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ABSTRACT
This paper reviews the revolutionary development of ultra-short, multi-TW laser pulse generation
made possible by current laser technology. The design of the unified laser architecture discussed
in this paper, based on the synthesis of ultrabroadband optical parametric chirped-pulse amplifiers,
promises to provide powerful light transients with electromagnetic forces engineerable on the
electron time scale. By coherent combinationofmultiple amplifiers operating indifferentwavelength
ranges, pulses with wavelength spectra extending from less than 1µm to more than 10µm, with
sub-cycle duration at unprecedented peak and average power levels can be generated. It is shown
theoretically that these light transients enable the efficient generation of attosecond X-ray pulses
with photon flux sufficient to image, for the first time, picometre-attosecond trajectories of electrons,
by means of X-ray diffraction and record the electron dynamics by attosecond spectroscopy. The
proposed system leads to a tool with sub-atomic spatio-temporal resolution for studying different
processes deep inside matter.
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1. Does a sub-cycle pulse exist?

Years ago when I started my PhD, a senior scientist
at our institute confronted me with a seemingly simple
question: How short can a laser pulse be?

After a second, I replied that the pulse duration is
inversely proportional to the spectral bandwidth. The
larger the bandwidth, the shorter the pulse duration.
However, it also depends on the central frequency of
the spectrum. He seemed to be convinced. Nonetheless,
there were naturally follow-up questions: Does a sub-
cycle pulse exist, and can a sub-cycle pulse propagate acc-
ording to Maxwell’s equations? Admittedly, these were
not questions that could be answered in a second!

Based on the Fourier theory, for every event in the time
domain, one candefine a replica in the frequencydomain.
These two domains are inversely proportional, meaning
that a pulse with a shorter temporal duration (�τ ) has a
larger spectral bandwidth (�ω) (see Figure 1):

�τ ≥ 2π
�ω

. (1)

Multiple-frequency pulses or short pulses can be des-
cribed by the constructive superposition of many sin-
usoidal waves with infinitely long temporal duration,
at different carrier frequencies with the amplitude and
phase given by Ẽ(ω):
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E(t) =
∫ ∞

−∞
Ẽ(ω)eiωtdω. (2)

This is the principle behind few-cycle-pulse mode-
locked lasers [1]. Short pulses or even sub-cycle pulses can
also be generated by superimposing several pulses at dif-
ferent carrier frequencies and longer temporal duration.
The constructive interference region obtained from this
superposition can result in waveforms with a temporal
duration shorter than each individual pulse. Furthermore
by fine-tuning the relative phase and amplitude between
the superimposed pulses, arbitrary non-sinusoidal wave-
forms, called light transients, can be generated, forming
the basis of temporal or spectral synthesis [2].

Light transients propagate in a medium similar to
multi-cycle or few-cycle pulses as their generation is based
on superposition of multi- or few-cycle pulses. Propa-
gation of a multi-cycle pulse can be described by the
slowly varying envelope approximation (SVEA), where
the pulse is represented by the product of an envelope
and a fast oscillating carrier wave at angular frequency of
ω0 and carrier-envelope phase of ϕCE [5]:

E(t) = f (t) cos (ω0t + ϕCE). (3)

Alternatively, the electric field can be represented as a
product of a complex envelope E(t) and exponential of
the fast oscillating wave:

© 2016 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com


2 H. FATTAHI

Figure 1. The oscillating electric field of a sub-two-cycle laser
pulse at carrier angular frequencyω0 (top) and the corresponding
spectrum (bottom). The gray line shows the amplitude envelope
of the electric field and ϕCE denotes the carrier-envelope phase
offset. The temporal and spectral bandwidth of the pulse are
correlated inversely according to the Fourier theory.

E(t) = Re
[E(t)e−iω0t

]
. (4)

In case of a few-cycle pulse, where the pulse duration
is comparable with the carrier oscillation cycle, propa-
gation can be described by SVEA with some additional
corrections [3].

However, defining an envelope for light transients
become too ambiguous and a more rigorous approach
should be adopted. Lasers and field synthesisers pro-
duce waveforms that satisfy the causality principle. Thus,
light transients can be described by the complex-valued
analytic signal Ea(t), which was initially introduced by
Gabor [4]. Requirement of causality has an important
mathematical consequence: real and imaginary parts of
the analytic signal are connected via the Hilbert trans-
form

Ea(t) = E(t) + iH[E(t)], H[E(t)]
= p: v:

1
π

∫ ∞

−∞
E(t)
t − τ

dτ. (5)

This property is similar to the well-known Kramers–
Kronig relations for real and imaginary parts of electric
susceptibility [5].As any other complex function, analytic
signal can be represented in a polar form

Ea(t) = f (t)eiϕ(t), (6)

where f (t) is an instantaneous amplitude or envelope of
the pulse

f (t) = |Ea(t)| (7)

and ϕ(t) ≡ arg Ea(t) is the instantaneous phase. Its first
derivative is called the instantaneous angular frequency

ω(t) = dϕ(t)
dt

, (8)

and the secondderivative defines the rate of the frequency
change [6]

c(t) = d2ϕ(t)
dt2

. (9)

The concept of carrier-envelope phase can be gener-
alised for the light transients in terms of the so-called
global phase ϕ, which is defined as an argument of the
fractional Hilbert transform [7,8]

E(t,ϕ) = Hϕ[E(t, 0)] = cosϕE(t)+sin ϕH[E(t)] (10)

that allows to obtain E(t,ϕ) from the waveform E(t, 0),
which has the global maximum at the same point as its
envelope f (t). Rigorous theory of sub-cycle pulse propa-
gation was developed in Refs. [9–11].

However, why are shorter laser pulses ever desired?
When an electric field of light with the carrier fre-

quency ν0 (ω0 = 2πν0) and the field amplitude E0,
E(t) = E0 sin (ω0t), interacts with a medium, it polarises
the atoms in the direction of the field, P(t). At low inten-
sities, this polarisation follows the electric field linearly,
which is why it is called linear optics. At higher intensi-
ties, the linear relation between P(t) and E(t) is broken.
For photon energies much smaller than the bandgap of
materials, the polarisation response of material is:

P(t) = ε0

(
χ(1)E(t) + χ(2)E(t)2 + χ(3)E(t)3 + · · ·

)
,

(11)
where ε0 is the electric permeability of vacuumanddiffer-
ent orders of χ(i), i = 1, 2, 3, . . ., correspond to different
orders of nonlinear susceptibility. This is the regime of
perturbative nonlinear optics, and the contributions of
higher order induced polarisation decrease rapidly for
a higher order of nonlinear susceptibility. Each term in
Equation 11 describes a different nonlinear phenomena.
For example, the second term describes second harmonic
generation, and the third term describes third harmonic
generation as well as the intensity-induced changes of the
refractive index (optical Kerr effect).

The efficient generation of high-order nonlinearities
demands a higher field amplitude; However, as the laser
intensity approaches 1014 W/cm2 the atomic response
deviates from Equation 11 to a new nonlinear regime,
a non-perturbative regime.

As shown in Figure 2, at this intensity, the atomic
dipole oscillation is greatly enhanced and the laser field is
strong enough to suppress the static Coulomb potential



CONTEMPORARY PHYSICS 3

Figure 2. Three-step model of high harmonic generation: Linearly polarised intense laser pulses (E(t)) bend the Coulomb potential (V(x))
of atoms. The most weakly bond electrons tunnel out of the newly formed barrier. The quasi-free electron accelerates in the laser field
and returns to its parent ion in the next half-cycle of the laser field. The recombination of electrons into their bound states results in
generation of XUV pulses for each half-cycle of the laser pulse (�ω0).

of the atomic core. This provides the chance for electrons
to tunnel out and accelerate in the direction of the laser
field. When the next half-cycle of the laser field arrives,
the liberated electrons are accelerated back towards their
parent ion and recombine. The generation of high-energy
photons is the outcome of this recombination, and the
process is called high harmonic generation (HHG). The
highest energy photon (cut-off) generated in the HHG
process scales linearly with the laser intensity and inverse
quadratically with the carrier frequency of the laser [12]:

Ep = Ip + 3.17
e2E02

4m0ω02
, (12)

where Ip is the ionisation potential and m0 and e denote
the free electron mass and elementary charge,
respectively.

For a laser pulse with several optical cycles, photoion-
isation takes place at each half-cycle of the laser field.
Therefore, the ground state of atoms could become dep-
leted before the arrival of the laser field’s main peak.

In HHG, isolated attosecond pulses with the highest
photon energies are generated only by the most intense
half-cycle of the laser. Other half-cycles of the laser field
with lower amplitude producemultiple attosecondpulses
containing lower photon energies. These pulses are not
isolated anymore as multiple half-cycles contributed in
their generation.

Producing broadband-isolated attosecond pulses req-
uires an attosecond light switch to effectively turn on the
HHGprocess during only one half-cycle of the laser field.
These requirements are satisfied by driving theHHGutil-
ising single- or sub-cycle light transients at long carrier
frequencies, confining photoionisation to a single half-
cycle and making it possible to scale the laser intensity
without pre-depletion of the ground state.

In the following, I discuss the design and the current
status of an apparatus that fulfills the above-mentioned
criteria. The machine is based on the perturbative non-
linear optical phenomena to provide a platform for
extendingnon-perturbativenonlinear optics tonew fron-
tiers on a laboratory scale, meaning the generation of
photons with keV energy and attosecond pulse
duration.

2. State of the art

The first insight into nonlinearity in relation to optical
frequencies happened one year after the invention of
lasers [13]. Franken et al. observed the generation of
the second harmonic of the ruby laser in a quartz crys-
tal [14]. This experiment was the first demonstration of
nonlinear optics in a perturbative regime and opened up
a new avenue in light–matter interaction. The profound
theoretical basis for this new regime, provided by Bloem-
bergen et al., suggested that increasing the peak power of
the incident laser field results in the generation of higher
order nonlinearities in material [15]. These findings ini-
tiated a half-century of research towards increasing the
peak power of lasers by reducing their temporal pulse
duration or equivalently increasing their output energy.
At the same time, pulses at repetition rates of several kHz
or higher are desired to reduce the measurement time.

