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Abstract
We study both numerically and experimentally the use of two third-order nonlinear temporal
filtering techniques, namely nonlinear ellipse rotation and cross-polarized wave generation, for
simultaneous nonlinear spectral broadening and temporal contrast enhancement of mJ energy,
30 fs titanium:sapphire laser pulses in a multi-pass cell. In both cases, a contrast enhancement
greater than 3 orders of magnitude is observed, together with record high conversion efficiencies.
Careful balancing of nonlinearity and dispersion inside the multi-pass cell helps tune the spectral
broadening process and control the post-compressed pulse duration for specific applications.

1. Introduction

In the past few years, multi-pass cells (MPC) have emerged as efficient tools for nonlinear spectral
broadening and temporal manipulation of ultrashort laser pulses [1, 2], mainly because of their high
throughput [3–7], power scalability [8–10], high compression factors [6], spatio-spectral beam
homogeneity [11], and strong potential for nonlinear spatio-temporal pulse shaping applications [3, 12].
The attractiveness of MPCs lies in the fact that extended nonlinear propagation occurs over a relatively small
footprint and that large B-integrals can be accumulated in small increments for every pass with minimal
spatio-temporal couplings, provided the input beam size is carefully matched to the cell eigenmode and the
beam size on the end-mirrors remains fairly constant for every pass [13]. MPCs also provide a large number
of degrees of freedom in terms of choice of nonlinear medium as they are compatible with bulk material [2],
gases [4, 5, 14] or even hybrid geometries [15].

Recently, MPC-based post-compression was extended from Ytterbium(Yb)-based laser systems to
Titanium:Sapphire (Ti:Sa) lasers, with compressibility down to the few-cycle regime in a single stage [16, 17].
When used to reach ultra-high focused intensities in the frame of light–matter interaction experiments, most
Ti:Sa laser systems rely on some form of nonlinear temporal filtering to suppress amplified spontaneous
emission (ASE) and parasitic pulses surrounding the pulse peak. Such contrast enhancement techniques
include saturable absorbers [18, 19], optical parametric amplifiers [20–22], second harmonic
generation [23], plasma mirrors [24, 25], spectrally filtered self-phase modulation (SPM) [26], nonlinear
ellipse rotation (NER) [27–32] and the widely used cross-polarized wave generation (XPW) [33].

In this article, we benchmark both NER and XPW techniques in an MPC architecture for simultaneous
post-compression and temporal contrast enhancement of mJ-energy 30 fs pulses from a Ti:Sa laser, with
compressibility down to few-cycle duration and record efficiency. We also rely on comprehensive (3+1)D
numerical simulation of the nonlinear process, which accurately reproduces the measured data, to pinpoint
the role played by the different experimental parameters and to find optimized, application-specific
configurations for both techniques.
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2. Nonlinear ellipse rotation in multi-pass cells

In NER, temporal contrast enhancement is achieved thanks to the intensity-dependent rotation of the
polarization ellipse of an ultrashort pulse undergoing nonlinear propagation [34]. Polarizing optics can be
used to discriminate the high-intensity pulse peak that experiences nonlinear rotation against the unwanted,
unrotated low-intensity ASE pedestal and parasitic side pulses. NER was tested early on for contrast
enhancement and spatial mode cleaning in air [30, 31] and gas-filled hollow fibers [29], the latter having
been later shown to enable post-compression down to few-cycle duration with internal conversion
efficiencies in the range of 40%–55% [35, 36]. Very recently, NER in a gas-filled MPC was first explored
through simulations [37] and then experimentally with Yb lasers both in a gas [38] and in a multi-plate
arrangement [39]. In the following section, we describe how NER implemented in a gas-filled MPC can be
used as a direct method for generating few-cycle pulses with high temporal fidelity using a Ti:Sa laser.

2.1. Experimental setup for NER
A schematic layout of the general experimental setup is shown in figure 1. A Ti:Sa chirped pulse amplifier
system (Femtopower Pro-HE) delivers mJ-energy 30 fs pulses at 1 kHz repetition rate and features an
acousto-optic programmable dispersion filter (Dazzler, Fastlite) that enables precise control over the output
pulse spectral phase. A pair of focusing/diverging optics is used to fulfill the mode-matching conditions for
stable MPC operation. A pair of folding mirrors mounted on a translation stage after the telescope is used to
tune the position of the beam-waist inside the cell. The quasi-concentric MPC consists of two 50.8mm
diameter enhanced-silver coated mirrors with a radius of curvature of 1.5m, separated by∼3m. A small
off-axis plane injection mirror couples the beam into the cavity with each beam pass forming a circular
pattern on the mirror. After the required number of round-trips, the beam is picked off by another small
plane off-axis mirror located on the same side as the injection. The 50.8mm cavity mirror size ensures
sufficient distance between the adjacent beam spots on the mirrors and minimizes beam steering losses. The
number of passes in the cavity can be varied in even numbers by simply moving the pick-off mirror and can
be set to a maximum of 18. The MPC can therefore support up to 54m of propagation folded within an
effective 3m footprint.

