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Abstract—In recent years, optical parametric chirped-pulse am-
plification (OPCPA) has emerged as a powerful tool for the gen-
eration of ultrashort pulses with extreme peak intensity. It has
enabled the generation of phase-controlled few-cycle pulses in
widely different parts of the spectrum. For the near-infrared spec-
tral range, OPCPA is becoming an interesting alternative to con-
ventional Ti:Sapphire-based laser technology for various applica-
tions. In this paper, we discuss the physics behind OPCPA, as well
as the practical design considerations for the development of high-
intensity, phase-stable few-cycle OPCPA systems. Also, we review
the experimental achievements in ultrafast OPCPA systems to date.

Index Terms—Lasers, nonlinear optics, optical parametric
chirped-pulse amplification (OPCPA), parametric processes,
ultrafast optics, strong-field physics.

1. INTRODUCTION

PTICAL parametric amplification has been a well-known
O phenomenon since the early days of laser development
[1], [2]. The increasing availability of high-intensity lasers has
enabled the use of optical parametric amplifiers (OPAs) for a
large number of applications, ranging from time-resolved stud-
ies to high-resolution spectroscopy. Especially, in the field of
ultrafast science, OPAs are a powerful tool for the generation
of ultrashort laser pulses with a high degree of flexibility, since
large wavelength ranges can typically be covered with a single
system. Progress in OPA technology has led to the generation
of visible pulses with a duration as short as 4 fs [3], as well as
the demonstration of few-cycle pulses in the infrared spectral
range [4]-[7].

Typical OPA systems are normally optimized for either the
shortest possible pulse duration, or for maximum wavelength
tunability, and provide pulse energies in the microjoule to milli-
joule range [8]. While such OPAs are important tools for ultrafast
spectroscopy, many experiments in strong-field physics require
much higher light intensity. One of the most important concepts
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Fig. 1. Schematic principle of OPCPA.

for producing high-intensity, ultrashort laser pulses is known as
chirped-pulse amplification (CPA) [9]. The invention of CPA
advanced the development of Ti:Sapphire laser technology to
the point, where the generation of multimillijoule, sub-50 fs
pulses has become standard technology [10].

The integration of OPA and CPA into optical parametric
chirped-pulse amplification (OPCPA, Fig. 1) combines the ad-
vantages of both techniques [11], [12]. It enables the production
of high-intensity ultrafast laser pulses in various parts of the
optical spectrum, with pulse durations in the few-cycle regime
and peak powers reaching the terawatt (TW) level [13]-[15]
and beyond. As a result of the phase-preserving properties of
parametric amplification, OPCPA has enabled the production of
intense carrier-envelope-phase-controlled few-cycle laser pulses
in various parts of the spectrum.

It is clear that OPCPA is rapidly becoming an established
technology in the field of ultrafast optics [16], [17]. In this pa-
per, we review the various achievements so far in the field, with
special emphasis on the use of OPCPA for generating few-cycle,
phase-controlled pulses. We will describe the amplification of
ultrabroadband spectra, the role of phase-matching, and the in-
fluence of parametric amplification on the phase of few-cycle
pulses. Also, we discuss practical considerations that play a
role in OPCPA design, and explore effects that are unique to
high-energy ultrafast OPCPA systems.

II. PRINCIPLES OF OPCPA

Optical parametric amplification is a three-wave-mixing pro-
cess, which can be described by a set of coupled-wave equations
(see, e.g., [6], [18], and [19])
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where A, ;, are the complex pulse envelopes of the signal,
idler, and pump fields, respectively. The k") -terms are the nth-
order dispersion coefficients of the medium, X(Z) is the second-
order nonlinear susceptibility, n ; ,, are the refractive indices of
signal, idler, and pump, while w; ; ,, are their respective angular

frequencies, c s the speed of light, and Ak is the phase mismatch
(which is discussed in detail in Section II-B).

There are three main components in these equations. The
first term on the left-hand side describes the propagation (along
the z-direction) in space of the different pulse envelopes. The
second term on the left-hand side describes the dispersion of
the different fields inside the nonlinear crystal, and contains a
sum over all the dispersion orders. The term on the right-hand
side is the nonlinear polarization, which contains the coupling
between the different fields and is directly responsible for the
parametric amplification process. Note that in the derivation of
these equations, the slowly varying envelope approximation has
been used.

When dispersion can be neglected, an exact analytical so-
lution to (1) can be found in terms of Jacobi elliptic func-
tions [18], [19]. A significantly simpler solution is obtained
when pump depletion is assumed to be negligible (making this
solution only valid in the initial stages of amplification)

I,(z) = I,(0)cosh?gz (2a)
I(z) = %IS(O)sinhQ gz (2b)
I, (2) = I,(0). (20)

The intensities I ; ,, of signal, idler, and pump are related to the

pulse envelopes A, ;, according to I, = 1/2¢€y cny, |An %,

where ¢ is the vacuum permittivity. The parametric gain coef-
wsw;I,(0)

ficient g is expressed as follows:
‘ Ak\?
= (2 5P/ (T2 3
g \/X 2¢pnsnin,c ( 2 ) 3)

When the gainis large (g2 > 1), the cosh function in (2a) can be
approximated as cosh x &~ 1/2¢", and consequently, the signal
intensity becomes

I(z) ~ 15(0)%629? )
The small-signal gain is therefore found to depend exponen-
tially on the pump intensity. From this last expression, we can
estimate in the case of using a pump wavelength of 532 nm, a
signal wavelength of 800 nm, and 3-BaB, O, (BBO) as the non-
linear medium (having n = 1.65 and Y2 =4 %1072 m/V),
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Fig. 2. Schematic of an OPA. The left inset shows the phase-matching geom-
etry for noncollinear optical parametric amplification. The right inset shows the
energy diagram for the parametric amplification process.

that a small-signal gain of 10* can be achieved in only 5 mm of
material with a pump intensity of 4 GW/cm?.

