characteristics of the mid-IR output, and can provide a
higher final energy. Where waveform control is desired, octave-spanning spectra from adiabatic
downconversion processes may allow a convenient alternative to coherent pulse synthesis. The mid-IR pulses
generated in Krogen et al by adiabatic DFG in PPLN were already demonstrated with arbitrary pulse shaping
over a 1.3-octave mid-IR bandwidth at the microjoule pulse energy level [19]. By mid-IR pulse generation
via adiabatic BS FWM in a tapered AR HCF, Ding et al [32] predict near-octave spanning bandwidth above
10 µJ with a close to linear transfer of phase and amplitude, thus allowing precise pulse shaping by
pre-shaping prior to conversion. Both techniques should allow for passive idler CEP stabilization by deriving
the signal and pump waves from a common laser, and thus should be extendable to arbitrary waveform
shaping. The pulse energies of these sources are already in the range where they can be useful for HHG in
solid materials, where there has been much interest in mid-IR driver frequencies, single-cycle driver pulse
durations and pulse shaping capability to produce isolated attosecond bursts [87, 88]. Adiabatic FWM in
large-core gas-filled hollow capillary fibers may allow the technique to be further scaled in the future to the
sub-millijoule energy regime and beyond, where the generated pulses could be used for strong-field
applications in gas media. Moreover, the future exploration of ultrafast adiabatic FWM in the fully nonlinear
regime could help to identify source architectures for shapeable octave-spanning sources at high energies
where efficient conversion of the pump wave is desired.

The average power scalability of adiabatic frequency conversion has recently been demonstrated by
Rozenberg and Arie [30], as detailed in section 3. Two major limitations for such scaling are laser damage
and local heating that leads to inhomogeneity and lowered efficiency [89]. The former is restrictive where the
crystal aperture is small (usually 0.5− 1 mm), which is necessary for implementing electric field poling. The
latter is constrained by the crystal’s thermal conductivity. Rozenberg and Arie’s use of temperature gradient
made it possible to utilize a large-aperture (5× 5 mm) LBO crystal for adiabatic SHG. LBO possesses one of
the highest laser damage thresholds among all nonlinear crystals and a high thermal conductivity of
3.5 W m−1 K−1, but is not amenable to poling. The large aperture means that high average-power lasers can
be more loosely focused such that the peak intensity is still below the crystal’s damage threshold.

Ultrafast adiabatic frequency conversion can also open new opportunities for attosecond pulse
generation that is not based on the conventional scheme of infrared-driven HHG in neutral atoms. It can
facilitate efficient, broadband and coherent frequency conversion into the ultraviolet as well. By delivering
more powerful ultraviolet sources, it can improve the performance of the abovementioned method [10],
where an ultrafast ultraviolet laser drives ionization followed by HHG. For example, it could enable using
this method with higher repetition rate and more modest pulse energies. Additionally, Yb-doped sources
have been shown to generate very high flux extreme UV power by cascading perturbative nonlinear
processes, rather than HHG, or with HHG. In one case, the second, third or fourth harmonic of a 166 kHz
Yb:fiber laser were used to drive HHG in gases, delivering extreme UV light (down to a wavelength of 34 nm)
[82]. The efficiency of the TWM processes in this cascade could be further improved by utilizing adiabatic
frequency conversion. This improvement would directly translate into higher attosecond pulse flux.
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8. Summary and outlook

In this article, we reviewed the ultrafast adiabatic frequency conversion method and its applications. We
focused on this method’s demonstrated and expected contributions to ultrafast technology that underlies
attosecond science, strong-field physics, HHG spectroscopy and (multidimensional) mid-IR spectroscopy.

Adiabatic frequency conversion is facilitated by a gradual variation of system parameter, which makes the
system state follow a correspondingly varying eigenstate. The main attributes of ultrafast adiabatic frequency
conversion are the high conversion efficiency it delivers over a broad spectral range, and the fact that it is
inherently coherent. These two properties make this method capable of efficiently transferring the properties
of excellent ultrafast near-IR sources into spectral ranges where such properties are difficult to achieve. One
example of particular interest to attosecond science is the mid-IR spectral range, where source improvements
are expected to open new avenues of exploration. Such improvements include increasing pulse energy and
average power (via repetition rate scaling), decreasing pulse duration and improving pulse-shaping
capabilities spanning over an octave.

In section 1, we reviewed common (non-adiabatic) broadband frequency conversion methods. They all
share a bandwidth-efficiency trade-off. We also provided a historical review of the development of adiabatic
frequency conversion, which effectively resolves the trade-off. (More detailed information on early work
can be found in Suchowski et al [28]). This method was gradually generalized, starting from quasi-
monochromatic operation in the undepleted pump regime [27], and reaching short-pulse operation in the
fully nonlinear (depleted pump) regime [52]. We also introduced the technical methods used to implement
adiabatic frequency conversion: chirped electric-field poling, temperature gradient [29], electric field
gradient [31], gas pressure gradient [32], and waveguide width variation [33, 34]. Interestingly, some of these
are dynamic, allowing in situ optimization.

