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Ultrafast lasers reaching extremely high powers within short fractions of time enable a plethora of applications. They
grant advanced material processing capabilities, are effective drivers for secondary photon and particle sources, and
reveal extreme light-matter interactions. They also supply platforms for compact accelerator technologies, with great
application prospects for tumor therapy or medical diagnostics. Many of these scientific cases benefit from sources
with higher average and peak powers. Following mode-locked dye and titanium-doped sapphire lasers, broadband
optical parametric amplifiers have emerged as high peak- and average power ultrashort pulse lasers. A much more power-
efficient alternative is provided by direct post-compression of high-power diode-pumped ytterbium lasers—a route that
advanced to another level with the invention of a novel spectral broadening approach, the multi-pass cell technique.
The method has enabled benchmark results yielding sub-50-fs pules at average powers exceeding 1 kW, has facilitated
femtosecond post-compression at pulse energies above 100 m]J with large compression ratios, and supports picosecond
to few-cycle pulses with compact setups. The striking progress of the technique in the past five years puts light sources
with tens to hundreds of TW peak and multiple kW of average power in sight—an entirely new parameter regime for
ultrafast lasers. In this review, we introduce the underlying concepts and give brief guidelines for multi-pass cell design
and implementation. We then present an overview of the achieved performances with both bulk and gas-filled multi-
pass cells. Moreover, we discuss prospective advances enabled by this method, in particular including opportunities for
applications demanding ultrahigh peak-power, high repetition rate lasers such as plasma accelerators and laser-driven
extreme ultraviolet sources.
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1. INTRODUCTION

Ultrashort, intense light pulses are used today in numerous disci-
plines ranging from fundamental science to medical applications

~1 ps [2] or even several picoseconds (ps) for cryogenically cooled
lasers [7]. There are essentially two routes to reach the sub-50-fs
or even few-cycle regime: First, a supercontinuum can be ampli-
fied over a large bandwidth by pumping it with narrowband but
powerful laser pulses, or secondly, the spectral width of the high-
power pulses can be directly broadened by exploiting the optical
Kerr effect of nonlinear, typically wide bandgap materials such
as noble gases or fused silica. While the first approach, so-called
optical parametric chirped-pulse amplification (OPCPA), delivers
few-cycle pulses supporting excellent temporal contrast [2,8],

[1]. Major scientific achievements within ultrafast optics often
rely on cutting-edge laser source technology, demanding further
advances. In particular, simultaneously improving peak and aver-
age power of femtosecond sources represents a great challenge [2]
and has led to a paradigm shift in many ultrafast laboratories. The
extremely broadband Ti:sapphire (Ti:Sa) lasers, which have been

prevailing since the 1990s for sub-30-fs pulse durations and high
intensity applications [3,4], are gradually replaced by laser archi-
tectures with less emission bandwidth burt better average power
scalability, most prominently by Ytterbium (Yb) ion-doped lasers
[2,5,6]. This in turn poses the challenge of reaching pulse dura-
tions clearly below the Fourier transform limit of the high-power
laser output spectra, which typically range from few 100 fs [5,6] to
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spectral broadening stages reach much higher power efficiencies
exceeding 90% [9—11]. Due to the small losses, the technique is
highly attractive for power-scaling applications.

Early reports of multi-pass spectral broadening in bulk mate-
rial employed regenerative amplifiers [12—14]. Furthermore, a
theory paper from 2000 already predicted extensively self-phase
modulated pulses with good beam quality after repetitive passes
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through an extended nonlinear medium [15]. The first published
spectral broadening results with a Herriott-type multi-pass cell
(MPC), as mainly used today, was directly associated with the
power-scalable Innoslab laser architecture [6], following an earlier
patent application [16]. The first paper dedicated to the MPC
post-compression approach was published in 2016 [9], in which
ultrafast pulse compression at 375 W average power was demon-
strated. That was more than ever reported from solid-core (250
W, [17]) or hollow-core photonic crystal fiber spectral broaden-
ing (HC-PCE, ~100 W, [18]) and comparable to the record of a
gas-filled capillary scheme (408 W, [19]). Just recently, the MPC
technique has become the first and so far only post-compression
method that enables sub-50-fs compression at kW average power
level [11]. In terms of peak power, MPCs excellently complement
the established solid-core fiber and capillary spectral broadening
schemes, closing the gap between 5 MW and 100 MW. Spectral
broadening in that range posed a significant challenge for high-
repetition-rate Yb lasers providing pulse energies between 10 1]
and 100 yJ [9]. Employing gas-filled MPCs boosted the applicable
pulse energy range to the 100 mJ-level [20], exceeding the com-
pressed energy records reported from capillary experiments (40
m]J, [21]), and opening the perspective to generate multi-TW peak
power pulses at muld-kHz repetition rates. Moreover, unprec-
edentedly high pulse compression factors toward the few-cycle
regime were achieved with the MPC approach: a 37-fold pulse
duration reduction from 1.2 ps to 32 fs with a single stage and a
further duration shortening to 13 fs, which is an overall compres-
sion factor of 92, was reported [22], demonstrating the principle of
turning a high-power ps laser into a few-cycle light source.

Beyond the exploration of novel pulse parameter regimes, the
MPC concept exhibits important practical advantages. Basically, it
only needs two curved mirrors and a Kerr medium in between;
hence, the method is cost-efficient and easy to implement.
Moreover, MPCs are robust, quite insensitive to beam pointing,
and can even handle small mode mismatches without transmission
losses [16]. In addition, large B-integrals can be acquired without
requiring extensive system lengths, turning MPCs into a compact
alternative to traditional broadening concepts. These favorable
properties have made MPCs very attractive not only for scientific
applications but also for commercial and facility laser systems
where reliability is of utmost importance.

In this paper, we present a basic introduction to the MPC
concept, review its impressive progress during the past five years,
and point out exciting future development directions as well as
cutting-edge applications of this technique.

2. MULTI-PASS CELLS FOR SPECTRAL
BROADENING APPLICATIONS

A. MPC Basics

As most pulse post-compression methods, the MPC scheme is
typically based on self-phase modulation (SPM) in a nonlinear
medium, which is either a bulk material (glass) or a gas placed
inside the cell. The SPM-induced chirp is subsequently removed
by an external compressor to obtain a temporally compressed
pulse. Alternatively, self-compression concepts where the laser
pulse is recompressed within the spectral broadening stage can also
be employed [23,24].

The so far most commonly used Herriott-type MPC [25] con-
sists of two identical concave mirrors, as shown in Fig. 1. Similar

to an optical cavity, a Herriott cell forms transverse eigenmodes
and preserves the Gaussian beam q-parameter of a beam mode-
matched to the MPC eigenmode [26]. Traditionally, Herriott
cells are employed to increase optical path lengths for absorption
spectroscopy applications [27]. Repeated passes through a weakly
absorbing medium result in readily detectable transmission losses
[28]. Spectral broadening experiments work similarly. A small
nonlinear phase modulation is imprinted on the optical pulses
each round trip enabling large accumulated B-integrals and, thus,
bandwidth gain. Most importantly, repetitive propagation through
regions with nonlinearity together with suitable refocusing via the
cell mirrors causes a redistribution of the spatial beam content from
focus to focus, enabling both large broadening factors and high
spatio-spectral homogeneity.

The optical Kerr effect can be exploited locally when using glass
plates for SPM or continuously when the entire MPC is filled with
a nonlinear medium as typical for gas-filled MPCs. Using a gas
instead of a solid-state medium reduces losses at optical interfaces,
enabling large overall efficiencies and spectrally wide transparency
windows. Moreover, gases are not subject to damage, and the
nonlinear refractive index is much lower compared to solids.

Pulses with peak powers from approximately 100 MW up to
80 GW have been used for spectral broadening in gas [20,29].
Additionally, solid-based MPCs have been demonstrated at
reduced peak powers from about 10 MW to around 1 GW [10,30].

MPC setups employed for post-compression commonly
resemble Fig. 1. In q-preserving resonators, the laser beam is mode-
matched to the eigenmode via a telescope (I) to ensure identical
beam properties per pass through the cell, as discussed below.
Subsequently, the beam is coupled to the MPC (II) off-axis via
a small mirror or scraper or by using a holey MPC mirror [31].
After the targeted number of round trips has been reached, the
spectrally broadened output beam is coupled out via the same
scraper or hole in the mirror or via an outcoupling mirror placed,
e.g., on the opposite side of the cell [32]. The beam then needs to
be collimated, and chirp removal is usually performed via a grating
compressor or chirped mirrors compressor (I1I).

b, huh, hud,
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Fig. 1. (a) Photograph of Herriott’s cell. Reprinted with permission
from [28]. Copyright 1990 Optical Society of America. (b) Concept of
the most common implementation of multi-pass cells with bulk or gas
nonlinear medium for spectral broadening. At each step, the frequency
and time domain profiles are illustrated. Step I, mode-matching; step
11, spectral broadening in a nonlinear medium inside the MPC; step 111,
temporal compression using chirped mirrors or transmission gratings.
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Fig. 2. (a) Periodic sequence of lenses representing a Herriote cell
equivalent resonator. The unit cell of length L is highlighted. In the mode-
matched case, the g parameter is constant at the boundaries (g = g¢ at
2+ ") The ABCD matrix for the lens transfers ¢, to g1/. The lenses’ focal
lengths are f = R/2, where R is the radius of curvature. (b) Measured
beam pattern at an MPC mirror for the case #= N — 1. The angular
advances § between subsequent reflections resemble the Gouy phase shift
accumulated within one full propagation round trip through the MPC.