A. Numerical Simulations

While the previous discussion provides basic insight into the
physics of optical parametric amplification, a complete descrip-
tion of the behavior of a realistic OPCPA system requires that
dispersion, pump depletion, etc., are properly taken into account.
The common approach to OPCPA modeling is by numerically
solving (1) with a split-step Fourier algorithm [20], [21]. The
split-step approach is particularly suited for modeling pulse
propagation in the presence of both nonlinearities and disper-
sion. The basic idea of the split-step algorithm is to divide
the crystal into many small steps, and to calculate the nonlin-
ear coupling terms and dispersion terms consecutively through
each step. The nonlinear terms are then calculated in the time
domain through numerical integration, while the dispersion is
modeled in the frequency domain. This approach has the sig-
nificant advantage that in the frequency domain, calculating the
infinite sum in (1) reduces to multiplication with a single phase
term.

Since the operators for the dispersion and nonlinear coupling
are noncommutating, the split-step approach of calculating dis-
persion and nonlinearity in isolated, consecutive steps is not
exact. However, it can be shown that the error decreases with
h?, where h is the step size through the crystal taken by the split-
step algorithm. This scaling behavior ensures that the split-step
algorithm rapidly converges for a sufficiently small step size.

A comprehensive analysis on the optimization of OPCPA
systems was first given by Ross et al. [22]. More recently,
several theoretical studies on ultrafast OPCPA have been per-
formed [23]-[29], focusing on various aspects of OPCPA de-
sign, performance, and development.
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Calculated gain spectra (solid) and spectral-phase mismatch (dashed) for noncollinear OPCPA in a 5-mm-long BBO crystal pumped at 532 nm (type-I

phase matching). Panels (a), (b), and (c) show the effect of a change in the noncollinear angle «, while panels (d), (e), and (f) show the spectral change resulting from
tuning the phase-matching angle 6 around a value of § = 23.82°. The wavelengths, where the phase mismatch is minimized correspond to regions of high gain.

B. Phase Matching

The main parameter that governs the amplification process is
the phase mismatch Ak, which can be written as follows:

e NsWs n;W;
pWp sWs Wi
— ki = — — . (5)

c C C

Ak =k, — k,

Since w, = w, + w; because of energy conservation, the phase-
matching requirement places strict demands on the refractive
indices of the respective beams inside the OPA crystal. While
phase matching can typically be achieved by angle tuning of
the crystal, dispersion will limit the spectral bandwidth over
which phase matching is achieved. The phase mismatch can be
expanded as a function of the signal frequency
0Ak 1 0°Ak
Ak = Aky + T%Aw + < 3 0%)2

To acquire a large phase-matching bandwidth, the first-order
term OAk/Ow, should be set to zero, while maintaining
Aky = 0 as well [5], [30]. This requires an additional control
parameter in the phase-matching process, for which the non-
collinear angle o between the pump and signal beams can be
used [31], as illustrated in Fig. 2. It has been shown that the
condition OAk/Ows = 0 is essentially a statement of group-
velocity matching [5], [30], [32]: this condition is fulfilled when
the group velocities of signal and idler pulses are made equal
along the seed beam propagation direction. Physically, fulfill-
ing this condition ensures that the matching spectral components
(i.e., those signal and idler frequency pairs that add up to the
pump frequency, see the right inset in Fig. 2) of the signal and
idler pulses remain overlapped over a long interaction length.
This leads to a strong nonlinear conversion from pump to signal
and idler, as can be seen directly from (1).

The influence of the phase mismatch on the gain bandwidth in
OPCPA is demonstrated in Fig. 3, for the case of a 5-mm-long
type-I BBO crystal pumped by 532 nm light. Panels 3(a)—(c)

(Aw,)* +.... (6

show the influence of the noncollinear angle «, while panels
3(d)—(f) demonstrate the effect of the phase-matching angle 6. It
can be seen that a change in 6 (around a value of to 23.82°) gives
a wavelength-independent vertical shift of the phase-mismatch
curve, while a variation of « leads to a tilt of the phase-mismatch
curve (note that in the panels 3(a)—(c), 6 has been set for opti-
mum phase matching at 800 nm). The gain is highest at points,
where the phase matching is optimized, which leads to a three-
peak spectrum for this particular OPCPA system. The ability to
tune both 6 and « provides a high degree of control over both
central wavelength and width of the gain spectrum. For this par-
ticular phase-matching geometry, the gain spectrum suggests
that a 7-8 fs pulse can be amplified. This has been confirmed
experimentally [14], [33]-[36], and an amplified spectrum and
its measured temporal pulse shape for a pulse with 2 TW peak
power are shown in Fig. 4.

Instead of employing a noncollinear geometry, an alternative
way of group-velocity matching is based on operating an OPA
using type-I phase matching at degeneracy, i.e., in the spectral
range, where signal and idler wavelengths are identical [7],
[37]-[39]. In practice, a small noncollinear angle is still required
in this type of setup, to be able to separate signal and idler beams
(which have opposite chirp), and to prevent interference effects
between them.

While in an ultrabroadband OPA, the group velocities of sig-
nal and idler are matched, the pump pulse will usually still have
a different group velocity. Even when the group velocities of
signal and idler are perfectly matched, this group-velocity mis-
match (GVM) with the pump pulse can cause the signal and
idler pulses to shift away from the pump pulse in time. Such
a group-velocity walkoff can eventually limit the interaction
length when the GVM-induced time delay becomes compara-
ble to the pulse duration. While this GVM effect is a limiting
factor in conventional ultrafast OPAs, the use of stretched pulses
usually makes GVM negligible in OPCPA systems. Typically,
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Fig. 4. Experimental results obtained with a three-stage BBO-OPCPA sys-
tem pumped at 532 nm [34]. (a) Amplified spectrum and spectral phase after
compression. (b) Corresponding pulse shape and phase in the time domain. The
(FWHM) pulse duration is 7.6 fs, with an energy after compression of 15.5 mJ.

GVM effects become less important when the pulse duration
exceeds the GVM-induced time delay by a factor of three or
more [22].

III. EXPERIMENTAL CONSIDERATIONS AND OPCPA DESIGN

In the design of high-power OPCPA systems, the use of a
parametric process leads to significant differences compared to
conventional laser-based amplifiers. Most of these differences
originate from the instantaneous nature of the amplification pro-
cess in OPCPA, as opposed to conventional laser amplifiers,
where pump energy remains stored inside a crystal until it is
extracted by the laser beam. As a result, there are several pit-
falls when designing an OPCPA system by simply following the
usual design routes for laser-based CPA systems.

An immediate consequence of the instantaneous amplifica-
tion process is the need to match both the arrival times, and
pulse durations of pump and seed pulses at the amplifier crystal.
In addition, there are several more subtle effects resulting from
the instantaneous parametric amplification process, which we
will discuss in this section.

A. Pump-Seed Synchronization

The instantaneous nature of parametric amplification imposes
significant requirements on the synchronization between pump
and seed pulses. Not only do they need to arrive at the OPA
crystals simultaneously, efficient amplification also requires the
pulse durations of pump and seed to be in the same range.
For few-cycle pulse amplification, the CPA stretching ratio is
typically limited to 103-10* to allow effective recompression
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Fig. 5. Spectral changes resulting from a shift in pump-seed delay in an
OPCPA system. Due to the chirp in the seed pulse, a change in arrival time
between pump and seed pulses leads to a change in the amplified spectrum,
as only a part of the seed spectrum overlaps with the peak of the pump pulse.
A negative delay corresponds to the pump pulse preceding the seed. In this
experiment, the pump pulse was 60 ps duration (Gaussian shape), while the
seed pulse was 16 ps. The long-wavelength modulations in (a) are due to a
double reflection of the seed in the BBO crystals, of which the leading (red)
edge is amplified by the trailing edge of the pump pulse and spectrally interferes
with the main pulse.

in view of higher order dispersion terms. In OPCPA, such a
stretching ratio already suffices for amplification up to tens of
millijoule energy with convenient few millimeter diameter beam
sizes, and it is high enough for group-velocity walkoff effects [6]
to be negligible. However, it also means that the pump pulse
duration should be in the 10-100 ps range, much shorter than
what is typically used for Ti:Sapphire pumping. Such powerful
short-pulse lasers are much less widely commercially available
than nanosecond duration pump lasers as used for Ti:Sapphire-
based amplifiers, so that many groups have developed custom
pump lasers for their OPCPA systems.

To achieve stable amplification, the pump and seed pulse
arrival times at the OPA crystal should be synchronized to within
a fraction of the pulse duration. For pulses with a 10-100 ps
duration, this requires their relative timing to be stabilized with
sub-ps accuracy.

Since the seed pulses are chirped, a change in the pump-seed
timing can cause part of the seed spectrum to shift away from the
peak of the pump pulse, leading to a spectrally dependent loss
of gain. This is illustrated in Fig. 5, showing three experimental
spectra recorded at different pump—seed delays. The pump and
seed pulse durations are 60 and 16 ps, respectively. Because
the seed pulse is positively chirped, a positive delay [i.e., pump
arrives after seed, Fig. 5(a)] leads to selective amplification of
shorter wavelengths, which are in the trailing edge of the seed
pulse. For negative delays [pump precedes seed, Fig. 5(c)], the
situation is reversed, and the longer wavelengths that are in the
leading edge of the seed pulse experience the highest gain.

One approach to achieve the required sub-ps level of syn-
chronization is by deriving both pump and seed pulses from
a single laser source. This has been the common approach



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

WITTE AND EIKEMA: ULTRAFAST OPTICAL PARAMETRIC CHIRPED-PULSE AMPLIFICATION 5
109 20+ -22 the shortest amplified pulse duration, and the highest obtainable
] | 50 peak intensity all require a different stretching ratio.
sl 3 L This can be explained in a straightforward way. If a seed pulse
— =151 ~18 __ ismuch shorter than the pump, only a small part of the pump light
5 r (2] . P . . . . .
ot § — |16 =  will be utilized for amplification, resulting in a low efficiency.
> 61 ug [ 14 ‘€ The amplified bandwidth will be broad in this case, as the entire
'g o 10+ I g  seedspectrum overlaps with the peak of the pump pulse, leading
€492 -12 £ toashort pulse duration. Stretching the seed pulse will initially
x § (10 & provicllf: a strong rise in efficiency, as the oYerlap with the pump
e 5] S 5+ 3 —= pulse improves. However, as the seed pulse is stretched more, the
© i 8 edges of its spectrum shift away from the peak of the pump pulse
L6 and will experience a lower gain, resulting in spectral narrowing
0- 0 — T T T T T 1 and a longer pulse duration. As the seed pulse is stretched to
0.0 0.2 0.4 0.6 0.8 1.0 1.2 . .
. . extend beyond the pump pulse duration, the efficiency may start
Pulse stretching ratio R . . R .
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Fig. 6. Calculated Fourier-transform-limited pulse duration (black), pump-to- be counteracted by increasing the pump intensity, although care

signal conversion efficiency (red), and achievable peak intensity (green) in an
OPCPA system as a function of the seed—pulse duration, assuming Gaussian
temporal pulse shapes for pump and seed. The pulse stretching ratio is defined
as the duration of the chirped seed—pulse divided by the pump pulse duration.
This simulation is performed for the specific case of a three-stage BBO OPCPA
system (5 mm long crystals), pumped by 60 ps 532 nm pulses and seeded at
800 nm: note that the optimum stretching ratios can vary significantly depending
on the amplification conditions (see text for details).

for OPAs [6], and can also be applied to OPCPA. The main
limitation is that it requires a laser that emits both pump and seed
wavelengths (or a subharmonic of these). This type of passive
synchronization has been demonstrated using an ultrabroad-
band Ti:Sapphire oscillator to produce both a broadband seed
at 800 nm and a pump pulse at 1053 nm [40]. Also, Ti:Sapphire
pumped photonic crystal fibers have been used to produce opti-
cal solitons at 1064 nm, which can be used to seed a Nd: YAG
pump laser [41].

Another way of synchronizing pump and seed pulses is
through active electronic stabilization [33], [42], [43]. Through
the use of high-frequency electronic feedback loops, the repe-
tition frequencies of two separate mode-locked oscillators can
be phase-locked with high timing stability. By controlling the
phase between the repetition rate signals of the two lasers, the
relative timing between pump and seed pulse can be changed
electronically.

The passive timing stabilization has the advantage of being
a compact, all-optical technique, but requires a single laser that
can provide both pump and seed pulses with sufficient intensity
and bandwidth. The active approach has the advantage that the
pump and seed lasers can be individually chosen and optimized,
and that only a small fraction of the light is needed for stabiliza-
tion, but the electronic complexity of the system is increased
compared to the passive stabilization method.

In OPCPA, the efficiency of the amplification process strongly
depends on the ratio between the pump and seed pulse durations.
Fig. 6 presents performance simulations of an OPCPA system
as a function of the seed pulse stretching ratio, assuming a seed
pulse with constant spectral bandwidth, and keeping the pump
parameters fixed. While Fig. 6 only represents a specific OPCPA
design rather than a general case, it does show an important
issue in OPCPA, namely that the optimum energy extraction,

should be taken to avoid increased levels of fluorescence. This
complex interplay between stretching ratio, amplifier efficiency,
spectral bandwidth, and effective fluorescence suppression is an
important point of consideration in OPCPA design.

Clearly, the optimum stretching ratio depends on the design
objectives. In general, there is a tradeoff between the optimal
bandwidth—efficiency product and the achievable pulse duration.
When optimizing peak intensity (which is equivalent to optimiz-
ing the bandwidth—efficiency product), a higher stretching ratio
can be used, and it has been shown that increasing the stretching
ratio between consecutive stages of an OPCPA system leads to
a higher achievable peak intensity [25]. In this case, a stretching
ratio around unity can be optimal in the final stage. However,
when the objective is to produce the shortest possible pulse, a
stretching ratio significantly below unity is required, since the
entire seed bandwidth should be contained well within the pump
pulse to achieve homogeneous amplification and make full use
of the available phase-matching bandwidth.

Clearly, a rectangular shape for the pump pulse would be the
optimal temporal profile for OPCPA, providing equal gain at
any point in time and making optimal use of the available pump
energy. Although making a square pulse with ~100 ps duration
is not straightforward, it has been experimentally realized for
OPCPA pumping [44], [45].

A method known as time shearing provides a way to construct
relatively efficient OPCPA systems with the use of nanosecond
Nd:YAG pump lasers, which have the advantage that they are
widely commercially available. The principle is to use multi-
ple passes through the amplifier, each with a slightly different
pump-seed delay [46]-[48]. In this way, the seed pulse depletes
a different part of the pump pulse in every pass, thus using
the available pump energy more efficiently, but at the cost of
needing many more passes through the amplifier.

B. Temporal Pulse Contrast

The pulse contrast, defined as the ratio between the pulse peak
intensity and the intensity of the amplified parametric superfluo-
rescence, is an important parameter for strong-field experiments.
When focusing an ultrashort pulse to a small spot, the incom-
pressible fluorescence background can easily reach an intensity
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Fig.7. Measured pulse contrast of a few-cycle multi-TW OPCPA system [34].

A fluorescence background with the duration of the pump pulse is visible, as well
as some artefact peaks coming from multiple reflections in beamsplitters (BS)
and one of the amplifier crystals. A prepulse contrast of 2 x 10~ is obtained
(see text for details).

level sufficient for ionization when the pulse contrast is low.
The reported pulse contrast of different OPCPA systems varies
widely: while some systems suffer from significant fluorescence
background and are limited to a pulse contrast of 10 [15], [49],
other systems have been shown to achieve few-cycle pulses with
a pulse contrast in the 108 range [34], [50], [51]. An exper-
imental contrast measurement is shown in Fig. 7, displaying
the raw data for the measured pulse contrast of a 2 TW, 7.6 fs
laser pulse. To extract the actual pulse contrast from such a
measurement requires knowledge of the pulse broadening that
occurs inside the measurement setup, as this will smear out the
main pulse with respect to the background [34]. It is therefore
also important that the entire spectral bandwidth of the pulse
is used for the contrast measurement. After correction for the
device-induced pulse broadening, the measured pulse contrast
extracted from the data in Fig. 7 is found to be 2 x 1075,

The main ingredients for suppressing fluorescence and main-
taining a high pulse contrast are the seed pulse intensity and the
gain per amplification pass [34]. Since the generation of para-
metric superfluorescence is a process that competes with the
amplification of the seed pulse, increasing the seed pulse inten-
sity will improve the pulse contrast significantly. The temporal
overlap between pump and seed pulses is also of influence, since
an imperfect overlap will lead to the generation of fluorescence
at those points in time, where there is no or only very little seed
light available [25].

The gain per amplification pass is also an important parame-
ter, as a high gain rapidly leads to significant amounts of super-
fluorescence. In typical experimental situations, where multiple
amplification passes are used, any superfluorescence produced
in the first pass can easily be amplified to high energy in subse-
quent passes. While a high single-pass gain does not necessarily
lead to a low pulse contrast if sufficient seed intensity available,
pump-seed matching becomes much more critical in this situa-
tion. Therefore, the use of multiple amplification stages with a
lower gain per pass seems to be a more favorable approach for
achieving a good pulse contrast.
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A stable, low-noise pump laser is another important parameter
in maintaining a high pulse contrast. It has been found that
temporal modulations and random noise on the pump beam can
translate into significant pedestals on the final compressed signal
pulse [52]. The reason is that fast temporal modulations on the
pump pulse will lead to rapid variations of the gain across the
chirped seed pulse. This imprints high-frequency modulations
on the amplified spectrum, which transform into a broad pedestal
after pulse compression [53].

C. Wavelength-Dependent Saturation Effects

Since the spectral components of the seed pulse are separated
in time, they will not influence each other directly during an
amplification pass. Each spectral component has its own “slice”
of pump light available, and will be amplified depending on the
pump intensity at that instance and the phase-matching condi-
tions for that particular wavelength. As a result, each spectral
component can experience a different regime of gain saturation,
causing some spectral components to be deeply saturated, while
others are still in the small-signal regime [24]. The shape of
the amplified spectrum will therefore depend significantly on
the amplification process, and a change in pump or seed in-
tensity can cause a significant change in the spectral shape of
the amplified pulse. As a consequence, also the temporal pulse
shape and duration can change significantly upon saturation.
An example of this effect is depicted in Fig. 8: as the saturation
level increases, the spectrum around 800 nm saturates, and even
experiences back conversion, while the intensity of the wave-
lengths near the edges of the spectrum still keep rising. Through
this mechanism, pump intensity jitter can also lead to changes
in the amplified spectrum, and affect the temporal shape of the
amplified pulse.

A similar effect can be observed in the spatial domain, as
spatially separated parts of the seed pulse will also amplify in-
dependently of each other. With a Gaussian-shaped pump beam
profile, a situation can occur where the center of the beam ex-
periences gain saturation, while the edges (where the pump
intensity is lower) do not. This may lead to a spatially depen-
dent amplified spectrum, and thus to a pulse duration that varies
across the beam. The use of a pump beam with a flat-top spatial
profile is therefore beneficial in OPCPA, as it ensures a constant
gain across the entire seed beam. Upon saturation, the spatial
profile of the amplified beam will start to adopt the shape of the
pump beam, turning e.g., a Gaussian beam into a more flat-top
profile. For pulses with a Gaussian beam profile, a graph similar
to Fig. 6 can be drawn to show the dependence of the efficiency
on the beam size ratio.

D. Amplification of Few-Cycle Pulses

The ability to produce intense few-cycle laser pulses is one of
the most attractive features of OPCPA. Aside from the required
phase-matching bandwidth, the production of few-cycle pulses
requires careful design of the CPA setup, since higher order
dispersion terms become important in this regime. Dispersion
management up to fourth- or even fifth-order is essential for
pulse compression into the few-cycle regime. In this regard,
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Fig.8. Spectral changes resulting from gain saturation in OPCPA with a Gaus-
sian temporal pump pulse shape.The seed intensity increases from top to bot-
tom panel, as (a) I, = 0.001 GW/cm?, (b) I, = 0.01 GW/em?, (c) I, = 0.1
GW/cm?, and (d) I, = 0.5 GW/cm?. The higher seed intensity leads to in-
creased pump depletion, and therefore, gain saturation. Due to the chirp of the
seed pulse, different spectral components experience a different gain, and can
therefore be in a different saturation regime. This leads to significant reshaping
of the signal spectrum. The insets show the Fourier-limited pulse shapes corre-
sponding to each spectrum, which also show a significant change as a function
of saturation.