In 1985, the first few-cycle pulses were generated in
a passively mode-locked organic-dye laser [16]. There-
after, in 1987, the barrier of sub-ten fs laser pulses was
broken by extracavity pulse compression of dye lasers
[17], reaching tens of megawatts of peak power [18,19].
Achieving higher average and peak power with dye-laser
technology was not possible, as it led to the evaporation
of the organic-dye gain medium. This encouraged laser
physicists to move towards a solid-state gain medium.
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The invention of titanium-doped sapphire (Ti:Sa) lasers
and multi-layer chirped mirrors [20,21] along with the
discovery of Kerr-lens mode-locking (KLM) by Sibbett
in 1991 [1] allowed the generation of sub-ten fs pulses
directly from a Ti:Sa oscillator [22,23].

However, energy scaling of these few-fs pulses seemed
to be impossible due to their high peak power, which was
close to the damage threshold of the laser gain media.
The demonstration of chirped pulse amplification (CPA)
[24] in optical frequencies byMourou et al. [25] paved the
way towards boosting the peak power of few-cycle pulses
by several orders of magnitude, reaching 1PW at 1Hz
repetition rates (BELLA at Berkeley Lab in USA) and
1.5 PW at 0.1Hz repetition rates (CoReLS laser system
in South Korea). The external spectral broadening of
few-cycle, mJ-level pulses of a CPA-based amplifier in
a hollow-core fiber (HCF) and their subsequent pulse
compression, in addition to the ability of scientists to
control the carrier-to-envelop phase (CEP) of few-cycle
pulses [26], resulted in the demonstration of the first
isolated attosecond pulses and emergence of an entirely
new research field, attosecond physics [27].

Pulses broadened in a HCF were compressed to 4 fs
at 800 nm carrier wavelength [28], although the gener-
ated spectrum supported a shorter pulse duration. This
deficiency was due to the limited spectral bandwidth of
chirped mirrors to one-octave. Other pulse compres-
sion techniques such as spatial light modulation sup-
port broader bandwidth but their operation is limited
to pulses with low peak powers [29]. Because of excessive
ionisation and thermal instabilities in a HCF, the achiev-
able peak and average power from these few-cycle pulse
generators is limited to approximately 1TW and 10W,
respectively [30,31].

In 2011, short-pulse generation entered a new regime,
called optical light transients [32]. Wirth et al. overcame
the limitationof chirpedmirrors in spectral bandwidthby
decomposing the super-octave spectrum from the HCF
into several spectral regions. After compressing each of
the spectral regions by using chirped mirrors, different
spectral components were coherently superimposed to
create sub-cycle light transients. This super-octave light
transient of synthesised visible-infrared light provided
unprecedented flexibility for steering light–matter inter-
actions and is capable of triggering and probing electron
dynamics with sub-femtosecond precision, even without
the use of attosecond extreme ultra-violet (XUV) pulses
[33–35]. However, the low average as well as peak power
of these light transients [35,36] constitutes a major limi-
tation for widespread use of this extreme form of optical
radiation. Moreover, the central frequency of these light
transients is currently limited to the near-infrared spec-
tral range.

In parallel to advances in CPA-based amplifiers,
Dubietis et al. were able to show the amplification of
70 fs pulses by a factor of 104 in 1992, harvesting the
second-order nonlinearity of BBO in an optical paramet-
ric chirped pulse amplifier (OPCPA) [37]. Afterwards,
the demonstration of mJ- to J-energy-level few-cycle
pulses [38–41] at different carrier frequencies using
OPCPA made this technique a promising path towards
boosting the energy andaveragepowerof few-cycle pulses.
However, the spectral bandwidth of the gain in OPCPA
is limited by the phase-matching between the interacting
pulses in the nonlinearmedium. In recent years, progress
in OPCPA suffered from the lack of turn-key, powerful,
efficient and cost-effective pump lasers.

To date, advances in Yb-doped lasers in fiber [42],
slab [43,44], or thin-disc [45,46] geometry have started to
fulfill the criteria for suitable pump sources for OPCPA
and holds promise to change the current state of the art
of OPCPAs to few-cycle pulses with higher energy and
average power.

In addition to simultaneous scalability in energy and
averagepower, thenext generationof laser sources should
be flexible in terms of the carrier frequency, while con-
taining a one- or sub-cycle electric field. The nonlinearity
induced by such a giant peak power of laser transientswill
open up new regimes of light–matter interaction. As the
damage threshold of materials scales inversely with the
square root of the pulse duration,matter can be irradiated
with such transients to intensities beyond the current
optical breakdown of materials, opening the possibility
to explore new regimes of nonlinearity.

The merge of four existing technologies is discussed
below: (a) the generation and metrology of phase-stable
coherent supercontinua, (b) Yb-doped laser technology,
(c) broadbandOPCPA, and (d) interferometrically stable
super-octave waveform synthesis. Combination of these
concepts hold promise to provide high-energy, high-
repetition-rate, ultra-broadband light pulses as a versatile
platform for studying the new regime of nonlinearity in
matter in the coming years.

3. Next-generation light sources

3.1. How to boost the photon energy?

Two phenomena can result in the efficient amplification
of photon energies: stimulated emission in a resonator
and optical parametric amplification (OPA). In the first
case, the stored energy in an optically or electronically
pumped gain medium can be released via stimulated
emission, leading to the amplification of photons. Here,
the amplification gain is limited to amplified spontaneous
emission (ASE) that happens simultaneously in the gain
medium.The carrier frequency of the amplified spectrum
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is dictated by the energy-level structure of the active
laser medium and is limited by gain narrowing during
amplification.

OPA, however, is a non-resonant, instantaneous,
perturbative nonlinear process where the energy of a
high-energy pulse is transferred to a low-energy pulse
harvesting the second-order nonlinearity of materials.

In the wave picture of light, the process is described
by considering the superposition of two fields with the
carrier frequencies νp (pump) and νs (signal/seed), which
causes a modulation with a frequency of νp − νs on the
intensity envelope of the superimposed electric field. In
interaction with a nonlinear medium and in the presence
of a small perturbationon the envelopeof the inputfield, a
third electric field with the carrier frequency νi = νp−νs,
called idler, is generated (Figure 3(a)).

From a quantum-electrodynamics point of view, the
interaction between a nonlinear medium and a high-
energy, non-resonant pump photon with frequency νp
excites the medium to a higher energy virtual level. The
virtual excited population returns to the ground state
nearly instantaneously. In the presence of a signal photon
with frequency νs a stimulated decay may occur. Due to
the conservation of energy during this process two new
photons with energies of hνs and hνi = hνp − hνs, are
generated (Figure 3(b)).

The gain bandwidth of OPA is limited by absorption
and phase-matching conditions of the interacting pulses
and is dictated by the conservation of momentum:

kp − ks − ki = 0, (13)

where kp, ks, and ki are the wave vectors of the pump,
signal and idler, respectively. During propagation in the
material, the amplification bandwidth will be limited to
the group velocity slippage of the interacting pulses.
Therefore, a broad amplification bandwidth can be
achieved by minimising the group velocity mismatch
between the interacting pulses, which can be tuned by
crystal type, thickness, orientation, temperature and the
geometry of the interacting beams. Therefore, amplifi-
cation bandwidth is inversely proportional to the crys-
tal thickness, as pump, signal and idler pulses become
separated during longer propagation length, due to the
natural dispersion in the material.

In degenerate optical parametric amplifiers (DOPA),
materials with zero group velocity dispersion at the car-
rier frequency of the idler and signal are used tominimise
the group velocity mismatch between both beams and to
maximise the amplification bandwidth [48]. However,
because the SHG of the signal is also phase-matched in
DOPA, an unwanted backward flow of energy from the
signal to the pump occurs, which modifies the shape of

the amplified spectrum and limits the conversion
efficiency.

For amplifying frequencies away from the zero group
velocity dispersion point, the group velocity mismatch is
minimised by using a geometric trick. Here, the signal
pulses are forced to travel a longer distance in the crystal
when a noncollinear angle is added, and the temporal
interaction length of interacting beams is therefore inc-
reased (Figure 3(c1) and (c2)). These types of OPA are
calledNOPA,which stands for noncollinear optical para-
metric amplifier [49]. In this case, the generated idler
becomes angularly chirped to fulfil the phase-matching
condition:

vgs = vgi cos (
), (14)

where 
 is the angle between idler and signal.
Besides the above-mentioned phase-matching tech-

niques, quasi phase-matching canbeusedwhere thephase
mismatch is compensated by periodically inverting the
orientation of the crystal axis [50]. However, the fab-
rication of such crystals is limited to a few millimetres
in aperture and is not applicable to high-energy OPA
systems.

In 2014, Schmidt et al. demonstrated the amplification
of two-cycle pulses using a new concept called FOPA, or
Fourier optical parametric amplification. In FOPA, the
broadband signal pulses are spectrally dispersed in space,
unlike OPCPA where the seed pulses are dispersed in
time, and each spectral region is amplified in different
crystals. This approach relaxes the phase-matching req-
uirements for the crystals, but the overall amplification
bandwidth is limited to the gratings used for dispersion.
In addition, multi-stage amplification employing this ap-
proach is immensely complex [51]. Therefore, OPCPA
appears to be the most promising technique for the sim-
ultaneous scaling of peak and average power, with its
amplification gain limited to the amplification of para-
metric fluorescence, a spontaneous decay of high-energy
photons to two photons with lower energy that occurs at
high intensities inside the crystal.

3.2. Suitable pump sources

To achieve an optimum conversion efficiency in anOPA,
the low-energy seed pulses and high-energy pump pulses
should have an optimum spatio-temporal overlap. Emp-
loying short pulses to pump an OPCPA simplifies the
temporal stretching and compression. In addition, short-
pump pulses allow a higher peak intensity in the non-
linear medium [52]. The high pump intensity makes it
possible to achieve the required gain in a shorter crys-
tal, allowing a greater amplification bandwidth and less
transverse spatialwalk-offbetween the interacting beams.
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(a)

(b) (c1)

(c2)

Figure 3. (a) The wave picture of OPA. The superposition of a high-energy pump field with the frequency of νp and a low-energy
signal field with the frequency of νs in a medium with second-order nonlinearity results in the amplification of the signal field and the
generation of a new field with the frequency of νi , called an idler. (b) The photon-picture of the OPA process, where the high-energy
pump photons excite the medium to virtual levels. The presence of the signal photons brings the medium to its ground state while the
pump photons are split into signal and newly generated idler photons. (c1) Group velocity mismatch between signal and idler and (c2)
the compensated group velocity mismatch in noncollinear geometry [47].

However, the temporalwalk-off relative to thepulse dura-
tion increases for short pulses. A simple analytical anal-
ysis shows that the optimum pump pulse duration to
achieve a high conversion efficiency and a broadband
gain is around 1 ps [47].

