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High-energy few-cycle pulses: post-compression 
techniques
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ABSTRACT
Contemporary ultrafast science requires reliable sources of 
high-energy few-cycle light pulses. Currently two methods 
are capable of generating such pulses: post compression of 
short laser pulses and optical parametric chirped-pulse 
amplification (OPCPA). Here we give a comprehensive over-
view on the post-compression technology based on optical 
Kerr-effect or ionization, with particular emphasis on energy 
and power scaling. Relevant types of post compression tech-
niques are discussed including free propagation in bulk 
materials, multiple-plate continuum generation, multi-pass 
cells, filaments, photonic-crystal fibers, hollow-core fibers 
and self-compression techniques. We provide a short theore-
tical overview of the physics as well as an in-depth descrip-
tion of existing experimental realizations of post 
compression, especially those that can provide few-cycle 
pulse duration with mJ-scale pulse energy. The achieved 
experimental performances of these methods are compared 
in terms of important figures of merit such as pulse energy, 
pulse duration, peak power and average power. We give 
some perspectives at the end to emphasize the expected 
future trends of this technology.
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1. Introduction

The shortest events the mankind could ever generate are light pulses. In the 
visible to near-infrared spectral range, they have a duration of a few femtose-
conds [1], which paved the way to the emergence of attosecond science by 
enabling the generation of XUV pulses of several tens of attoseconds duration 
via high-harmonic generation [2,3]. They are the tools of choice [4] for 
exploring electron dynamics inside atoms, molecules and solids [5–10] or in 
nanostructures [11]. They are necessary for understanding fundamental phe-
nomena like magnetism [12] or charge migration inside molecules [13]. Few-fs 
laser pulses can also be utilized for the generation of relativistic electron 
bunches [14] and for the imaging of the plasma waves that accelerate these 
electrons [15]. Such pulses are at the limit posed by fundamental natural laws 
in several aspects. As light is an oscillating electromagnetic field, an ultimate 
limit of its shortest possible duration is half an oscillation period. As this 
‘optical cycle’ is the reciprocal of the carrier frequency (the first moment of 
the spectrum), it is strongly wavelength dependent e.g. 0.67 fs, 2.67 fs and 6.67 
fs for pulses with a central wavelength of 200 nm, 800 nm and 2000 nm, 
respectively. This also means that in the quest for ever shorter pulses one 
migrates towards shorter central wavelengths, this is why the overwhelming 
majority of attosecond pulses are generated in the extreme ultraviolet (XUV) 
spectral range. As the pulses getting shorter approaching the ultimate limit, the 
number of optical cycles inside the full width at half maximum (FWHM) of the 
pulse envelope will decrease, as shown in Figure 1, causing growing jumps 
between the consecutive electric field maxima.

The carrier-envelope phase of such pulses (see Figure 1(a)), i.e. the phase 
shift between the sinusoidal carrier wave and the peak of the intensity or 
field envelope, starts to play an important role in light-matter interaction. In 

Figure 1. Electric field and intensity of few-cycle pulses. (a) electric field (red), field envelope (grey) 
and carrier-envelope phase (ϕCEP = π/6) of a 3.75 fs (1.5 cycles) pulse with 750 nm central 
wavelength, (b) intensity (grey) and instantaneous intensity (red) of this pulse.
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this paper we focus on the generation of high-energy light pulses containing 
only a few optical cycles in the FWHM of the pulse envelope.

In order to see what is needed for the generation of few-cycle pulses we 
have to understand a fundamental behavior of light pulses (electromagnetic 
wave packets): a pulse can be fully described either in time or in frequency 
domain which are connected by the Fourier transformation. This is analo-
gous to the representation of particles in quantum mechanics where the two 
domains are space and momentum. According to the bandwidth theorem 
[16] – which describes an inherent property of the Fourier transform – the 
product of the widths in both representations cannot be arbitrary small but 
has a minimum value. In quantum mechanics this is known as Heisenberg’s 
uncertainty relation, in ultrafast optics it reads as 

Δt � Δω � const: (1) 

where Δt is the pulse duration and Δω denotes the spectral bandwidth. 
According to (1) for a given spectrum the pulse duration has a minimum 
value where (1) becomes equality, which is called Fourier-transform limit. 
This happens if all components of the spectrum are in phase giving rise to 
constructive superposition. Eq. 1 has direct consequences for the generation 
of few-cycle pulses: (i) the spectral width should be sufficiently broad to 
support the pulse duration, e.g. about an octave for single-cycle duration 
and (ii) the spectral phase should be nearly constant over the entire spectrum 
(transform-limit). Both conditions are challenging to fulfill but the first one 
has larger influence on the architecture of the light source. Most of the 
frequently used lasers have too narrow gain bandwidth due to the finite 
widths of the energy levels of the amplifying medium, therefore the spectrum 
of their pulses needs to be broadened first before they can be compressed to 
few-cycle duration. This technique is called post compression (compression 
after amplification) which is overviewed in this paper. Another appealing 
approach is to find media, which unlike most lasers have enough gain 
bandwidth to directly generate or amplify few-cycle pulses. Optical para-
metric processes involving virtual states can support arbitrary broad spectral 
range where only the phase-matching condition together with the spectral 
transmission range of the amplifying medium pose limitation on the practi-
cally achievable bandwidth. In many practical cases optical parametric 
chirped-pulse amplifiers (OPCPA) can indeed have enough bandwidth 
required for direct few-cycle generation or amplification. This approach is 
the subject of a separate publication.

The rest of this paper concentrates on the post-compression techniques. 
Spectral broadening can be achieved by inducing nonlinear interaction 
between intense light pulses and the propagation medium. In the course 
of such interactions the pulses suffer nonlinear phase distortion leading to 
the emergence of new spectral components. Although the spectrum of the 
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pulses broadens, the pulse shape does not change much during the interac-
tion. As a result a phase-modulated (chirped) pulse is obtained which has 
a much shorter transform-limited duration. This potential can be exploited 
by a proper chirp management which brings all spectral components in 
phase making the spectral phase of the pulse constant. Therefore, in most 
cases post compression encompasses two distinct steps: spectral broadening 
followed by chirp compensation. This strategy was introduced already in the 
late 60s. In the first approach an active frequency shifter was utilized for 
inducing new spectral components [17] which was able to achieve a factor of 
two compression of 500 ps pulses of a mode-locked helium-neon laser [18]. 
Shortly later, R.A. Fisher et al. proposed a scheme [19] which forms the basis 
of almost all pulse compressors till today: it uses self-phase modulation 
driven by the optical Kerr-effect for spectral broadening and a grating pair 
for compression [20,21]. In the first experimental demonstration ten times 
compression of 20 ps pulses was achieved [22].

Dependent on the pulse duration, bandwidth and central wavelength there 
are different options for the chirp management. The vast majority of post 
compressors incorporate a set of chirped mirrors [23–25] and an additional 
glass wedge pair for continuous tuning of the chirp. For very precise chirp 
compensation needed for sub-1.5-cycle pulses additionally to the chirped 
mirrors one can incorporate third-order dispersion (TOD) compensation 
using a combination of bulk materials with different ratios of the group- 
delay dispersion (GDD) to the TOD [26,27]. Other techniques include pulse 
shapers [28,29] or pulse synthesizers, where the ultra-broadband spectrum is 
first split into spectral branches compressed separately by different sets of 
chirped mirrors and finally recombined [30,31]. In the infrared spectral range, 
where the material dispersion changes sign, simple propagation through bulk 
glass can replace the chirped mirrors [32], making the arrangement simpler.

In some special cases such as filamentation or soliton dynamics, the 
pulses might self-compress at some distinct positions in the course of the 
nonlinear propagation without the need of extra chirp management.

The typical nonlinear interaction that is used for spectral broadening is 
self-phase modulation due to the optical Kerr-effect. However, self-phase 
modulation can also be induced by other nonlinear effects, such as photo-
ionization. These will be discussed in the following section.