The MPC is filled with Argon at a controlled pressure. Nonlinear refraction in Argon is taken into account
in the simulations to find the appropriate mode-matching conditions and maintain an overall constant beam
size on the cavity end-mirrors and at the center of the cavity, which also avoids damaging the optics and
minimizes ionization [13, 40]. The beam waist is set to 450µm, corresponding to a 2.9mm beam diameter
on the end-mirrors. The number of passes is set to 12, corresponding to a total propagation length of 36m.

Elliptical polarization is achieved by inserting a broadband quarter-wave plate (QWP) into the collimated
beam before entering the mode-matching telescope. A half-wave plate (HWP) is placed before it to tune the
input polarization direction and hence the ellipticity εi inside the MPC from 0 (linear) to 1 (circular). A
second crossed broadband QWP is used to retrieve linear polarization at the output of the MPC. A
low-dispersion broadband thin film polarizer (TFP) (Femtolasers GmbH) with an extinction ratio of
5× 10−3 filters out the pulse peak rotated by NER at 90◦ with respect to the input polarization, while
rejecting the low-intensity unrotated background. The temporally filtered pulses are then post-compressed
using a set of chirped mirrors (up to− 450fs2, PC42, Ultrafast Innovations GmbH) and a pair of adjustable
thin fused silica wedges. A range of diagnostic tools are used to characterize the NER-filtered pulses: An
SHG-FROG (Femto Easy) characterizes the pulses spectrally and temporally, a high dynamic range
third-order cross-correlator (TUNDRA, Ultrafast Innovations GmbH) is used to detect the ASE pedestal and
parasitic pulses over a time window of 200 ps around the pulse peak, and an imaging spectrometer (MISS,
Femto Easy) is used to assess the output spatio-spectral beam quality.

2.2. Maximizing NER efficiency
Internal NER efficiency is defined as the ratio between the power measured after and before the output
polarizer. Maximum NER efficiency is therefore achieved when the polarization ellipse rotates by exactly 90◦,
such that transmission through the TFP is maximized. However, the NER angle is time-dependant along the
time-varying pulse profile, which leads to a time-dependent transmission through the TFP. Moreover, as the
pulses simultaneously experience spectral broadening and chirping through SPM, the NER angle also
becomes wavelength-dependant, implying that the broadened spectrum is not uniformly transmitted
through the polarizer. All these effects combined limit both the energy and the spectral throughput and thus
drastically affect post-compression performance.

Figure 2(left panel) shows the evolution of internal NER efficiency versus B-integral for different
ellipticities, obtained from numerical simulations for a plane-wave 1mJ, 30 fs pulse propagating in Argon,
including SPM, cross-phase modulation (XPM), self-steepening and gas dispersion. One clearly notices that
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Figure 1. Experimental setup layout for both NER- and XPW-MPC. Components marked in dark blue and green are used for
performing NER and XPW, respectively. For clarity, only a few passes in the cell are represented. HWP: half-wave plate, QWP:
quarter-wave plate.

Figure 2. Left: simulated NER efficiency vs. B-integral for various pulse ellipticities. Right: temporal profile of NER pulse
(grayed), transmitted pulse (solid blue) and rejected (dashed blue) pulse by the TFP; time-dependant NER angle (solid red), all
simulated for ϵi = 0.25 at maximum efficiency (B≃ 6 rad).

lower ellipticities lead to a reduced spread of NER angles and, when combined with high B-integrals, yield
higher throughput. However, our previous work on direct post-compression of 1mJ 30 fs Ti:Sa pulses in the
same MPC configuration showed that the B-integral cannot be pushed much beyond 6 rad, corresponding to
an Argon gas pressure around 400mbar, where excessive self-steepening effects lead to poor pulse
compressibility [16]. In the case of NER, the ellipticity should therefore not be lower than 0.15 and
the maximum NER efficiency should not exceed 75%. Figure 2(right panel) shows the simulated time-
dependent NER angle during the rise and fall of the pulse along with the transmitted and rejected pulse
profiles for ϵi = 0.25 at maximum efficiency (B≃ 6 rad). The maximum NER angle is above 90◦, such that
the transmission averaged over the whole pulse profile is maximized.

