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We report on the nonlinear temporal post-compression
of 7 mJ sub-40 fs pulses from a commercial kHz
Ti:Sapphire laser down to a record 4 fs duration (1.5
optical cycle) in a compact single-stage gas-filled multi-
pass cell, with 60% overall compression efficiency.

http://dx.doi.org/10.1364/ao.XX.XXXXXX

In recent years, multi-pass cells (MPC) have been increasingly
used for post-compressing ultrashort laser pulses and boosting
their peak power for applications [1, 2]. Indeed, MPCs exhibit
high compression ratios, high energy throughput, low footprint,
reduced complexity, and remarkable spatio-temporal pulse qual-
ity [3–7]. The vast majority of MPC-based experiments reported
so far have involved Ytterbium (Yb)-based laser systems, for
which the pulse duration was reduced from the picosecond (ps)
level down to a few tens of femtoseconds (fs), thereby boosting
their peak power by more than one order of magnitude. How-
ever, key applications, such as attosecond pulse generation from
plasma mirrors [8, 9] or laser-plasma electron acceleration [10],
require high-energy few-cycle pulses that are much more chal-
lenging to produce. Indeed, their manipulation requires the
use of low-dispersion broadband metallic mirrors or dispersion-
matched optics with lower damage threshold, which increases
both the footprint and complexity of the MPC design. Gener-
ating few-cycle pulses from Yb-based lasers typically involves
at least two distinct post-compression stages: the first, compact,
efficient, and adapted to moderate spectral bandwidths, and the
second, bulkier, more lossy and input sensitive, bearing most of
the system complexity. Recently, multi-mJ few-cycle pulses were
post-compressed in such a two-stage gas-filled MPC configura-
tion down to 9.6 fs, corresponding to roughly 3 optical cycles
and a fraction of TW peak power [11].

MPC-based post-compression has also been demonstrated
with amplified short-pulse Ti:Sapphire lasers, producing few-
10 fs pulses that can be directly post-compressed down to few-
cycle duration in a single stage. This was first demonstrated
at the 100 µJ-level [12] down to 3 optical cycles and then at the
mJ-level [13] down to 2 cycles. In all these experiments, the
compression factor was limited by the dispersion induced by
the nonlinear medium itself and the minimal achievable pulse

duration to approximately 2 cycles. In this work, we report on
the post-compression of 7 mJ energy sub-40 fs pulses from a
1 kHz Ti:Sapphire laser down to 4 fs, corresponding to 1.5 opti-
cal cycle at 800 nm central wavelength, in a 3 m long single-stage
helium-filled MPC with 60% overall compression efficiency, per-
formance on par with that of hollow-fiber compressors [1].

In this experiment, the input pulses carry seven times more
energy than in our previous work [13]. Using a home-made nu-
merical MPC designer to simulate nonlinear pulse propagation
in space and time, we managed to keep the same MPC footprint
of around 3 m in length and find a stable Eigenmode with 4.3 mm
beam diameter on the 1.5 m ROC end-mirrors, corresponding
to a peak fluence below 100 mJ/cm2, which is still within the
safe zone specified for the enhanced silver mirror coatings. This
geometry allows a maximum of 38 passes for 101.6 mm diame-
ter cavity end-mirrors. Such a highly concentric cell, however,
yields a tighter beam waist at the center of the MPC, estimated
at 350 µm 1/e2 diameter, which can lead to drastic ionization
effects. Under these conditions, simulations indicate that the
input pulses from the Ti:Sapphire laser can be post-compressed
down to about 4 fs pulses using helium gas at a pressure of 2 bar
and circular laser polarization, with negligible ionization effects.
These simulation results provided the guidelines for designing
the experiment.

The experimental setup is depicted in fig.1. The Ti:Sapphire
laser is an ASTRELLA USP (Coherent) that delivers up to 7 mJ en-
ergy 35 fs pulses at 1 kHz repetition rate. The MPC has been set
up exactly according to the aforementioned design and placed
inside a vacuum chamber. A first quarter-wave plate (QWP)
allows the MPC to be operated with circular polarization, which
also reduces any nonlinearities experienced in air prior to in-
jection into the vacuum chamber. A pair of spherical mirrors
are used to match the laser beam to the Eigenmode of the MPC.
Even though the pulse peak power is seven times above the
critical power in air for circular polarization, the beam is large
enough such that the slight onset of self-focusing can be ac-
commodated and taken into account for mode matching. The
situation is drastically different at the output of the MPC. When
coupled back out into air, the beam is small enough such that
self-focusing prevents it from further diverging, and the beam
quickly collapses. Therefore, a wedged window is placed in the
vacuum chamber just before the beam exits the vacuum chamber
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in order to sample a small fraction of the pulse energy and to be
able to characterize the compressed pulses in air.

The attenuated output beam is then collimated with a spher-
ical mirror, and a second QWP sets the laser polarization back
to linear horizontal. The compressor that follows consists of
several pairs of double-angle chirped mirrors with -40 fs2 group
delay dispersion per bounce (PC70 from Ultrafast Innovations),
and pulse compression is finely tuned using a pair of AR-coated
fused silica wedges. The beam is finally characterized tempo-
rally with a TIPTOE [14] (SourceLab) and spatially with an imag-
ing spectrometer (MISS from FemtoEasy).

Fig. 1. MPC post-compression setup for the ASTRELLA USP
Ti:Sapphire laser.

The MPC throughput is characterized for 28 passes by mea-
suring the output power at full input power and by highly chirp-
ing the input pulses, which simulates linear propagation inside
the MPC just as if the beam was propagating through the cell
under vacuum. For 6.7 mJ effective pulse energy sent into the
MPC (measured just before the injection mirror), we obtained
4.6 mJ energy at the output, measured just before the wedged
window, leading to an MPC throughput of 69%, consistent with
the end-mirror reflectivity and the number of passes (∼ 99%
per bounce). When the MPC is set under vacuum, the output
power of the sampled beam measured outside the cell remains
unchanged compared to when the MPC is filled with gas, show-
ing that the nonlinear spectral broadening process barely affects
the MPC throughput.

The output spectrum was recorded for increasing gas pres-
sures from 0 to 2200 mbar, as shown in fig. 2, along with the
computed RMS spectral width and the corresponding Fourier
transform-limited (FTL) duration. It is worth noting that the
input FTL pulse duration is actually shorter than 35 fs, due to
incompressible residual higher-order spectral phase. At low
pressures, the spectral width increases linearly, as expected
for dispersion-free spectral broadening, up to approximately
1200 mbar, where the broadening begins to saturate. This marks
the onset of the smoothing effect of linear dispersion, as evi-
denced by the gradual disappearance of the modulations ob-
served in the spectrum above 1200 mbar. At gas pressures ex-
ceeding 1800 mbar, the spectrum becomes more distorted and
peaked, with a corresponding RMS spectral width exhibiting
chaotic behavior. At these pressures, increasing the nonlinear-

Fig. 2. Evolution of the measured output spectrum (top) and
the corresponding computed RMS spectral width and FTL
pulse duration (bottom) as a function of increasing gas pres-
sure inside the MPC.

ity no longer leads to further spectral broadening but instead
significantly distorts the spectral profile and phase. This was
confirmed by the poor pulse compressibility and distorted out-
put temporal pulse profiles with durations deviating from the
FTL value. In addition, such high gas pressures introduce even
more group-delay dispersion to be compensated in the compres-
sor, which unnecessarily increases losses and complexity. These
spectral distortions can be considered as the early signs of pulse
breakdown caused by excessive self-steepening, which arises
at even higher pressures, above 2200 mbar, as reported in our
previous work [13].

Following this comprehensive study, we set the Helium pres-
sure to the optimal value of 1800 mbar. The spectral broadening
is then optimized by carefully cancelling both the residual input
second- and third-order dispersion thanks to the ASTRELLA
USP compressor tuning capabilities. The output pulses were
fully recompressed using 8 pairs of chirped mirrors, leading
to an overall dispersion of -640 fs2 and 87% transmission. The
overall post-compression efficiency is then 60%, and the MPC
could potentially deliver more than 4 mJ if the full-energy beam
was compressed under vacuum.

Fig. 3 shows the spectral and temporal properties of the com-
pressed pulses measured with the TIPTOE. The output duration
is measured to be 4.0 fs, that is 1.5 cycle at 800 nm central wave-
length, with a temporal Strehl ratio of 90% compared to its
3.7 fs FTL derived from the retrieved spectrum. This is, to the
best of our knowledge, the shortest pulse ever generated from
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an MPC and compression under vacuum at full energy would
provide TW-peak-power pulses at 1 kHz repetition rate at the
near-single-cycle level.

Fig. 3. TIPTOE measurements. Top: reconstructed spectral
intensity (left) and phase (right), along with pulse spectrum
measured with a spectrometer (left). Bottom: retrieved pulse
temporal profile and computed FTL shape.

The TIPTOE retrieval algorithm can be run using a pulse
spectrum measured by an independent spectrometer, which ex-
plains the excellent agreement between measured and retrieved
spectra. However, letting the retrieval algorithm run freely leads
to a very similar spectral shape and identical pulse temporal
profile, with comparable retrieval errors [14]. The results are
shown here using the forced retrieval, which appears to be more
accurate as it is better correlated to the external measurement.
The retrieval accuracy is further confirmed by the clearly visible
residual oscillations in the spectral phase, which nicely corre-
spond to those induced by the double-angle chirped mirror pair
arrangement. The main central peak at 800 nm observed in the
broadened spectrum can be attributed to the incompressible

residual high-order spectral phase of the input pulse.

Fig. 4. Spatio-spectral intensity distribution of the pulses mea-
sured with an imaging spectrometer along horizontal (top)
and vertical (bottom) beam axes. Left: overall beam profile
with spatial homogeneity coefficient (V-parameter, red). Right:
raw spatio-spectral measurement.

Fig.4 shows the spatio-spectral homogeneity measured in
the far-field along both horizontal and vertical beam axes with
the MISS imaging spectrometer. The frequency-summed beam
profiles exhibit a Gaussian-like shape with spectral homogeneity
above 99% at FWHM and above 97% at 1/e2 on both axes. These
results demonstrate how MPCs can provide excellent spatio-
temporal pulse quality even for nearly octave-spanning spectra.

In conclusion, we demonstrate the scaling of gas-filled MPC-
based post-compression of Ti:Sapphire laser pulses with up to
7 mJ of energy, achieving record 1.5 cycle post-compressed pulse
durations of 4 fs at 1 kHz repetition rate. Compression under
vacuum would provide the basis for TW-class laser near-single-
cycle light source with reduced complexity and footprint. The
output pulse duration and system throughput can be further im-
proved through careful dispersion management inside the cell,
which would allow even higher output peak power. MPC-based
post-compression of commercial high-average-power laser sys-
tems paves the way towards real-life applications of high-flux
secondary particle and radiation beams produced from intense
laser-plasma interactions.

Funding. This project has received funding from the European
Union’s Horizon 2020 Research and Innovation programme under Grant
Agreement No 101004730.

Acknowledgments. The authors thank Jean-Luc Tapié and Coherent
Inc. for their support during these experiments.

Disclosures. The authors declare no conflicts of interest.

Data availability. Data underlying the results presented in this
paper are not publicly available at this time but may be obtained from
the authors upon reasonable request.

REFERENCES

1. P. S. Tamas Nagy and L. Veisz, Adv. Physics: X 6, 1845795 (2021).
2. A.-L. Viotti, M. Seidel, E. Escoto, et al., Optica 9, 197 (2022).
3. J. Schulte, T. Sartorius, J. Weitenberg, et al., Opt. Lett. 41, 4511 (2016).



Letter 4

4. M. Hanna, X. Délen, L. Lavenu, et al., J. Opt. Soc. Am. B 34, 1340
(2017).

5. Y. Pfaff, G. Barbiero, M. Rampp, et al., Opt. Express 31, 22740 (2023).
6. C. Grebing, M. Müller, J. Buldt, et al., Opt. Lett. 45, 6250 (2020).
7. E. Escoto, A.-L. Viotti, S. Alisauskas, et al., J. Opt. Soc. Am. B 39,

1694 (2022).
8. O. Jahn, V. E. Leshchenko, P. Tzallas, et al., Optica 6, 280 (2019).
9. M. Ouillé, J. Kaur, Z. Cheng, et al., Opt. Lett. 49, 4847 (2024).
10. J. Faure, D. Gustas, D. Guénot, et al., Plasma Phys. Control. Fusion

61.
11. S. Rajhans, E. Escoto, N. Khodakovskiy, et al., Opt. