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Abstract: The ability to generate high-intensity ultrashort laser pulses is a key driver for
advancing the strong-field physics and its applications. Post-compression methods aim to
increase the peak intensity of amplified laser pulses via spectral broadening through self-phase
modulation (SPM), followed by temporal pulse compression. However, other unavoidable
nonlinear self-action effects, which typically occur parallel to SPM, can lead to phase distortions
and beam quality degradation. Here we study the ability to compress high-energy pulses by
loose focusing in a noble gas to induce nonlinear spectral broadening, while limiting unwanted
nonlinear effects such as self-focusing. We introduce ptychographic wavefront sensor and
FROG measurements to identify the regimes that optimize pulse compression while maintaining
high beam quality. Using a 700 mbar argon-filled double-pass-based scheme, we successfully
compress 2 mJ, 170 fs, 1030 nm laser pulses to ∼35 fs, achieving 90% overall flux efficiency and
excellent stability. This work provides guidelines for optimizing the compressed pulse quality
and further energy scaling of double-pass-based post-compression concepts.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High-intensity femtosecond laser pulses are crucial for strong field physics and its applications
[1]. Amplifying ultrashort pulses and shortening pulse duration represent a major challenge [2].
Among the ultrashort high-intensity lasers used in strong-field physics, Titanium:sapphire (Ti:Sa)
[3] lasers are notable for their broad bandwidth and high peak intensity. In contrast, ytterbium
(Yb) ion-doped lasers [4,5] can achieve very average power and pulse energy but typically have
narrower bandwidths, which limited their initial impact on high-intensity applications until the
introduction of post-compression techniques. Two methods are commonly employed to achieve
such pulse compression at high peak intensity and average power: optical parametric chirped-
pulse amplification (OPCPA) and nonlinear-propagation-based post-compression. OPCPA offers
a method to amplify ultra-broadband pulses because of its extreme phase-matching bandwidths,
even when pumped by narrowband but high-energy laser pulses [1,6]. On the other hand,
post-compression methods [7–10] broaden the spectral width of the high-power pulses [11]
through nonlinear interactions during propagation through a medium. Such post-compression
methods are particularly appealing due to their high efficiency reaching beyond 95% [12].

Post-compression methods employ nonlinear self-action effects that occur when high-intensity
pulses travel through a medium, leading to spectral broadening via self-phase modulation (SPM),
as shown in Fig. 1(a). As the spectral phase accumulated during SPM is well-controlled and
typically quadratic, subsequent dispersion compensation can effectively eliminate the pulse chirp,
thereby shortening the pulse duration. A related nonlinear effect that generally occurs in parallel
to SPM is self-focusing (Fig. 1(b)), leading to spatial wavefront changes and ultimately beam
quality degradation [13,14]. Broadening the spectrum while also minimizing the self-focusing
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effect poses a significant challenge. Currently, various efficient post-compression methods have
been demonstrated for millijoule-level pulses, especially hollow-core fibers [7,15–17], single
[14] or multiple plates [8,17,18], and multi-pass cells (MPC) [9,19–21]. Hollow-core fibers,
filled with noble gases as the nonlinear medium, limit the influence of self-focusing as the beam
propagates in a waveguide. Towards higher average power and pulse energy, precise control
over the beam pointing and spatial properties are necessary to prevent fiber damage. Multi-plate
setups are compact and efficient, but typically operate in a narrow designed optical parameters
window with specific pulse conditions. The MPC relies on sequential nonlinear interactions at
the focus of an optical cavity, typically a Herriot cell design [20]. Such an approach is scalable to
high energies and maintains spatial properties through the cavity mode filtering, but does require
careful design and input mode matching for a given nonlinearity.

Fig. 1. Nonlinear processes that occur when a high-intensity laser beam propagates through
a medium with an intensity-dependent refractive index. a) Self-phase modulation, leading
to a time-dependent phase variation and subsequent spectral broadening. b) Self-focusing,
leading to a spatial phase variation that influences beam propagation.