2. Basics of spectral broadening

In order to understand the potential and limits of post-compression tech-
niques, we need to briefly overview the fundamentals of spectral broad-
ening. Here we focus on self-phase modulation, as it is applied in the 
overwhelming majority of post compressors, and give a heuristic view on 
the creation of new spectral components.
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The electric field of a short light pulse propagating along the z-axis can be 
described by Eðt; zÞ ¼ aðt; zÞ cosðϕðt; zÞÞ with an envelope aðt; zÞ and 
a phase term ϕðt; zÞ ¼ ω0t � k0z ¼ ω0t � zω0n=c , where ω0 denotes the 
angular carrier frequency, n the refractive index of the medium and c the 
speed of light in vacuum. It is useful to introduce the instantaneous frequency, 
which is defined as the time-derivative of the phase term [33]: 

ωinstðt; zÞ;
@ϕ
@t
¼ ω0 �

ω0

c
@nðt; zÞ
@t

z: (2) 

Eq. 2 suggests that the instantaneous frequency shifts if the refractive index 
of the medium changes during the passage of the light pulse leading to the 
creation of new spectral components and thus to spectral broadening. If the 
refractive index change is induced by the pulse itself, then we call it self- 
phase modulation (SPM), while if the change is caused by another pulse (e.g. 
due to four-wave mixing or stimulated Raman scattering [34]) then it is 
called cross-phase modulation (XPM). Most of the post compressors utilize 
SPM because it is much simpler than using two well-synchronized pulses. In 
the followings, we introduce two physical mechanisms that can result in 
such fast phase modulation: the optical Kerr-effect and photoionization.

2.1. Spectral broadening based on the optical Kerr-effect

If the intensity of a light pulse propagating in a medium is high enough to 
significantly distort the atomic potential of the medium constituents, then the 
valence electrons will oscillate anharmonically changing the macroscopic 
properties of the medium. In particular, the refractive index becomes inten-
sity dependent which is known as the optical Kerr effect: n ¼ n0 þ n2Iðt; zÞ, 
where n0 is the linear refractive index and n2 is the nonlinear refractive index 
with units of cm2/W and I denotes the light intensity. In gases, the nonlinear 
refractive index is linearly proportional to the gas pressure (p): n2 ¼ p � κ2. In 
the presence of the optical Kerr-effect the instantaneous frequency takes the 
following form: 

ωinstðt; zÞ ¼ ω0 �
ω0

c
n2
@Iðt; zÞ
@t

z: (3) 

On the slope of the pulse envelope, new spectral components are created, 
and as the slope changes the instantaneous frequency shifts, as illustrated in 
Figure 2.

Figure 2 helps in understanding the characteristic features of the spec-
trum formed by Kerr-induced SPM: (i) The leading edge of the pulse 
broadens the red side while the trailing edge the blue side of the spectrum. 
(ii) The maximal spectral shifts at both sides of the spectrum and thus the 
total amount of broadening are determined by the highest slopes of the 
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Figure 2. Self-phase modulation due to the optical Kerr-effect. (a) input pulse shape, (b) 
normalized instantaneous angular frequency shift, (c) SPM-broadened spectrum at 
a B-integral of 9π (the input spectrum is marked by a shaded area).
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pulse (blue line). Furthermore, the pulse energy is proportional to the 
integral of both the pulse shape and the spectrum. Therefore, the steeper 
the slope is, the less energy it contains which is distributed in a broader 
spectral region. Consequently, the spectral amplitude corresponding to 
a steeper part of the pulse decreases with the steepness rapidly, as it is seen 
in Figure 2. This can be often observed in spectra measured after filamen-
tation exhibiting a very broad blue spectral tail with an amplitude at 
the percent level. These wings are generated by extreme self-steepening 
of the pulse in the course of filamentary propagation [35]. (iii) Besides 
these extrema on each side of the pulse with the maximum slope at the 
inflection points, there are always two positions with the same slope. These 
parts of the pulse generate the same spectral component at different times 
(red lines) leading to spectral interference. As the time difference con-
tinuously increases with decreasing slope (smaller spectral shift), we can 
observe spectral fringes with decreasing period towards the central wave-
length. In fact, the SPM-broadened spectra exhibit a number of B=π peaks 
(e.g. 9 in Figure 2). (iv) Near the peak of the pulse and at the low-intensity 
pedestals no spectral shift occurs, these regions all contribute to the 
spectrum around the center wavelength (green lines). However, if the 
pulse has considerable pedestals then the low slope occurs at several 
largely separated temporal moments leading to fast oscillations with 
large amplitude near the center wavelength (well observable in most 
experimentally recorded SPM spectra). We note that if a temporal contrast 
enhancement method (e.g. nonlinear ellipse rotation) is applied to an 
uncompressed SPM-broadened pulse which cuts the low-intensity parts 
of the pulse, then the spectral modulations can be effectively suppressed 
leading to a bell-shaped spectrum [36].

How much the Kerr effect modifies the pulse, can be described by the 
nonlinear part of the phase shift ϕ accumulated at the peak of the pulse 
during propagation, which is expressed by the so-called B-integral: 

B ¼
ω0

c

ðL

0
n2ðzÞIðzÞdz ¼

2π
λ

n2I0Leff ; (4) 

where λ ¼ 2πc=ω0 is the central wavelength in vacuum and I0 ¼ Iðt ¼ 0; z ¼

0Þ the peak intensity of the input pulse, and Leff ¼

ðL

0
n2ðzÞ=n2 � IðzÞ=I0dz 

denotes the effective length of the nonlinear interaction. The effective length 
takes into account intensity changes during propagation, e.g. due to losses or 
gain and also if the nonlinearity of the medium changes, e.g. due to pressure 
variations in gases. In the particular case of Gaussian pulses the link between the 
spectral broadening and the B-integral takes an analytical form [37]: 
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F;
Δωout

Δωin
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
4

3
ffiffiffi
3
p B2

s

; (5) 

where F denotes the spectral broadening factor, Δωin and Δωout are the rms 
spectral bandwidths of the pulse before and after the nonlinear interaction. 
If the B-integral exceeds 2.5 then the spectral broadening factor is approxi-
mately linearly proportional to the B-integral: F � 0:88B. Although this 
analytical expression is only valid for Gaussian pulses, it gives 
a surprisingly good approximation for more complex cases: e.g. in case of 
Figure 2(c) the simple approximation results in 24.9, which agrees with the 
numerical value of 25.3 within an error of 2%.

The self-phase modulation can also be interpreted in a way that due to the 
Kerr effect the phase velocity v ¼ ω=k ¼ c=n of the light becomes intensity 
dependent, which leads to spectral broadening. However, if the refractive 
index is intensity dependent then the group velocity vg ¼

dω
dk ¼

c
nþωdn

dω 
will 

also be intensity dependent. As the pulse envelope propagates with the 
group velocity, the peak of the pulse will propagate slightly slower than its 
flanks. Therefore, the slope of its leading edge decreases while the falling 
edge will be steeper (similarly to Figure 2(a)). This effect is called self- 
steepening and plays a significant role for the propagation of short pulses 
(<50 fs) or by longer pulses with very large B-integral (>40).

The Kerr-effect can modify intensive light pulses not only in the time (or 
frequency) domain, but it can also influence their spatial properties. Specifically, 
intense pulses having a bell-shaped spatial distribution (e.g. Gaussian) collect 
maximum phase shift in the middle of the beam profile during propagation in 
Kerr-media and the phase shift gradually decreases as the intensity drops along 
the beam radius. This acts analogously to the propagation through a convex 
lens, therefore this effect is called self-focusing. Dependent on the strength of 
the nonlinearity the Kerr lensing can overcome the natural divergence of the 
free propagating beam. As both effects induce a spherical wavefront curvature 
which scales inversely proportional with the square of the beam size, it is not the 
intensity but the peak power of the pulse which governs the propagation [38]. If 
the peak power of the pulse reaches the critical power of self-focusing (Pcr) then 
the two effects balance each other and the beam size remains constant during 
propagation, beyond that threshold the beam will be focused. There are 
numerous definitions of Pcr slightly differing from each other by a constant 
factor dependent on the defining mechanism [38] and on the beam profile [39]. 
In order to gain simple analytical results we will use the following definition: 

Pcr ¼
1

2π
λ2

n0n2
: (6) 
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2.2. Photoionization-induced spectral broadening in gases

Another effect which can lead to SPM is photoionization [40]. The free- 
electron plasma emerging from the ionization process has a refractive index 
less than unity:

np ¼

ffiffiffiffiffiffiffiffiffiffiffiffi

1 � ω2
p

ω2
0

r

� 1 � ω2
p

2ω2
0
, where ω2

p ¼
e2

meε0
ρ,                   (7)

here ωp denotes the plasma frequency and ρ is the free-electron number 
density. As the refractive index of gases is very close to unity, its change due 
to the free-electrons is 

Δn � �
ω2

p

2ω2
0
¼ �

e2

2meε0ω2
0

ρðt; zÞ: (8) 

The recombination time of the ions is at least in the order of several 
picoseconds, much longer than the laser pulses, therefore, the electron 
density during the pulse is a monotonically increasing step-shaped function. 
Furthermore, the evolution of the electron density is well described by a rate 
equation, which can be further simplified in case of weak ionization: 

dρ
dt
¼ wðρ0 � ρÞ � wρ0; (9) 

where ρ0 is the number density of the gas and w is the ionization rate, which 
is a strongly nonlinear function of the light intensity [41–44]. Combining 
Eqs. 2, 8 and 9 we obtain the instantaneous frequency in case of ioniza-
tion as: 

ωinstðt; zÞ � ω0 þ
ρ0e2

2meε0cω0
wðIðtÞÞz: (10) 

It shows that in this case the newly created spectral components have always 
higher frequency than the carrier. Therefore, the center of gravity of ioniza-
tion-broadened spectra is at lower wavelength compared to the input, which 
is often referred to as a blue shift. Furthermore, as the ionization rate and 
thus the instantaneous frequency is a sharp bell-shaped function of time, the 
induced chirp will have significant higher-order content, which makes the 
chirp management more difficult.