We performed the experiment using ϵi = 0.25 and measured the internal NER efficiency along with the
output pulse spectrum for increasing Argon pressures up to 420mbar, where pulse break-up starts. Figure 3
compares the measured data with the results obtained from (3+1)D simulations now including temporal,
radial, and polarization dimensions and using measured device losses and the experimental laser pulse
spectrum as input. Simulations show excellent agreement with measurements. Experimentally, the spectral
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Figure 3. Top: evolution of the measured (left) and the simulated (right) transmitted NER spectrum with Argon gas pressure, for
ϵi = 0.25. Bottom: variation of the measured spectral width and Fourier-transform-limited (FTL) duration (left) and
corresponding experimental NER conversion efficiency with Argon pressure compared to simulated values (right).

bandwidth increases fast at first, then starts flattening out before increasing again around 420mbar. The
effects of pulse break-up can be seen in simulations at higher pressures, with the sudden appearance of wings
and deep modulations in the broadened spectrum. The agreement between experiment and simulations is
particularly good for the internal NER efficiency versus pressure, which reaches a maximum of 58% at an
optimum Argon pressure of≃ 350mbar and then rolls off because of the peak NER angle exceeding 90◦. We
now can tune the ellipticity to a lower value, such that the maximum NER efficiency occurs just before pulse
break-up around 420mbar. This should lead to both a higher throughput and a broader spectrum and
therefore yield shorter compressed output pulses.

2.3. Experimental results at optimum ellipticity
By setting the Argon pressure to 420mbar and the pulse ellipticity to ϵi = 0.18, the internal NER efficiency
increases from 58% to 69%. The output polarizer is rotated accordingly to preserve the extinction ratio and
the output energy drops to 0.49mJ. Overall efficiency is defined as the ratio of the energy measured after the
TFP to the energy measured at the input of the MPC. We obtain an overall NER efficiency of 49%, including
losses in the MPC. In this configuration, we obtain, nearly-FTL 5.8 fs pulses (2.2 optical cycles at
λ= 800nm) as shown in figure 4. The reconstructed 5.8 fs pulse profile (solid blue curve) is close to the
Fourier-transform-limited profile (FTL, dotted black curve), with a low-intensity pedestal structure limited
by the residual phase and spectral modulations introduced by the paired double-angle chirped mirror
compressor. The compressor efficiency is measured to be 87%, leading to an overall post-compression
efficiency of 43%. Our FROGmeasurements can produce slightly asymmetric traces, a well-known feature of
broadband single-shot 2D acquisition FROG devices, for which slight misalignment can lead to a small
virtual pulse front tilt being imprinted onto the measured trace as can be seen in figure 4.

Figure 5 compares the long-range temporal profiles of input and output pulses measured by the
TUNDRA device. The contrast enhancement obtained via NER is at least three orders of magnitude, with
ASE levels dropping down to 1 : 10−11 a few ps prior to the pulse peak, and is limited by the extinction ratio
of the TFP. The pre-pulse seen at -7.5 ps in the traces for both the input and NER pulses is an inherent
artifact of the TUNDRA. The train of post-pulses visible in the NER trace originates from internal reflections
within the TFP itself and are not observed when a Glan polarizer is used for extinction. However, the high
thickness of a Glan polarizer leads to excessive dispersion and nonlinear effects distorting the output pulse
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Figure 4. Top: measured (left) and retrieved (right) SHG-FROG traces with an error of 72× 10−4 on a 256× 256 grid. Bottom:
input and NER spectra (left) and the corresponding temporal profile (right) for ϵi = 0.18.

Figure 5. Temporal contrast enhancement between input and NER (ϵi = 0.18) pulses measured using a high dynamic range
third-order autocorrelator.

and beam. This is a standard problem encountered in all polarization-based contrast enhancement
techniques and the choice of polarizing optics varies according to the targeted application. Finally, the
spectrally-resolved beam profile in the horizontal and vertical dimensions and the corresponding
V-parameter measured for ϵi = 0.18 are shown in figure 6. In both dimensions, the output beam exhibits
good spectral homogeneity,> 98% at FWHM and above> 85% at 1/e2.

These results must be compared to direct post-compression experiments [16]. Under the exact same
experimental conditions, albeit with only 16 passes in the MPC, we measured 5.3 fs post-compressed pulses
with 66% overall efficiency, chirped mirror compressor included. The 43% overall transmission measured in
the case of NER amply justifies its implementation in an MPC post-compressor as it enables the direct
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Figure 6. (Top) spectrally-resolved beam profile in the horizontal (left) and vertical (right) dimensions and (bottom) output
beam profile in arbitrary units in the horizontal (left) and vertical dimensions (right) along with their spectral homogeneity,
measured for ϵi = 0.18.

generation of high-contrast few-cycle pulses with moderately higher losses, little compromise on the output
pulse duration, and very low added complexity.