Recently, various approaches have been explored to compress pulses using hybrid MPC and
multiple plates [22,23], aiming to better control the respective nonlinear effects. A specifically
interesting approach is the CASCADE concept [24], which uses loose focusing in an extended
gas cell to improve the ratio between self-phase-modulation and self-focusing. This approach can
be efficient and robust to alignment variations, and can operate over a range of input energies.

In this work, we report on a robust double-pass setup with limited self-focusing effect for
pulse compression of mJ-level, 170 fs Yb ion-doped laser pulses down to 37 fs with 90% overall
efficiency, following the CASCADE concept. Each pass involves focusing into an argon gas cell
to induce nonlinear spectrum broadening, followed by applying chirped-mirror-based compressor
to shorten the pulse duration. We achieve over five-fold pulse compression factors after only two
passes, while maintaining good spatial beam properties. In particular, we study the temporal
and spatial properties of the compressed pulses in a phase-resolved way, over a wide range of
gas pressures to control the amount of nonlinear interaction. The temporal pulse properties are
measured using second-harmonic frequency-resolved optical gating (SHG-FROG). For spatial
characterization, we use ptychographic wavefront sensing [25–27] at different wavelengths across
the pulse spectrum. Using numerical pulse propagation methods, we retrieve the spatiospectral
properties of the beam around a focus. This approach allows the identification of optimal working
conditions for the pulse compression system. By retrieving high-resolution quantitative data at
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specific working conditions, we can design scaling pathways towards higher pulse energy and
shorter pulse duration more reliably.

2. Processes resulting from the intensity-dependent refractive index

Self-phase modulation occurs when a high-intensity light beam modifies the optical properties of
a material, giving rise to an intensity-dependent nonlinear refractive index. The refractive index
n(x, y, z0; t) in the presence of this type of nonlinearity at z0 along the propagation z-direction can
be written as

n(x, y, z0; t) = n0 + n2I(x, y, z0; t) (1)

where n0 is the linear refractive index, n2 is the nonlinear refractive index (positive value in our
case) of the medium, and the intensity of the light I(x, y, z0; t) = 2n0ϵ0c|˜︁A(x, y, z0; t)|2 contributes
to both spatial (x, y) and temporal t changes in the refractive index (˜︁A is the spatially slowly field
amplitude). The effect of this nonlinear interaction is to add a propagation-dependent phase,
given by:

ϕNL(x, y; t) = −
n2ω0

c

∫ L

0
I(x, y, z; t)dz = −n2I(x, y; t)ω0L/c (2)

where ω0 is the center angular frequency of the optical pulse, c is the speed of light, and L is
the propagation distance. The phase ϕNL(x, y; t) is also commonly referred to as the B-integral
[9,19,20,24,28]. The spectral content of the propagated pulse S(ω) can be described by its energy
spectrum:

S(ω) = |

∫ ∞

−∞

˜︁A(t)e−iω0t−iφNL(t)eiωtdt|2. (3)

The temporal pulse shape I(t) leads to a time-dependent phase ϕNL(t), which results in the
generation of new frequencies to the spectrum S(ω). This is the process of self-phase modulation,
which can be intuitively described by introducing the instantaneous frequency ω(t) = ω0 + δω(t),
where the variation δω(t) is given by:

δω(t) =
d
dt
(ϕNL(t)) = −

n2ω0L
c

dI(t)
dt

(4)

An example of SPM is illustrated in Fig. 1(a), in which the pulse shape is given by a Gaussian
distribution. Under the assumption that n2 is positive, Eq. (4) indicates that the instantaneous
frequency shifts to lower frequencies in the leading edge of the pulse and to higher frequencies in
the trailing edge. The variation in the instantaneous frequency is illustrated by the solid red curve
in Fig. 1(a). Equation (4) shows that the instantaneous frequency is proportional to the intensity
gradient of the driving pulse dI(t)/dt. Consequently, shorter input pulses with a steeper slope
dI(t)/dt will result in more significant spectral broadening.