B. Key Herriott-Type MPC Parameters

Herriott, Kogelnik, and Kompfner studied the spot patterns of
two facing concave mirrors in 1964. They analyzed the ray paths
through equivalent resonators, which consisted of equidistant
thin lenses [Fig. 2(a)] [25]. The periodicity of the optical system
resulted in a sinusoidal advance in the transverse x and y positions
of the spots after each round trip within the 0 < L < 2R stability
range, where L is the mirror distance and R is the radius of curva-
ture. This translates into an angle advance &, which must add up
to a muldiple of 27 if light is coupled into and ourt of the cell at the
same position after N round trips, i.e., if the so-called re-entrant
condition is met:

E=2mk/N, wherek=1,...,N—1. (1)

The integer £ determines, for a given R and a fixed NV, the cell
length L [25]:

C:%:1—cos(§/2)=1—cos(7rk/N). 2)

The lens waveguide of Fig. 2(a) is likewise used to derive
the stability conditions for two-mirror optical resonators with
Gaussian transverse eigenmodes [16,33] (see also Appendix B).
MPCs employed for spectral broadening are usually operated in a
g-preserving configuration by mode-matching the laser beam to
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the spatial resonator mode, thus obeying the same stability criteria
as an optical resonator. Mode-matching of a fundamental Gaussian
beam can be readily derived from the equivalent resonator unit cell
shown in Fig. 2(a). To obey the cell’s mirror symmetry, the thin lens
must invert the curvature of the beam. This is fulfilled if the beam’s
radius of curvature is equal to R, as the thin lens ABCD matrix
propagation from ¢ to gy infers.

We note that the stability condition L < 2R implies that p
and p’ are not image planes despite preservation of go. In other
words, a Gouy phase shift of less than m is accumulated per pass
[34]. Although the phase advance & is derived from pure geometric
considerations, it is identical to the accumulated Gouy phase shift
ofa fundamental Gaussian beam per round trip (proofin Appendix
A). In addition, higher-order transverse electromagnetic modes
(TEM,,,,,) will acquire (m + 7) times the TEMgo Gouy phase [35].
Consequently, the characteristic Herriott-type beam pattern in
Fig. 2(b) shows the transition of the laser beam from near-field
(€ = 0) across the far-field (6 =) and back to its initial phase
(€ = 2). Moreover, the re-entrant condition implies thata replica
of the beam that enters the MPC comes out of it again. This makes
the method fairly insensitive to beam-pointing fluctuations.

Basic quantities for an MPC are the focal spot radius wy and the
spot radius w,, at the mirror location. For a fundamental Gaussian
mode, they can be calculated as

Oy LS L oL (SR
= — — = —— s1n ~ —,
0= 0 27’ 2N
RA C RA k/N—>12RMN
wfn =—, ——=—nn(@k/2N) =~ . @)
nV2—-C = w2

The beam radii are expressed as functions of the integer vari-
ables £ and NV for a re-entrant beam pattern or more generally as a
function of C [see Eq. (2)] and the light wavelength A. We also pro-
vide simple approximations for the typical operation conditions of
gas-filled MPCs close to the stability edge #= N — 1 in the limit
N — o0, where w,, is maximized. Here and in the following, we
use the simplified notation £/ N — 1 to express thislimit.

Two important related quantities, which typically limit the
maximum pulse energy for an MPC, are the laser-induced damage
threshold (LIDT) of the MPC mirrors usually quantified via the
fluence F,, and the focus peak intensity Zy, which can be calculared
as

_2E [2-C 2F 1 HN—>1 wE )
TR C T Riwan(wk/2N) RAN’
4P 1 4P 1

kN1 4PN
T xRy

h=x JC2=0C) Rhsin(rk/N) ©)

Here, £ and P are the pulse energy and the pulse peak power,
respectively. Figure 3(a) shows in an exemplary plot the depend-
ence of the critical quantities intensity and fluence at focus and at
the cell mirrors on the cell length I and the £-parameter.

Whereas Eqs. (3)—(6) are useful for dimensioning an MPC,
they are only valid if self-focusing inside the Herriott cell is negli-
gible. Kerr lenses will modify the spot sizes in spectral broadening
applications and should be accounted for in mode-matching.
Otherwise, F,, and Iy can become significantly larger than esti-
mated by Egs. (5) and (6). In gas-filled MPCs, the additional
self-focusing effectively reduces the beam divergence and, thus,
yields smaller spot sizes at the mirrors and in the beam waist for
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Fig. 3. (a) Calculated peak intensities /, and peak fluences F, at the

cell center (black) and the MPC mirrors (red) for N=17, R=0.25m
and 1 m]J, 1 ps Gaussian pulses. (b) B-integral accumulated per pass for
two different gas types and pressures: the blue solid line, 2.6 bar of Ar in
the cell, corresponds to P/ P, = 0.1. The green solid line, 4.9 bar of Kr in
the cell, corresponds to P/ P, = 0.5. The markers in (a) and (b) represent
the 16 possible k-values.

nonlinear mode-matching [36]. Bulk MPCs are typically operated
in the critical self-focusing regime where Kerr lensing is much
stronger. This may result in an additional weak guiding effect
within a single pass [37]. To our knowledge, nonlinear mode-
matching has only been applied in [36,37]. However, we expect
that the method will become of major importance if the MPCs are
scaled further toward their limits of input peak power and spectral
broadening factor, respectively (see, e.g., [38]).

In order to quantify the amount of spectral broadening,
the B-integral is a useful measure applied in several MPC
papers. Here, we define the B-integral as the accumulated
on-axis nonlinear phase (definition as used e.g., in [16]),
ie, B:=2mw/A f ny1,(2)dz, with I,(z) denoting the peak
intensity on the optical axis z and 7, denoting the medium non-
linear refractive index. In other papers, the B-integral equals the
maximum nonlinear phase shift @uay :=27/24 f ny P /A dz,
where A is the effective mode area. In general, both quantities are
not the same, except for some special cases such as a flat-top beam.
For Gaussian beams, where B = 2¢,,.x, We can restrict ourselves
to a simplified discussion of the acquired B-integral because most
MPCs were operated in a regime where the impact of dispersion
was small. For loss- and dispersion-less propagation of a Gaussian
beam within a symmetric MPC, the single-pass integral reads as

Bpass = 2¢max, pass

P dp+lg
= 4 2 / (14 22/22) " 'dz. (7)
)\.ZZR dy

Here d is the distance from the cell center to the Kerr medium,
Ik is the length of the Kerr medium, and zp is the Rayleigh
length. For gas-filled MPC:s or in general, for MPCs containing a
homogeneous nonlinear medium, Eq. (7) is reduced to

Pk
B =4n2”i—zﬁ <27k/N, ®)

after substituting the Rayleigh length zz by R/2[C(2 — C )2,
In this case, the B-integral per pass through the MPC is ultimately
limited by the peak power reaching the critical power for self-
focusing P = Puic & A% /(27w nony) [39], for which Eq. (8) yields
Bpass.c =2mk/ N~ 21t when ng = 1and #/ N — 1. Equation (8)
clearly shows that the B-integral does not depend on the MPC

size. However, the maximum B-integral and, thus, the maximum
broadening factor reduces with #, as illustrated in Fig. 3(b). The
B-integral per pass within an MPC containing a bulk plate as non-
linear medium is usually kept small (e.g., below /5, [16]). Much
larger B-integrals were reported from gas-filled MPCs. However,
the insertion of multiple thin silica plates into the Herriott cell
resulted in B~ 0.8m per pass [37], which is comparable to
gas-filled MPCs (see Table 1).

Equation (8) provides a very simple way to estimate the spectral
broadening factor (see Appendix C). Using the well-known rela-
tion between @,y and the root mean square (rms) bandwidth ratio
Awou/ Aw;y, [40,41], the spectral broadening factor 4 for /N round
trips (2N passes) through the MPC reads as

AWy 4
b= = [14+ ——¢2_ ~0.88¢mn. ©))
A(Il)in 3\/§¢ ¢

2712])/6 k/N—1 2ﬂ2PN
_— = T —.
2A2 2M2

(10)

Here, we assume a transform-limited Gaussian temporal pulse
shape and negligible influence of temporal pulse reshaping caused
by, e.g., dispersion.

The temporal compression ratio, K, is defined as the ratio
between the full width at half-maximum (FWHM) of the input
pulse and the compressed pulse. Considering an initial Gaussian
pulse and the resulting SPM-broadened Fourier-transform-limited
pulse, we obtain [42]

B>1
K~05%n..+1 ~ B/m (11)
ny Pk k/N—1 ny PN
~ e ~ 8m TP (12)

For clarity, Egs. (9) and (11) are generally applicable and can be
used whenever the optical Kerr effect is the primary physical effect,
while Egs. (10) and (12) are applicable only for MPCs filled with
homogeneous nonlinear media such as gases.

The rule of thumb that the expected compression factor corre-
sponds to the total B-integral in units of 7 works well for most of
the MPC experiments, as Table 1 shows. In this table, the incom-
ing laser pulse and physical MPC parameters (cell length, mirror
radius, number of passes, type, and length of Kerr media) were
extracted from the cited papers. Afterward, Eqgs. (2)—(7) were
applied to calculate maximal peak power, mirror fluence, and peak
intensity. The calculated B-integrals differed only slightly from the
experimentally reported compression factors with the exception of
[37]. In this paper, saturation of spectral broadening was observed.

C. MPC Recipe and Modeling

In this section, we discuss a few basic steps to consider when setting
up an MPC for post-compression. We concentrate on the case
of symmetric Herriott-type MPCs with circular beam patterns
employing gases or bulk plates as nonlinear media to reach band-
widths supporting pulse durations of a few tens of fs. An overview
of parameter sets reflecting a few example MPC experiments dis-
cussed in the literature is shown in Table 1. While example systems
can provide a good idea about experimental parameters, a few
basic guidelines are provided in order to set up an MPC for spectral
broadening:
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Table 1.
Argon (Ar) as Nonlinear Media’

Overview of Selected Example MPC Spectral Broadening Experiments Employing Fused Silica (FS) and

Ref. Medium n; (cm?/W) [, (mm) p(bar) L(mm) R(mm) k N P(MW) F, (mJ/cm?) I, (GW/cm?) B(r) K,
[9] FS 28x107'® 2x13 N/A 540 350 13 19 46 11 14 6.7 5

[43] ES 2.8 x 1071¢ 25 N/A 500 300 41 555 16 30 14 18.2 20.8
[37] ES 28x 107" 6x1 N/A 385 200 28 32 85 20 0.4 x 10° 53.7 32
[32] Ar 42x1072 N/A 0.6 2985 1500 22 225 13 x 103 155 22 x 103 25.4 32
[44] Ar 24x107Y  N/A 3.5 788 400 27 29 1.7 x 10° 58 6.1 x 10° 23.1 223
[45] Ar 49 %1077 N/A 7 286.5 300 17 34 550 94 0.6 x 10° 8.8 8.3

“The nonlinear refractive indices are taken from [46,47] for FS and Ar, respectively. The key setup parameters reported in the cited works are displayed in the table,

complemented with calculated values assuming linear mode-matching. K., is the experimental temporal compression ratio, and p is the gas pressure. The calculated

total B-integral, in units of 77, and the experimental compression factor agree quite well [see also Eq. (12)]. For the calculation of the B-integral, the reported losses were

taken into account, assuming linear loss distribution through the MPC.