3. Cross-polarized wave generation in multi-pass cells

XPW generation is a well-established and perhaps the most widely used technique for temporal contrast
enhancement in high-energy Ti:Sa lasers. It is a degenerate four-wave mixing process governed by the
anisotropy of the real part of the third-order nonlinearity tensor χ(3). Inside the nonlinear medium, a new
orthogonally polarized wave is generated at the same central frequency as the incident wave. Conventionally,
its implementation is quite straightforward: a linearly polarized laser pulse is focused into a crystal placed
between crossed polarizers. Due to the cubic intensity dependence of the process in space and time, efficient
conversion occurs only at high intensities, making it easy to filter out the cleaned XPW pulse from the
lower-intensity ASE pedestal and parasitic pulses. The XPW conversion efficiency depends on the intensity of
the pulse incident on the crystal, the thickness of the crystal, the input spatio-temporal pulse quality and its
spectral phase [41, 42]. The incident intensity on the XPW crystal is limited by the threshold of white light
generation in the crystal (e.g.∼ 1012Wcm−2 for BaF2 crystals). Using thicker crystals to achieve higher
conversion leads to unwanted nonlinear third-order processes that tend to compete with XPW generation,
making the XPW beam properties more sensitive to spatial-temporal couplings. The input intensity is also
limited by damage due to self-focusing inside the crystal, which tends to reduce its lifetime. So far, the
highest demonstrated overall conversion efficiency has been limited to 10%–20% using a double thin-crystal
configuration [43] and, for mJ energy pulses, some form of spatial filtering or shaping is needed to ensure a
smoother or more homogeneous incident spatial beam profile on the crystals [44, 45]. In this work, we tested
the implementation of XPW in the MPC, since the nonlinearity inside an MPC is acquired in small
increments and spatially redistributed across the beam for every pass.
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Figure 7. Left: beam caustic of the fundamental wave alone including Kerr Lensing in the BaF2 plates (solid blue) compared to
linear mode matching in the MPC (dashed red). Right: XPW and fundamental beam caustics.

3.1. Experimental setup for XPW
The setup for testing XPW in the MPC is depicted in figure 1. Here, no QWPs are needed since the linear
polarization direction of the XPW signal can simply be set by the HWP at the MPC input. The chamber is
operated under vacuum and two anti-reflection-coated, 600µm thick, holographic cut BaF2 crystals aligned
with the same orientation are placed symmetrically with respect to the center of the MPC. This configuration
helps to mitigate spatial nonlinear effects and ensures spatio-spectral beam homogeneity. The distance of the
crystals from the waist enables the tuning of the nonlinearity for every pass and is set to about 1m, placing
the crystals approximately 50 cm away from the end-mirrors. The chirped mirrors of the output compressor
are changed to accommodate the narrower spectral bandwidth typically produced by the XPW process, and
to introduce higher dispersion in order to compensate for the total amount of material traversed by the
pulses in the BaF2 plates. The input pulse parameters, output polarizer, and pulse diagnostics all remain the
same as for NER.

In the case of XPW, mode matching into the MPC becomes much more complicated. First, for a
Gaussian input pulse in space and time, both spatial and temporal pulse profiles of the XPW wave are
shortened by a factor of

√
3 because of the cubic nonlinearity. Therefore, both input and XPW beams do not

share the same beam-matching conditions and their respective caustics cannot be stabilized together.
Moreover, the input pulse peak power is about 5× 103 times higher than the critical power for self-focusing
in BaF2, under our experimental conditions. Although the BaF2 plates are thin enough to prevent
catastrophic beam collapse, they have to be considered as thin nonlinear lenses that can disturb mode
matching and overall propagation in the MPC. Moreover, the repeated energy transfer from the input pulse
to the XPW wave leads to changes in the pulse peak power, such that the Kerr lensing experienced through
the BaF2 plates is different for both pulses and for every pass, especially for such high nonlinearities. Material
dispersion and reflection losses from the plate surfaces further exacerbate this behavior.

Numerical simulations were performed to determine the best beam matching when including Kerr
lensing from the BaF2 plates. First, it was run for the input fundamental wave alone, while inhibiting XPW
generation. Figure 7 shows that the beam caustic of the fundamental wave in the MPC, which is stable for the
first few passes and then becomes strongly modulated, illustrating the impact of dispersion on the caustic
stability. However, the beam size on the MPC end-mirrors is always larger than that of the linearly matched
beam, which excludes any risk of optical damage by design. Excessive ionization at the beam waist, which can
occur if the caustic is unstable, is not a concern here as the MPC is operated under vacuum. Second, XPW
generation was enabled in the simulation by choosing the proper polarization that maximizes efficiency, as
detailed in the next section. The XPW caustic is plotted in figure 7. It can be seen that the newly created XPW
beam in the first BaF2 plate pass is smaller than the fundamental. As expected, its caustic is highly modulated
throughout the MPC, but here again the beam sizes on the mirrors are always larger than in the linear
regime. The fundamental beam is more modulated in the presence of XPW generation due to the energy
transfer, but the minimum beam size on the mirrors still remains close to that for linear beam matching, thus
avoiding optical damages. These simulations show that Kerr lensing in the BaF2 plates drastically disturbs
beam propagation and caustic stability throughout the MPC, but also leads to larger beam sizes on the
mirrors, such that the beam fluence systematically remains below the damage threshold of the end-mirrors.
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Figure 8. Left: internal (red) and overall (blue) XPW generation efficiency as a function of number of passes in the MPC.