Nevertheless, all these advantages of short-pulse-
pumped OPCPA remain useless without an efficient, rel-
iable and powerful pump source. Such pump lasers are
required to deliver high-energy near-1-ps pulses with
near-diffraction-limited beam quality at repetition rates
in the kHz to MHz range, conditions that are met by
diode-pumped Yb-doped lasers in fiber, slab, or thin-disc
geometry [45].

Currently, Yb:YAGfiber lasers deliver 2 kWof average
power at 100µJ of energy [54], and their energy is scaled
to 1.3mJ at 530W by coherent combination [55]. In
slab geometry, Yb-doped lasers are capable of deliver-
ing 1.1 kW pulses at 55µJ [56]. Cryogenic composite
thin-disc lasers reach 100mJ at 25W [44]. However, the
highest reported average power and energy belongs to a
CPA-based Yb:YAG regenerative amplifier in thin-disc
geometry, delivering 200mJ of energy at 1 kW of average
power for 1 ps pulses [57].

Here energy and average power scaling are made
possible by chirped-pulse-amplification and efficient heat
removal from the gain medium, respectively. In this
geometry, the gainmedium consisting of a Yb:YAG thin-

disc with a thickness of hundreds of micrometres is fixed
onto a water-cooled diamond substrate. Owing to the
efficient heat removal, this geometry allows forhighpump
power densities exceeding 10 kW/cm2 but at the expense
of a low single-pass gain of typically 10% (small signal)
due to the small thickness. However, enough
amplification can be achieved bymultiple passes through
the gain medium or serial combination of several discs as
it is shown in Figure 4(a).

In the Yb:YAG thin-disc regenerative amplifier shown
in Figure 4, low energy seed pulses from a Yb:YAG osc-
illator or a Yb:YAG fiber amplifier centred at 1030 nm
are stretched to several hundreds of ps using a grating
pair. Afterwards they are coupled into the laser cavity
and pass through the laser gain medium more than 100
times. This corresponds to kilometres of beam path. At
each round trip, the pulse is amplified further. When
the amplification saturates, the pulses are coupled out by
using an electro-optic switch, in this case a Pockels cell,
and sent to a grating compressor for pulse compression
(Figure 4(b) and (c)). A typical spectrum of a Yb:YAG
thin-disc regenerative amplifier, its temporal profile after
compression, its spatial profile, and its power stability
over several hours of operation are shown in Figure 5
[53].

This unique performance, in combination with the
reliability of industrial lasers, makes Yb:YAG lasers
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(a)

(b)

(c)

Figure 4. (a) Basics of thin-disc laser technology. A thin Yb:YAG disc is mounted on a diamond substrate that is cooled from the back side.
The heat removal from the bonded disc on the substrate is very efficient as the disc is about 100µm-thick (left). Pump-light reimaging
technique in the thin-disc gain medium is used to compensate for the low pump absorption in the gain medium (right). Courtesy of
Thomas Metzger. (b) Layout of a KLM thin-disc oscillator. These type of oscillators deliver μJ-level pulses at MHz repetition rates and
few hundred fs pulses. (c) Typical schematic of Yb:YAG thin-disc regenerative amplifier. The seed pulses from the Yb:YAG oscillator are
temporally stretched to several hundred ps before entering the amplifier. The regenerative amplifier contains a fiber-coupled diode
laser to pump the Yb:YAG thin-disc gain medium, an electro-optic switch, or Pockels cell to couple out the amplified pulses, and a pair
of dielectric gratings for temporal pulse compression down to 1 ps [53].

potential drivers for multi-channel broadband OPCPA
systems where different harmonics of the laser can be
used to pump different spectral regions.

3.3. OPCPA-based field synthesiser

The basic architecture of the proposed next generation
sub-cycle light sources (Figure 6) consists of (i) a
powerful pump source, in this case a Yb:YAG thin-disc
regenerative amplifier, (ii) aCEP-stablemulti-octave seed
generateddirectly from theYb:YAGamplifier, (iii) super-

octave beam splitter to divide the generated super-octave
spectrum into several spectral regions, (iv) multi-stage,
multi-channel optical parametric amplifiers for ampli-
fication of the complementary portions of the super-
continuum, (v) pulse compression of each channel into
few-cycle pulses, and finally, (vi) a coherent recombina-
tion of the output of these channels. Here the fundamen-
tal (at 1030 nm), second harmonic (at 515 nm) and third
harmonic (at 343 nm) of aYb:YAG thin-disc regenerative
amplifier can be used to pump few-cycle OPCPAs in
mid-infrared (MIR) spectral regions centred at 2µm,
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Figure 5. (a) Power stability of a 20mJ, 100W, 1 ps, Yb:YAG thin-
disc regenerative amplifier over 10 hr continuous measurement.
Inset: (a-1) Normalised power over half an hour of operation. (a-2)
Output beamprofile of the laser. (b) Spectral (green) and temporal
(blue) profile of the 1-ps laser pulses [53].

near-infrared (NIR) spectral regions centred at 1µm, and
visible (VIS) spectral regions centred at 550 nm.

ACEP-stable super-octave spectrum fromtheYb:YAG
amplifier can be generated by difference-frequency
generation (DFG) as an inherently phase-stable process
in combination with self phase-modulation-induced
spectral broadening. The direct generation of broadband
seed pulses from pump pulses assures a minimum tem-
poral jitter between pump and seed pulses in the ampli-
fication chains and removes any need for an additional
synchronisation stage [59,60]. As waveform synthesis
enables control over the electric field of femtosecond
pulses on a sub-cycle scale, it therefore requires an ini-
tial coherent supercontinuum seed with absolute phase
stability.

In an experiment demonstrated by Fattahi et al. [58],
super-octave seed pulses were generated directly from
a Yb:YAG thin-disc amplifier. In this scheme, a small
fraction of the 1-ps pulses of the Yb:YAG thin-disc amp-
lifier were shortened to 650 fs in a cross-polarised wave
generation (XPW) stage [61]. The shortened XPWpulses
possessed an excellent temporal contrast. This step was
essential to generate a stable filament in bulk in the subse-
quent stage, as thematerial damage threshold and critical
peak power for 1-ps-driven continuum generation in
bulk (in this case, a 4-mm YAG crystal) are of the same
order of magnitude. A narrow spectral region of the
generated continuum, centred at 790 nm, was amplified
in a saturated OPCPA stage in order to boost the energy
and tofilter intensity fluctuations caused by the preceding
third-order processes.Mixing these amplified pulses with

the pulses from the thin-disc amplifier in a BBO differ-
ence frequency generator resulted in CEP-stable pulses
ranging from 1700 to 2200 nm. The spectrum of this
output was extended to the visible spectral range by self
phase modulation in a 6mm YAG crystal after temporal
compression (Figure 7). TheCEP-stable supercontinuum
wasdivided into three spectral regions [62] of comparable
bandwidth in the VIS, NIR and MIR in order to seed
the respective few-cycle OPCPA channels, as shown in
Figure 6.

Simulated OPCPA spectra of a three-channel OPCPA
system are shown in Figure 8. In this simulation 200mJ
of energy of a Yb:YAG pump laser is distributed amongst
the three pump wavelengths as follows: 40mJ at 343 nm,
74mJ at 515 nm and 86mJ at 1030 nm for pumping the
VIS, NIR and MIR channels of the OPCPA system, res-
pectively. Amplification in a 4-stage OPCPA contain-
ing four subsequent LiNbO3 crystals as the nonlinear
medium can yield 19mJ pulses at 12 fs for the MIR chan-
nel (Figure 8, orange curve). 5 fs pulses can be amplified
up to 23mJ of energy in the 4-stage second-harmonic-
pumped NIR channel, employing LBO crystals (Figure 8,
red curve). Finally 5 fs pulses with 7mJ of energy can be
achieved by using 40mJ pulses at 343 nm to pump BBO
crystals in a 3-stage OPCPA chain (Figure 8, blue curve).

The spectral coverage of the waveform synthesiser can
be readily extended to the far-infrared by intrapulse DFG
driven by the compressed output of the MIR OPCPA
channel. The simulation predicts a continuum spanning
from 4 to 20µm when using a single LGS nonlinear
crystal driven by a few-cycle 2µm pulse, with a conver-
sion efficiency as high as several per cent. The simulated
DFG spectrum and its electric field are shown in green in
Figure 8.

The amplifiedpulses of all channels canbe individually
compressed and combined by a dichroic beam combiner
to synthesise sub-cycle to few-cycle near-infrared to visi-
ble waveforms and, after a further frequency conversion
to reach out into the far-infrared range, infrared wave-
forms spanning the range of 0.7–20µm.

Figure 8(b) shows the first experimental demonstra-
tion of the amplified spectra of the first stages of the
NIR and MIR OPCPA channels of such a synthesiser.
The super-octave spectrum shown in Figure 7 and the
Yb:YAG amplifier discussed in 3.2 and shown in
Figure 5 were used to seed and pump the two OPCPA
channels, respectively. Both channels contain 15µJ of
energy.

3.4. Coherent synthesis and keV photon generation

The three-channel few-cycle OPCPA prototype system
described above offers a conceptually simple route to
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Figure 6. Proposed schematic architecture of a three-channel OPCPA field synthesiser seeded and pumped by picosecond Yb:YAG lasers
(see: 3.2). A part of the output of the Yb:YAG amplifier is used for generating a phase-stable multi-octave supercontinuum seed, which
is then split into three channels, centred at 550 nm, 1µm and 2µm, respectively. The different channels are pumped by different low-
order harmonics of the multi-mJ level kHz, Yb:YAG regenerative amplifier output. Each channel supports few-cycle pulses. By coherently
combining the three few-cycle channels, light transients spanning from 0.45 to 2.7µm can be generated (1). The sub-cycle waveforms
can be furthermore extended to far-infrared by DFG of the seed pulses (2) [58].
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Figure 7. CEP-stable super-octave spectrum directly generated from a 1-ps Yb:YAG thin-disc regenerative amplifier [58].

scaling multi-octave optical waveform synthesis to the
multi-terawatt regime. In coherent synthesis of few-cycle
pulses, fine control over the spectral phase, the relative
phase of each pulse, and their relative timing jitter are
crucial. For this purpose, the amplified pulses at each
OPCPA channel are sent to delay stages to control the
relative phase of each arm. Afterwards, each amplified
pulse is compressed to its Fourier transform limit sup-
porting few-cycle pulses by employing a chirped-mirror
compressor. Finally, the compressed pulses are combined
and coherently superimposed by using two broadband
dielectric beam combiners. Changing the relative ampli-
tude and relative timing of the three pulses can result
in a great variety of sub-cycle optical light transients.
The simulated OPCPA’s spectra of the proposed syn-
thesiser, shown in Figure 8(a), were used to simulate
three different light transients, by changing the relative
amplitude andphase of theOPCPAchannels analytically.
The results are shown in Figure 9.