3. Spectral broadening during free propagation

Using free propagation in homogeneous nonlinear media is conceptually the 
simplest spectral broadening method. However, there are inherent problems 
connected to free-space propagation: (i) as the spectral broadening is 
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proportional to the B-integral it can vary across the beam profile if the 
intensity is not uniform. Furthermore, (ii) if the peak power of the pulse is 
higher than the critical power then self-focusing sets in, not only for the full 
beam [45] but also on the small scale, which leads to beam break-up in case of 
the B-integral exceeds ~3 [46]. This can only be mitigated by splitting the 
nonlinear propagation into separate steps each with a moderate B-integral and 
applying careful beam filtering between the subsequent stages.

3.1. Free propagation in bulk

In the first report on high-energy fs pulse compression by C. Rolland and P. 
B. Corkum on quasi uniform spectral broadening in a bulk medium [47] by 
filtering out the low-intensity wings of the beam 19–24 fs pulses with 7 to 
110 µJ were obtained representing an energy record on that time scale. 
However, there was a trade-off between the spectral uniformity and thus 
temporal purity and the transmission, which varied between ~4 and 20%. In 
a modified arrangement 12 fs pulses with 70 µJ or 14 fs pulses with 220 µJ 
could be achieved [48].

This concept experienced a boost in the context of the compression of 
multi-J, multi-TW to PW lasers having well-engineered flat-top beam 
profiles. Using the so-called Thin Film Compression (TFC) G. Mourou 
et al. envisioned the generation of single-cycle 100 J-level pulses focused 
to ultra-relativistic intensities of 1024 W/cm2 on the basis of simulations 
[49]. Currently, the reach of these goals is still far away, nevertheless 
substantial steps in energy scaling are achieved at moderate compression 
factors [50]. Especially, the fivefold compression of a part of a 17 J, 250 TW 
laser beam down to 14 fs (4.6 optical cycles) is promising [51]. In a recent 
publication the group demonstrated the generation of 3.25 J pulses at an 
average duration of 13 fs whereas the pulse duration strongly varied between 
6.4 and 29 fs along the beam profile [52].

3.2. Multiple-plate continuum generation

In the followings, we overview a spectral broadening method, which at first 
glance might be very similar to the above TFC technique; however, in fact it 
is different.

The idea of A. H. Kung et al. in [53] is using very thin (0.05–0.5 mm) glass 
plates, which are placed in an intense converging beam at ~20 TW/cm2 

intensity, as shown in Figure 3(a). As the peak power is several hundred 
times larger than the critical power in the plate the beam starts self-focusing. 
However, the plate is so thin that the beam exits the plate before collapse and 
gets focused behind the plate in air. Behind the focus another plate is placed 
into the divergent beam which will be refocused again by the self-focusing 
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effect inside the next plate. As each plate can introduce a B-integral of 4–5 
[54,55], a sequence of such refocusing thin plates can result in superconti-
nuum (Figure 3(b)) and very large compression factors down to the single- 
cycle limit [56]. The downside of this technique is the poor energy scalability 
(sub-mJ regime), as it inherently relies on condensed materials with high 
nonlinearity, and a small amount of remaining spatial chirp of the output 
beam [57].

3.3. Multi-pass cells

The idea of multi-pass cell compressors is similar to the previous method in 
the sense that the nonlinear interaction takes place in the vicinity of 
a sequence of foci. However, unlike the multi-plate arrangement, here the 
refocusing is obtained by conventional optics instead of self-action inside the 
nonlinear media. In this technique, the nonlinear medium is placed inside 
a Herriott-type cavity which preserves the beam parameters [58–60] and acts 
as a ‘discrete’ waveguide (Figure 4(a)). In such a cavity it is possible to achieve 
several tens of passes through the nonlinear medium which supports large 
spectral broadening, as shown in Figure 4(b), at low amount of nonlinearity 
per pass B<< π, as was pointed out in the original publication of J. Schulte 
et al. [61]. The low single-pass B-integral is essential to keep the beam 
parameters constant, matching the cavity. Furthermore, finely dosed Kerr- 
nonlinearity separated by free-space propagation steps results in 
a homogeneous spectral distribution across the beam profile, as was shown 
by numerical simulations [62] and also experimentally [63]. Originally, the 
multi-pass cell compressor incorporated glass material as nonlinear medium 
for low-energy (few µJ) lasers [61,63,64]. Later, in order to scale up the pulse 
energy to the mJ level, the Herriott-cells were placed in a sealed container and 
used noble gas as nonlinear medium instead of solids [65–67].

The multi-pass cell compression was developed for high-repetition-rate, 
high-power ytterbium-based slab and thin-disk lasers delivering pulses of 

Figure 3. Schematics of multiple-plate continuum generation (a) and the input and broadened 
spectra after indicated number of plates as well as just in air (b). Reprinted with permission from 
[53] © The Optical Society.
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several 100 fs to ps duration. They exhibit excellent throughput in the range of 
85–95%, dependent on the reflectivity of the cavity mirrors and on the 
number of roundtrips. With a single-stage gas-filled multi-pass cell, 1.3 ps 
pulses with the so far highest energy of 18 mJ were compressed to 41 fs 
duration at an average power of 90 W in a 45-pass cell filled with 600 mbar 
argon (Figure 4) [67]. This results in a record compression factor of ~32 at an 
excellent overall transmission of 95.7%. With this technique, the highest 
average power of 530 W was achieved compressing 590 fs 1.1 mJ pulses to 
30 fs (20 times compression) at 500 kHz repetition rate in a 44-pass cell with 
a throughput of 96% [68].

Most of the achievements till today report on the compression to 
a duration not shorter than ~20 fs. The first successful attempt to reach the 
few-cycle regime with this technique utilized a cascade of two krypton-filled 
cells [69]. The first stage compressed the 2 mJ 1.2 ps pulses to 32 fs with 80% 
efficiency in 44 passes while the second stage could only be used at a reduced 
input energy of 0.8 mJ which then compressed the pulses to 13 fs in 12 passes 
at a throughput of only 46%. While the first stage performed optimally, 
the second one was clearly suffering from the high peak power of the pulses 
and from the low performance of the silver cavity mirrors in terms of both 
reflection and damage threshold.

3.4. Filaments

If the peak power of an ultrashort pulse propagating in a transparent medium 
exceeds the critical power of self-focusing several times (5–10 times) then 
a self-guided propagation can occur, which is called filamentation. It is 
a result of a very complex dynamical interplay mainly between the Kerr- 
effect (self-focusing, SPM and self-steepening), photoionization (absorption 
and defocusing) and linear effects (diffraction and dispersion) [70,71]. In the 

Figure 4. Schematics of continuum generation in a multi-pass cell with 45 passes (a) and input 
(orange) and broadened output spectrum (blue) with retrieved spectrum (black) and phase (green) 
from the SHG-FROG measurement showing 41 fs compressed duration (b). Reprinted with permis-
sion from [67] © The Optical Society.
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course of filamentary propagation the spectrum of the pulses undergoes an 
asymmetric spectral broadening resulting in a long weak tail on the blue side 
of the spectrum formed primarily by the optical Kerr-effect involving strong 
self-steepening [72] (see also Sect. 2).

Filaments can occur both in condensed materials (such as solids and 
liquids) and gases in a similar way, however, at very different intensities 
according to the different linear and nonlinear properties of the media. 
Filamentation in solids is induced by low-energy fs to ps pulses of the order 
of a few µJ. This process leads to coherent white light or supercontinuum 
generation spanning over several octaves with a spectral density of ~10 pJ/nm. 
This simple and robust technique finds numerous applications in spectro-
scopy or in light sources, e.g. by seeding OPCPA systems. Although filamen-
tation in bulk solid media is a very well-developed and broad research field, it 
is less relevant from the energy scaling perspective; therefore, we refer to an 
in-depth review of [73].