3.2. Experimental results of XPW generation
Figure 8 shows the XPW efficiency simulated as a function of the number of passes in the MPC, including
reflection losses introduced by the enhanced-silver-coated mirrors (∼ 1% per bounce) and the BaF2 crystals
(∼ 3% per MPC pass). The input polarization is set to 64.5◦ with respect to the optical axes of the BaF2
crystals, which maximizes XPW conversion efficiency per pass [46]. For 16 passes, the total internal XPW
efficiency reaches up to 65%, an unprecedented value which cannot be obtained for XPW in free space. This
is because the MPC geometry mitigates nonlinear spatial effects and beam distortion, enabling better control
over the beam size for every pass and higher overall conversion efficiency. However, such a high number of
passes through the BaF2 plates implies higher reflection losses, such that the overall efficiency, calculated as
the output XPW power over the input power, rapidly drops. In practice, the number of passes should be
limited to ten passes to maximize the overall efficiency to about 35%, which is still higher than the current
state-of-the-art. The beam size is set to 330µm at the waist and 4mm on the end-mirrors in order to fulfill
the stability conditions of the MPC. The input pulses are p-polarized and the output TFP is oriented to select
the XPW pulses along the orthogonal polarization direction. The XPW pulses are then compressed outside
the MPC using a set of chirped mirrors (total dispersion≃−750fs2, HD58 from Ultrafast Innovations) and
a pair of adjustable thin fused silica wedges. By compensating dispersion (entrance window, propagation in
air) with the Dazzler in the laser chain, we can inject nearly-FTL 30 fs pulses into the MPC, and obtain 295µJ
total XPW pulse energy, corresponding to 57% internal and 28% overall conversion efficiency, respectively,
while taking into account all the losses in the MPC.

The broadened XPW spectrum can be compressed down to 16 fs nearly transform-limited, as shown in
figure 9. However, as opposed to NER, a fraction of the spectrum in the long-wavelength range measured
with the spectrometer could not be retrieved with the FROG. We think that the use of XPW bulk plates in
vacuum instead of a gas-filled MPC might play a role and this effect should be investigated further in a
dedicated study. Figure 10 shows the spectrally-resolved beam profile measured in both the vertical and
horizontal dimensions with the imaging spectrometer, which exhibits a nearly-Gaussian profile in both cases.
The homogeneity factor, as defined in [3], is also shown for both the dimensions in figure 10. The beam
exhibits excellent spectral homogeneity above 99% at the FWHM and above 95% at 1/e2 in both dimensions.
This is a direct advantage of implementing XPW in an MPC, where incremental accumulation of B-integral
mitigates spatio-temporal couplings and yields excellent output beam quality. Figure 11 shows the
long-range temporal intensity profiles measured with the TUNDRA for both input and XPW pulses. The
contrast enhancement is at least three orders of magnitude and limited, as for NER, by the polarization
extinction capability of the TFP. Several pre-pulses visible before the main pulse peak for both the input and
the XPW pulses were confirmed to be inherent artifacts of the TUNDRA. The train of post-pulses visible in
the XPW trace originates from the output TFP itself, similar to those observed in the NER measurements.
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Figure 9. Top: measured (left) and retrieved (right) SHG-FROG traces with an error of 46× 10−4 on a 256× 256 grid. Bottom:
input and XPW spectra (left) and the corresponding compressed XPW temporal profile (right), for FTL pulses injected into the
MPC.

Figure 10. Top: measured spatio-spectra traces in horizontal (left) and vertical (right) dimensions; bottom: output beam profile
in arbitrary units in horizontal (left) and vertical dimensions (right) along with their spectral homogeneity.

9
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Figure 11. Temporal contrast enhancement between fundamental and XPW pulses.

Figure 12. Top: measured (left) and retrieved (right) SHG-FROG traces with an error of 65× 10−4 on a 256× 256 grid. Bottom:
input and XPW spectral properties (left) and corresponding output XPW temporal profile (right).

3.3. Maximizing XPW efficiency
XPW generation has been shown to be accompanied by significant spatio-temporal reshaping due to
interplay between XPM and SPM involving both fundamental and XPW pulses [44, 47]. When an initial
-500 fs2 spectral phase is applied to the input pulses with the Dazzler to globally compensate for the effects of
dispersion inside the MPC, the XPW energy increases to 360µJ, corresponding to 65% internal and 34%
overall conversion efficiencies, respectively. To the best of our knowledge, this is the highest conversion
efficiency reported so far for XPW generation. However, this increase in conversion efficiency comes at the
cost of lower spectral broadening and therefore slightly longer re-compressed pulses of 20 fs, as

10
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shown in figure 12. This result is in good agreement with previous studies on the effect of residual chirp on
the output spectral behavior [48], where narrower albeit smoother output XPW spectra were observed for
negatively chirped input pulses. Finally, spectral homogeneity and contrast enhancement factors similar to
the FTL case were measured for negatively chirped input pulses. Overall, the smooth XPW spectrum
together with the increased available XPW pulse energy could be particularly useful for efficient seeding of
further laser amplification stages in a double chirped pulse amplifier architecture.

4. Summary

In conclusion, we demonstrate efficient nonlinear temporal compression and cleaning of mJ-energy 30 fs
pulses in an MPC using two different third-order nonlinear filtering techniques: XPW and NER.
Comprehensive (3+1)D numerical simulations show excellent agreement with the measured data in both
cases and enables us to carefully design the MPC architectures so as to obtain the highest conversion
efficiencies. In both cases, a contrast enhancement> 103 could be observed together with near-FTL
post-compressed pulse durations.

To the best of our knowledge, this is the first time that XPW has been implemented inside an MPC,
exhibiting several advantages over a more conventional free-space setup: (1) record high efficiencies (up to
65% internal and 34% overall), (2) no need for spatial filtering, (3) excellent output beam quality and
spectral homogeneity, and (4) relatively higher tolerance to input beam pointing fluctuations. More adapted
surface coatings on the nonlinear crystals and cavity end-mirrors should help significantly increase the
overall energy throughput and polarization optics with higher extinction ratios could easily increase the
contrast enhancement factor (> 103) by 2–3 orders of magnitude. However, to ensure a stable operation of
XPW in an MPC, it is critical to stabilize the caustics due to different mode-matching conditions for the
input and the XPW beams. Nevertheless, this approach has the potential to facilitate the design of efficient
and compact devices for spatio-temporal pulse cleaning in high-peak-power laser systems.

To the best of our knowledge, this is also the highest total internal efficiency (up to 69%) reported for
NER for 30 fs input pulses. Implementing NER in an MPC architecture with such pulses enables the direct
generation of high-contrast few-cycle pulses (< 6 fs) with up to 43% overall efficiency, in a single
post-compression stage. The inherent power scalability of MPCs makes this an attractive end-of-chain
solution for producing high peak-power few-cycle pulses with high temporal contrast suited to ultra-high
intensity laser-matter experiments. Shorter post-compressed pulse duration, down to the single-cycle
regime, could in principle be reached using dispersion-engineered coatings targeting net-zero linear chirp to
suppress the saturation of Kerr nonlinearities, as observed in [16], which should enable octave-spanning
broadening with high throughput. For this, however, the limitations on pulse compressibility imposed by the
residual phase profile of these coatings and ionization remains to be investigated.
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[20] Dubietis A, Jonǔsauskas G and Piskarskas A 1992 Powerful femtosecond pulse generation by chirped and stretched pulse

parametric amplification in BBO crystal Opt. Commun. 88 437–40
[21] Yoshida H, Ishii E, Kodama R, Fujita H, Kitagawa Y, Izawa Y and Yamanaka T 2003 High-power and high-contrast optical

parametric chirped pulse amplification in β-bab2o4 crystal Opt. Lett. 28 257–9
[22] Dorrer C, Begishev I A, Okishev A V and Zuegel J D 2007 High-contrast optical-parametric amplifier as a front end of high-power

laser systems Opt. Lett. 32 2143–5
[23] Aoyama M, Harimoto T, Ma J, Akahane Y and Yamakawa K 2001 Second - harmonic generation of ultra-high intensity

femtosecond pulses with a KDP crystal Opt. Express 9 579–85
[24] Kapteyn H C, Murnane MM, Szoke A and Falcone R W 1991 Prepulse energy suppression for high-energy ultrashort pulses using

self-induced plasma shuttering Opt. Lett. 16 490–2
[25] Lévy A et al 2007 Double plasma mirror for ultrahigh temporal contrast ultraintense laser pulses Opt. Lett. 32 310–2
[26] Buldt J, Müller M, Klas R, Eidam T, Limpert J and Tünnermann A 2017 Temporal contrast enhancement of energetic laser pulses

by filtered self-phase-modulation-broadened spectra Opt. Lett. 42 3761–4
[27] Tapié J-L and Mourou G 1992 Shaping of clean, femtosecond pulses at 1.053 µm for chirped-pulse amplification Opt. Lett.

17 136–8
[28] Sala K and Richardson M C 1978 A passive nonresonant technique for pulse contrast enhancement and gain isolation J. Appl. Phys.