In section 2, we provided a basic introduction to the concept of frequency conversion—its principal
physical origins and the requirement of phase-matching. Next, we briefly reviewed adiabatic frequency
conversion under the undepleted pump approximation (for a more detailed review see [28]). The
adiabaticity criterion was discussed and the unique challenges of broadband processes, GVM and GVD, were
presented as well, along with the sufficient conditions to cope with them. We touched on a few publications
that experimentally demonstrated important achievements with ultrafast adiabatic frequency conversion in
this regime of operation. These included efficient, broadband and pulse-shape-preserving conversion of
ultrafast near-IR lasers to the mid-IR all the way to the extreme of single-cycle duration with arbitrary pulse
shaping capability.

In section 3, the fully-nonlinear (depleted pump) regime of adiabatic frequency conversion was reviewed.
We provided an outline of the theoretical model, where additional details and connection to other models
are given elsewhere [28]. We mentioned experimental demonstrations with ultrafast sources. These included
highly-efficient SHG and OPA of near-IR ultrafast pulses. We also devoted attention to an experiment carried
out with nanosecond pulses [30], since it shows one way to scale up the average-power handling capabilities
of ultrafast adiabatic frequency conversion.

Section 4 reviews a recent development in the field: the generalization of ultrafast adiabatic frequency
conversion to operation where all interacting pulses are ultrashort and have comparable intensities [52]. The
theoretical model for this scheme includes additional nonlinear effects (two-photon absorption and the Kerr
effect). The significance of these effects for short-pulse conversion is shown experimentally, together with
demonstrations of highly-efficient SHG. Another experiment [20] shows efficient and shape-preserving
conversion of ultrashort (and/or shaped) near-IR pulses to the visible range.

In section 5, the concept of cascaded adiabatic frequency conversion was presented along with a few
interesting experimental realizations facilitating high pulse-repetition-rate ultrafast lasers. One group
cascaded adiabatic processes for the purpose of achieving stable mode-locking at very high repetition rates,
exceeding 10 GHz [71]. Another experiment demonstrated the generation of a gap-free UV frequency
comb [34].

In section 6 we reviewed the very recent extension of adiabatic frequency conversion to FWM processes
[32, 33, 54]. This approach immensely broadens the landscape of adiabatic frequency conversion as it can in
principle be applied in any transparent media. We paid particular attention to waveguides. On the one hand,
implementation with chip-scale integrated photonics waveguides and step-index fibers promises extension to
very low pulse energies without loss of efficiency [54]. On the other hand, gas-filled hollow core fibers can
handle very high pulse energies, promising significant energy scaling of generated ultrafast pulses, e.g. in the
mid-IR [32]. We mentioned a very recent experiment utilizing a tapered-core PCF, where 70% photon
conversion efficiency with nJ-level femtosecond pulses was demonstrated [33]. Numerical simulations
predict shape-preserving adiabatic FWM to scale beyond 10 µJ pulse energy [32].
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In section 7 we explained how ultrafast adiabatic frequency conversion rises to meet many technological
challenges facing attosecond science, HHG and other related strong-field applications. Adiabatic frequency
conversion can efficiently transfer the strengths of ultrafast near-IR sources to other spectral bands, in
particular the mid-IR, including shaped pulses [19, 20]. Furthermore, the highly-efficient nature of this
method bodes well with novel high average power, high repetition-rate sources, where a lower pulse energy
often limits the conversion efficiency [20]. Altogether, these properties mean new domains of control over
strong-field interactions, better access to ultrafast processes in large (bio)molecules, higher attosecond pulse
flux for pump-probe experiments, and extension of ultrafast techniques to the x-ray spectral range.
Additionally, we summarized recent advances in extreme UV and x-ray generation, which are based on
cascading TWM and HHG processes [82] or driving an HHG in an ionized medium [10]. We proposed
adiabatic frequency conversion as a means to enhance these approaches by facilitating efficient FWM or
generating high-power UV driving lasers.

In conclusion, ultrafast adiabatic frequency conversion is a powerful, flexible and increasingly accessible
technique. It can overcome significant challenges faced by researchers seeking to extend the capabilities of
ultrafast sources, e.g. for attosecond science. Of particular interest is this method’s ability to leverage both
established and novel near-IR ultrafast lasers for the generation of novel ultrafast mid-IR sources. This
promises exquisite control over the pulse shape down to single-cycle duration, as well as average-power and
pulse energy scaling, all in the mid-IR. Additionally, this method could serve laser industry applications that
benefit from its robustness and capability to transfer broad spectral bandwidth between spectral domains,
e.g. to avoid angle tuning with multiple crystals, or perform broadband spectroscopy and imaging [90].

We hope that through this article we increase the familiarity of the ultrafast optics community in general,
and the attosecond science community in particular, with adiabatic frequency conversion. There are strong
indications that the introduction of this powerful technique into more venues of the ultrafast research and
development landscape will facilitate new scientific and technological discoveries and achievements.

As evident by this review, adiabatic frequency conversion has been evolving since its first demonstration
more than a decade ago. We expect this trend to continue, and that the very recent extension to FWM
processes is a precursor to further exciting developments.
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