At higher pulse energies of the order of a mJ, filaments can be generated 
in gases what we will briefly summarize here. U. Keller’s group was the first 
to utilize filamentation in a pulse compression scheme for Ti:sapphire laser 
pulses [74]. C.P. Hauri et al. achieved 5.7 fs CEP-stable pulses with 0.38 mJ 
energy by spectral broadening in two cascaded argon filaments. Later, the 
group could gradually improve the results to 5.1 fs and finally to 4.9 fs 
[75,76]. Using 2-cycle pulses as input for filamentation, very broad spectra 
spanning from below 300 nm to beyond 1 µm were obtained in argon [77] 
and in helium [78] with an energy of up to 200 µJ. M. Kovacev’s group 
obtained 7 fs pulses [79] and subsequently sub-4 fs pulses [80] by inducing 
a single filament in a semi-infinite gas cell filled with argon using 35 fs long 
input pulses. By varying the chirp introduced by chirped mirrors after the 
filament, they observed compressed pulses at several chirp settings suggest-
ing a rather complex pulse structure.

There is a severe energy limitation for 800 nm driver pulses, which can be 
mitigated by up-scaling the laser wavelength and matching the geometry of the 
propagation [81]. Thus higher pulse energies can be obtained in the mid- 
infrared spectral range mostly due to the advantageous wavelength scaling of 
the critical power [82] (see Sect. 2.1). Recently, at 1.8 µm central wavelength 
11.8 fs, sub-2-cycle pulses with 2.1 mJ were obtained at a peak power of 0.2 TW 
by a two-stage argon filament compressor [83]. In this work the short pulses 
were successfully used to generate high-harmonics in a helium-filled gas cell 
covering the entire water window. At even longer wavelength of 3.9 µm, 15 mJ, 
100 fs output of a mid-infrared OPCPA was spectrally broadened in a single 
filament in nitrogen and subsequently compressed to 2.5-cycle duration at 31.5 
fs with 13 mJ energy at a peak power of 0.3 TW [84].

However, post-compression in the visible/near-infrared spectral range 
utilizing filamentation has been abandoned by most of the groups mainly 
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due to the following reason: in the filament the temporal pulse profile varies 
considerably with the lateral position in the beam profile having optimal 
shape only in the center, as shown in [76,85]. Therefore, only the center 
region of the beam, containing a small fraction of the full energy well below 
1 mJ, can be used as a source of short pulses.

Besides spectral broadening, the rich dynamics during filamentation can 
lead to self-compression which will be treated later in Sect. 5.

4. Spectral broadening in waveguides

Using waveguides for spectral broadening can optimally solve the two funda-
mental problems of free-space propagation: (i) In a waveguide the pulses can 
maintain their beam size and thus high intensity on an extended length 
defined solely by the waveguide geometry, which can exceed the Rayleigh 
length of the focusing by orders of magnitude. This allows the accumulation 
of very large B-integrals and therefore can result in extended spectral broad-
ening. At the same time (ii) in the course of propagation in the waveguide the 
beam undergoes permanently reflections leading to a coherent mixing of the 
different parts of the beam and to the formation of eigenmodes. The eigen-
modes exhibit the same spectral and temporal behavior over the entire 
beamprofile [86], allowing in principle perfect pulse compression. 
Furthermore, taking the ideal (diffraction-limited) beam properties of the 
eigenmodes into account, the pulse energy can also be ideally focused leading 
to the highest possible intensity. However, this ideal case is only valid, if only 
one eigenmode is involved in the propagation, since the different modes 
propagate at different speeds leading to non-compensable temporal smearing 
(modal dispersion) and deteriorated focusing properties.

The most straightforward way of mitigating modal dispersion is to use 
a waveguide where only one mode can propagate. The first controlled large 
spectral broadening was achieved in a single-mode silica fiber in the late 
seventies [87]. A few years later, combined with chirp compensation by 
a grating pair, generation of the first few-cycle pulses with gradually decreas-
ing durations was demonstrated [88–90]. In less than a decade, the techni-
que culminated in a long-standing record of the generation of 6 fs pulses 
[91], containing only 3 optical cycles inside the FWHM. It was reached 
thanks to more sophisticated dispersion compensation up to the third order 
by a sequence of a grating compressor and a prism compressor [92,93].

Although these results were a revolution for ultrafast science achieving 
unprecedented temporal resolution, the compressed pulse energy could not 
exceed a few nJ resulting in peak powers of up to the MW level and focused 
intensities up to 1011–1012 W/cm2, thus limiting the field of applications 
mainly to time-resolved spectroscopy.
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In the followings, we concentrate on basic scaling laws that elucidate 
fundamental limitations of this technique and give hints and guidelines for 
the design of high-energy pulse compressors.

4.1. Energy and power scaling of propagation in waveguides

There are two main criteria of well-controlled pulse propagation in wave-
guides [94]: (i) the peak power of the input pulse should be below the critical 
power of self-focusing (P0 < Pcr) and (ii) the peak intensity of the pulse 
should stay below the ionization threshold of the nonlinear medium 
(I0 < Ith). These are necessary for avoiding damage of solid-core waveguides. 
Furthermore, in multimode fibers both self-focusing and the free electrons 
emerging from photoionization change the divergence of the beam and 
therefore cause coupling between eigenmodes (mode mixing) leading to 
modal dispersion and increased losses.

In a waveguide each eigenmode has its own effective area Aeff which is 
only dependent on the mode profile [86]. The effective mode area estab-
lishes a constant relationship between the peak power and peak intensity of 
the pulses during the propagation: 

I0 ¼
P0

Aeff
: (11) 

According to (i), while increasing the input peak power self-focusing can 
only be avoided if the critical power is also increased accordingly. Taking 
Eq. 6 into account it requires the reduction of the nonlinear refractive index, 
which can be expressed by the following inequality: 

n2 <
1

2π
λ2

n0P0
: (12) 

Furthermore, substituting Eqs. 11 and 12 into Eq. 4 we obtain [95]: 

B ¼
2π
λ

n2I0Leff <
λ
n0

Leff

Aeff
: (13) 

Remarkably, in order to avoid self-focusing in the waveguide, the achievable 
spectral broadening for a given central wavelength in the medium is only 
limited by the fiber geometry and does not depend on other parameters of 
the pulse or on the properties of the medium.

Taking Eq. 11 into account, in order to prevent ionization by up-scaling 
the peak power the effective mode area needs to be increased according to 
the following inequality: 
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Aeff >
P0

Ith
: (14) 

The physical content of Eqs. 13 and 14 can be synthesized into a single, 
combined relationship showing the limits of spectral broadening during 
a well-controlled propagation in a waveguide: 

B<
λ
n0

Ith

P0
Leff : (15) 

According to Eq. 15, in order to avoid mode mixing due to self-focusing or 
ionization in a waveguide the maximal achievable spectral broadening is 
dependent on the input pulse (λ; P0), on the nonlinear medium (n0; Ith) and 
also on the waveguide geometry (Leff ). In general, for a given central 
wavelength, by up-scaling the peak power of the input pulse (and corre-
spondingly matching the effective area of the waveguide and the nonlinear 
index of refraction) the achievable spectral broadening decreases which can 
only be compensated by increasing the length of the nonlinear interaction. 
For a given central wavelength all the above considerations can be con-
densed into a single scaling law: 

P0 /
1
n2
/ Aeff / Leff : (16) 

In the light of the above findings, we can identify two practical routes of energy 
scaling: (i) using single-mode fibers with large mode area, or (ii) use large- 
aperture multi-mode waveguides, both with gas as nonlinear medium. 
Furthermore, migration to longer wavelengths e.g. to the mid infrared range 
offers a significant energy up-scaling potential due to the beneficial wavelength 
scaling of the critical power (see Eq. 6 and the first criterion (i)) and due to the 
also advantageous wavelength dependence of the ionization rate [41].

4.2. Photonic-crystal fibers

A significant step forward in energy scaling was made possible by the inven-
tion of microstructured fibers or photonic-crystal fibers (PCF) [96] by P.St.J. 
Russell’s group. Instead of relying on total internal reflection between a high- 
index core and a low-index bulk cladding, here the wave-guiding is achieved 
either by photonic band-gap effect or by other novel mechanisms arising from 
the periodic structure of the waveguide cladding. In this way, low-loss and 
effectively single-mode operation can be obtained where the fundamental 
mode is confined by the bandgap formed by the surrounding cladding while 
the higher-order modes are not blocked by the cladding structure letting them 
leaking out. This kind of guiding mechanism can form single-mode wave-
guides with much larger core sizes than standard single-mode silica fibers 
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have and works also for structures with a hollow core (HC-PCF) [97] which 
makes them especially attractive for power scaling. Furthermore, the disper-
sion properties of such fibers can also be designed to match a predefined 
spectral dispersion function. However, the photonic bandgap can only guide 
light with narrow spectrum which is less suited for pulse compression. The 
first broad-band HC-PCF is demonstrated by F. Benabid et al. [98] exhibiting 
low loss of a few dB/m for almost two octave bandwidth using a novel 
cladding structure called Kagome-lattice. The very effective guiding mechan-
ism was interpreted in terms of inhibited coupling and also by antiresonance 
coupling (ARROW) models. Later, similar performance could also be 
achieved by negative curvature HCFs having a substantially simpler cladding 
structure, such as the single-ring tubular lattice fiber introduced in 2011 [99]. 
The losses of both types could be reduced to the ~10 dB/km level keeping 
broadband operation [100,101]. Nowadays the core size of HC-PCF-based 
single-mode fibers can reach several tens of µm with a record exceeding 
100 µm [102] making them suitable for spectrally broaden laser pulses with 
several µJ energy at an average power of up to 100 W [103,104]. Therefore, 
these waveguides find numerous applications in sub-mJ, high-power, high- 
repetition rate systems such as oscillators [103,105] and fiber lasers [106–108]. 
For an in-depth review on this very large research field, we refer to [109].

4.3. Capillaries or hollow-core fibers

In 1996 a revolutionary paper appeared from O. Svelto’s group reporting on 
the generation of 10 fs pulses with 240 µJ energy which exceeded the energy 
of previously generated few-cycle pulses by more than three orders of 
magnitude [110]. This spectacular boost of energy was achieved by the 
combination of two deciding factors: the nonlinearity was decreased by 
a factor of thousand relative to those of the silica core of former single- 
mode fibers by using a gas medium; and at the same time the mode area was 
also increased by a large factor, in accordance with the guidelines of the 
scaling law (Eq. 16). For this purpose M. Nisoli and coworkers gave up the 
single-mode fiber approach and used a gas-filled capillary or hollow-core 
fiber (HCF) with a core diameter of 140 µm, instead. This was a radically 
new and risky idea, as hollow capillaries are weakly guiding multi-mode 
waveguides. Since the core of the capillary (gas) has smaller refractive index 
than the cladding (glass), there is no total internal reflection on the interface 
between the two as in usual silica fibers. Therefore, the guiding relies on 
grazing-incidence reflection which makes it inherently lossy and sensitive to 
bending [111]. Furthermore, the price of increased mode area is multi-mode 
guiding. In order to fulfill single-mode propagation in such a waveguide, 
which is essential for pulse compression, two conditions need to be fulfilled: 
(i) the incoming pulse is coupled into a single eigenmode. This can be 
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achieved by proper choice of the focusing geometry leading to a beam waist 
radius matched to the HCF: w0 � 0:6436 � a, where a denotes the bore 
radius of the HCF [112]. Furthermore, (ii) the full pulse energy is kept in 
this mode throughout the propagation (prevention of mode mixing). It 
turned out that both criteria can be fulfilled. The details of this technique 
can be found in an in-depth review of the inventors [113]. Shortly after its 
introduction this technique allowed the generation of 4.5 fs pulses [114]. 
The hollow-core fiber compressor together with chirped mirrors for disper-
sion compensation [23,24] made a major impact, as they are two key 
technologies essential for providing sufficiently intense few-cycle drivers 
[1,115,116] for efficient isolated attosecond pulse generation via high- 
harmonic process in noble gases [117–119].

By using sufficiently short input pulses of ~23 fs and taking much care of 
keeping the nonlinearities in the laser compressor low, sub-2-cycle pulses 
could be obtained with 0.5 mJ [120] and later with 1 mJ [121]. Further 
energy scaling can be achieved by using circularly polarized light [122], as it 
reduces the nonlinearity: the nonlinear refractive index for circular polar-
ization is 2/3 of the value for the linear case and also the ionization threshold 
is higher. By using circularly polarized light and neon as the nonlinear 
medium 4.3 fs pulses with 1 mJ energy [123] and later 1.9 mJ pulses with 
longer duration of 5.7 fs [124] could be obtained.

Due to their similar geometry, HCF compressors are especially well 
matched to fiber lasers. They serve as a natural extension of ytterbium- 
doped fiber lasers, emitting pulses at 1030 nm with durations of a few 
hundred fs, in order to shorten their pulses [125] down to the few-cycle 
regime [126]. As the average power of the fiber lasers exceeded the 50 W level, 
J. Limpert’s group developed a water-cooled HCF compressor for their 
sources capable of handling high average powers up to the kW level [127]. 
In a first study 700 fs long 0.2 mJ pulses at 1 MHz repetition rate were 
compressed to 81 fs duration at record-breaking average power of 93 W [128]. 
Later, the group achieved 0.54 mJ, 26 fs pulses at an average power of 135 W 
[129]. In a cascaded two-stage arrangement J. Rothhardt et al. compressed 1 
mJ, 210 fs pulses at 150 kHz repetition rate to few-cycle duration of 7.8 fs with 
an energy of 0.35 mJ at 52.5 W [130]. Subsequently, S. Hädrich et al., achieved 
few-cycle 6.3 fs pulses at an unprecedented average power of 216 W by 
a cascaded HCF setup [131]. The first stage of that compressor operated at 
an even higher power of 406 W.

At longer wavelengths in the short-wavelength infrared (SWIR) sub- 
3-cycle pulses of 0.4 mJ energy at 1425 nm [132] and sub-2-cycle pulses at 
1.8 µm [133,134] were generated using standard HCFs. Compressing pulses 
of a thulium-doped fiber laser emitting at 2 µm in a HCF 7-cycle pulses were 
obtained at an average power of over 15 W [135]. HCFs were also utilized for 
the generation of ultrashort pulses in the deep ultraviolet (DUV). In the first 
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experiment at 270 nm the gas-filled HCF served both for sum-frequency 
generation and for spectral broadening of the pulses [136]. In this way 8 fs 
pulses were obtained with 1 µJ energy. Later, 100 fs pulses of a KrF excimer 
laser emitting at 248 nm were compressed by our group in a HCF to sub-20 fs 
at 20 µJ energy [137].

After the great initial success of the HCF compressors the technique 
saturated at the sub-mJ energy level. This can be understood by analyzing 
the scaling law (Eq. 16) for case of gas-filled HCFs: 

P0 /
1

p � κ2
/ a2 / Leff : (17) 

The reason for the stagnation had a pure technical nature: the length of the 
HCFs were practically limited to ~1 meter due to the following reasons: The 
HCFs are very sensitive to bending (see Sect. 4.4) which leads to rapid mode 
mixing and increased guiding losses. Therefore, the capillaries need to be very 
straight; in fact the straightness is the main figure of merit of the hollow fibers. 
The capillaries used at that time for the compression were thick-walled rigid 
fused silica tubes with bore diameters of 200 to 300 µm and with an outer 
diameter of 1–2 mm. In order to keep them straight they were placed into 
a mechanically machined holder with a V-groove, as shown in Figure 5(a). It 
turned out that in this construction proper guiding is practically limited to 
about 1 meter length by the quality of the capillary and the V-groove. In this 
case the playroom is restricted to the application of materials with reduced 
nonlinearity, such as neon or helium [138]. This limitation is clearly observable 
in [139], where 6 mJ, 200 fs long pulses at 1030 nm were compressed by using 
neon in a standard HCF. The obtained compressed pulse energy of 4 mJ is a 
good achievement; however, due to the short length the HCF did not support 
pulses shorter than 35 fs.

Figure 5. Hollow fibers. a. standard capillary; b. stretched flexible hollow-core fiber.
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Much larger power scaling can be achieved by overcoming the length 
limitation of HCFs what we discuss in the next section.

4.4. Stretched flexible hollow-core fibers

In Sect. 4.1 we showed that for energy scaling one needs to increase both the 
effective mode area, which is proportional to the bore radius a, and the 
waveguide length L. The transmission of a hollow waveguide can be 
described by Beer’s law: T ¼ expð� αLÞ, where α denotes the waveguide 
losses. According to [111] it can be factorized in the following way:

α ¼ α0 þ αR, where α0 /
λ2

a3 and αR /
1

α0R2 .                  (18)

Here α0 denotes the loss coefficient of a straight HCF and αR describes an 
extra loss due to bending of the waveguide with a constant radius of curvature 
of R. Since the linear loss coefficient is inversely proportional to the third 
power of the inner radius, the up-scaling of the fiber geometry with the peak 
power results in a net increase of the transmission of an ideal HCF. However, 
the last part of Eq. 18 shows that at the same time the bending losses scale 
inversely proportional with α0 making the waveguide very sensitive to bend-
ing. Therefore, for efficient power scaling it is essential to obtain very straight 
hollow waveguides with large dimensions which is clearly beyond the possi-
bilities of common rigid capillaries.

In 2008 a new idea was published by our group at Laser-Laboratorium 
Göttingen: instead of using common rigid capillaries, one can also utilize 
capillaries having much thinner walls in the order of a few tens of microns, 
which makes them flexible. Instead of putting them into a machined V-groove 
one can pull both ends and span them to be straight [140]. In principle, this is 
equivalent to the catenary problem which describes a chain fixed at both ends 
sagging under the force of gravity (see Figure 6).

The solution is well known: the chain with a length of l takes a form 
described by the following function: 

y ¼ Rmin coshðx=RminÞ; (19) 

Figure 6. The catenary curve.
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where x and y denote the horizontal and vertical coordinates, respectively, 
and Rmin is the minimum radius of the curvature situated in the middle of 
the curve. It can be shown, that Rmin ¼ T=w is the ratio of the stretching 
force to the weight per unit length of the chain (w ¼W=l). Therefore, the 
minimal radius of curvature of a stretched flexible hollow-core fiber (SF- 
HCF) can be optimized solely by increasing the stretching force indepen-
dent on the length of the waveguide which makes this kind of capillary 
virtually freely scalable. Thanks to the small wall thickness, the specific 
weight of a capillary is usually less than 1 gram/m. Therefore, it is easy to 
achieve a minimal radius of curvature of several kilometers by applying 
a moderate stretching force.

In order to determine the wave-guiding properties of the new type of hollow 
fiber (see Figure 5(b)), a virtually perfect diffraction-limited beam of a helium- 
neon laser was launched into a 2.5 m long SF-HCF. The transmission of the 
waveguide was measured by a photodiode showing that the transmission of the 
waveguide approaches the theoretical value within 1%. Furthermore, the beam 
emerging from the fiber was recorded at a set of distances from the fiber end 
exhibiting perfectly round beam profiles with a divergence matching the 
numerically calculated value, as displayed in Figure 7 [140]. This proves that 
the output beam of the SF-HCF is practically diffraction-limited.

Thanks to their free length scalability and at the same time near ideal 
wave-guiding properties, the SF-HCFs are now well established as 

Figure 7. Wave-guiding properties of a SF-HCF. Adapted with permission from [140] © The Optical 
Society.
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the second generation of hollow fibers in demanding compression tasks. In 
fact, most of the records in post-compression techniques to date were 
achieved by SF-HCFs (see Sect. 6).

4.5. Techniques for further scaling: pressure gradient, ionization, planar 
waveguides, multiplexing, and molecular gases

The scaling laws described in Sect. 4.1 are based on conservative premises 
which ensure pure Kerr-based spectral broadening. They are very useful as 
general guidelines for the design of compressors, but at the same time, they are 
also very restrictive prescribing very long geometries which are often hard to 
build in a limited lab space. A number of methods were developed to further 
scale waveguide-based post compressors by ‘overdriving’ the spectral broad-
ening process. These techniques always make a careful trade-off between 
achievable spectral broadening, peak power and multimode operation.

One of the most powerful techniques was introduced by K. Midorikawa’s 
group. In order to mitigate severe incoupling losses in the high-intensity 
regime where filamentation can occur in the gas medium, A. Suda and 
coworkers separated the gas volumes at both ends of the HCF, evacuated the 
beam path in front of the waveguide and applied gas at the output side of the 
fiber [141]. In this way optimal incoupling can be maintained at high 
intensities preventing filamentation-induced beam reshaping in front of 
the fiber. Due to the pressure gradient inside the fiber the local pressure 
can be calculated as: 

pðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
0 þ

z
L
ðp2

L � p2
0Þ

r

; (20) 

where p0 and pL are the gas pressures in front of and behind the capillary of 
length L. With this scheme, the nonlinear interaction builds up gradually 
which delays self-focusing and ionization inside the fiber and thus sup-
presses the population of higher-order eigenmodes [142]. The down side of 
the method is the reduced effective interaction length Leff � 2=3L. This 
issue can be mitigated by using long waveguides, as demonstrated by our 
study comparing the performance of standard HCFs with long SF-HCFs 
[143], whose construction naturally supports pressure-gradient operation.

In a 1 m long 300 µm inner diameter HCF differentially pumped with 
neon gas C.H. Nam’s group generated 5.5 fs pulses at 0.2 TW [144] and later 
3.7 fs pulses at 0.3 TW peak power [145]. In these studies the compressed 
pulse energy up to 1.2 mJ was limited by the 1 m length of the available 
hollow fiber.

Using pressure gradient in a He-filled 2.2 m long HCF of 500 µm inner 
diameter the K. Midorikawa’s group could compress the pulses of a Ti: 
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sapphire laser first to sub-10 fs [141,146], later to 2-cycle duration [147] with 
multi-mJ energy which culminated in a long-standing record of the genera-
tion of 5 mJ, 5 fs pulses [148]. For few-cycle pulses it is very important that 
their carrier envelope phase (CEP) can be stabilized and controlled. 
Therefore, it was important to show that the laminar gas flow inside 
a HCF used with pressure gradient does not deteriorate the CEP stability 
of the pulses [149,150]. Furthermore, the well-controlled incoupling using 
pressure gradient in a HCF allowed easy pressure tuning of the Fourier- 
limited duration of high energy pulses [151].

Combining all above-mentioned methods for energy scaling, e.g. (i) using 
helium with (ii) circularly polarized light (iii) in a large-aperture and long 
capillary with (iv) pressure gradient, we achieved CEP stabilized 3 mJ, 4 fs 
pulses in a 2 m long SF-HCF with 450 µm bore diameter by compressing 8 
mJ 23 fs pulses in close collaboration with R. Lopez-Martens’ group [95]. In 
this study we found out that excessive nonlinearity (B > 3 rad) inside the 
input window of the HCF assembly deteriorates the incoupling and thus the 
transmission of the waveguide which cannot be recovered by longitudinally 
translating the fiber entrance. Therefore, as the overall length available for 
the compressor was strictly limited to 5.5 m, further increasing the input 
energy of the system to 10 mJ required the construction of a vacuum 
beamline with integrated HCF. In the current setup all focusing/recollimat-
ing optics are situated in the vacuum/gas chambers and only a large colli-
mated beam at low intensity passes the windows without inducing 
unwanted nonlinearities. In this way well-controlled CEP-stable 3.5 fs 
pulses with 3.5 mJ are routinely generated [152]. Recently, an up-scaled 
version of the system has been commissioned at the Max Born Institute with 
an overall length of 8.2 m where 14 mJ 50 fs pulses are compressed to 1.5 
optical cycles at 3.8 fs duration with an output energy of 6.1 mJ with a peak 
power of 1.2 TW [153] clearly breaking the TW barrier.

At even higher input peak powers and pulse energies (TW-scale input 
pulses) one can utilize phase modulation induced by photoionization instead 
of the Kerr-effect, as described in Sect. 2.2. Based on this phase modulation 
mechanism French groups from Bordeaux and Saclay compressed ~70 mJ, 
40 fs pulses to 11 fs with 13.7 mJ energy in low-pressure helium-filled HCF 
[154–156] at 10 Hz repetition rate. In a later work, they achieved 9 fs pulses 
at 8.7 mJ energy [157]. However, the high losses and the long compressed 
pulse durations do not make this technique attractive.

An alternative solution can be to drastically increase the mode area by 
utilizing waveguides with more dimensions. Instead of capillaries, one can 
use hollow planar waveguides, as first proposed by K. Midorikawa’s group 
[158,159], obtaining 2 mJ, 12 fs pulses. A. Mysyrowicz’s group advanced the 
technology to reach about 10 mJ pulse energy at a duration of 10–12 fs 
[160–162]. Later, C. Arnold’s group reached the terawatt level at sub-15 fs 
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duration [163], but since then this method has not found further applica-
tions. The main obstacle of this technique is connected to the incomplete 
wave-guiding properties of the arrangement as there is no guiding parallel to 
the plates. Therefore, the beam profile cannot be controlled along this 
direction leading to inhomogeneous spectral broadening and at higher 
intensities to multi-filamentation.

According to a substantially different energy scaling technique indepen-
dently introduced by J. Limpert’s and P. Georges’ groups the input pulses 
are divided to a sequence of N identical pulses with N times lower energy 
before they enter the HCF. In the course of the nonlinear propagation each 
pulse experiences spectral broadening independently. In a subsequent step 
the pulses are recombined to form a high-energy pulse with a broadened 
spectrum [164,165]. This multiplexing method performs well with longer 
pulses with narrow spectra; however, it is non-trivial to apply it to few-cycle 
pulses due to the lack of broadband dispersion-free polarizing beam splitters 
and combiners. An elegant adaptation to few-cycle regime is explored by the 
R. Lopez-Martens’ group utilizing birefringence in crystals for both the 
division and for the recombination [166,167]. Analogously to the temporal 
multiplexing scheme one can also use spatial multiplexing where the divided 
pulses are spectrally broadened parallel in separate HCFs before they are 
recombined [168].

Some sources require HCF scaling to opposite direction: those where 
either due to low pulse energy and/or long pulse duration the peak power is 
insufficient for using noble gases-filled HCFs for spectral broadening. In this 
case molecular gases offer a viable solution where molecular rotation 
(Raman scattering) cause a non-instantaneous nonlinear response [169] 
leading to a pronounced enhancement of the red side of the spectrum 
[140,170]. On the one hand this slow nonlinearity can be much larger 
than the instantaneous Kerr-effect which makes it suitable to the compres-
sion of low peak-power pulses, on the other hand the input pulse duration 
needs to be sufficiently long to experience the Raman-effect (>100 fs). 
A further advantage of many molecular gases against atomic species is 
that the proportion between nonlinearity and ionization potential is often 
better than in atomic gases which results in larger spectral broadening 
capacity [171,172]. Furthermore, the spectral broadening and chirp can be 
greatly optimized by proper matching of the input pulse duration to the 
time constant of the delayed nonlinearity (or find a proper molecule for the 
input pulses), as it was shown in a recent publication of J.E. Beetar et al. 
[173] achieving 45-times compression and two-octave spanning spectrum. 
This technique fits well to the compression of several 100 fs long pulses of 
Yb-based lasers. However, the heat generated by the friction of the mole-
cular motion may limit the average-power-scaling using molecular gases 
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thus questioning their suitability for high repetition-rate systems with 
several 10s or 100s of watts of power.

5. Self-compression techniques

Besides post-compression techniques using spectral broadening and subse-
quent compression steps, there is another slightly different approach, which 
utilizes self-compression dynamics during nonlinear propagation. These 
techniques have a great promise to achieve the shortest optical pulses (not 
counting high-harmonic generation, which is a secondary process) down to 
the sub-cycle regime with multi-octave-spanning spectra well beyond the 
capabilities of today’s chirp compensation techniques. On the down side, we 
note that due to the highly nonlinear dynamics, which is very sensitive to the 
parameters of the input pulse, it is very difficult to scale the pulse energy and 
peak power in these schemes. Today few-cycle pulses generated by self- 
compression techniques can exceed the mJ level only for driver pulses in the 
mid-infrared spectral range. Furthermore, the self-compressed pulses 
usually exhibit a rather long pedestal on the leading edge of the pulse.

In a pioneering work self-compression in the course of ionization- 
dominated propagation in a short hollow waveguide filled with low- 
pressure argon was observed [174]. The group of H.C. Kapteyn and M.M. 
Murnane obtained 13 fs pulses by coupling 2.2 mJ 30 fs Ti:sapphire pulses 
into a 2.5 cm long HCF with 150 µm inner diameter.

Self-compression can also be obtained in filamentation as a result of the 
complex interplay between self-focusing, ionization-induced defocusing, SPM 
and self-steepening as was uncovered by numerical simulations [175,176]. In 
the visible/near-infrared range it was observed experimentally generating sub- 
10 fs [177] and 8 fs [85,178,179] pulses. Later, self-compression down to 11 fs 
was observed directly inside the filament after terminating it by abruptly 
removing the nonlinear medium in a differential vacuum stage [180]. With 
a similar technique, the pulse evolution along the filament was tracked first by 
a spectrometer [181] and later by a FROG device placed in the vacuum behind 
the filament revealing the rich spatio-temporal dynamics leading to the for-
mation of even shorter pulses of 5 fs duration [182]. At a longer wavelength of 
2 µm, CEP-stable 2.5-cycle pulses of 17 fs duration with an energy of 1.2 mJ 
were generated in a xenon filament [183].

In the mid infrared most of the materials exhibit anomalous dispersion 
which, combined with the Kerr-effect, can also lead to compression due to 
soliton propagation. This is a well-known effect in silica fibers [86] which 
was recently also demonstrated using a multi-pass cell incorporating a fused 
silica plate as the nonlinear medium at 1550 nm [184]. In case of filaments in 
this spectral range, it is not easy to clearly identify whether filamentation 
dynamics or soliton propagation is dominant in self-compression. In an 
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experiment at 3.9 µm wavelength the observed self-compression of 21 mJ 94 
fs pulses to 30 fs in a bulk YAG plate [185] and later, positively chirped 18 
mJ, 100 fs pulses to 39 fs at 16 mJ energy in nitrogen was interpreted in 
terms of soliton propagation [186]. In another experiment with the same 
light source self-compression of positively chirped 150 fs pulses with 29.5 
mJ energy, having similar peak power as in the former case, to sub-3-cycle 
with a duration of 28 fs at a peak power of 0.34 TW was interpreted as light 
bullet formation in air filament [187].

Well-controlled self-compression at µJ energy level can be achieved by high- 
order soliton formation in hollow waveguides having negative dispersion. It was 
shown theoretically by J. Herrmann’s group that hollow-core Kagome-lattice 
PCFs exhibit the necessary transmission bandwidth and negative dispersion 
over the entire visible and UV spectral range in order to support soliton 
propagation [188]. Furthermore, they predicted high-energy supercontinuum 
generation and sub-10 fs UV-VUV pulse generation via resonant dispersive- 
wave (RDW) emission, which is tunable by the gas pressure in the waveguide 
[189]. Both effects were then experimentally demonstrated by P.St.J. Russell’s 
group [190]. The generated RDW pulses were tunable in the range of 
240–350 nm which was later extended to 120–200 nm [191] containing a few 
tens of nJ energy. A broad supercontinuum spanning more than three octaves 
was also generated [192]. Later, by using a large-core single-ring HC-PCF the 
group successfully demonstrated self-compression to the single-cycle regime 
[108], scaled up the UV pulse energy to the µJ-level at MHz repetition rate [104] 
and demonstrated CEP stability of the self-compression [193]. Using longer 
wavelengths can help in energy scaling also in case of soliton compression. 
T. Balciunas et al. compressed 35 µJ, 80 fs pulses at 1.8 µm wavelength in an 
argon-filled Kagome-fiber to sub-cycle duration of 4.5 fs with 25 µJ energy 
[194]. At even longer wavelength of 3.25 µm, near-single-cycle pulses of 14.5 fs 
duration were generated at a high average power of 9.6 W [195]. Further details 
on nonlinear optics in HC-PCFs can be found in the reviews [109,196].

Much larger energy was achieved by J.C. Travers et al. as they recognized 
that gas-filled capillaries can also exhibit negative dispersion at proper 
choice of parameters enabling soliton dynamics [197]. Since the energy 
scaling requires several-meter-long high-quality capillaries, their approach 
relies on the SF-HCF technology. In their seminal paper, J.C. Travers’ group 
compressed 10 fs near-infrared pulses from a HCF compressor to sub-fs 
duration at several 100 µJ energy in a helium-filled 3 m long SF-HCF with 
250 µm inner diameter. Furthermore, they generated few-cycle UV pulses 
up to 16 µJ pulse energy tunable between 120 and 350 nm by changing the 
gas pressure, as shown in Figure 8. In a recent work, the group solved the 
chirping problem of the output window using the waveguide with inverse 
pressure gradient: applying the gas at the entrance of the waveguide and 
putting the output side into vacuum [198].
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6. State-of-the-art

In this section we briefly summarize the best compression results and 
compare the different approaches. There are many aspects which are impor-
tant for post-compression arrangements and thus serve as figures of merit: 
compressed pulse duration, pulse energy, peak power, compression factor 
and average power. The improvement of these parameters invokes major 
technical challenges and has crucial impact on the applications. Most of 
them are limited by basic physical laws, others such as the compression 
factor and the average power behind a compressor is more of technical 
nature. Figures 9 and 10 display the most relevant compression results for 
the near infrared spectral range, where the vast majority of the post- 
compression results were obtained. The free propagation in bulk and the 
filament results are not included in the figures, because the spatial inhomo-
geneity of their spectrum is either too large or not well defined in the 
reports. The plotted results are achieved using two different class of lasers: 
Ti:sapphire lasers, which have been the work horse of ultrafast science in the 
last decades, emitting pulses with a duration of 20–100 fs at around 800 nm 
operating up to a few tens of watts average power at up to a few kHz 
repetition rate (marked by solid symbols in Figures 9 and 10). The other 
results are obtained with neodymium or ytterbium-doped high-power (up 
to kW), high-repetition rate (from 100 kHz to tens of MHz) lasers based on 
fiber, slab or thin-disk architectures [199]. These lasers emit considerably 
longer pulses at durations typically between 250 fs and 1.5 ps (marked by 
hollow symbols in Figures 9 and 10).

The choice of the laser gain medium clearly manifests in the tendencies 
observable in Figures 9 and 10: the shortest pulses were mostly generated by 

Figure 8. Few-cycle pulses tunable across the ultraviolet by resonant dispersive wave emission 
during soliton self-compression in SF-HCF; (a) Measured UV spectra, (b) pulse energy. (c) spectral 
evolution at the output of the HCF (d) corresponding simulation and (e) simulated evolution of the 
temporal shape. Reprinted by permission from [197] © Springer Nature (2019).
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using shorter input pulses of Ti:sapphire lasers while the highest average 
powers were achieved with ytterbium-based systems. Comparing the post- 
compression methods one can observe that the multi-pass cell technique is 
the only one, which has not demonstrated sub-3-cycle operation, yet. The 
HC-PCFs have the least capacity in terms of pulse energy and peak power, 
not exceeding 20 µJ and 1–2 GW. Hollow fibers and multi-pass cells per-
form best in terms of pulse energy and average power; however, only hollow 
fibers could reach the terawatt peak power level so far (red-shaded area in 
Figure 9). The highest average power of post-compressed systems exceeds 
100 W. Here the most remarkable results are 530 W at 30 fs duration [68] 
and 375 W at 170 fs [61], both obtained by multi-pass cells, and 406 W/30 fs 
and 216 W/6.3 fs [131] in HCF as well as 318 W/10 fs in SF-HCF [200].

The HCF technology is the only post-compression technique which 
reaches the high-energy few-cycle regime with above-mJ, sub-3-cycle pulses 
(red-shaded area in Figure 9), clearly dominating this field at present. Two 
of the three best results in this regime were obtained with SF-HCFs (6.1 mJ/ 
3.8 fs [153] and 3.5 mJ/3.4 fs [152]) and the third with a long HCF (5 mJ/5 fs 
[148]). In the terawatt regime the picture is similar: here in addition to the 

Figure 9. Peak versus average power achieved by post compression in the near-infrared range. 
The red-shaded area represents the terawatt range.
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previously mentioned works there is a preliminary result achieved with SF- 
HCF technology (40 mJ/25 fs [201]).

A further important figure of merit is the compression ratio. We distinguish 
between results achieved by a single-stage compressor and that obtained in 
a cascaded setup [202,203]. The former ones are much simpler and more 
robust; however, the cascaded solutions offer larger compression capacity. The 
best single-stage results are based on multi-pass cells with many roundtrips or 
very long SF-HCFs. Multi-pass cells reach 37.5 (the first stage of [69]) and 31.7 
times temporal compression [67] with 44 and 45 passes, respectively. Using 
6 m long SF-HCFs, 30 [200] and 33 times compression [204] were achieved. 
Using molecular gases in a SF-HCF a record compression factor of 45 was 
recently achieved [173]. For comparison, the largest compression factor 
obtained by a standard 1 m long HCF is 13.1 [129]. The largest compression 
factors obtained by cascaded setups are 92.3 with multi-pass cells [69], 84.2 by 
HC-PCFs [108], 53 by multi-plate arrangements [56], 48.5 by a combination of 
a multi-pass cell and a subsequent HCF [205] and 38.1 by HCFs [131] and 33 
by cascaded second-order nonlinearity followed by an SF-HCF [206].

The above results were achieved in the near infrared spectral range. However, 
other ranges such as deep ultraviolet or mid to far infrared play increasingly 

Figure 10. Pulse energy versus pulse duration in compression experiments in the near-infrared 
range. The red-shaded area in represents the high-energy few-cycle regime.
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prominent role for a broad range of applications. In the DUV range, the highest- 
energy pulse compression was carried out by using the very first SF-HCF to 
obtain 24 fs duration with ten-times higher pulse energy than previous works at 
a level of 200 µJ [207]. Much shorter few-cycle pulses tunable across the deep- 
UV were obtained by RDW emission during soliton propagation of 800 nm 
pulses in HC-PCFs and later in SF-HCFs (see Sect. 5). The highest-energy few- 
cycle pulses of up to 16 µJ in the UV was achieved by utilizing SF-HCFs [197].

In the short-wavelength infrared (SWIR) range at a wavelength of 1.8 µm 
the highest-energy compressed pulses were achieved by using a 3 m long SF- 
HCF obtaining 12 fs long 2-cycle pulses with 5 mJ energy at a peak power in 
excess of 0.4 TW [208]. The shortest pulses with sub-cycle duration of 4.5 fs 
were generated by compression in a HC-PCF [194]. In the mid-wave infrared 
(MWIR) at 3.2 µm 22 fs long 2.1-cycle pulses with 2.5 mJ energy were 
achieved by compression in a SF-HCF [209], while another group obtained 
21.5 fs long 1.6 cycle pulses with 2.6 mJ energy with a very similar arrange-
ment at a slightly longer wavelength of 4 µm [210]. Multi-mJ pulses of an 
OPCPA operating at 3.9 µm were compressed during filamentation to sub- 
3-cycle duration with up to 16 mJ pulse energy [84,186,187].

7. Future perspectives

Currently the most established and widely used technologies are HCFs for mJ- 
level and HC-PCFs for µJ-level pulse compression as well as solid filaments for 
white-light generation. It is foreseeable that for mJ systems SF-HCFs and MPCs 
will gradually spread in labs taking over the place of standard HCFs. In the 
µJ-level sources molecular gas-filled HCFs or SF-HCFs may challenge HC-PCFs 
at moderate average power levels due to their easier usage. Altogether; there are 
several fast developing techniques with great potential. Here we give our vision 
on the most important trends in post compression.

A fascinating development which can have a big impact on ultrafast science 
and applications is the RDW generation during soliton self-compression in SF- 
HCFs. With its unprecedented combination of easy tunability, intrinsic short 
pulse duration (few-cycle) and sufficiently high pulse energy (several tens of µJ) 
this method is an ideal light source for a broad range of applications including 
ultrafast spectroscopy. This technology covers not only the full ultraviolet 
spectral range but also the entire visible spectrum, when using 1.8 µm pumping 
pulses, as was very recently demonstrated by J.C Travers’ group [211]. This 
brings a very versatile ultrafast source in the labs.

The performance of multi-pass cells rose in the last years quickly, seriously 
challenging the HCF technology. Especially for compression of sub-ps pulses 
at high-average-powers, they offer an excellent solution. However, an exciting 
question remains: can they cope with the few-cycle regime? The difficulty 
comes from the combination of requirements on the cavity mirrors, as they 
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should (i) support near octave-spanning spectral range necessary for few- 
cycle pulses; (ii) have high reflectivity, well above 99%, to keep the throughput 
high; and (iii) exhibit a very high laser-induced damage threshold, to keep the 
size reasonable. All three requirements have to be fulfilled at the same time 
which greatly challenges the coating technology, thus influencing the success 
of multi-pass cells on their way towards the few-cycle regime.

At a given wavelength further energy scaling with the currently available 
techniques can only be achieved by drastically increasing the physical length of 
the compressor, as one can recognize in the newest results: both multi-pass 
cells [212] and SF-HCFs [201] become inconveniently long (6–8 m) at several 
tens of mJ pulse energy. Following the scaling law (Eq. 16 or 17), the key 
parameter posing physical limitations to the Kerr-driven spectral broadening 
process is the input peak power. Therefore, targeting 50–100 mJ few-cycle 
pulses in the near-infrared spectral range requires starting from longer pulses 
of 100–150 fs duration in order to keep the peak power at a reasonable level. 
Moreover, it is necessary to apply a technique with large compression cap-
abilities (F > 30) to directly reach the few-cycle regime. Currently the only 
approach which is capable of providing sufficiently large spectral broadening 
at sufficiently large (octave-spanning) spectral widths is the SF-HCF technol-
ogy. Therefore, a viable route to 100 mJ-scale few-cycle pulses compresses sub- 
ps pulses of a high-energy slab or thin-disk laser in a cascaded setup: The first 
stage, which can be either a HCF, SF-HCF or multi-pass cell, brings the pulses 
to a duration from which a subsequent very long (6–10 m), large-aperture SF- 
HCF can further compress the pulses down to the few-cycle regime. We 
anticipate that further development of post-compression techniques will 
pave the way of the future of ultrafast science and technology.
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