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Abstract: The high power and variable repetition-rate of Yb femtosecond lasers makes them
very attractive for ultrafast science. However, for capturing sub-200 fs dynamics, efficient,
high-fidelity and high-stability pulse compression techniques are essential. Spectral broadening
using an all-solid-state free-space geometry is particularly attractive, as it is simple, robust and
low-cost. However, spatial and temporal losses caused by spatio-spectral inhomogeneities have
been a major challenge to date, due to coupled space-time dynamics associated with unguided
nonlinear propagation. In this work, we use all-solid-state free-space compressors to demonstrate
compression of 170 fs pulses at a wavelength of 1030nm from a Yb:KGW laser to ∼9.2 fs, with
a highly spatially homogeneous mode. This is achieved by ensuring that the nonlinear beam
propagation in periodic layered Kerr media occurs in spatial soliton modes, and by confining the
nonlinear phase through each material layer to less than 1.0 rad. A remarkable spatio-spectral
homogeneity of ∼0.87 can be realized, which yields a high efficiency of >50% for few-cycle
compression. The universality of the method is demonstrated by implementing high-quality
pulse compression under a wide range of laser conditions. The high spatiotemporal quality
and the exceptional stability of the compressed pulses are further verified by high-harmonic
generation. Our predictive method offers a compact and cost-effective solution for high-quality
few-cycle-pulse generation from Yb femtosecond lasers, and will enable broad applications in
ultrafast science and extreme nonlinear optics.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The generation of laser pulses of ∼1-10 cycles in duration has enabled researchers to explore the
fastest electron dynamics in atoms [1–3], molecules [4–6]and solids [7–10]. Moreover, intense
femtosecond laser pulses have opened up new opportunities for generating attosecond XUV
pulses via high-harmonic generation (HHG) [11–13] as well as for accelerating electron bunches
to relativistic energies [14]. Experimentally, few-cycle optical pulses can be generated either
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directly from a laser, or via post-compression of femtosecond laser pulses [15] or more recently
via optical parametric chirped-pulse amplification [16]. However, achieving high-quality spatial
and temporal profiles and stable pulse compression over a large range of pulse energies can be
challenging.

One key feature of many pulse-compression techniques is the interplay between supercontinuum
generation (SCG), which is enabled by self-phase modulation (SPM), and compensation of
negative group-delay dispersion (GDD) [17,18]. For high-quality and high-efficiency few-cycle
pulse generation, it is essential to manage the interaction of intense light with the nonlinear
medium to achieve a stable ultrabroad spectrum, with high spatio-spectral-temporal quality.
While this can be achieved at lower pulse energies by guiding a self-phase-modulated beam in
a fiber and distributing the nonlinear phase over an extended propagation length [19–21], it is
extremely challenging to achieve the same high-quality output at higher pulse energies via pulse
compression in solids, where free-space propagation is required. However, this latter scheme
possesses several unique advantages in practice compared to gas media. First, it does not require
complex and costly vacuum systems and gas-vacuum interfaces. Second, it is insensitive to
pointing fluctuations, which leads to more stable and robust performance. Third, the free-space
geometry makes it flexible and easy to adjust for different laser conditions. The major drawback
associated with this method is the nonlinear spatial inhomogeneities that are induced, which can
result in ∼50-60% loss of output power [22–24], in addition to undesirable effects caused by a
complex spatial mode and spatial chirp.

In recent years, advances in diode-pumped Yb-doped femtosecond lasers [25–27] have enabled
high power scaling with adjustable pulse energy and repetition-rate. However, the intrinsic narrow
bandwidth of the Yb-doped gain medium limits the pulse duration from these lasers to >150 fs,
precluding their application for capturing very fast processes. Moreover, compared to Ti:Sapphire
lasers, it is even more challenging to compress Yb lasers to the few-cycle level, because of the
larger compression ratio and other undesirable effects when the pulse duration is long (e.g. lower
damage threshold of materials and more plasma accumulation during light-matter interaction,
etc). To date, many post-compression schemes have been implemented to Yb lasers, mostly
using gas media [28–38], and a few using solids [24,39–43]. Although few-cycle pulse duration
(<10 fs) has been demonstrated with solid-state pulse compression using a free-space geometry
[24,42,44], the usable optical energy is low (typically ∼20% of the input power) due to spatially
inhomogeneous nonlinear effects [22–24] and the need to implement multiple compression stages.
Furthermore, to date implementing such solid-state free-space compressors is highly empirical
with numerous free parameters. For instance, although nearly single-cycle compression of a
Yb laser was demonstrated in Ref. [42] with two cascading compressors consisting of few thin
material plates, the similar compression scheme can only deliver either a much longer duration
[39] or rather low efficiency [44] in other works, even when the laser conditions are similar.