OPCPA has some advantage over conventional laser systems,
as only a small interaction length is required for substantial
amplification. This minimizes the amount of material in the
beam path, making it less problematic to match stretching and
compression for multiple dispersion orders. Nevertheless, few-
cycle pulse compression remains a challenge, and most groups
therefore employ adaptive pulse compression techniques. By
incorporating spectral phase-shaping devices, such as liquid-
crystal spatial light modulators [14], [33], [34] or acousto-optic
programmable dispersive filters [35], [38], [39], the total system
dispersion can be minimized in a controlled way. Even with the
use of adaptive compression, dispersion management remains
an important issue in OPCPA design, as the compensation range
of spectral phase-shaping devices is usually limited.

Various types of stretching and compression setups have
been implemented in few-cycle OPCPA systems. Conventional
grating-based CPA systems have been shown to work well [14],
[33], [34], while also negative dispersion stretching and bulk ma-
terial recompression has received significant attention [35], [38].
The latter approach has the advantage that the compressor losses
are very low, but it does require more attention in keeping the
seed pulse intensity sufficiently high to maintain an acceptable
pulse contrast after amplification [39].

The choice of pump laser also influences the required stretch-
ing ratio. While many OPCPA systems are presently pumped
by pulses with 50-100 ps duration, the use of shorter pump
pulses significantly reduces the stretching ratio that is required
for reaching significant conversion. Although this approach re-

Considering its properties, OPCPA seems naturally suited
for few-cycle pulse generation, since the amount of material
in the beam path is minimal, and the total path length from
the seed oscillator to the final experiment can be kept as small
as a few meters. One could say that in OPCPA, most of the
system complexity is transferred to the pump laser, while the
seed pulses are manipulated as little as possible. As few-cycle
pulses are easily distorted by a small amount of dispersion or
nonlinearity, such a “minimalist” approach is highly beneficial
for generating ultrashort, high-intensity laser pulses.

IV. PHASE MATCHING AND WAVELENGTH FLEXIBILITY

One major advantage of parametric amplifiers is their wave-
length flexibility, enabling the generation of powerful ultrashort
pulses almost everywhere in the visible, near-IR, and mid-IR
spectral ranges [6], [58] (see Fig. 9). By exploiting the differ-
ent phase-matching conditions that can be obtained by using
various crystals and pump wavelengths, the gain bandwidth of
OPCPA can be optimized for a large range of seed wavelengths.

A. OPCPA Versus Ti:Sapphire

While Ti:Sapphire laser systems have been powerful
workhorses for the ultrafast community [10], OPCPA systems
have some interesting characteristics that make them a useful
alternative to Ti:Sapphire in various cases. Especially, the com-
bination of high-peak intensity and few-cycle pulse duration,
where OPCPA can outperform Ti:Sapphire, is very useful for
strong-field physics and ultrafast dynamics.

In the Ti:Sapphire wavelength range around 800 nm, the band-
width for parametric amplification in BBO crystals is highly fa-
vorable. At a noncollinear angle of 2.3° (inside the crystal), the
phase-matching conditions enable amplification of a 300-nm-
wide bandwidth between ~720 and 1050 nm, when the OPA is
pumped by 532 nm light (see Fig. 3). This full bandwidth can
be used effectively for amplification, leading to ultrabroadband
amplified spectra, with a corresponding Fourier-limited pulse
duration in the 7-8 fs range, as shown in Fig. 4. Several experi-
mental realizations have been reported on this type of OPCPA.
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Notably, it has led to the first demonstration of sub-10 fs pulses
with a peak intensity exceeding 1 TW [14], and multi-TW few-
cycle pulses have been produced as well [15], [34], [36], [51].

The extension of OPCPA to extreme energy levels has been in-
vestigated using KD*P crystals as the nonlinear medium, which
has the advantage that it can be grown in large sizes. Pumped by
the second harmonic of Nd:glass lasers at 527 nm, this approach
has led to the generation of pulses with 35 J energy at 1050
nm [59]. Another system has been demonstrated by Lozhkarev
et al. [60], [61], who achieved a peak power of 0.56 PW with
43 fs pulse duration, at 910 nm wavelength.

Instead of being a replacement, OPCPA systems have been
used in combination with Ti:Sapphire, exploiting several of the
advantageous features of each type of amplifier. This approach
has led to various types of “hybrid” CPA systems [62], [63].
OPCPA systems have also been used as a front end in multi-TW
to petawatt laser systems [64], [65] to provide a broadband seed
pulse with a high temporal pulse contrast, which is an essential
feature for strong-field experiments.

B. OPCPA Throughout the Optical Spectrum

The ultrabroadband phase-matching bandwidth in non-
collinear 400 nm pumped type-I BBO is well known from con-
ventional OPA technology [4], [5], [30], [31], [66]-[68]. This
geometry has been effectively exploited by Adachi et al. [69],
[70], who also showed that shifting the pump wavelength to
450 nm can improve the phase matching even further. Using
this approach, they generated 5.5 fs, 2.7 mJ pulses at 1 kHz
repetition rate.

At wavelengths around 1500 nm, broadband amplification
can be achieved using type-II phase matching in KTA crystals
pumped by a Nd:YLF laser at 1053 nm, where 500 wJ, 130 fs
pulses have been demonstrated [43], [71]. Recently, Miicke et al.
showed that this approach can be scaled up significantly, pro-
ducing 74 fs, 3.5 mJ pulses at 1.5 pum, with 20 Hz repetition
rate [72], [73]. This group used a four-stage OPCPA system with
type-II KTP crystals, pumped by 1064 nm pulses. An interesting
aspect this design is the additional generation of millijoule-level
idler pulses at 3.5 pm wavelength, which are not plagued by
angular dispersion due to the collinear geometry. Periodically
poled stoichiometric LiTaO3 (PPSLT) has been demonstrated
as an amplifier medium for 1500 nm when pumped by 1064 nm
light [74], and for OPCPA seeded by a Cr:Forsterite laser at
1235 nm when pumped at 532 nm [75].

Phase-stable few-cycle pulse generation using OPCPA has
been achieved at a wavelength of 2.1 um by Fuji er al. [38].
They used two periodically poled crystals (PPLN and PPLT)
to amplify 20 fs pulses up to 80 pJ energy, at 1 kHz repeti-
tion rate. This approach benefits from a large phase-matching
bandwidth by working at degeneracy. The output power was
limited by the low seed energy available at 2.1 pum, which was
produced by intrapulse difference frequency mixing of an ultra-
broadband Ti:Sapphire oscillator pulse. The use of a Ti:Sapphire
amplifier improved the pulse energy to ~740 pJ, but a ~20%
parametric superfluorescence background remained, leading to
relatively high-pulse intensity fluctuations [76]. Nevertheless,
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this approach to OPCPA has been shown to be feasible with
low levels of superfluorescence [39]. Through minimization of
the losses in the seed path, 200 pJ, 23 fs carrier-envelope phase
(CEP) stable pulses at 2.2 um are generated with 1.5% rms
energy stability.

Moving to even longer wavelengths in the mid-IR, phase-
stable few-cycle pulses around 3 pm wavelength have been
produced by Chalus et al. [77], [78], who used PPLN crystals
collinearly pumped by 1064 nm light. The signal pulse is pro-
duced through difference frequency mixing between two stable
fiber amplifiers seeded by a single broadband fiber oscillator.
This OPCPA system has been designed for high stability and a
repetition rate of 100 kHz, producing up to 5 pJ pulse energy.
Similar pulse parameters are obtained at an even longer wave-
length of 3.4 um using MgO:PPLN crystals [79]. In this partic-
ular configuration, the use of aperiodically poled Mg:LiNbO3
provides a significant improvement in phase-matching band-
width [80].

On the short-wavelength side of the spectrum, OPCPA has
been demonstrated to amplify 400 nm pulses by Wnuk et al.
[81]. They employed type-I BBO pumped by the fourth har-
monic of a Nd:YAG laser at 266 nm to produce 24 fs, 30 uJ
pulses at 10 Hz repetition rate.

C. Extending the Phase-Matching Bandwidth

While the standard approach to phase-matching involves tun-
ing the crystal angle and the noncollinear angle between pump
and seed beam, more ways to control the phase-matching band-
width in OPCPA have been explored. One method to extend the
phase-matching bandwidth even further is through the use of
an angularly dispersed signal beam [82]-[84]. Mathematically,
this comes down to minimizing also the second-order term in
(6) [85]. While this approach seems promising for extending the
phase-matching bandwidth, recollimation of an ultrabroadband
angularly dispersed signal pulse is challenging experimentally.

Another possibility for improved phase matching is through
angle or wavelength multiplexing of the pump beam. The use of
two pump beams with slightly different angles provides phase
matching at different signal wavelengths, thereby broadening
the total phase-matching bandwidth [86], [87]. A similar broad-
ening of the phase-matching bandwidth can be achieved by
using a broadband pump pulse, as the various spectral com-
ponents, each produce a slightly shifted phase-matching band-
width. Combining this feature with angular dispersion of the
pump beam can improve the phase-matching bandwidth signif-
icantly, and has led to the production of sub-4 fs pulses in a
visible OPA [68]. The extension of this method to OPCPA has
also been demonstrated experimentally [88]. Alternatively, the
broadband pump pulse can be stretched in time, and the seed
chirp adjusted in such a way that phase matching is achieved
over a large seed bandwidth, while maintaining a collinear ge-
ometry [22], [89].

The use of two pump beams with a large wavelength dif-
ference provides another way to improve the phase-matching
bandwidth. This was demonstrated by Herrmann et al. [90],
who used the second and third harmonic of Nd:YAG to pump
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consecutive BBO-OPCPA stages, achieving an amplified band-
width that spans from 600 to 1050 nm.

V. CEP CONTROL

For pulses in the few-cycle regime, the CEP is an important
factor. Since parametric amplification preserves the phase of the
signal beam, OPCPA can be expected to function as a phase-
stable amplifier as well. The phase-preserving properties of
OPAs have been confirmed experimentally [91], and have even
been exploited to produce passively CEP-stabilized pulses [92]
by using pump and signal pulses with the same phase, which
leads to an idler pulse with a constant CEP. The phase stability of
OPCPA systems has indeed been demonstrated [33], [93], and
even phase-stable amplification to intensities exceeding 1 TW
has been achieved [94]. Since intrapulse difference-frequency
mixing has proven to be a convenient way of producing CEP-
stable IR seed pulses, various CEP-stable OPCPA systems have
been based on this principle [38], [39], [77].