49 2268–76
[29] Homoelle D, Gaeta A L, Yanovsky V and Mourou G 2002 Pulse contrast enhancement of high-energy pulses by use of a gas-filled

hollow waveguide Opt. Lett. 27 1646–8
[30] Kalashnikov M P, Risse E, Schönnagel H, Husakou A, Herrmann J and Sandner W 2004 Characterization of a nonlinear filter for

the front-end of a high contrast double-CPA ti:sapphire laser Opt. Express 12 5088–97
[31] Jullien A, Augé-Rochereau F, Chériaux G, Chambaret J-P, d’Oliveira P, Auguste T and Falcoz F 2004 High-efficiency, simple setup

for pulse cleaning at the millijoule level by nonlinear induced birefringence Opt. Lett. 29 2184–6
[32] Chun-Mei Z, Jian-Liang W, Chuang Li, Xiao-Wei C, Yu-Xin L, Li-Huang L, Ru-Xin Li and Zhi-Zhan X 2008 Pulse temporal cleaner

based on nonlinear ellipse rotation by using BK7 glass plate Chin. Phys. Lett. 25 2504–7
[33] Jullien A et al 2005 1010 temporal contrast for femtosecond ultraintense lasers by cross-polarized wave generation Opt. Lett.

30 920–2
[34] Boyd R W 2008 Nonlinear Optics 3rd edn (Academic, Inc.)
[35] Khodakovskiy N G et al 2019 Generation of few-cycle laser pulses with high temporal contrast via nonlinear elliptical polarisation

rotation in a hollow fibre compressor Laser Phys. Lett. 16 095001
[36] Smijesh N, Zhang X, Fischer P, Muschet A A, Salh R, Tajalli A, Morgner U and Veisz L 2019 Contrast improvement of sub-4fs laser

pulses using nonlinear elliptical polarization rotation Opt. Lett. 44 4028–31
[37] Pajer V and Kalashnikov M 2021 High temporal contrast ultrashort pulses generated by nonlinear ellipse rotation in multipass cells

Laser Phys. Lett. 18 065401
[38] Pfaff Y et al 2022 Nonlinear pulse compression of a thin-disk amplifier and contrast enhancement via nonlinear ellipse rotation

Opt. Express 30 10981–90

12

https://doi.org/10.1364/OL.41.004511
https://doi.org/10.1364/OL.41.004511
https://doi.org/10.1364/OE.25.020502
https://doi.org/10.1364/OE.25.020502
https://doi.org/10.1364/OL.43.002252
https://doi.org/10.1364/OL.43.002252
https://doi.org/10.1364/OL.43.005877
https://doi.org/10.1364/OL.43.005877
https://doi.org/10.1364/OL.388665
https://doi.org/10.1364/OL.388665
https://doi.org/10.1364/OL.425872
https://doi.org/10.1364/OL.425872
https://doi.org/10.1364/OL.416734
https://doi.org/10.1364/OL.416734
https://doi.org/10.1364/JOSAB.386049
https://doi.org/10.1364/JOSAB.386049
https://doi.org/10.1364/OL.408998
https://doi.org/10.1364/OL.408998
https://doi.org/10.1364/JOSAB.453901
https://doi.org/10.1364/JOSAB.453901
https://doi.org/10.1038/s41566-022-01121-9
https://doi.org/10.1038/s41566-022-01121-9
https://doi.org/10.1364/OSAC.418247
https://doi.org/10.1364/OSAC.418247
https://doi.org/10.1364/OL.43.002070
https://doi.org/10.1364/OL.43.002070
https://doi.org/10.34133/2022/9754919
https://doi.org/10.34133/2022/9754919
https://doi.org/10.1364/OL.442707
https://doi.org/10.1364/OL.442707
https://doi.org/10.1364/OE.435086
https://doi.org/10.1364/OE.435086
https://doi.org/10.1016/S0030-4018(97)00638-X
https://doi.org/10.1016/S0030-4018(97)00638-X
https://doi.org/10.1364/OE.19.008486
https://doi.org/10.1364/OE.19.008486
https://doi.org/10.1016/0030-4018(92)90070-8
https://doi.org/10.1016/0030-4018(92)90070-8
https://doi.org/10.1364/OL.28.000257
https://doi.org/10.1364/OL.28.000257
https://doi.org/10.1364/OL.32.002143
https://doi.org/10.1364/OL.32.002143
https://doi.org/10.1364/OE.9.000579
https://doi.org/10.1364/OE.9.000579
https://doi.org/10.1364/OL.16.000490
https://doi.org/10.1364/OL.16.000490
https://doi.org/10.1364/OL.32.000310
https://doi.org/10.1364/OL.32.000310
https://doi.org/10.1364/OL.42.003761
https://doi.org/10.1364/OL.42.003761
https://doi.org/10.1364/OL.17.000136
https://doi.org/10.1364/OL.17.000136
https://doi.org/10.1063/1.325110
https://doi.org/10.1063/1.325110
https://doi.org/10.1364/OL.27.001646
https://doi.org/10.1364/OL.27.001646
https://doi.org/10.1364/OPEX.12.005088
https://doi.org/10.1364/OPEX.12.005088
https://doi.org/10.1364/OL.29.002184
https://doi.org/10.1364/OL.29.002184
https://doi.org/10.1088/0256-307X/25/7/047
https://doi.org/10.1088/0256-307X/25/7/047
https://doi.org/10.1364/OL.30.000920
https://doi.org/10.1364/OL.30.000920
https://doi.org/10.1088/1612-202X/ab3852
https://doi.org/10.1088/1612-202X/ab3852
https://doi.org/10.1364/OL.44.004028
https://doi.org/10.1364/OL.44.004028
https://doi.org/10.1088/1612-202X/abff49
https://doi.org/10.1088/1612-202X/abff49
https://doi.org/10.1364/OE.455393
https://doi.org/10.1364/OE.455393