In a recent work, it was shown that the space-time-coupled propagation of intense Yb-laser
pulses in periodic layered Kerr media (PLKM) can occur in discrete spatial soliton modes,
when diffraction and nonlinear self-focusing are well balanced [45]. This can provide a guiding
mechanism for the propagation of self-phase-modulated pulses in an all-solid-state free-space
apparatus [46]. However, the formation of solitons in that work was achieved by tuning the
incident pulse energy to match with the specific geometry of PLKM, which led to inevitable
energy loss in applications. Furthermore, because soliton formation is wavelength dependent, one
might anticipate that it would be extremely challenging to extend such a soliton-mode approach
to SCG and pulse compression of few-cycle pulses.

In this work, we develop a predictive method for implementing all-solid-state free-space
PLKM compressors and show that it can be extended to the ultra-broadband few-cycle regime.
High-efficiency and high-quality compression to few-cycle pulses (∼9.2 fs) is demonstrated
utilizing 1030 nm 170 fs pulses from a Yb:KGW laser and a two-stage PLKM compressor.
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Different from the previous work [46], the soliton modes here are generated by adjusting the
PLKM geometry to adapt for the different laser conditions. Remarkably, our experimental and
theoretical results show that the spectral broadening is spatially uniform, which is in contrast
to the previous results [22,23,37,42,47]. We achieve this by implementing nonlinear beam
propagation in PLKM in soliton modes, as well as by limiting the nonlinear phase through each
material layer to <1.0 rad. To our knowledge, our results represent the highest efficiency (>50%)
and spatio-spectral homogeneity (∼0.87) ever generated by all-solid-state free-space few-cycle
pulse compressors. In Section 2.1 below, we provide the complete procedure of our predictive
method. One could follow it and build such a compressor. The universality of the method is
demonstrated by the successful compression of laser pulses with energies, repetition rates and
pulse durations ranging by more than one order of magnitude (energy and repetition rate from
80 µJ, 100 kHz to 1 mJ, 10 kHz; pulse duration from 170 fs to 9.2 fs) at a 10-W level. Finally,
to demonstrate the high spatio-temporal quality of the few-cycle compressed pulses, we drive
the extreme nonlinear process of HHG, and observe an extension of the cut-off photon energy
together with exceptional stability of the XUV radiation, which is facilitated by the high-quality
all-solid-state pulse compression.

2. Results and discussion

2.1. Complete recipe for constructing a PLKM pulse compressor

Figure 1(a) shows a schematic of our experimental setup. Pulse compression is realized by an
all-solid-state pulse compressor consisting of PLKM and chirped mirrors. The HHG radiation
is then generated by focusing the compressed pulses into a gas-cell, and the HHG spectrum
is characterized with an XUV spectrometer. (See Supplementary Section S1 for the detailed
experimental setup.) In our experiments, the input laser is a Yb:KGW laser (PHAROS, Light-
Conversion) with a central wavelength of λ0= 1030 nm, full-width-at-half-maximum (FWHM)
pulse duration of τ=170 fs, and the average power is 10 W. The repetition rate can be adjusted
between 200 kHz and 10 kHz, with the corresponding pulse energy varying from 50 µJ to 1 mJ.

In our experiments, we focused the laser beam (p polarization) into the PLKM, as shown in
Fig. 1. The PLKM is composed of fused silica (FS) layers with equal thickness l and spacing
(PLKM period) L. The layers are mounted at Brewster’s angle to minimize the transmission loss.
As shown in Fig. 1(a), their positions can be individually adjusted along the beam direction using
a rail with an accuracy of <1 mm. The key idea is to manage the nonlinear beam propagation in
the PLKM by adjusting L to form the soliton modes [Fig. 1(c)] with the following procedure:

1) We determine the focusing condition. The intensity at the beam focus should be low
enough to avoid strong ionization or filamentation in air. For the wide range of pulse
energies and repetition rates used in our experiments, we simply focus the beam in air
to a 1/e2 waist of 120 - 140 µm using a 1-m focusing lens, which corresponds to a peak
intensity of at most ∼20 TW/cm2 (for a pulse energy of 1 mJ) at the beam focus calculated
at normal incidence.