* The nonlinear medium (gas or bulk plates) is typically
chosen based on the input peak power of the cell. At peak pow-
ers below 1 GW, bulk MPCs are typically employed; above 100
MW, gas-filled MPCs have been used. Both MPC types have
been demonstrated in the intermediate regime around 100 MW
to 1 GW. So far bulk plate MPCs have been implemented using
antireflection-coated fused silica plates; gas-filled MPCs mostly rely
on rare gases.

* The MPC mirror curvature and an approximate MPC
length are typically chosen in order to reach sufficiently low mirror
fluences and focus peak intensities to avoid damage/ionization [see
Egs. (5) and (6), Fig. 3(a), as well as Section 4.A]. Commercially
available non-dispersive dielectric mirrors have a LIDT around
1J/cm? for a pulse duration of 1 ps. It is important to consider that
the LIDT depends on many laser parameters, including the beam
size [48,49]. Limiting the fluence to a factor of <2 below the LIDT
typically leaves sufficient headroom for safe operation. Note that
the MPC length (for fixed configuration parameters £, V) does
not influence the spectral broadening factor for MPCs filled with a
homogeneous nonlinear medium [see Eq. (10)].

* The configuration parameters # and N are, for a fixed
mirror radius of curvature, simply chosen by fine-tuning the MPC
length. The choice of Vis mainly determined by the targeted com-
pression factor [see Eqs. (11) and (12)]. Typical values for N lie in
the range of 15 to 30. While a larger N supports larger compression
ratios, the limit #/ N =1 should be avoided as it corresponds to a
4f-imaging condition in which the spatial beam quality is reduced.
A typical choice for gas-filled MPCs is # = N — 1 as this configu-
ration maximizes the spectral broadening factor while minimizing
the fluence at the mirrors. For bulk plate MPCs, operation at
k < N — 1 can be advantageous for increasing the number of passes
(and, thus, the achievable broadening factor) without increasing the
system length.

* The mirror diameter is determined by the number of passes
used for compression as it determines the maximum distance
between adjacent spots in the circular multi-pass pattern. A suf-
ficient distance is required in order to ensure minimal losses for
in-/outcoupling. Note that the MPC mirrors can also be replaced
by individual small mirrors for each beam reflection [50].

* Mirror coatings should be chosen to support the targeted
bandwidth with sufficient reflectivity. Standard quarter-wave stack
mirrors can provide spectral widths large enough to supportaround
30 fs pulses while keeping the mirror dispersion low. The most
common layer arrangements for MPC mirrors around 1030 nm
are Ta,O5 /S0, or HfO, /SiO; stacks, the latter being able to pro-
vide the largest damage thresholds [49]. Slightly shorter pulses are

possible by using lower bandgap high-index materials, for instance,
with TiO,/SiO; stacks. However, the lower bandgap results also
in lower damage threshold. When even larger bandwidths are
required, e.g., for few-cycle pulse generation, then the bandwidth
limits of standard dielectric coatings are easily reached. Different
technologies have been used for few-cycle MPCs, so far all based on
metallic coatings [22,50,51]. More information can be found in
Sections4.A and 4.B.

* A compressor is typically used for chirp removal after the
MPC to shorten the duration of the pulses. As opposed to con-
ventional chirped-pulse amplification systems, the acquired chirp
in the spectral broadening process is rather small, similar to post-
compression in fibers. Because of this, compressors based on closely
spaced transmission gratings or chirped mirrors are a good option.

As shown in the previous section, the cavity geometry defines
the MPC mode, and the most essential cell parameters can be
estimated by simple ABCD matrix calculations. However, to
assess the impact of nonlinear effects on optical pulses in MPC-
based post-compression systems, 3D numerical models for pulse
propagation are routinely employed. Hanna ez 4/. used a 3D model
based on a symmetric split-step Fourier algorithm adapted to both
gas-filled and bulk MPCs to study spatio-temporal couplings [52].
Later on, a simplified 1D model able to predict both temporal and
spectral propagation in MPCs was presented [29]. Reasonable
agreements between this model, the 3D model, and experimental
results validate the use of the 1D model with considerably reduced
computing times. More generally, standard methods employed
for nonlinear pulse propagation can easily be adapted to MPCs.
Couairon ¢t al. provide a complete introduction to numerical
methods for the modeling of ultrashort pulse propagation in non-
linear media [53]. The SISYFOS code, developed by G. Arisholm,
uses a Fourier-space method to solve the propagation equation and
can handle broad bandwidths as encountered with MPCs [54].
A few open-source simulation packages can also be used, such as
the Python package PyNLO [55]. A more technical overview of
numerical simulation approaches for MPCs can be found in a
recent review article [56].

3. STATE OF THE ART
A. Pulse Compression Techniques

The compression of electromagnetic pulses was of interest even
before the laser was invented, e.g., in radar technologies [57].
Reducing the duration of optical pulses by broadening their spec-
trum and compensating chirp enabled what is sometimes referred
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to as the “shortest events the mankind could ever generate” [58].
The simplest way to attain spectral broadening is the free propa-
gation of an intense laser pulse in a nonlinear material, such thata
certain B-integral according to Eq. (7) and a corresponding broad-
ening factor are acquired [59]. However, if the laser beam shape is
not flat-top, free beam propagation, first, leads to inhomogeneous
spectral broadening and, second, to self-focusing [60]. The former
makes the method rather inefficientif the pulse peak power exceeds
the critical power [61]. The latter can result in plasma/electron-
hole and filament generation [62]. In the worst case, this can lead to
multi-beam breakup [63]. Single filaments were used, for instance,
for few-cycle pulse self-compression in air [64] or at mid-infrared
wavelengths [65,66]. However, for high-power systems, Kerr
lensing causes bulk material damage if the physical material length
exceeds the critical self-focusing length. Therefore, the nonlinear
propagation length is limited, and the attainable spectral broad-
ening factors are comparably low. Despite the drawbacks of the
method, it was used to demonstrate few-cycle pulses by nonlinear
compression of a high-power Yb-ion-based laser for the first time
[67]. Moreover, free beam nonlinear propagation is employed
for increasing the peak power of the most energetic ultrafast light
sources, which require flat-top beam profiles [60]. For example,
pulses with 17 ] energy and 54 fs to 72 fs duration have recently
been used for pulse compression to 11 fs duration and about 1.5
PW peak power [68].

Efficient spectral broadening and large compression ratios
were achieved by exploiting the optical Kerr effect in waveguides.
Those were employed in several milestone papers including the
demonstration of the first sub-10-fs [69] and the first isolated
attosecond pulses [70,71]. The former example used a solid-core

fiber [72], and the latter one used a gas-filled hollow-core capillary
[73]. Solid-core fiber spectral broadening of ultrafast sources was
demonstrated with average powers of up to 250 W [17], but the
critical power of silica (/%4 MW at 1030 nm) ultimately limits
the peak power of laser pulses that are spectrally broadened [74].
Capillaries only work efficiently for pulse peak powers of roughly
100 MW or larger [47] because of the guiding mechanism of
capillaries, which is most simply understood by grazing incidence
Fresnel reflection [75]. Small capillary diameters result in higher
spatial frequencies of the guided beam and, thus, lower Fresnel
reflectivity. The consequent need for relatively large diameters
enforces small effective nonlinearities of the waveguides and high
peak powers, respectively. Therefore, capillaries mainly present
a conceptual alternative to gas-filled MPCs. They can support
extremely broadband spectra that can produce sub-cycle, sub-fs
field transients after proper chirp management [76]. Accordingly,
nearly 50-fold compression to the duration of two optical cycles
was enabled by sequential broadening, first in a gas-filled MPC
and second in a capillary [77]. Furthermore, by the invention
of stretched flexible hollow-core fibers (SF-HCF), the method
has made significant progress in power scalability [58,78]. The
peak power scalability of capillaries and MPCs will be reviewed in
Section 4.A. Good average power handling was mainly presented
with Yb fiber pump lasers [79-81]. Up to 660 W input and 400
W output power [19] as well as few-cycle operation at more than
300 W [82] were demonstrated by single-stage schemes.

In the 5 MW to 100 MW peak power range, HC-PCFs present
an alternative to bulk-based MPCs (see Fig. 4 and Section 3.D).
Contrary to capillaries, HC-PCFs also guide higher spatial
frequencies, and bore radii of only a few microns can be used.
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Fig. 4. Overview of experimental near-infrared post-compression results. Panels (a) and (b) show results obtained with MPCs (Sections 3.B and 3.C)

and other methods (Section 3.A), respectively. The nonlinear stages were pumped by Ti:Sa, Yb-ion, or Nd-ion lasers. The results displayed in (b) are
selected results aiming at providing an overview of the parameter regimes covered. The displayed solid lines connect input laser parameters to compressed
pulse parameters. An orange border around a marker indicates that the compression after spectral broadening was performed using only a fraction of the
full power. The dashed vertical lines connecting adjacent output/input parameters indicate multi-stage compression setups. (c) Output peak and average
powers corresponding to the data points shown in (a) and (b). The peak powers are estimated assuming a Gaussian pulse shape and neglecting the fact that
some results have been obtained at reduced compressed power. (d) Corresponding power efficiency and compression ratios. The marker’s legend is shared
between (c) and (d), displaying Yb laser systems (filled markers) and Ti:Sa systems (hollow markers).
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Whereas the dispersion and transmission range of photonic
bandgap HC-PCF are not compatible with ultrashort pulse com-
pression, kagomé-type and more recently simplified antiresonant
guiding fibers support few- to single-cycle pulse durations [47,83—
85]. Several high-power pulse compression experiments were
reported with HC-PCFs [18,86-88], but plasma heating partially
led to stability concerns when multi-MHz pulse repetition rates
were used [87,89]. Furthermore, the small beam sizes at the input
facets may additionally complicate the coupling due to ionization
effects [58]. Those can be circumvented at the expense of accu-
mulated self-phase modulation by applying gas pressure gradients
[90]. Only a few institutes around the world are capable to draw the
complex Kagomé-type structures; thus, fibers are costly, and the
availability is limited. Antiresonant HC-PCFs are simpler and less
expensive but are typically not as cost-efficient asan MPC.

While exploiting the small nonlinear refractive indices of gases
is the most common way to overcome pulse energy limitations
imposed by Kerr lensing, the use of an effective negative 7, presents
an alternative spectral broadening approach in which the peak
power is only limited by available crystal apertures. Self-defocusing
nonlinearities are induced by cascaded x ®-effects, for instance,
arising from phase-mismatched second harmonic generation
[91]. First compression experiments were performed with a Ti:Sa
laser emitting pulses with approximately 5 GW peak power and
m]-level energies [92]. More recently, the technique was used to
compress pulses emitted from a Yb:YAG thin-disk oscillator with
18 MW peak and 90 W average power [93]. Both experiments
reported an output pulse duration of 30 fs. The compression to the
few-cycle regime is more favorable for longer infrared wavelengths
due to the reduced dispersion of the effective nonlinear refractive
index. For example, less than four optical cycles were demonstrated
in soliton self-compression experiments at 1.3 pum [94] and at
1.5 pm [95] central wavelengths.

A bulk spectral broadening method, which has predominantly
been used for few- to single-cycle pulse generation, is the multi-
plate continuum generation method [96]. Pulses as short as 2.6 fs
[97] and more than 50 times pulse duration reduction to 3.2 fs
[98] were reported. Despite operation at GW peak power level,
i.e., 3 to 4 orders of magnitude above the critical power of silica,
the technique is much more efficient than single-pass bulk spectral
broadening because the sequence of Kerr lenses functions as a
quasi-waveguide [99]. Even spatial soliton-like propagation has
been demonstrated, which resulted in clean bell-shaped output
profiles [100].

B. Bulk MPCs

Both the multi-plate and the bulk multi-pass approach exploit
the nonlinearity of thin silica plates in combination with periodic
focusing. Whereas the multi-plate technique is based on a sequence
of Kerr lenses and large B-integral per plate (*m, [99]), the MPC
technique uses linear focusing optics, i.e., curved mirrors, and
keeps the B-integral per pass low (<m/5, [16]). Both methods
have been relying on fused silica as a nonlinear medium so far, due
to its good availability, excellent optical quality, and high damage
threshold.

To our knowledge, the earliest experiments employing bulk-
plate-based multi-pass concepts were performed with regenerative
amplifier cavities [12—14]. Here, spectral broadening was used to
counteract gain narrowing. The authors noticed that the amount
of SPM per pass adds up over several round trips, while the beam
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Fig.5. (a) Simulated beam homogeneity after spectral broadening of a
10 pJ energy, 250 fs duration pulse by a factor 3.4 in a single 15 mm long
Kerr medium. The beam center is spectrally broadened in contrast to the
beam wings. Adapted from [61]. (b) Measured beam homogeneity after
spectral broadening of 8.25 WJ energy, 860 fs pulses by a factor 12 in a bulk
MPC with 28.5 round trips. In this case, the spectrum is homogeneous
across the beam. Reprinted with permission from [10]. Copyright 2017
Optical Society of America.

distortion caused by self-focusing is determined by only a single
pass [13]. This decisive property also holds for Herriott-type
resonators. Figure 5 [10,61] shows major differences in the spec-
tral shape and homogeneity over the spatial beam profile between a
plain bulk spectral broadening and MPC-based experiment. Figure
5(b) is reprinted from one of the three initially published high-
power MPC compression papers by groups from the Fraunhofer
Institute of Laser Technology and the Max-Planck Institute of
Quantum Optics. They report single-stage compression of about
850 fs pulses to 170 fs [9] as well as 115 fs [10], and 230 fs pulses
to 35 fs [101], i.e., with maximal compression factors of 7.5. The
longest MPC input pulses reported emerged from Nd:YVOy
amplifiers [43,102]. Since glass dispersion was negligible at 12.5
ps pulse duration, a record-high number of 111 passes could be
implemented by using large diameter MPC mirrors, yielding
21-fold pulse duration reduction [43]. In a double-stage scheme,
pulses were compressed by a factor 66 from 11.5 ps to 172 fs [102].
Whereas compression of multi-ps pulses can potentially be applied
to high-energy cryogenically cooled lasers, more attention has been
paid to reach extremely short pulses. The few-cycle regime was
targeted for the first time by Fritsch ¢z 4/. in a three-stage all MPC-
based spectral broadening setup [103]. However, the 10 fs Fourier
transform limit could not be fully compressed. The measured 18
fs pulses showed a 35% pedestal amplitude, and the spectral phase
exhibited a modulation near the 1030 nm fundamental wave-
length, which is characteristic for bulk spectral broadening (Fig.
6). By relaxing the spectral broadening to 14 fs Fourier transform
limit, 16 fs pulses could be measured, which is the shortest duration
demonstrated from all-bulk MPC setups. It is similar to the results
of Vicentini ez al. who reported 22 fs pulses from a double-stage
scheme with an overall compression factor of 21 [104]. The ultra-
short pulses exhibit a similarly strong pedestal. Cleaner pulses of 18
fs duration with 17% pedestal amplitude were reported in another
double-stage bulk MPC experiment used for THz generation
[105]. The scheme has recently been extended by a multi-plate
continuum stage, which enabled the compression to sub-3-cycles,
and consequently broadband mid-infrared generation [55].

Two years earlier, the combination of the MPC and the multi-
plate methods was demonstrated for the first time [106]. It resulted
in factor 20 pulse shortening to 27 fs and less than 10% pedestal
amplitude. The hybridization of both methods, that is, inserting
multiple plates into an MPC, has recently led to a pulse compres-
sion factor of 32, the highest that was achieved by means of a single
bulk MPC stage [37]. GW peak power pulses with 40 fs duration
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were generated. Using multiple thin plates instead of a single
Kerr medium minimized detrimental bulk broadening effects
and enabled B-integrals of about 0.87 per pass, which is much
higher than in any other bulk MPC experiment. The application
of nonlinear mode-matching was essential in order to avoid optics
damage. Simulations revealed that the Kerr lens-induced mode-
match would have caused an intensity enhancement at the MPC
mirrors by a factor of 5 under linear mode-matching conditions.

Most of the bulk MPCs were operated with pulses of about
10 to 100 MW peak power. The Kerr nonlinearities of rare gases,
except from Xenon under high pressure [107], are too low for
significant spectral broadening of such pulses. Nevertheless, there
are a few recent bulk MPC studies with >100 MW peak power
pulses [30,104,108]. Although gas-filled cells could have been
readily used, solid Kerr media were chosen to avoid more com-
plex, costly, and space-consuming vacuum cells. Since the damage
thresholds of mirrors and antireflection coated silica plates are
comparable, MPCs can be built very compact by not going to the
stability edge of the cavity (L < 2R). Even if the MPC hosts a
tight focal spot, the nonlinear material can be placed at a location
of lower intensity [9,23,30,104,108]. The spatial confinement of
the nonlinear interaction presents an attractive property for the
purpose of peak power scaling. Pulse compression experiments
with 17 J pulse energy and 250 TW peak power were based on
bulk spectral broadening, namely relying on the so-called thin-film
compression approach [60,109]. Combining this method with
an MPC can lead to larger compression factors and peak power
enhancements, respectively [38]. Moreover, Gaussian beams could
be used, which are much more favorable than flat-top beams for
focusing to relativistic intensities.

Bulk offers another interesting property if pumped with lasers
operating deeper in the infrared. Soliton self-compression was
shown when 1550 nm pulses from an OPCPA were used and the
anomalous dispersion of silica was exploited [23]. If the nonlinear
medium exhibits normal dispersion, the use of chirped mirrors
presents an alternative route to soliton self-compression. This was
shown in an experiment by Grobmeyer eza/. witha 1030 nm pump
and a —30 fs? net dispersion per pass overcompensating the 120 fs*
group delay dispersion added by the silica Kerr medium [24]. The
group also demonstrated in an earlier publication that MPC-based
pulse compression facilitates carrier-envelope-phase (CEP) stabi-
lization of a >100 W average power thin-disk oscillator [110]. A
similar experiment was also conducted with a fiber amplifier [111].
CEDP stability will be of particular importance for applications of
few-cycle pulses generated by MPCs.

1
3 (d) n
- 0
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x Position (mm)

Fig. 7.  Output beam profiles from a gas-based MPC operated with
a LGo, input beam. The donut-like beam shape enabled reaching the
highest pulse energy spectrally broadened so far with a gas-based MPC.
Measured beam profiles at focus (a) without and (b) with a vortex plate
to return the beam to a flat wavefront. (c) shows an optimized simulated
beam profile at focus. The corresponding back propagated profile before
focusing is shown in (d). Reprinted with permission from [20]. Copyright
2021 Optical Society of America.

C. Gas-Filled MPCs

Gases offer more than 3 orders of magnitude lower nonlinear-
ity than bulk media and, thus, represent an attractive choice for
post-compression of pulses with high peak powers exceeding 100
MW (see Fig. 4 and Section 3.D). In addition, gases are immune
to damage, and the nonlinearity can be adjusted by changing the
gas pressure, providing a simple way to adapt the MPC to different
peak powers. Amplifiers that generate mJ-class pulses, e.g., high-
power Yb-based slab and disk amplifiers or coherently combined
chirped-pulse fiber amplifiers, can already deliver peak powers in
the gigawatt regime at ps pulse duration. Gas-based MPCs have
been employed in multiple experiments to compress these pulses.
A gas-filled Herriott-type MPC was first numerically investigated
in 2017 [52] and implemented one year later by the same research
group, compressing 160 W] from 250 fs down to 33 fsina 280 mm
cell with 7 bars of argon [45]. Simultaneously, an MPC arranged
in a 4 f imaging geometry was used to compress 2 mJ pulses from
210 fs to 37 fs in a cell containing up to 500 mbar of argon [112].
Within the same year, Kaumanns and co-workers reported post-
compression of 18 m]J pulses in a cell filled with 600 mbar of argon,
demonstrating a larger compression ratio from 1.3 ps down to 41 fs
[32].

Owing to the large difference of mirror damage threshold and
ionization intensity of the nonlinear medium, gas-filled Herriott-
type MPCs are typically operated close to the stability edge, i.e.,
k= N—1and L $2R.Due to minimal passes through material
interfaces (in contrast to bulk MPCs), gas-filled MPCs exhibit
excellent throughput, and an overall efficiency of 96% for the
entire compression setup has been demonstrated [11]. Early power
scalability studies showed compression of >500 W average power
[44], but recently Grebing ez a/. also demonstrated compression of
a 1 kW average power, coherently combined Yb fiber laser via an
MPC filled with 700 mbar of argon [11].

Scaling up pulse energies brings along the risk of exceeding the
ionization threshold of the gas, which can deteriorate the MPC
throughput, beam quality, and stability [32]. However, this thresh-
old is mainly defined by the peak intensity of the pulse and not by
the pulse energy. By using a first-order helical Laguerre—Gaussian
mode (also known as a donut mode), shown in Fig. 7, Kaumanns
et al. were able to increase the pulse energy up to 112 m]J in a
7.8-m-long cell filled with 250 mbar of argon without exceeding
this threshold intensity [20]. So far, this is the highest energy level
where spectral broadening is demonstrated while maintaining the
mode of the beam.
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The largest compression ratio achieved with a single spec-
tral broadening stage is 37.5, starting from 1.2 ps pulses and
compressing down to 32 fs (shown in Fig. 8), reaching a spectral
bandwidth close to the limit of the dielectric mirrors [22]. Large
compression factors are routinely obtained with gas-based MPCs:
35 [20], 31 [32], etc., [see Figs. 4(a) and 4(d)]. A single-stage
compression in a gas-filled MPC routinely achieves around 30—40
fs [44]: 31 £s [11,50], 32 fs [22], 33 fs [45], 37 £s [20,112]. A few
works report employing a second MPC to further reduce the pulse
duration toward the few-cycle regime via the use of metallic mirrors
[22,50]. More details can be found in the dedicated Section 4.B. on
few-cycle pulse generation.

Outstanding  spatiotemporal homogeneities above 97.5%
have been typically measured, demonstrating that no significant
degradation of the input beam quality appears for gas-filled MPCs
when the nonlinear phase accumulated per pass is kept sufficiently
low [20,50]. For higher nonlinear phase per pass, significant
spatio-spectral couplings can be observed with gas-based MPCs
[51].

In addition to noble gases, also molecular gases have been
employed in MPCs to make use of the Raman redshifting property
and achieve very large bandwidths [113]. However, their average
power handling capabilities need further investigation.

D. Comparison of Spectral Broadening Methods

In Fig. 4, we have summarized the pulse compression results
described in this section. We display only experiments at cen-
tral wavelengths between 780 nm and 1064 nm including the
most important Ti:Sa and Yb lasers. Whereas the collection of
experimental MPC results should, to the best of our knowledge,
include all published results to date, we only display results at
the forefront of other spectral broadening techniques. We do not
show the multi-joule bulk spectral broadening results, which were
demonstrated at very different pulse parameters compared to most
of the other methods (repetition rate, spatial beam properties,
compression factors) [60,68].

Figures 4(a) and 4(b) display key parameters of the compression
experiments: x and y axes show pulse duration and pulse energy,

the solid lines exhibit compression ratio (length of the horizontal
projection) and efficiency (ratio of the vertical location of start to
end points reflected in the vertical projections of the lines), the
color scale indicates the average power of the compressed pulse
train, the marker type encodes the spectral broadening scheme,
and the marker border indicates whether compression was done at
full power. Finally, the diagonal solid black lines give an estimate
of the pulse peak powers assuming for simplicity an ideal Gaussian
temporal shape.

We pointouta few observations that these graphs provide: First,
the density of results in the 10 pJ to 100 W] region is quite high in
the MPC plot, whereas it is rather low in the diagram displaying
other techniques. Although more HC-PCF experiments and a few
multi-plate experiments have been performed in this range, the
large amount of MPC results reflects the initial idea of the spectral
broadening approach to fill the 10 pJ to 100 pJ pulse energy gap
[9]. Coverage of the <3 pJ range with MPC experiments is readily
possible but has not been of interest so far because of the availability
of well-working solutions in this regime, as highlighted in Fig. 4(b).
In contrast, pulse compression at >10 m] energy levels is of utmost
importance. The results of Kaumanns and co-workers [20,32] have
proven that MPCs are an extremely attractive platform to follow
this route. An outlook to peak power scaling capabilities will be
presented in the next chapter.

Second, MPCs readily cover pulse durations from approxi-
mately 10 fs to 10 ps, but the other compression techniques have
been superior in the generation of <10 fs pulses. Multi-plate
arrangements, HC capillaries, and HC-PCFs provide ultra-
broadband wave guidance, clearly exceeding highly reflective
multi-layer bandwidths. Therefore, the combination of MPC
stages with another technique presents an obvious strategy to
efficiently enter the few-cycle regime. For instance, multi-plate
compression of 30 fs pulses to the few- or even single-cycle regime
has been demonstrated many times [97,98,114,115] and, thus,
excellently complements the standard operation regime of MPCs.
Whereas such combinations were implemented with bulk MPCs
[55,1006], the sequence of a gas-filled MPC and a capillary broad-
ening stage has also led to the generation of two-cycle pulses
[77]. Nonetheless, all-MPC few-cycle pulse generation is highly
interesting with regards to average peak power scalability as well
as few-cycle pulse shaping utilizing novel dispersion control
possibilities. Possible strategies are presented in Section 4.B.

Third, the highest energy compression results with MPCs were
also achieved with very high average powers. This is different from
the other techniques where only a few high-power, high-energy
experiments were reported. Figure 4(c) highlights the exceptional
power handling capabilities of MPCs. Sources with >50 W aver-
age and >100 GW peak power have been enabled multiple times
by MPCs. In contrast, this combination of power levels was only
reached once with any other spectral broadening approach [82].

Figure 4(d) shows another outstanding property of the MPC
method. The majority of compression experiments exhibited
more than 80% power efficiency. This has been shown with other
techniques as well, however, mostly at comparably low com-
pression ratios around 10. In Fig. 4(d), the best non-MPC result
was achieved with a HCE demonstrating a factor 34 compres-
sion with 70% overall transmission [116]. In addition to power
efficiency, the MPC scheme yields homogeneous spectral broad-
ening, high output beam, and compression quality [117]. We
note that many MPC results were accomplished with M? < 1.2
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[11,32,44,50,103]. Finally, the results of many MPC papers were
complemented by measurements of excellent, clearly less than 1%
rms power fluctuations [11,24,37,43,45,55,77,118]. This empha-
sizes the applicability of the method beyond the pulse parameters
analyzed in Fig. 4.

4. DEVELOPMENT DIRECTIONS
A. Pulse Energy Scaling

Scaling the pulse energy of post-compression systems represents
an important development direction. It was subject to discus-
sion for gas-filled MPCs even before they were experimentally
demonstrated [52]. Together with shortening the pulses further,
it enables the generation of higher peak powers [58]. In particular,
peak power scaling far into the TW range as well as pulse energy
up-scaling into the joule regime has the potential to play a game
changing role for laser-based particle acceleration and high-field
physics.

High-performance post-compression systems supporting
large compression factors (10 and more) recently entered the TW
compressed output peak power regime [21,119,120]. While other
methods including planar hollow waveguides [121] and thin-film
post-compression schemes [60,68] have been demonstrated ac TW
compressed output power levels, these methods have only yielded
low compression factors and reduced spatial output beam quality
compared to hollow-fiber or MPC-based schemes. Because of their
free length scalability and at the same time near ideal waveguide
properties, SE-HCFs took over the leading role of hollow-core
capillaries for high-peak power spectral broadening, yielding
highest compressed output peak powers to date and attempting to
compress joule-level pulses toward the fs regime [122]. Although
introduced later, MPCs are already supporting the peak power
records achieved with SF-HCFs while surpassing the pulse energy
records [20] (see Fig. 4), and further peak power scaling advances
can be expected.

Pulse energy up-scaling for MPCs is limited by the LIDT Fy,
of the MPC mirrors and by the peak intensity inside the nonlinear
medium or its coating. Placing the nonlinear media close to the
concave mirrors maximizes the damage threshold in bulk MPCs
[9,38]. Under the assumption that mirror and Kerr medium
exhibit a similar damage fluence Fi,, the pulse energy limit is
approximated by Eq. (5). However, higher pulse energies and spec-
tral broadening factors have been reported for gas-filled MPCs.
Here, the ionization threshold intensity at the focal plane 7, has to
be considered in addition to the fluence on the mirrors. The peak
power corresponding to /o, is calculated by Eq. (6). The maximum
laser pulse energy is, thus, expressed by the minimum value of two
quantities [38]:

Fy CRA 1
m, ](),R)\TZ\/ C(2 — C)] . (13)

This equation is generally valid for MPCs containing a nonlin-
ear medium at focus. For MPCs employing bulk plates close to the
mirrors, only the first term in Eq. (13) has to be considered.

As an example, we consider an MPC with R =1 m mirrors,
which is operated close to the stability edge with £/ N = 14/15 and
at 50% of the mirror damage threshold Fy, = 1]J/cm?. For pulses
of 1 ps duration with A = 1030 nm central wavelength, we obtain a
fluence-limited pulse energy of 24.5 m]. The corresponding peak
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Fig.9. (a) MPC setup length as a function of pulse energy considering
limitations arising due to the mirror LIDT and focus intensity consid-
ering a standard Herriott-type MPC with reentrant beam pattern and
k/N=14/15. The colored markers indicate example configurations
at 0.5 mJ, 10 mJ, and 200 mJ using 1 ps input pulses at 1030 nm. The
corresponding broadened spectra and compressed pulses simulated using
three-dimensional nonlinear pulse propagation are shown in (b) and (c),
respectively. The offset in (b) and (¢) is introduced for clarity. Reprinted
from [38].

focus intensity is I =4.6 x 10" W/cm? at an MPC length of
L=RC=1978m.

In practice, the most effective pulse energy tuning option for
a standard MPC is provided by the setup size, i.e., R in Eq. (13),
showing a straightforward linear scaling relation for the maximum
pulse energy. Scaling the pulse energy linearly with setup length
while keeping the configuration parameters £, IV constant not
only enables a constant intensity at the mirrors and in the focus
but also further ensures fully scale-invariant spectral broadening
characteristics for gas-filled MPCs provided that the pressure is
reduced linearly with increasing system length and pulse energy.
The fundamental principle behind this energy scaling method is
outlined in a more general context in [123] and can be motivated
by basic scaling properties of the nonlinear wave equation, as dis-
cussed in detail in [38,123]. We obtain fully scale-invariant spectral
broadening characteristics that do not depend on the laser pulse
energy if setup size and gas density are scaled appropriately with
pulse energy:

R LxE, pxl/E. (14)

Most importantly, there is no fundamental upper limit for the
pulse energy via geometrical setup size scaling. Practically, the limit
is simply the setup size itself, as illustrated in Fig. 9. While setup
lengths in the order of 1 m can be employed to compress 1 ps pulses
with about 10 m] using currently available multi-layer mirrors, the
setup length would increase to 20 m for 200 mJ, making further
energy scaling impractical. Analogously, down-sizing is possible if
less pulse energy is used. Figure 9 shows that spectral broadening of
pulse with 0.5 m] energy requires only a 5 cm setup length. Similar
scaling principles can also be applied to bulk-based MPCs. As the
density of the nonlinear medium cannot easily be adjusted, the
medium position or thickness has to be changed instead. In turn,
localized self-focusing modifies the overall lens system consisting
of the MPC mirrors and the Kerr lenses [37,38]. Thus, deviations
from perfect scale-invariance have to be expected.

We now compare the pulse energy limits of gas-filled MPCs and
HCFs. For MPCs, we express the limit imposed by the maximum
fluence on the mirrors in terms of the corresponding intensity,
If;, and the ionization limit in terms of /y;, as before. By setting
the terms of the right-hand side of Eq. (13) equal, we derive an
equation for the minimum MPC length (see Appendix D for
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details):

4P [ln—1I; 4P
Lypc > R~ , (15)
b\ L o

including an approximation for the typical condition Zo, > I5.
Similar limits can be applied to pulse compression setups using
HCFs. Here the threshold intensity imposed by ionization, I,
limits the peak power for spectral broadening operation, hence
defining the minimum mode field diameter of the capillary. For
a given peak power and desired B-integral, a minimum fiber
length can, thus, be defined by taking into account a maximum
gas density limited by the critical power [58]. The total setup
length Lycr results from the fiber length Lgpe, plus the lengths
required for beam focusing and collimation L., limited again by
the maximum intensity at the focusing/collimation optics /5. The
minimum HCF setup length (see Appendix D for details), thus,

reads as

Lyce > BP + 4P (16)
= Ton o In s
\—\f——J
Lﬁbe' ZLFree

Equation (15) and the second term of Eq. (16) describe twice
the length a Gaussian beam needs to expand from /y, at focus to
Ir. Consequently, under the assumption that the same gas-type
and comparable focusing optics are used in both approaches, the
terms Lyipc and 2L g, are identical. In MPCs, the beam path is
folded such that pulses propagate 2 NV times along the total physical
length Lypc to accumulate B-integral. In contrast, the pulses in
a HCF setup mainly accumulate B-integral within the physical
capillary length, which presents the excess length of a HCF setup in
comparison to an MPC setup. This can be expressed by the ratio of
Egs. (16) and (15):

Lycr B [ I
n= 14— [—. (17)
Lypc 4\ lo,

The ratio 1 increases linearly with B-integral. Consequently,
an MPC setup becomes especially more compact compared to a
HCEF setup if large spectral broadening factors are targeted. This
property highlights the importance of MPCs for pulse energy
up-scaling while maintaining high compression factors that are
typically required for ps-level input pulses.

Circumventing the size limits of standard MPCs represents a
great challenge for future post-compression systems. Experimental
attempts reported to date include the utilization of higher-order
spatial modes reducing the fluence at the MPC mirrors [20] as
well as pulse multiplexing methods [124—126]. While these meth-
ods enable an increased pulse energy for the same setup length,
they also demand an increased setup complexity including beam
forming or split/delay units. Interesting routes using non-standard
cell geometries have recently been proposed for energy scaling
[38,127,128]. For example, we have recently investigated MPCs
comprising more than two mirrors. Employing, e.g., four or more
mirrors in a bow tie or similar configuration allows us to scale the
beam spot size at the MPC mirrors without increasing the system
length if beam paths with collimated beams are folded. The pro-
posed bow tie MPC was numerically verified and suggests MPC
configurations enabling highly efficient pulse post-compression at
large compression factors supporting 100 m] pulse energies, with

the potential to be scaled into the joule regime using a table-top
few-meter scale setup. Additional studies also put the generation of
TW pulses at longer wavelengths, e.g., using CO; systems, in sight,
as numerically investigated in [129]. Future research will need to
address open questions regarding the impact of input beam quality
degradation on the output pulse properties for the high-energy
post-compression regimes.

The MPC geometries discussed in [38] are promising not only
because they predict record energy MPCs but also because they
show more generally that alternative geometries can be used to
extend the parameter coverage of MPCs. Moreover, MPC geom-
etries like the bow tie MPC may also be employed, e.g., for mJ-class
lasers enabling very compact post-compression units.

B. From the Few- to Single-Cycle Regime with MPCs:
Prospects

There has been continuous progress in reducing pulse durations
toward a few femtoseconds with all-MPC setups over the past
years. Fritsch ez al. reported 16 fs in 2018 [103], Balla ez a/. 13 fs
directly compressed from ps input pulses in 2020 [22], and Miiller
etal. 6.9 £s in 2021 [50]. All experiments were conducted with Yb
lasers, emitting pulses at 1030 nm central wavelength, which cor-
responds to a duration of 3.4 fs per optical cycle. Moreover, MPCs
pumped by Ti:Sa lasers yielded 8 fs [51] and 5.3 fs [130] pulse
durations in 2021. We expect further advancement toward the
single-cycle regime in the near future, in particular, since metallic
mirrors, which were used in [22,50,51,130,131], support at least
two octaves of bandwidth for near-infrared driver pulses.

However, the challenge of metallic mirrors is twofold: First, the
reflectivity of enhanced silver mirrors is typically between 98% and
99% over an octave-spanning reflection band in the near-infrared.
Bare coatings are about 2% worse. For comparison, standard
quarter-wave stack mirrors exhibit reflectivities of >99.9%
over a >40 nm reflection band at 1030 nm, supporting 30 fs
pulses. Second, the non-reflected light of metal mirrors is mainly
absorbed, which results in heat generation. For low-repetition-rate
lasers like most Ti:Sa amplifiers, this is easily tolerable. However,
for kW average powers, small areas of the MPC mirrors are con-
stantly heated by tens of watts yielding surface deformations and,
thus, beam shape and pointing fluctuations. Nevertheless, opti-
mized setup design and elaborate technical engineering enabled
the demonstration of sub-7-fs pulses from an MPC setup with
388 W average output power and predicted scalability to 2 kW
[50]. On the one hand, Miiller ez 2/ used water-cooled enhanced
silver mirrors on silicon substrates to efficiently suppress thermal
effects in the MPC (see Fig. 10). On the other hand, a double-stage
compression scheme was implemented. The first stage was opti-
mized for dielectric mirrors. It delivered 31 fs pulses with 95%
power efficiency. Subsequently, the second stage using metallic
mirrors required only 13 passes to reach a sub-6-fs Fourier trans-
form limit at 82% transmission. In an earlier capillary double-stage
experiment, the same group reported similar compression from
approximately 300 fs to 6.3 fs duration [19]. However, the average
power dropped from initially 660 W to 216 W, i.e., the power
efficiency was only 33%. Another comparable capillary setup (318
W output power, 10 fs compressed pulse duration, [82]) exhibited
55% transmission (including full-power compression), i.e., 23%
less than the MPC setup. Notably, few-cycle pulse generation
in double-stage MPC setups can also be achieved with ps input
pulses, as typically delivered by innoslab or thin-disk amplifiers.
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Fig. 10. Two-stage cascaded MPC setup, where water-cooled silicon
substrates with dielectric-enhanced silver coating were used for the second
stage to support high-power few-cycle pulses. Reprinted with permission
from [50]. Copyright 2021 Optical Society of America.

Balla ez al. [22] used about 4 times longer input pulses (1.2 ps) than
Miiller ez al. [50]. Nonetheless, compression to 32 fs with 80% was
possible in a single stage that was followed by a second MPC with
metallic mirrors. We note that the multi-stage approach not only
maximizes efficiency but also improves the temporal contrast of the
pulses for the same overall broadening factor if suitable chirp com-
pensation between the stages is implemented [42]. This is a direct
outcome of having less modulations in both the spectral intensity
and phase, brought about by the lower B-integral requirement to
reach the same amount of spectral broadening.

The excellent power efficiencies and large compression fac-
tors reported to date manifest the great capabilities of all-MPC
setups to generate few-cycle pulses. Unless multi-octave span-
ning spectra are targeted [76], broadband dielectric mirrors
present a viable alternative to metallic MPC mirrors. The shortest
attainable pulse duration is then generically determined by the
bandwidth of the chirped mirror compressor, as it is also the case
for all other spectral broadening techniques in the normal disper-
sion regime. Complementary chirped mirror pairs covering 1.5
octaves and supporting sub-3-fs pulses have been demonstrated
[132]. Whereas the >95% reflectivity over the full bandwidth does
not improve the power efficiency of an ultrabroadband MPC in
comparison to metallic mirrors, the heat dissipation issue is signifi-
cantly improved as there is little absorption in dielectric multi-layer
mirrors. Custom-made octave-spanning chirped mirror pairs that
support sub-5-fs pulses can be obtained from several commercial
suppliers. Those exhibit reflectivities of >99% over the full band-
width. Therefore, they are also advantageous with respect to MPC
transmission in comparison to metallic mirrors.

In contrast to other techniques, MPCs provide the possibility to
incorporate chirped mirrors directly into the spectral broadening
setup. This was exploited, for instance, to achieve self-compression
inside an MPC [24], which obviated the need for an external
compressor. While the method enables very compact setups as
a compressor is not needed, the variation of pulse duration and
intensity during each pass also complicates the setup design, as the
damage threshold of mirrors change with these parameters.

Alternative schemes targeted net-zero linear dispersion per
round trip [9], which suppresses saturation of the Kerr nonline-
arity and, thus, enables large spectral broadening factors by high
numbers of passes through the cell. It remains to be clarified how
the characteristic group delay dispersion oscillations of broadband
chirped mirror pairs affect the quality of the post-compressed
pulses.

The great design flexibility of multi-layer mirrors opens the
perspective to optimize pulse compression with respect to the

spectral broadening factor, pulse shape, and contrast, respectively.
In HC-PCF and capillary-based spectral broadening schemes,
dispersion is modified by selecting gas type, pressure, and option-
ally pressure gradient as well as changing the bore diameter [47].
All these turning knobs exhibit a fixed wavelength dependence.
In contrast, second-, third-, and higher-order dispersion can be
tailored in chirped mirror designs, which offer much greater phase
shaping flexibility. Thus, the advent of the MPC technology for
nonlinear spectral broadening and, more generally, nonlinear
optics applications sets high demands for further broadband mir-
ror technology while opening complementary routes to ultrashort
light field control in frequency and time.

C. Applications of MPCs

As highlighted in the previous sections, MPCs offer great opportu-
nities for ultrafast sciences and applications driven by femtosecond
laser sources, in particular as they already extend current laser
parameter regimes and hold promise to enable further parameter
scaling. Accordingly, applications suffering from insufficient
parameter coverage such as limited average and peak power ben-
efit greatly from the advances brought about by this technology.
This opens up novel opportunities for average power-demanding
secondary sources driven with post-compressed Yb lasers. As a
prominent example with a wide application field, high-harmonic
sources enabling extreme ultraviolet (XUV) and attosecond
pulse generation [133,134] could perfectly benefit from these
parameters. While the field intensities required for high-harmonic
generation (HHG) exceeding 10'* W/cm? can easily be reached
with Ti:Sa and OPCPA technology, the corresponding repetition
rates of common HHG sources are typically limited to the kHz
range. Ultrashort pulse lasers with a repetition rate reaching 10s
or 100s of MHz will enable novel XUV sources for repetition
rate-demanding applications like photoelectron spectroscopy,
coincidence detection, and coherent diffractive or holographic
imaging [135-137]. They will further enable XUV frequency
combs without the need for phase-sensitive passive enhance-
ment resonators [138]. As MPCs support phase-stable operation
[110,111,139], they are perfectly suited for high-repetition-rate
drivers for single-pass XUV frequency comb generation. This
direction is in particular important for extending the photon
energy range of XUV combs into the multi 100 eV or even keV
range, which could so far only be reached with single-pass HHG
schemes [140]. Due to their high complexity, enhancement cavity-
based XUV combs have been operated in only very few laboratories
despite their tremendous application potential within precision
spectroscopy including highly charged ion spectroscopy or nuclear
clock applications [141]. High-average-power XUV sources are
further demanded by industrial applications within the semi-
conductor chip production cycle. While incoherent sources are
typically employed for lithography at currently 13.5 nm, coherent
sources operating at the same wavelength can offer new imaging
opportunities for inspection purposes [142].

XUV sources based on HHG will further benefit from high-
pulse energy post-compression possibilities. In particular, the
study of nonlinear optical processes in the XUV demanding
intense XUV sources will gain from the combination of multi-100
m] lasers with efficient post-compressors. Employing suitable scal-
ing strategies [140] or novel compact XUV source concepts [143]
for the efficient XUV conversion of high-peak-power few-cycle
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pulses will enable to reach XUV intensities exceeding 1 PW/cm?,
opening the door to high-field XUV physics [143].

Secondary sources which highly benefit from high-average-
power femtosecond drivers also include THz sources [105,144].
At LCLS, a2 m MPC filled with argon is used to deliver sub-100-fs
pulses with >100 W average power for laser-driven THz genera-
tion through optical rectification in LiNbOj3 [145]. Single-cycle
THz pulses with >1 pJ energy were produced to enable experi-
ments with high-field THz excitation. Similarly, Meyer ez al. used
MHz rate thin-disk oscillators (Yb:YAG and Yb:LuAG) post-
compressed in bulk MPCs to reach 1.35 mW at 2 THz [146] and
up to 66 mW in a single-cycle pulse centered at 0.7 THz [144],
via optical rectification in GaP and MgO-doped LiNbO3, respec-
tively. High THz average power were also achieved employing a
two-color scheme in a gas-jet with spectrally broadened laser pulses
from an MPC [147].

Demands for high-average power laser sources also come from
free electron laser (FEL) sciences ranging from the study of molecu-
lar charge transfer processes to quantum materials. In particular,
next generation x-ray light sources at FEL facilities such as FLASH,
European XFEL, LCLS, or SHINE are scaled to higher repetition
rates to meet the requirements of photon-hungry pump-probe
experiments [148,149]. As a consequence, high-repetition-rate
femtosecond optical lasers employed as FEL pump-probe or seed-
ing lasers are required. These lasers need to match the temporal
pulse pattern of the FEL beam, partially operating in burst mode
[118,150]. MPC-based pulse post-compression setups have been
successfully implemented at the FLASH facility at DESY with both
bulk and gas nonlinear media [117,118,151] and are now part of
the burst-laser options available for FEL users [148] with 1 MHz
and 100 kHz in-burst repetition rates, respectively. This solution
is complementary to more complex OPCPA-based approaches
[150,152,153]; while OPCPA systems provide easily sub-20 fs
pulses with flexible wavelength coverage and outstanding temporal
pulse quality, the MPC approach is more efficient, simple, and
proved suitable for FEL pump-probe experiments [117,118].

MPC post-compression enables the combination of high
average power [11] and high peak power [20], which open a route
to explore the full potential of many applications that have been
demonstrated only at low repetition rates so far. This includes,
in particular, laser-driven particle sources such as laser-based
plasma accelerators [154]. Until today, laser plasma accelerators
are relying mostly on Ti:Sa laser technology with limited average
power scalability. The exploration of their full potential at high
repetition rates, which is expected to enable a transition from
proof-of-principle to real-world applications including radia-
tion therapy and scientific electron sources, however, demands
operation at (multi-)kHz repetition rates. Post-compressed Yb
systems will offer exciting opportunities for small-scale electron
sources with the potential to expand the parameter coverage of
current sources in efficiency, compactness, repetition rate, and
average power. Moreover, proton acceleration to high energies
could be achieved with the help of lasers with extreme peak powers.
Proposed applications of such sources include transmutation
and nuclear waste treatment [155] to reduce the environmental
impact of power plants as suggested by the ICAN project [156] and
currently pursued by the Belgian MYRRHA accelerator system
[157].

An important challenge that needs to be addressed in the
context of applications requiring TW-class peak power is the

demand for excellent temporal contrast. It is well known that the
post-compression process typically causes pre- and post-pulses in
close proximity to the main pulse after compression [42,117]. In
addition, high-average-power Yb laser systems are typically not
reaching the temporal contrast levels at pico- to nanosecond delays
achieved with optimized Ti:Sa or OPCPA technology. The topic
of temporal contrast of multi-pass post-compressed pulses was
only recently addressed by us [42,117]. For future TW-class post-
compressed pulses, contrast cleaning approaches like nonlinear
ellipse rotation [118,158] as well as the optimization of Yb systems
for high contrast demands can offer solutions.

Finally, in view of energy and peak power scaling directions
lined out by us in [38], future post-compressed lasers could be
employed for applications demanding ultrahigh-peak powers
possibly reaching beyond the TW scale. Will we reach the exawatt
peak power regimes as foreseen by the 2018 Nobel prize laureate
G. Mourou [1] with the help of post-compression technologies?
While future research has to validate if post-compression tech-
nologies can meet these prospects, the application potential for
efficient ultrahigh-peak-power lasers operating a high repetition
rate is tremendous: High-field applications relying to date on
lasers delivering only a few shots per minute or even per hour will
greatly benefit from joule-class post-compression technology
combined with high-average power lasers [159]. Potential applica-
tions include in particular laser-driven nuclear fusion approaches
[160,161]. While encouraging steps could be witnessed recently
at the Lawrence Livermore National Laboratory [162], start-ups
like MarvelFusion have the ambitious goal of turning fusion-based
electricity into a clean and safe reality [163]—prospects that do not
only require controlled nuclear fusion reaching beyond the break-
even point, but also demand energy-efficient, high-repetition-rate,
and ultrahigh-peak-power laser sources [164].

5. SUMMARY AND OUTLOOK

MPC:s are at the forefront of post-compression methods for laser
systems with high average power. In addition, MPCs offer a robust
and compact post-compression option for a very broad range
of parameters, with pulse energies extending from a few pJ to
>100 m]J, and are expected to approach the joule-class energy
regime in the near future. Based on a simple and cost-efficient
scheme, in the simplest case requiring only two curved mirrors
and a Kerr medium, MPCs have already proven to reach extreme
compression factors with minimum losses, excellent pointing
sensitivity, and good beam quality.