Similar to the time domain picture, the spatial intensity profile of the laser pulse leads to a
spatial variation of ϕNL(x, y). For Gaussian beam profiles this variation resembles a quadratic
phase profile (Fig. 1(b)), which causes the material to act as a positive lens. Analogous to the
instantaneous frequency in Eq. (4) for the time-domain case, we can express the spatial frequency
variation δk(x, y) due to self-focusing as:

δk(x, y) = ∇ϕNL(x, y) = −
n2ω0L

c
∇I(x, y). (5)

This expression shows that the induced wavefront curvature is proportional to the spatial
intensity gradients. Large spatial gradients will thus cause significant self-focusing, which can
lead to wavefront aberrations and result in optical damage to the optical components in the
beamline [29,30].



Research Article Vol. 32, No. 23 / 4 Nov 2024 / Optics Express 40993

Because SPM and self-focusing result from the same nonlinearity, they will always occur
together. However, their dependence on temporal versus spatial intensity gradients provides a
way to control the relative strength of the effects, which is the basis of the CASCADE concept. A
loose focusing geometry minimizes spatial gradients and therefore limits self-focusing, while
pulse compression between multiple SPM stages increases the temporal gradients to maximize
spectral broadening.

3. Pulse compression in a loose focusing geometry

3.1. Experimental setup

The experimental setup is shown in Fig. 2. We use an Yb-based laser system (Pharos from Light
Conversion) delivering 2 mJ, 170 fs pulses at a center wavelength of 1030 nm and a repetition
rate of 1 kHz. The full-width-at-half-maximum (FWHM) beam diameter is 3.9 mm. The laser
pulses are loosely focused in gas to induce nonlinear broadening with limited self-focusing,
combined with chirped-mirror-based compression between passes. The pulses are first focused
into a pressure-tunable argon gas cell by a concave mirror (5 m radius of curvature), and an
another concave mirror is used to collimate the beam afterwards. The subsequent dispersion
compensation is implemented using a pair of chirped mirrors (CMs) (GDD=−500 fs2, UltraFast
Innovations, CM39). To avoid additional nonlinear effects in the entrance and exit windows of
the gas cell, we use 1 mm thin anti-reflection coated fused silica windows and place them close
to the curved mirrors. The same loose focusing geometry is applied in the 2nd pass through a
separate gas cell. The energy throughput of the system exceeds 90% and is mainly determined by
the reflectivity of the mirrors.

CM

R=-5 m R=-5 m

gas cell

CM

gas cell

R=-5 m

R=-5 m

Fig. 2. Schematic of the setup: the laser output is loosely focused by the concave mirror
R=-5 m into the argon gas cell, and subsequently collimated and compressed using chirped
mirrors (CM). The 2nd pass uses a similar loose focusing geometry and CM compression.

3.2. Temporal pulse characterization: SHG-FROG

To characterize the temporal pulse profile and phase, SHG-FROG measurements (Mesa Photonics,
LLC) are applied after each pass, with the results displayed in Fig. 3. The dark blue dashed traces
in the left column of Fig. 3 show the broadened spectra after each pass as measured directly by
the spectrometer. The reconstructed spectra from the SHG-FROG (solid blue traces) are in good
agreement with these measurements. The broadened spectra are also consistent with calculations
of the expected SPM (light blue traces). By comparing spectra, the B-integral (Eq. (2)) of the
first and the second pass through 700 mbar argon is estimated at 1.3π and 1.7π, respectively. The
nonlinear refractive index of argon at 700 mbar is taken to be n2(700 mbar) = 0.9 × 10−19cm2/W
[31,32]). Without applying dispersion compensation between the passes, the total accumulated
B-integral would have been 2.3π, i.e. 1.3 times less. Experiments at a higher gas pressure of 800
mbar in both cells (Fig. 3, bottom two rows) show a further increase in spectral broadening, but
also more structured spectra.