2) The first layer of the PLKM is then placed at or behind the beam focus, where the intensity
is below the damage threshold of the Kerr medium (∼3.4 TW/cm2 for FS at τ=170 fs).

3) The layer thickness, l, is then selected to yield a nonlinear phase from the first layer (b0)
between 0.8 and 1.5 rad. The nonlinear phase is given by b0 =

2π
λ0

n2αlI0, where n2 is the
nonlinear refractive index of the Kerr medium, w0 the beam radius, I0 the intensity, and α
is the intensity correction factor (α≈0.83 for FS, see Supplementary Section S1). For the
FS layers used in our experiments, l ranging from 100 to 800 µm were used for various
laser and focusing conditions.
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Fig. 1. (a) Schematic of the experimental setup. The long femtosecond pulse is focused
into PLKM for SCG. A translatable and retractable mirror is used to deflect the beam
for monitoring the spectra and beam profiles in the far field, from which the appropriate
condition L=LR can be determined. The HHG is generated by focusing the compressed
pulses into a gas cell. F.L.: focusing lens; F.M. folding mirror; C.M.: chirped mirror. (b)
The universal relationship between the normalized beam radius squared, i.e., w̄2/(λ0L), and
the average nonlinear phase b̄ for the soliton modes predicted by the FKD-FLI model [46].
The symbols are the experimental results under different conditions. (c) The illustrations of
the beam propagation under i) the soliton mode and ii) the non-soliton mode under different
L. When L is short, conical emission and spatial chirp can be clearly observed.

4) The rest of the layers are then placed at equal spacings L, with the initial value estimated
from Li =

b0w2
0

2.0λ0
. We note that Li is intentionally and empirically chosen to be smaller than

the condition for the soliton modes: L ≈ b̄w̄2

0.8λ0
[46], where b̄ and w̄ stand for the average

nonlinear phase and average beam radius on all the layers, respectively.

5) The formation of the soliton modes in the PLKM is then achieved by adjusting L, while the
variations of the far-field beam size and the axial spectrum are simultaneously monitored
(see below). It is important to note that the camera for measuring the beam size must be
kept the same distance downstream from the last layer as L varies. This is achieved in our
experiments by a translatable and retractable mirror installed on the rail, as illustrated in
Fig. 1(a).
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6) It is important that ∼10 layers are typically used to keep the average nonlinear phase
sufficiently low (see below). The number of layers is then refined by removing the ones at
the end of the setup that do not contribute to the spectral broadening.

We find that the output beam can exhibit a nice transverse spatial mode when we choose b0≤1.5 rad,
while complex spatial chirp starts to appear and affects the beam focus when b0>1.5 rad. The
initial peak power in the first-stage compressor is <5.8 GW, well below the air’s critical power
(Pcr) of ∼8 GW at τ=170 fs and λ0= 1030 nm [48]. The initial peak power of the second-stage
compressor (∼34.5 GW, see below) is, on the other hand, higher than air’s Pcr. In this case,
we implemented a loose focusing geometry to avoid the beam collapse at the first beam waist,
and the dispersion of the material layers further reduces the peak power during the propagation
[47]. As a result, we do not observe strong ionization or filamentation in air, which is the key for
preserving the high-quality spatio-spectral profiles. In contrast to the past work that used only
few thin Kerr plates [22,39,42,44,47,49], we construct a periodic structure with ∼10 material
layers with the equal thickness and separation to form a resonator-like geometry. This not only
facilitates the formation of spatial solitons, but also significantly reduces the number of free
parameters when constructing the apparatus.

To demonstrate the flexibility of our method, high-quality pulse compression was implemented
under a wide range of laser conditions at the 10-W level: 1 mJ, 10 kHz; 200 µJ, 50 kHz; and 80
µJ, 100 kHz. Taking the input pulse energy of 200 µJ at 50 kHz as an example, we choose the
FS layer thickness to be l= 800 µm. The first layer is positioned ∼10 cm behind the beam focus.
Under these conditions, the nonlinear phase on the first layer, b0, is estimated to be ∼1.32 rad and
the initial spacing Li is thus ∼4 cm. Following Step 5 above, we measure the variations of the
far-field beam size and the spectral bandwidth (∆λ) of the output beam under different L after
passing through 13 FS layers [ Fig. 2(a)]. Here, ∆λ is defined as the spectral width containing
76% of the total optical energy, which corresponds to the FWHM width of a Gaussian spectrum.
The representative spectra are summarized in Fig. 2(b). Notably, as L reduces from 7 cm to
2.5 cm, we observe a non-monotonic change of the far-field beam radius, which can be well
reproduced by our nonlinear-Schrodinger-equation (NLSE) simulations conducted under the same
experimental conditions [Fig. 2(a)]. In the NLSE simulations, the dispersive, the nonlinear Kerr
and Raman effects are considered [46,50] (see Supplementary Section S2). The corresponding
space-time-coupled beam propagation under different L is illustrated in Fig. 3(a)-(c).

According to our simulations, the results in Fig. 2(a) can be understood by considering the
interplay between diffraction and self-focusing effects. On the long-L side, the intensity on the
second layer is already weak, and the nonlinear self-focusing is thus not sufficient to confine the
transverse beam expansion on the consecutive layers, leading to a diverging beam size in the far
field, as shown in Fig. 3(c). This corresponds to the “Unstable diffractive region” when L> 6 cm
[46] [Fig. 2(a)]. On the other hand, when L is short to the condition that the focal point of
self-focusing may lie on or close to one of the consecutive plates. Although the repetitive strong
Kerr lensing can still provide confinement on the transverse size of the central mode, strong
conical emission and spatial chirp can be observed [Fig. 3(b)], resulting in inevitable spatial
and temporal losses [46]. This corresponds to the “Unstable dissipative region” when L< 4 cm
[Fig. 2(a)]. According to our NLSE simulations, the beam diffraction and nonlinear self-focusing
can well balance each other when L= 6 cm, which allows the formation of the discrete spatial
soliton with a stable beam size on the 13 FS layers of PLKM in this specific case [Fig. 3(a)].

We note that ∆λ can be larger when 4 cm< L< 6 cm (the “quasi-stable region” [46]), e.g. at
L= 5 cm, ∆λ is broader than that at L= 6 cm as shown in Fig. 2(a) and (b), which presumably
can be compressed to a shorter pulse. However, the spatial beam quality for L= 5 cm has already
deteriorated due to the spatial chirp and conical emission, which is manifested by the appearance
of optical rings around the central mode [Fig. 2(c)]. Moreover, the complex space-time coupling
leads to higher-order dispersion [46,51], which would require custom-designed chirped mirrors
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Fig. 2. (a) The spectral bandwidth and the normalized far-field beam radius as a function of
the PLKM period L obtained from our experiments and NLSE simulations (simu.). The
PLKM is composed of 13 FS layers with l= 800 µm. The input pulse energy is 200 µJ at
50 kHz. The soliton mode can be identified and labelled by the blue dashed line. (b) The
experimentally measured on-axial spectra of the output beam under different L corresponding
to (a). (c) The far-field spatial mode of the output beam measured by a laser viewing card
(Thorlabs, VRC4) and the images are taken by a commercial camera. (d) The temporal
intensity profiles of the compressed pulses under different laser conditions (1mJ, 10 kHz;
200 µJ, 50 kHz; 80 µJ, 100 kHz). The dashed line represents the uncompressed pulse from
the laser.

or pulse shapers to compress [42,47]. As a result, we choose L= 6 cm (LR) for the final setup.
Experimentally, this corresponds to the L value for the minimum beam radius, approaching
from the long-L side [Fig. 2(a)]. Under this condition, ∆λ of ∼70 nm along with guided beam
propagation in the PLKM can be simultaneously realized, leading to SCG with high efficiency
and high spatio-spectral quality in a free-space setup.

Following the above procedure, the soliton modes can be routinely generated for other laser
conditions (1 mJ, 10 kHz and 80 µJ, 100 kHz), where the corresponding key parameters are listed
in Table 1. Here, b̄ is estimated by the spectral-broadening ratio and the number of implemented
layers [52] (see Supplementary Section S3), and its value is generally smaller than b0 (e.g. b̄
∼0.67 rad for the above case of 200 µJ, 50 kHz). This could be attributed to the beam energy loss
during the propagation, as well as the self-adjustment of spatial mode in the first few layers. The
optimum PLKM conditions for the different laser parameters are also summarized in Fig. 1(b).
Remarkably, they all exhibit excellent agreement with the soliton modes theoretically predicted by
the Fresnel-Kirchhoff diffraction model and the Fox-Li iteration (FKD-FLI, see Supplementary
Section S4) [46], which further corroborates that our approach can reliably generate the soliton
modes under different laser conditions.

The spectrally broadened SCG pulses are then compressed using a set of chirped mirrors
(Ultrafast Innovations, PC1611) which supplies an appropriate amount of negative GDD [Fig. 1(a)].
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Fig. 3. (a)-(c) The variation of the beam radial intensity as the beam propagates through the
PLKM with L= 6 cm (LR), 3 cm and 8 cm, respectively, obtained from the NLSE simulations.
(d) The beam intensity and spectral overlap V(r) along the radial coordinate r for the
compressed pulses under the optimum conditions of the one-stage (∼22 fs) and two-stage
(∼9.2 fs) compressors. The grey solid line represents the Gaussian fitting to the intensity
profile. Inset: illustration of the spatial-filtering experimental setup. (e) The evolution of
the average (avg.) spectral overlap integral, V̄ , obtained from the NLSE simulations. The
simulation conditions are the same as (a) for L= 6 cm and (b) for L= 3 cm. Inset: the zoom-in
view of the V̄ variation within and after a single FS plate. (f) The NLSE simulations of V̄
and the intensity ratio η after the laser beam passes through a single FS plate with l= 800
µm. Inset: the spatial modes of the output beam with bs = 1.0 and 7.0 rad.

Table 1. List of the PLKM parameters for different laser conditions

Input pulse
energy (µJ)

Repetition
rate (kHz)

l (µm) LR
(cm)

Beam size (on the
1st layer) (µm)

Average nonlinear
phase, b̄ (rad)

Number
of layers

1000 10 400 13.0 340 0.87 10

200 50 800 6.0 250 0.67 13

80 100 800 2.5 130 0.50 16

760a 10a 100 9.5 545 0.25 10

aThe conditions of the second-stage compressor.

We note that, because no spatial filtering is necessary in our method, the overall efficiency of
the compressor can reach ∼85%, which includes ∼10% loss from the reflections on the Kerr
media and ∼5% loss on the collimation optics and chirped mirrors. The temporal profiles of
the compressed pulses from the single-stage PLKM compressor are shown in Fig. 2(d), which
are measured by second-harmonic-generation frequency-resolved optical gating (SHG-FROG)
[53] with a 10-µm-thick BBO crystal. The compression to a FWHM duration of τ≈22 fs can
be routinely and reliably achieved for a wide range of laser conditions. The M2 measurements
yield typically M2

x = 1.56 and M2
y = 1.64 for the compressed beams. We note that the high M2
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factor could be partially attributed to the poor propagation performance of the input laser (see
Supplementary Fig. S3).

2.2. Rules for constructing a spatially homogeneous free-space compressor

For all-solid-state free-space SCG and pulse compression, the spatio-spectral homogeneity has
been a major challenge [21–24]. Because the SPM process is intensity dependent, one might
anticipate that the spectral broadening of a Gaussian beam should be inhomogeneous in space:
while broad spectra can be generated in the beam center where the irradiance is high, the spectra
at the beam wings with much lower intensity will hardly be changed. Indeed, it has been shown
that the inhomogeneity of spatial nonlinearity can lead to 50-60% power loss of the output power
when the laser beam is sent through a single bulk material [23,24] or through few thin material
plates [22].

To evaluate the spatio-spectral homogeneity of the output beam, we measure the spectral
profiles along the radial coordinate (r) by selecting a small portion of the beam in the far field
with a round aperture [inset of Fig. 3(d)], under the soliton beam propagation (L=LR). The
spectral overlap integral V(r) is given by [41]:

V(r) =

{︃∫
[I(λ, r)I(λ, 0)]

1
2 dλ

}︃2

∫
I(λ, r)dλ ·

∫
I(λ, 0)dλ

, (1)

where I(λ,r) is the spectral intensity at the radial coordinate r. The average overlap integral
across the beam is then evaluated by V̄ = [∫ V(r)I(r)rdr] /[∫ I(r)rdr]. In Fig. 3(d), we plot the
experimentally measured V(r) along with the optical intensity. Remarkably, within the far-field
1/e2 beam radius (r0) the spectral overlap can maintain at >0.9, and the integration over the range
of 2r0 yields V̄≈0.95, indicating a spatially uniform spectral broadening across the beam.

To compare our method with the previous results [22–24,42,47], in Fig. 3(e), we plot the
evolution of V̄ under different L values obtained from our NLSE simulations. Under the soliton
mode (L=LR= 6 cm), although dramatic decreases of V̄ can occur within each FS plate, V̄
is then greatly recovered through the free-space propagation in air afterwards until the next
material layer [inset of Fig. 3(e)]. By placing the consecutive layer at the appropriate position and
repeating this process under the soliton mode, V̄ can be maintained at ∼0.92 after propagating
through 13 thin FS layers, which is in excellent agreement with our experimental observation. In
stark contrast, V̄ is reduced to less than 0.4 when L= 3 cm and the beam propagation deviates
from the soliton mode. This is consistent with the complex spatial mode observed in both the
experiments [Fig. 2(c)] and the simulations [Fig. 3(b)].

The dramatic drop of V̄ inside the FS plates [inset of Fig. 3(e)] is a result of the spatial
inhomogeneity of the SPM effect. It is worth to note that, when the nonlinear effect is too strong,
V̄ will not recover after the single layer [23]. In Fig. 3(f), we simulate the SPM effect on the
beam spatial homogeneity through a single FS layer. The thickness (l= 800 µm) and the focusing
geometry is kept the same as for the previous results. Here, the nonlinear phase on a single FS
layer bs is calculated by considering the average laser intensity inside the layer, and the intensity
ratio η is defined as the ratio of the optical power for r> r0: η =

[︁
∫∞r0 I(r)rdr

]︁
/
[︁
∫∞0 I(r)rdr

]︁
. The

free-space propagation after the layer is long enough to yield the stable V̄ and η under each
intensity. Our results show that the reduction of V̄ accelerates when bs>π, which is accompanied
by a rapid increase of η, indicating the appearance of the non-Gaussian spatial mode [inset of
Fig. 3(f)]. This complex spatio-spectral behavior can be intuitively understood by considering
the destructive interference between the radiations from the beam center and the wings when bs
approaches π. Previously, with the coupled-mode theory, Milosevic et al. pointed out that the
accumulated nonlinear phase in a single pass through a bulk medium should be confined to the
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order of unity, in order to preserve the high spatio-spectral homogeneity [21]. Our results are
consistent with this conclusion, and the conditions realized by our recipe all yield b̄ <1.0 rad,
which is the key for the high spatio-spectral quality.

More importantly, this result also reveals several essential rules for constructing such a
free-space compressor and reaching high spatial-spectral quality. First, it defines the rule on the
minimum number of material layers. For example, for pulse compression from 170 fs to 22 fs
with a compression ratio of ∼7.7, it requires a total nonlinear phase of ∼8.7 rad [52]. If we limit
the nonlinear phase on each material layer to be <1.0 rad, at least 9 layers are required to preserve
the high spatio-spectral quality of SCG. Compression with fewer layers would inevitably lead to
temporal and spatial losses, which also explains the conical emission and spatial chirp commonly
observed in the previous studies with a single bulk layer or few thin plates [22–24,42,47]. We
note that this rule cannot be relaxed by simply changing the layer material, thickness, or the
experimental geometry, and there is no easy way to recover the deteriorated beam quality in
practice. Second, the positions of the layers are important, because the nonlinear phase can easily
go beyond the threshold of 1.0 rad, when the positions are inappropriate. For example, for L= 3,
the nonlinear phase exceeds 2.0 rad after the 4th layer, as illustrated in Fig. 3(b). With our recipe,
by limiting the initial nonlinear phase b0∼1.0 rad and managing the beam propagation into the
soliton mode to distribute the nonlinear phase as evenly as possible, the output beam with broad
and spatially uniform spectrum can be routinely realized.

2.3. Generation of high-quality few-cycle pulses

A second-stage PLKM is constructed to further compress the pulses to few cycles. Here, we
employ the compressed pulses from the first-stage compressor (∼22 fs, ∼0.76 mJ, 10 kHz) as the
input. The beam is focused into the second-stage PLKM with a beam waist of ∼500 µm. The
layer thickness is selected to be l= 100 µm, which yields b0 ∼ 1.0 rad. The same procedure in
Section 2.1 is applied, which yields LR≈9.5 cm for the balanced propagation (see Supplementary
Section S6). The final conditions of the second-stage compressor are summarized in Table 1
and Fig. 1(b). Remarkably, the resultant condition also exhibits excellent agreement with the
FKD-FLI model even when the incident pulse is broadband. The ultra-broadened spectrum after
the second-stage PLKM is plotted as the blue line in Fig. 4(a), which was measured using two
spectrometers with a Si and an InGaAs detector, respectively (see Supplementary Section S8).
The spectrally broadened pulses are compressed by a chirped-mirror set and a wedge pair (see
Supplementary Fig. S1), and a FWHM pulse duration of 9.2 fs can be achieved, as shown in
Fig. 4(b). The experimental and reconstructed SHG-FROG traces are shown in Fig. 4(c) and (d),
respectively, and the retrieved spectrum is also plotted in Fig. 4(a) for comparison. We find that
the GDD oscillations of the chirped mirrors in our setup have strong effects on the few-cycle
compression, which is demonstrated by the comparison between the GDD of the retrieved FROG
phase and that of the chirp mirrors (see inset of Fig. 4(b)). The spectral bandwidth output from
the two-stage compressor supports a transform-limited (TL) pulse duration of ∼6.4 fs, as shown
in Fig. 4(b). Thus, we believe that the few-cycle compression here can be further improved by
choosing chirped mirrors with a better GDD performance.

The overall power transmission of the second-stage compressor is ∼80%, corresponding to an
output pulse energy of ∼0.6 mJ. By constructing the second-stage compressor with the method,
we do not observe excessive conical emission and the beam can be well focused to a small spot
size [inset of Fig. 4(a)]. Yet, through more detailed spatio-spectral analysis (see Section 2.2), we
find that some spatial chirp still appears, which makes V(r) degrade faster at large r compared to
the first-stage results, as shown in Fig. 3(d). Still, the value of V(r) can be preserved to >0.9
within the 1/e2 beam radius, and V̄ across the entire beam yields ∼0.87. Thus, the compression
efficiency of >50% and a peak power of ∼50 GW can be realized for the spatially uniform
few-cycle pulses [Fig. 4(b)]. We note that, to the best of our knowledge, our results represent the
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Fig. 4. (a) The measured spectrum, the FROG-retrieved spectrum and the retrieved phase
of the few-cycle pulses from the two-stage compressor. The spectrum from the first-stage
compressor is also shown as the green line for comparison. Inset: the beam profile of the
few-cycle pulses after the focus. (b) The reconstructed intensity profile of the few-cycle
pulses after the two-stage compressor with L= 9.5 cm. The TL pulse profile is plotted as the
dashed line. Inset: The comparison of the GDD oscillations of the FROG-retrieved spectral
phase and of the chirped mirrors (CM). (c) and (d)The measured and reconstructed FROG
traces for the few-cycle pulses.

highest efficiency and the best spatio-spectral quality of few-cycle pulses ever achieved in an
all-solid-state free-space compressor.

The residual spatial chirp could be a result of the complex interplay between the dispersion
and the spatio-temporal coupling associated with the ultra-broadened spectrum [54]. Unlike the
propagation of the initially narrow-band pulse of τ=170 fs, for which the temporal profile is
mostly stable throughout the propagation under the soliton mode [46], the initially broad-band
pulse of τ≈22 fs can be strongly chirped due to the dispersion accumulated from both the Kerr
media and the SPM process, not to mention that the spectrum is further increased to span a nearly
octave spectral range in the second-stage PLKM. As a result, light with different wavelengths may
experience a slightly different strength of the Kerr nonlinearity, resulting in an inhomogeneous
spatio-spectral distribution of the output beam. However, our results, as well as their agreement
with the FKD-FLI model [Fig. 1(b)], interestingly, indicate that the optimum condition determined
by the method in Section 2.1 can still help to optimize the space-time-coupled beam propagation
and minimize the loss caused by the spatial inhomogeneity, even in the ultra-broadband few-cycle
regime.
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2.4. High-harmonic generation with compressed pulses