J. Phys. Photonics 6 (2024) 015001 J Kaur et al

[39] Seidel M et al 2022 Ultrafast MHz-rate burst-mode pump-probe laser for the flash FEL facility based on nonlinear compression of
ps-level pulses from an Yb-amplifier chain Laser Photonics Rev. 16 2100268

[40] Hanna M, Daher N, Guichard F, Délen X and Georges P 2020 Hybrid pulse propagation model and quasi-phase-matched
four-wave mixing in multipass cells J. Opt. Soc. Am. B 37 2982–8

[41] Jullien A et al 2007 Influence of spectral phase on cross-polarized wave generation with short femtosecond pulses Appl. Phys. B
87 595–601

[42] Canova L, Albert O, Forget N, Mercier B, Kourtev S, Minkovski N, Saltiel S M and Lopez Martens R 2008 Influence of spectral
phase on cross-polarized wave generation with short femtosecond pulses Appl. Phys. B 93 443–53

[43] Jullien A, Kourtev S, Albert O, Chériaux G, Etchepare J, Minkovski N and Saltiel S M 2006 Highly efficient temporal cleaner for
femtosecond pulses based on cross-polarized wave generation in a dual crystal scheme Appl. Phys. B 84 409–14

[44] Jullien A, Rousseau J-P, Mercier B, Antonucci L, Albert O, Chériaux G, Kourtev S, Minkovski N and Saltiel S M 2008 Highly
efficient nonlinear filter for femtosecond pulse contrast enhancement and pulse shortening Opt. Lett. 33 2353–5

[45] Ramirez L P et al 2011 Efficient cross polarized wave generation for compact, energy-scalable, ultrashort laser sources Opt. Express
19 93–98

[46] Canova L, Chen X, Trisorio A, Jullien A, Assion A, Tempea G, Forget N, Oksenhendler T and Lopez-Martens R 2009
Carrier-envelope phase stabilization and control using a transmission grating compressor and an AOPDF Opt. Lett. 34 1333–5

[47] Adams D E, Planchon T A, Squier J A and Durfee C G 2010 Spatiotemporal dynamics of cross-polarized wave generation Opt. Lett.
35 1115–7

[48] Jullien A, Durfee C G, Trisorio A, Canova L, Rousseau J-P, Mercier B, Antonucci L, Chériaux G, Albert O and Lopez-Martens R
2009 Nonlinear spectral cleaning of few-cycle pulses via cross-polarized wave (XPW) generation Appl. Phys. B 96 293–9

13

https://doi.org/10.1002/lpor.202100268
https://doi.org/10.1002/lpor.202100268
https://doi.org/10.1364/JOSAB.395789
https://doi.org/10.1364/JOSAB.395789
https://doi.org/10.1007/s00340-007-2685-8
https://doi.org/10.1007/s00340-007-2685-8
https://doi.org/10.1007/s00340-008-3185-1
https://doi.org/10.1007/s00340-008-3185-1
https://doi.org/10.1007/s00340-006-2334-7
https://doi.org/10.1007/s00340-006-2334-7
https://doi.org/10.1364/OL.33.002353
https://doi.org/10.1364/OL.33.002353
https://doi.org/10.1364/OE.19.000093
https://doi.org/10.1364/OE.19.000093
https://doi.org/10.1364/OL.34.001333
https://doi.org/10.1364/OL.34.001333
https://doi.org/10.1364/OL.35.001115
https://doi.org/10.1364/OL.35.001115
https://doi.org/10.1007/s00340-009-3503-2
https://doi.org/10.1007/s00340-009-3503-2

	Simultaneous nonlinear spectral broadening and temporal contrast enhancement of ultrashort pulses in a multi-pass cell
	1. Introduction
	2. Nonlinear ellipse rotation in multi-pass cells
	2.1. Experimental setup for NER
	2.2. Maximizing NER efficiency
	2.3. Experimental results at optimum ellipticity

	3. Cross-polarized wave generation in multi-pass cells
	3.1. Experimental setup for XPW
	3.2. Experimental results of XPW generation
	3.3. Maximizing XPW efficiency

	4. Summary
	References