The second column in Fig. 3 shows the pulse durations retrieved from the FROG reconstructions.
After the first pass, pulse compression close to the Fourier transform limit (TL) is readily achieved,
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Fig. 3. SHG-FROG measurements and retrieved spectral fields and temporal pulse shapes
for the input pulse (a1,a2), after the first gas cell and chirped mirrors (b1,b2,c1,c2), and
after the second gas cell and additional chirped mirrors (b3,b4,c3,c4). For both gas cells,
measurements were performed at Argon pressures of 700 mbar (b1-b4) and 800 mbar (c1-c4),
respectively. The dark blue curves are the retrieved spectra from FROG measurements, and
the dark blue dashed curves are measured spectra by spectrometer, and the light blue dashed
curves are calculated spectra using Eq. (3). The red curves are the retrieved spectral phases.
The third column shows the measured (top) and retrieved (bottom) FROG trace of each
measurements, respectively.
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and the temporal profiles are clean with only very minor pre- and post-pulses. After the second
pass, near-transform-limited compression to 37 fs is still achieved, although some satellite pulses
remain in the temporal profile, likely due to imperfect compensation of higher-order phase terms.
Pulse compression to below the measured 37 fs can be achieved by further increasing the pressure
inside the gas cells, along with fine-tuning the pass number in the chirped mirror compressor. At
a pressure around 800 mbar in both cells, a slightly shorter pulse duration of 34 fs is retrieved
(Fig. 3(c)).

The measured spectra for different gas pressures after the second cell are shown in Fig. 4(a).
The bandwidth of the spectrum at −20 dB of the maximum value is plotted as grey points in
Fig. 4(b). For pure SPM and assuming a linear dependence of n2 on pressure, Eq. (4) predicts a
linear trend [13,21,33], which is the case up to a pressure around 600 mbar. Beyond this pressure,
the trend becomes nonlinear, indicating the growing influence of other mechanisms such as
intensity changes induced by self-focusing during propagation.
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Fig. 4. a) Measured output spectra for different argon pressure in the second gas cell. b)
Spectral width at 20 dB below maximum

3.3. Spatial beam characterization: ptychographic wavefront sensing

To characterize the spatial properties of the beam after the spectral broadening, ptychographic
wavefront sensor (PWFS) measurements [25,26] are performed directly behind both gas cells.
Such PWFS measurements retrieve high-resolution images of the full complex field (both
amplitude and phase profiles). The fields are measured before the collimating mirror to
accurately determine the curvature of the wavefront exiting the gas cell. To identify any
wavelength dependence in the beam profiles, these PWFS measurements are performed for a
series of wavelengths, which are selected using ultra-narrow bandpass filters (Laser Components
HBP1063.1/1.8-25, HBP1030.2/1.2-25). The reconstructed fields after the two pulse compression
cells for different wavelength components and two gas pressures are shown in Fig. 5.

The output after the first cell (Fig. 5(a1-a3)) shows no significant wavelength dependence of
the wavefronts when using 700 mbar argon. Increasing gas pressure leads to a slight reduction
in wavefront curvature (Fig. 5(b1-b3)) at the output due to self-focusing, while maintaining a
Gaussian spatial profile across the spectrum. Using 700 mbar argon in the CASCADE, pulse
compression after the first cell results in 94 fs pulse duration, which leads to increased nonlinear
effects in the second cell as propagation conditions are kept nominally identical to the first
pass. The PWFS measurements after the second cell (Fig. 5(c1-c5,d1-d5) confirm this, with the
wavefronts showing more pronounced variations in curvature, and a stronger dependence on gas
pressure. As a consequence of the increased SPM, we could measure at two more wavelength
components near the edges of the output spectrum. Note that these wavelength components were
generated via SPM and were not in the input spectrum.
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Fig. 5. Reconstructed probe beams after a-b. first gas cell and c-d. second gas cell under
700 mbar and 800 mbar argon, respectively. Color encodes phase (see scale bar), and
brightness represents field amplitude.

Increasing the gas pressure to 800 mbar (Fig. 5(d)) leads to particularly significant beam
distortions at 1030 nm, including intensity modulations across the beam, and the nonlinear effects
at 1015 nm and 1045 nm start to deteriorate the output wavefront as well. At this pressure,
the input power is just below the critical power, Pin = 0.87Pcr, which will lead to multiphoton
ionization and plasma generation [34]. The distortion of beam wavefronts under such significant
nonlinear effects are to be expected.