The quality of the compressed few-cycle pulse can be rigorously evaluated by the HHG process,
which is an extreme nonlinear-optical process that is very sensitive to the spatio-temporal
properties of the driving pulses. The compressed pulses from the single-stage (τ≈22 fs) and the
two-stage (τ≈9.2 fs) compressors are focused onto a gas target inside a vacuum chamber. A
simple cylindrical gas cell with an inner diameter of 1.5 mm supplies argon and neon as the gas
targets. The gas pressure is optimized for the phase-matching conditions, which yields ∼50 and
120 Torr in argon for τ≈9.2 fs and 22 fs, respectively. The phase-matching pressures in neon
are ∼150 and 520 Torr for the two pulse durations. The beam waist at the focus is 50-60 µm.
The harmonic spectrum is characterized with an XUV spectrometer after blocking the driving
optical beams with 300 nm aluminum and/or 200 nm zirconium filters [Fig. 1(a)]. In Fig. 5(a),
we plot the HHG spectra driven by the compressed pulses: 0.76 mJ, 22 fs and 0.25 mJ, 9.2 fs
with a 10 kHz repetition rate, which yields a similar intensity at the focus (∼400 TW cm−2). The
cut-off photon energy of the XUV radiation in both argon and neon is greatly extended when
the driving pulse duration is reduced to few cycles, which can be attributed to the suppression
of the gas ionization [30] and the nonadiabatic HHG process [55,56]. This proves the high
spatiotemporal quality of the compressed few-cycle pulses. The HHG spectra in Argon (Fig. 5(a),
1 µm, 0.76 mJ, 22 fs) compares well with Ti:Sapphire-driven OPAs (1.3 µm, 0.9 mJ, 700 torr, 30
fs), which yields a cutoff photon energy of 110 eV, and a photon flux approaching 1010 photons/s
in 1% bandwidth at a 1 kHz repetition rate [57]. For Neon, the single-atom and phase matched
photon energy cutoffs are slightly lower (130 eV compared with ∼190 eV), which is likely due to
ionization-induced defocusing and lower gas pressures (i.e. fewer HHG emitters) [58].

In Fig. 5(b) and (c), we present the temporal profiles of the few-cycle pulses and the
corresponding harmonic spectra in argon, respectively, for different L of the second-stage PLKM
compressor. The pulse energy remains constant (∼0.25 mJ). When L is short (5 - 8 cm, the
“dissipative region”), the complex space-time coupling gives rise to higher-order dispersion,
which cannot be appropriately compensated. As a result, multiple pedestals can be observed in
the pulse temporal shapes [Fig. 5(b)], with the HHG brightness and cut-off energy both reduced
accordingly [Fig. 5(c)]. On the other hand, in the “diffractive region” where L is long (>11 cm),
the nonlinear phase and SCG bandwidth reduces, leading to the long pulse durations (e.g. τ≈14 fs
at L= 16 cm) and weak HHG emission [Fig. 5(c)]. Furthermore, complex spatio-spectral shapes
of the HHG radiation can be observed in the non-soliton regions (see Supplementary Section S9).
These results clearly demonstrate that the resultant condition determined with our recipe (l= 100
µm and L= 9.5 cm) can indeed give rise to the optimum few-cycle-pulse compression in both
space and time.

The measurements on the long-term stability of the HHG radiation driven by the single-stage
and the two-stage compressors are present in Fig. 5(d). We note that no pointing-stabilization
apparatus was implemented in either case. The flux of an individual harmonic order generated in
argon in the cut-off region (∼60 eV for 22 fs and ∼110 eV for 9.2 fs) is inspected in each case.
The measurement yields an rms deviation of as low as 1% over a time period more than 1 hour.
This result highlights the exceptional robustness and stability of our method. We believe it can
be useful in physics, chemistry and biology laboratories, in which coherent and ultrashort X-ray
sources with long-term stability are in demand.
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Fig. 5. (a) The HHG spectra driven by compressed pulses in argon and neon. (b) The
pulse intensity profiles measured by SHG-FROG under different PLKM periods L of the
second-stage compressor. The optimum condition is determined to be L= 9.5 cm. The
dissipative and diffractive regions are labelled. (c) The HHG spectra excited by the pulses in
(d) under different L. (d) The long-term stability of a single harmonic order in the cut-off
region of HHG driven by the compressed pulses in argon.

3. Conclusion

In summary, ∼9.2 fs few-cycle pulses are generated with high efficiency (>50%) and high
spatio-spectral homogeneity (∼0.87) by compressing the 1030 nm 170 fs pulses from a Yb:KGW
laser using an all-solid-state free-space pulse compressor. This is achieved by managing the
nonlinear beam propagation in PLKM into spatial soliton modes and confining the nonlinear
phase on each material layer to be less than 1.0 rad. In Section 2.1, we developed the complete
procedure of a predictive method, and demonstrate that it can be flexibly implemented for a wide
range of laser conditions. The compressor exhibits high efficiency, high spatiotemporal quality
and exceptional stability. In combination with the power and repetition-rate scalable Yb lasers,
we believe it will enable new applications in ultrafast science and extreme nonlinear optics.
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