As with any kind of interferometer, relative timing
fluctuations between the three arms of the synthesiser
should be suppressed to achieve a stable light transient.
Here, as each of the pulses contains an electric field with
just two or three cycles, relative timing drifts have to be
compensated to a fraction of the half-field cycle. The int-

rinsically CEP-stable OPCPA seed, in combination with
a balanced optical cross-correlator [65] for temporal drift
compensation, ensures a stable transient at the synthesis
point (Figure 9).

The generated light transient can be optimised to ext-
end HHG into the keV regime. The generation of iso-
lated attosecond pulses with the highest possible photon
energy ideally calls for a waveform consisting of two
strong half-cycles of the electric field, one for pushing
electrons away from their parent ion and a second for
pulling them back. As discussed earlier, driving pulses
with more than two half-cycles causes undesirable
pre-ionisation in the interactionmedium, reducing XUV
production efficiency by reduced phase-matching and/or
depletion of the ground state. Moreover, a Gaussian
single-cycle waveform unavoidably truncates the achiev-
able cut-off energy, as the relative amplitude of each half-
cycle is fixed to a sinusoidal shape. Tailored multi-octave
transients are capable of circumventing this problem, as
the required half-cycles can be turned on much more
abruptly thanks to the available bandwidth, allowing an
efficient maximisation of harmonic photon energy. In
addition, the abrupt turn-on of the intense cycle effi-
ciently suppresses pre-ionisation, resulting in a higher
keV harmonic yield.
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Figure 8. (a) Amplified spectra (top) and the corresponding waveforms (bottom) of the synthesiser’s three channels obtained from the
simulationwith: blue for the visible channel, red for near-infrared, orange formid-infrared and green for the extension to the far-infrared.
All individual channels support few-cycle pulses [47]. (b) The first Experimental demonstration of the amplified spectra of the NIR and
MIR channels of the waveform synthesiser. In the NIR channel amplification was done in a 4mm LBO crystal, pumped by 1mJ at 515 nm.
In the MIR channel 1mJ at 1030 nmwas used to pump a 2mm thick periodically poled LiNbO3 (PPLN) crystal [58].

The cut-off energy in HHG also depends on the ene-
rgy distribution between the spectral components of the
transient. Low-frequency photons tend to extend the cut-
off energy although high-frequency photons are desired
for the ionisation process despite tending to reduce the
cut-off energy. Therefore, adding a selectively introduced
chirp to the transient in order to shift the high-frequency
photons of the VIS channel of the synthesiser to the
leading edge of the transient, where the first half-cycle
is required to ionise the atom, should extend the cut-off
energy even further [47].

Figure 10 shows the calculated dipole response of a
single He atom for different transients at a peak intensity
of 50×1014 W/cm2, for the three cases of (i) zero spectral
chirp anduniform spectral density, (ii) zero spectral chirp
and optimised spectral density, (iii) optimised chirped
and optimised spectral density. It can be seen that the
third case results in the highest cut-off energy amongst
others. Here the spectral density of the transient is opt-
imised in favour of low-frequency photons, resulting in
more amplification of the MIR channel relative to the
NIR and VIS channels in the OPCPA chain. Addition-
ally, high-frequency photons are selectively moved to the
leading edge of the transient by adjusting the relative
temporal delay of the VIS channel to the MIR and NIR
channels.

For such laser fieldswith large amplitude, themagnetic
field of the laser will become large enough to affect the
trajectories of the liberated electrons via Lorentz force,
and relativistic effects set in. Consequently, the probabil-
ity of an electron’s recombination with its parent ion and
hence the efficiency of HHGwill be reduced. However, at
the field amplitudes considered for the above-mentioned
simulation, the magnetic drift of the electrons is still at a
tolerable level.

Figure 11 summarises the results of preliminary num-
erical studies aimed at finding the optimum light tran-
sient available from the discussed apparatus for isolated
attosecond pulse generation with the highest possible
efficiency at keV photon energies. The best light tran-
sient which has been found so far does indeed exhibit
the features described above: a light transient carrying
most of its energy in a single intense wave cycle, which
is turned on as abruptly as possible with the available
spectral bandwidth. With this optimised light transient
the photon energy of a single attosecond pulses reaches
2.5 keV, a new regime that has not been possible so far.

4. Outlook

Direct observation and the understanding of electronic
motion near the atomic core is a long-standing dream
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of physicists. Applying this knowledge to examine the
interaction of charge carriers within solids and their rel-
axationmechanisms could open paths to new technolog-
ical applications in information processing and ultrafast
electronics.

The heart of attosecond spectroscopy [27] lies in adv-
ancing our understanding of atomic-scale electron mot-
ion [66,67] and provides access to dynamic changes in
the atomic and electronic structure ofmatter. Attosecond
temporal resolution has enabled the direct measurement
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Figure 11. Schematic of a proposed attosecond metrology beamline. The optimised light transients (a) are focused into He gas (b) at
a peak intensity of 50 × 1014 W/cm2 to generate isolated attosecond X-ray pulses. The metal filter is used to separate the generated
attosecond pulses from the light transient. The HHG spectrum from such a light transient, obtained from the simulation (c) extends to
2.5 keV photon energy and X-ray regime. Image of HHG gas nozzle: courtesy of Ferenc Krausz.

Figure 12. Proposed sketch of the X-ray diffraction, attosecond spectroscopy Set-up. The optimised light transient for HHG is focused
into a noble gas to generate X-ray attosecond pulses. The filtered X-ray pulses and the light transient are separated spatially by using a
pierced mirror and a metallic filter. Thereafter the X-ray pulses are focused to a solid sample for probing the electron dynamics of the
solid, while the light transient is used to excite electrons in the target. By changing the relative delay between the pump and probe arms,
and recording the X-ray diffraction pattern of the sample, a four-dimensional movie of the electron dynamics can be reconstructed.

of fundamental processes, such as electron tunnelling
[68], electron wave packet dynamics [69] and photoe-
mission [70].

X-raydiffractionmicroscopy is capable of reconstruct-
ing the three-dimensional stationary atomic structure of
solids or molecules as well as the distribution of electrons
inside atoms.

Therefore, a complete picture of the electrodynamics
in solids, with subatomic resolution in space and time, is
possible by combining X-ray diffraction and attosecond
spectroscopy. Analytical studies suggest that the instan-

taneous charge distribution in matter can be probed by
attosecond pulses [27] producing a diffraction pattern,
and the movement of the electrons can be recorded by
varying the arrival time of the X-ray pulses with attosec-
ond resolution. Consequently, it could be possible to
record freeze-frame snapshotswith picometre spatial res-
olution and attosecond exposure time, creating a four-
dimensional (4-D) movie of the evolution of electrons in
solids.

The current generation of 4-D imaging is unable to
access atomic-scale electronic rearrangements in solids
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Figure 13. Attosecond X-ray diffraction: As a coherently induced
charge oscillation takes place in an atom or molecule, an
incident X-ray pulse takes a diffraction snapshot of the electron
distribution at the time of interaction; changing the time delay
between the source of the excitation and the attosecond pulse
allows for the temporal evolution of the charge density to be
directly measured in time and space. The figure represents the
simulated dynamic of hydrogen atoms when they are exposed
to 100-as, X-ray pulses and are excited into the 1S-2P coherent
superposition state. As it is shown the electron dynamic can
be reconstructed by means of X-ray diffraction, attosecond
spectroscopy [27].

and molecules. Time-resolved X-ray diffraction that has
been implementedwithX-rays from laser-producedplas-
mashas a sub-picosecond temporal resolution [71].X-ray
pulses from large-scale facilities such as synchrotrons are
also limited to picosecond temporal resolution. Gener-
ated X-ray photons from free electron lasers (FEL) only
support femtosecond temporal resolution and they have
a different pulse-to-pulse, pulse duration [72].

Moreover, the external synchronisation of FEL with
a fs laser source is cumbersome and limited to the tem-
poral jitter between the two laser sources. Electron time-
resolved diffraction microscopy [73–75] as an alternative
provides picometre spatial resolution but is also limited
to fs temporal resolution [76–78]. Therefore, there is a
demand for a table-top source that generates isolated
attosecond X-ray pulses.

Existent isolated attosecond pulses provide subatomic
time resolution limited to nanometre spatial resolution.
Ti:Sa-based attosecond sources produce spectroscopically
useful photon fluxes limited to photon energies of 180 eV
[31]. These pulses have a wavelength of 6.8 nm, enabling
resolution of charge movement on a scale of tens of
nanometres. However, the short wavelength of attosec-
ond pulses holds equal potential for high spatial resolu-
tion imaging if it can be extended to X-ray photons.

Hence, the real-time observation of electronic changes
calls for attosecond temporal resolution to be combined
with the subatomic spatial resolution. A proposed
schematic of such a pump-probe apparatus is shown in
Figure 12. The attosecond keV X-ray pulses enabled by
the described apparatus constitute an ideal light source
for observing the evolution of charge polarisation in exc-
ited solids with picometre resolution in space and
attosecond resolution in time. This method may elu-
cidate electron dynamics in inner shells; thus opening
the door for time-resolved intra-nuclear dynamics
(Figure 13).

The isolated keV attosecond pulses being made avail-
able will open the door to attosecond X-ray diffraction,
offering the ability to track the motion of electrons in
solids with picometre-attosecond space–time resolution
for the first time. Capturing the temporal evolution of the
spatial probability distribution of electrons will provide
access to dynamic processes of matter at the most funda-
mental level. Moreover, access to transient electron den-
sity distributions will provide direct insight into highly
sophisticated motions in complex systems, previously
inaccessible to time-resolved interrogation.

Parallel to the current exciting progress towards
OPCPA-based waveform synthesisers utilising Ti:Sa [79]
or Yb:YAG [45] laser technology, recent development
in 4µm and even 7µm few-cycle laser sources holds
promise for yet another revolution in generation of sub-
cycle light transients in the near future [80–82].
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