Knowing both the amplitude and phase profiles at the plane of the PWFS allows us to
numerically propagate the beams to any plane, enabling us to assess beam quality. Starting
with the measured wavefronts, we first remove the quadratic phase to get the transverse field
distribution E(x, y) corresponding to a focal length of 2.5 m before the second CASCADE gas
cell. Subsequently, a phase curvature corresponding to a lens with a focal length f = 30 cm is
numerically added to evaluate beam propagation quality under typical experimental conditions.
This beam propagation [35] in the z-direction over a distance dz can be described as:

E(x, y, z + dz) = F −1{F {E(x, y, z)exp(ik(x2 + y2)/2f )}H(kx, ky, dz)} (6)

where F and F −1 denote forward and inverse 2D Fourier transforms. The propagation transfer
function H(kx, ky, dz) is given by:

H(kx, ky, dz) = exp(i
√︂

k2 − k2
x − k2

ydz) (7)
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where k is the magnitude of the wavevector of the propagated field, and kx and ky are the transverse
components of the wavevector. The transfer function in Eq. (7) describes linear propagation. In
our calculations, we set dz to 1 mm, smaller than the Rayleigh length (30 mm at 1060 nm), to
obtain a detailed view of propagation through the focal region.

Using this approach we can construct side-view images of the beam propagation through
the focus (Fig. 6(a,b)), where the white dashed lines indicate the position of lens focus. The
divergence and focal positions for each wavelength can be clearly identified, and a tight focus
is observed in the cross section, without major influence of astigmatism or other wavefront
aberrations. The limited variation in focal position across wavelengths indicates the absence of
chromatic aberration in the pulse compression process.
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Fig. 6. Numerical forward propagation of the experimentally retrieved complex fields at
multiple wavelengths. a1-a5) Numerically reconstructed xz-plane side-views of the beams
from Fig. 5(c) (propagation from left to right). b1-b5) Numerically reconstructed xz-plane
side-views of the beams from Fig. 5(b). The white dashed lines indicate the physical location
of the focus position.

Propagating the most intense wavelengths beams to a common focal plane enables us to
investigate the spatiospectral properties and focus quality of the beam. Figure 7(a4-a6 and b4-b6)
show the intensity distributions for different wavelength components. The strong nonlinear
effects during spectral broadening, especially for 800 mbar argon pressure, lead to the formation
of a non-Gaussian focused beam at the input wavelength of 1030 nm, as shown in Fig. 7(b5). At
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700 mbar pressure, the incoherent addition of all wavelength components gives a well-formed
polychromatic focus, with the FWHM beam diameter of approximately 306.8 um (Fig. 7(a1)).
However, small wavelength-dependent differences in spot shape are already visible. At 800 mbar
pressure, sidelobes and wavelength-dependent focusing differences significantly affect the quality
of the polychromatic focus (Fig. 7(b3)).

200um 200um

b1a2

01

a3

b2

b3

0

1

0 1

0

1

C

a1

a4 a5 a6 b4 b5 b6

Fig. 7. Intensity profile of the polychromatic focus summed over three central wavelength
beams after a1) 700 mbar and b1) 800 mbar argon filled CASCADE, respectively. 1D
intensity of the polychromatic focus for a2-a3) 700 mbar and b2-b3) 800 mbar argon
filled CASCADE, respectively. The sub-figures a4-a6) and b4-b6) show the color coded
monochromatic (blue: 1015 nm, green: 1030 nm, orange: 1045 nm) intensity plots of
corresponding focus, and the scaled bar represents 200 um. c) Beam quality parameter M2

as determined for different wavelength components separately. The inset figure shows the
enlarged view of the red area, to better visualize the M2 values for the wavelengths towards
the edge of the spectrum. The bandwidth of the broadened spectrum at −20 dB of the
maximum value is plotted as grey points, which refer to the left y-axis.