It is important to realize, however, that the preservation of the
signal phase during parametric amplification is an approxima-
tion, which is only valid for negligible pump depletion and/or
perfect phase matching. This was already pointed out by Ross
et al. [22]. By explicitly analyzing the phase components of
the coupled wave (1), an expression for the signal phase after
amplification can be found

f
J+2

where L is the crystal length, f =1 — I,(z)/I,(0) is the frac-
tional pump depletion, and 2 = w, I5(0) /w1, (0). This equa-
tion shows a dependence of the phase of the amplified signal
beam on the pump intensity, for spectral components that have a
nonzero-phase mismatch Ak. It is interesting to note that while
the pump intensity is a significant factor, the phase of the pump
beam does not have any influence on the phase of the amplified
signal beam.

Since many OPCPA systems work in a regime of significant
pump depletion to optimize efficiency, (7) states that there will
be a coupling between the signal phase and the pump intensity.
As a result, pump intensity fluctuations may introduce phase
jitter on the amplified pulses. Note that the sign of this cou-
pling depends on the sign of the phase mismatch Ak, which
is wavelength dependent. This intensity-to-phase coupling has
been investigated experimentally by Renault et al. [94], who
also observed the Ak-dependence of the coupling. However,
the main conclusion of this work was that excellent phase sta-
bility (< 1/25th of an optical cycle) can be achieved in OPCPA
with an experimentally very reasonable pump intensity jitter of
a few percent. The relative jitter between consecutive pulses in
a double-pulse OPCPA system has also been measured [95],
and is found to be sufficiently stable for various phase-sensitive
experiments.

The effect of (7) is schematically depicted in Fig. 10.
Fig. 10(a) shows the evolution of the integrand from (7) as
a function of the interaction length z, for two different pump
intensities that differ by 5%. The shaded area between these
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Fig. 10. (a) Argument of (7) in a saturated OPCPA stage at 800 nm, for the
phase-matching conditions shown in Fig. 3(b). The two black curves correspond
to a 5% difference in pump intensity. The colored area between the curves
illustrates the difference, which gives rise to an intensity-dependent phase shift.
(b) Spectral phase shift resulting from a 5% decrease in pump intensity, for
these particular saturation and phase-matching conditions.

curves corresponds to a change in the integral in (7) caused
by this 5% change in pump intensity, and is a measure for the
pump-induced phase shift. The resulting change in the spectral
phase is shown in Fig. 10(b). Note that the shape of this curve
strongly depends on the spectral shape of the phase mismatch
Ak, which can be expected from (7). In this example, Ak cor-
responds to the phase-mismatch curve from Fig. 3(b). For the
spectrum shown in Fig. 3(b), such a spectral phase shift would
correspond to a 3% broadening of a Fourier-limited pulse, while
the resulting change in carrier-envelope phase is found to be be-
low 150 mrad (1/40th of a cycle). Because the CEP results from
an average over spectral components, it is less affected by the
varying Ak-induced phase shifts than the individual spectral
components. Even without intensity fluctuations, the spectral
phase added through (7) needs to be taken into account in the
stretcher-compressor design.

VI. APPLICATIONS OF FEW-CYCLE OPCPA SYSTEMS

The use of high-intensity few-cycle pulses is particularly
beneficial in laser-based electron acceleration. Few-cycle laser
pulses enable acceleration in the so-called bubble regime [96],
leading to relatively efficient acceleration with significantly re-
laxed pulse energy requirements compared to acceleration with
longer pulses. This approach has already produced electron
bunches with 25 MeV energy [97].

Another application of OPCPA is precision frequency mea-
surements through Ramsey spectroscopy [98], [99]. This tech-
nique requires a pair of accurately phase-locked pulses with an
interpulse time delay in the nanosecond range. The ability of
OPCPA to amplify such closely spaced pulse pairs while main-
taining their relative phase [95] is instrumental for this type of
precision experiments. Combined with high-harmonic genera-
tion, this approach has recently led to a precision measurement
of the 1s-5p transition in Helium at a wavelength of 51 nm, with
an absolute frequency accuracy of 6 MHz [100].
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An exciting development in laser science is the ability to pro-
duce coherent beams at ever shorter wavelengths through high-
harmonic generation (HHG). Intense few-cycle pulses have been
shown to improve the efficiency of HHG, making OPCPA sys-
tems useful candidates for the production of bright XUV and
soft-X-ray beams. Significant progress has recently been made
in this field by the demonstration of phase-matched HHG in
the water-window spectral range [101], and even up to photon
energies of 500 eV [102]. A key requirement is the use of longer
driving wavelengths for HHG, for which OPCPA seems ideally
suited.

Due to the young age of the field and the rapid progress being
made, many more applications can be expected to appear in the
near future. The designs of ultrahigh-intensity laser facilities,
such as the extreme light infrastructure (ELI) and the petawatt
field synthesizer, which should combine unprecedented peak
intensities (in the petawatt to exawatt range) with few-cycle
pulse duration, are based on OPCPA technology [103].

VII. CONCLUSION

Research on few-cycle pulse generation is extremely active,
and OPCPA technology has established itself in recent years as
a powerful tool in this field. Significant progress has been made
in recent years in pushing the limits in terms of peak power
and pulse duration of OPCPA systems. The inherent phase sta-
bility of parametric amplification has enabled the development
of CEP-stable OPCPA systems, which will be useful tools for
many controlled light-field experiments and attosecond physics.
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