These remarkable properties make MPCs suitable for a pleth-
ora of scientific applications. While a number of experiments are
already operated by MPC post-compressed lasers, the full applica-
tion potential opened by a further expanded parameter coverage
has yet to be unlocked. Important applications can be expected in
multiple fields including attosecond science and table-top XUV
sources, accelerator physics, and other secondary sources (THz,
laser for FELs, etc.) as well as high-field physics. Having entered
the field of ultrafast lasers as a novel post-compression method
only about five years ago, MPCs are currently spreading rapidly
across many ultrafast laboratories worldwide. As a simple add-on
to high-power industrial lasers, the MPC technology is not only
employed in scientific laboratories. Several laser companies have
started pursuing post-compression efforts via MPCs. Amplitude
Systemes demonstrated the first commercial gas-filled MPC [45]
and aims at combining MPC and capillaries in two compression
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stages [165] to reach the few-cycle regime. On the other hand,
Active Fiber Systems employs a two stage MPC configuration to
generate CEP-stable few-cycle pulses from their fiber-based laser
systems [50,166]. Finally, Trumpf Scientific is targeting the very
high energy regime, by currently attempting to spectrally broaden
amulti-100-m] laser in a 12-m-long gas-filled MPC [167].

While most nonlinear MPCs operated to date are used for
spectral broadening applications, only a few first attempts toward
exploring their potential for other nonlinear optics applications
have been reported so far. A recent review summarizes those results
[56]. These include spectral compression to efficiently translate
a femtosecond laser source into a picosecond source. Daher ez al.
spectrally compressed negatively chirped, 260 fs pulses to near
transform-limited 2.4 ps pulses in a bulk MPC [168]. They also
demonstrated Raman conversion in an MPC [169] and discussed
quasi-phase matched four-wave mixing processes for wavelength
conversion [170]. The reported nonlinear phenomena observed
in MPC:s to date utilize the additional degrees of freedom added
by placing a nonlinear optics experiment inside an MPC resulting
in advantageous spatial homogenization characteristics, a peri-
odic repetition of the nonlinear interaction, and phase-control
opportunities for versatile pulse shaping. Further advances utiliz-
ing these characteristics will rely heavily on cutting-edge mirror
technology, which will enable to expand the limits of pulse energy,
average power, bandwidth, and mirror dispersion. While large
compression ratios have been reached already (close to 100 in a
dual-stage scheme [22]), future work will push the compression
limits of single and multi-stage systems further and expand the
technology to even longer input pulses, surpassing current rec-
ord compressing 12.5 ps pulses [43]. Direct post-compression of
input pulses reaching far into the picosecond or even nanosecond
regime might enable the conversion of readily available multi-k'\W
industrial lasers into femtosecond sources.

The exploration of the nonlinear phenomena mentioned here
together with the extension to other nonlinear processes, including
harmonic and parametric frequency conversion as well as soliton
[171] and dispersive wave-based [172] generation, will further
expand the application range of nonlinear MPCs. While MPCs
have already established new directions for high peak- and aver-
age power laser technology, the remarkable properties offered by
MPCs will further advance this parameter space and are expected
to open additional directions for ultrafast optics.

APPENDIX A: RELATION BETWEEN GOUY PHASE
AND ANGLE ADVANCE

The Gouy phase shift can be defined as the difference in phase
acquired by a Gaussian beam and a plane wave along the same
propagation direction and with the same optical frequency.
Equivalently, it can be defined as the phase difference between two
adjacent higher-order transverse beam modes. It can be written as

¥ = tan"! (i) , (A1)
ZR
where z is the propagation length from the waist and zp is the

Rayleigh length, given by

2

JT(,L)O
= — A2
= (A2)

For a g-preserving MPC, the beam propagation is symmetric,
and the beam accumulates in one round trip a Gouy phase shift
that is 4 times of what it gets from the waist (z = 0) to one of the

mirrors (z= L /2):
RT
va =tan"! (ﬁ) . (A3)

ZR

Using Eqs. (A2) and (3), this equation can be simplified to

IP_RT_ -1 (L) (A4)
i " \Vea-o)

The Gouy phase shift ¥ can be connected to the angle & of the
reentrant condition of Eq. (2), where C =1 — cos(§/2). Using

sinf = +/1 — cos?6, Eq. (2) can be transformed into

sin (%) =,/C2-0). (A5)
We can then use a trigonometric half-angle identity,

§\ 1—cos(§/2)
ran (Z> T en/2) (45)

to show that
g =tan"! (—1 — (- C)) =tan"! (—C ) . (A7)
4 JC2-0C) JC2-0O)

Equations (A4) and (A7), therefore, show that the re-entrant
angle & and the accumulated Gouy phase for one round trip ¥RT
are equivalent. Because of this, we use the variable & to refer to both
interchangeably in the manuscript.

APPENDIX B: DERIVATION OF THE GAUSSIAN
EIGENMODE OF A HERRIOTT-TYPE MPC

The transverse Gaussian eigenmode represented by a Gaussian
beam parameter ¢ can be calculated using ABCD matrices. From
Fig. 2, the matrices for the propagation of L /2 and the mirror can
be combined to

M = (Mprop * Miniicror * Mprop)j (Bl)
[1-c rca-cY
_|:—2/R 1-C ] ’ (B2)
wherein C = L/ R as defined in Eq. (2) is used for simplification.
For any integer j, applying this matrix to ¢o should result in the
same value. For j = 1, this means

_ (1=C)go+ RC(1—-C/2)

T YR 1-C

) (B3)

which can be solved as

R
qoz—zw/C(C—Z). (B4)
The Rayleigh length can then be calculated as
R
ZRZ—quZ 5\/ C(2— C) (BS)

From here, the radii of the beam in focus and at the mir-
rors shown in Egs. (3) and (4) can be obtained. An equation for



the radius of the Gaussian beam at any point |z| < L/2 can be
written as

Z2
w?(2) = wy (1 + —2) : (B6)
2R

which allows us to write an equation for the intensity on the optical
axis,

4P
= 92JCE-0)
RA/CR2—-C)+ TRCO-C)

where P is the peak power of the pulse.

1(2)

(B7)

APPENDIX C: DERIVATION OF B-INTEGRAL
LIMITS

We can use Eq. (B7) to derive an equation for the B-integral per
pass of a paraxial Gaussian beam in an MPC filled by a uniform
nonlinear medium:

+L/2 2
Bpass = f e I(2)dz (C1)
_ A
z=—L/2
4 +1/2
b4 2z | 1
:FPnztan_l (E m) (CZ)
z=—L/2

8w [ C
= FPnztan_l ( m) . (C3)

This can be further simplified using C =1 — cos(wk/N) =
2sin (1 k/2 N), to finally give us
Pi’lz k
— 2 -
B = 4m? S22 (c4)
asalso used in Eq. (8).
Considering the critical power for self-focusing, P = P =
A2 /(2mnony) [39], we get an expression for the maximum
B-integral per pass:

k
Booss =27 —, C5
s =275 ©3)
where 7 isassumed very close to 1, which is the usual case for gases.

The spectral broadening factor for a Gaussian pulse is derived in

[40] as

= =

b 2 (Co6)

4
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which scales roughly as &~ 0.88¢,, for large @ua. Using
Eq. (C3), and B = 2@y for a Gaussian beam, we can get the
spectral broadening for an MPC (considering N round trips or
equivalently, 2N passes through the medium):

2
4 8w [ C
b= 1+ 3_ﬁ <2NX Fpnztan_l ( m)) . (C7)

For large B and C — 2, the first term in the square root can be
ignored and the arctangent term approaches /2. This equation
then simplifies to
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APPENDIX D: DERIVATION OF SCALING LIMITS
OF HCF AND MPC

The two main limitations for scaling up both HCF and MPCs are
the fluence threshold of the optics and the self-focusing threshold,
which both require building longer setups to accommodate higher
peak powers. Here we derive the scaling of the corresponding
required setup lengths.

The spotarea on the focusing optic placed at distance L g from
the fiber input can be written as

Lfree)" :
Ar=nmw’~ D1
F=nTwy 71( p— ) (D1)
=4

where Ay is the area of the focal spot at the fiber input. The approxi-
mation in Eq. (D1) corresponds to the one made in Eq. (15),
i.e., Iy, > Ir. The smallest Ay within the intensity threshold in the
focus 1y, is then Ay =2P/1,. Considering the shortest possible
distance of the focusing optic L. within the intensity threshold
on the mirror /5, we get

2P 24P 4P?

= = =—. D3
" Ap T 122 12N, (D3)
We can then write L. as
2P
Lfree = (D4)

)\\/ ]Ot[ft .

The critical power for self-focusing limits the B-integral within

a gas-filled HCE The length of the fiber can, thus, be related to the
total B-integral as [58,173]

BP
Leper = —. D
fib o (D5)

The total setup length is then

BP 4p
LHCF = Lfree + Lﬁber + Lfree =—++

VWA

Foran MPC, the limits shown in Eq. (13) can be used to obtain
the shortest length required to comply with the intensity and
fluence thresholds. In contrast to HCFs, the mode-matching and
collimation telescopes for MPCs can be designed such that the
total setup length does not increase. From the fluence limit in Eq.
(13), we get

(Do)

be=cr=c (B
_ 2P«/C(2—C). (D8)
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From the focus intensity limit, we obtain
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Using Egs. (D8) and (D10), one can arrive at a simple equation
for the configuration parameter C i, yielding the shortest MPC
length:

(D11)

Taking into account typical fluence and ionization thresholds,
Cimin reaches values close to two, which is in good agreement
with the usual configuration for gas-filled MPCs, £#= N — 1.
Modifying the number of round trips and the B-integral,
respectively, has only a minor impact on the setup length.
The k/N-dependent variation of C is, therefore, neglected.
Consequently, we use Crmin in Eq. (D10) to get an expression
for the minimum MPC length needed to stay below the two
thresholds:

4P I, —Iz _ 4P
I I Mo Tr

The two minimum lengths Lycp and Lypc can be directly
compared, yielding

Lypc = (D12)

Lycr B | I
Lyvpc 4\ Iy

for the typical operation conditions with fy, >> Ij.
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