To connect our PWFS results to other common methods for beam quality analysis, we retrieve
M2 values from the measured complex wavefronts [25] over a range of gas pressures. Starting
from the reconstructed complex-valued probes at 1030 nm, we linearly propagate these fields
through a focus and subsequently calculate M2

x and M2
y . The retrieved values as a function of argon
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pressure are shown in Fig. 7(c). Starting from an input laser beam with M2 = 1.11 × 1.11, the
beam quality factor maintains acceptable values of M2 = 2 after the two-stage post-compression
for argon pressure up to 700 mbar. We attribute the difference in beam quality of the two axes to
the slight astigmatism in the beam caused by the focusing mirrors, leading to a small different
nonlinearity. The inset figure in Fig. 7(c) also shows the beam quality of spectral components
towards the edges of the bandwidth. Interestingly, these components consistently maintain a high
beam quality throughout the spectral broadening process, even at gas pressures up to 900 mbar.
In contrast, the beam quality at the center wavelength severely degrades above 700 mbar, showing
significant intensity modulations and phase distortions (Fig. 5(d3)), caused by excessive nonlinear
effects [14] at these higher gas pressures, which would eventually lead to optical breakdown [34].

The high beam quality at the outer spectral ranges can be explained by the SPM mechanism,
as these wavelengths are mainly generated inside the (second) gas cell. As these wavelength
components only appear around the focus, they experience much less nonlinear propagation
effects and associated self-focusing and other beam distortion effects.

In the presented double-pass configuration, using our specific beam parameters and focusing
geometry, we therefore conclude that maintaining sufficient beam quality across the spectrum
requires an argon pressure below 700 mbar, and therefore the achievable compressed pulse
duration is limited to 37 fs. Even though shorter pulse durations are obtained at higher pressure,
the (wavelength-dependent) reduction in beam quality will likely reduce the applicability of such
pulses in strong-field experiments.

We confirm this expectation by using the compressed pulses for high-harmonic generation
(HHG) in a gas jet geometry. To achieve a Fourier-limited pulse at different CASCADE pressures,
we adjusted the number of bounces on the CMs and confirmed the pulse duration through
FROG measurements. In addition to optimizing the pulse compression, we adjusted other HHG
generation parameters independently, such as gas backing pressure and lens position, to maximize
HHG brightness. When focusing the pulses into a 0.6 mm wide argon jet (around 4 bar backing
pressure), using a 30 cm focal length lens, we observe optimal HHG for an argon pressure of 620
mbar in the compression cells. Increasing the pressure to 750 mbar results in a 7% reduction in
HHG yield, which we attribute to the reduced overall laser beam quality.

An extension towards shorter pulse durations will therefore require an increase in SPM without
increasing the spatial nonlinearities such as self-focusing. This can be achieved by an even
looser focusing geometry, to reduce the spatial gradients (Eq. (5)) while maintaining temporal
gradients (Eq. (4)). Alternatively, adding more passes through the nonlinear medium at constant
or even slightly lower gas pressure will have a similar effect. Including pulse compression after
each stage will then significantly improve the SPM-to-self-focusing ratio, as it increases the
temporal gradients before subsequent broadening. This approach was recently shown to work
very effectively [24]. Such intermediate compression is more challenging to incorporate in
multipass cell configurations, but can be achieved e.g. by using chirped cavity mirrors [36,37].

4. Conclusions

Using a double-pass CASCADE scheme, we demonstrate post-compression of 2 mJ 170 fs Yb
ion-doped laser pulses to 37 fs with 90% overall flux efficiency, while maintaining good beam
quality across the full spectrum. Specifically, we use SHG-FROG and PWFS measurements
to characterize the compressed pulses in both the temporal and spatial domain. This approach
provides a detailed view on the results of the nonlinear effects in each broadening stage, and it
enables a determination of optimum working conditions for the pulse compression system in
terms of pulse duration, beam quality and system complexity. Specifically, we note the importance
of wavelength-resolved wavefront characterization, as highlighted by our observations in Fig. 5.
While an averaged wavefront and beam profile may show acceptable behavior, we find that
the nonlinear propagation can lead to strong aberrations at specific wavelength components,
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especially those already present in the input spectrum. This effect may lead to significant
spatiotemporal coupling upon focusing, affecting the efficiency and reproducibility in strong-field
experiments.

While a similar approach can be taken to characterize multipass cell or fiber-based compression
systems, we focused on a particularly simple implementation of the CASCADE-type scheme
using only double-pass compression. Our measurements confirm that these systems indeed
enable effective broadening via SPM while limiting self-focusing, and have favourable scaling
properties towards higher pulse energy.

Appendix: simulation for numerical back-propagation

In addition to the forward propagation to study the focusing properties of the compressed beam,
a similar propagation approach can also be used for backward propagation, to study the beam
as it emerges from the gas cells. A complete analysis would require solving the nonlinear
time-dependent Schrodinger equation in 3D, which is a computationally challenging task. We
employ a more limited approach, which still provides insight into the main operating conditions
of the CASCADE system.

To include the effect of self-focusing in the beam reconstruction inside the gas cell, we
numerically propagate the PWFS reconstructions backwards through the nonlinear medium using
a split-step approach [38]. Starting with a transverse field distribution E(x, y), propagation in the
z-direction over a distance dz can be described as:

E(x, y, z + dz) = F −1{F {E(x, y, z)}H(kx, ky, dz) exp(iϕNL(x, y))} (8)

where F and F −1 denote forward and inverse 2D Fourier transforms. The transfer function
is given in Eq. (7). The nonlinearity is included by multiplying the propagated field with a
phase term including ϕNL(x, y) in the Fourier domain in Eq. (8). The nonlinear phase can be
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calculated for a given intensity profile using Eq. (2), which however varies during propagation.
To approximate the nonlinear propagation, Eq. (8) is evaluated for a series of steps, where the
step size dz is sufficiently small to approximate the intensity profile close to constant over this
length [39]. The phase ϕNL(x, y) is calculated at each step and included in the field propagation
via Eq. (8). In our calculations dz is chosen as dz = −5 cm, corresponding to half of the Rayleigh
length.

Using this approach we can construct side-view images of the beam propagation through
the gas cell (Fig. 8(b,d)). Because of the limitations of the approach, these images do not
contain information about the nonlinear frequency conversion, but are only intended to assess the
importance of self-focusing in the beam propagation. Of course, the wavelength components at
1015 and 1045 nm in Fig. 8 are generated around the focus, and therefore propagating them to
before the focal point is not realistic. However, the relative focus positions as they are influenced
by the self-focusing effect can be determined through this approach, which is a major design
parameter for the CASCADE system.

For the first pass, we find only limited influence of self-focusing, with the beam propagation
only slightly deviating from linear Gaussian beam propagation. To illustrate the effect of
self-focusing, Fig. 8(b2) has an inset showing the wavefront for linear propagation (solid lines)
as well as the induced wavefront change due to self-focusing (dash-dotted lines). As the beam
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converges towards the focus, the increased intensity leads to a stronger influence of self-focusing.
For this first pass example, the maximum induced phase lag near the focal plane is estimated at
0.06 rad via Eq. (2). Overall the output from the first gas cell shows no significant wavelength
dependence of the wavefronts. Increasing gas pressure leads to a slight reduction in wavefront
curvature at the output due to self-focusing, while maintaining a Gaussian spatial profile across
the spectrum.

Using 700 mbar argon in the CASCADE, our pulse compression after the first cell results in 94
fs pulse duration, which results in increased nonlinear effects in the second cell as propagation
conditions are kept nominally identical to the first pass. As a consequence of the increased SPM,
we could measure at two more wavelength components near the edges of the output spectrum.
Note that these wavelength components were generated via SPM and were not in the input
spectrum. Therefore, propagating them backwards through the cell as shown in Fig. 9(b,d)
is mainly done to characterize their propagation after the focus in comparison to the other
wavelength components. A striking observation is that at the center wavelength of 1030 nm,
propagation clearly deviates from linear Gaussian behavior with minor modifications, but shows
additional diffraction effects. As our model only includes linear propagation and self-focusing
via Eq. (2), the exact beam properties near the focus cannot be reliably reconstructed in this way.
Given that the input beam has a clean Gaussian intensity and wavefront (see Fig. 8) that does
not match the propagation result in Fig. 9(b3), we can conclude that additional nonlinear effects
influence the propagation in the second cell. While more detailed propagation simulations can
include such effects [24,30,34], this working regime is not suitable for a stable pulse compression
system, and the present PWFS data and these basic simulations can be used to identify the limits.
Interestingly, the wavelengths towards the edge of the spectrum, which are produced inside the
cell, do display smooth beam profiles and wavefronts that allow high-quality focusing.
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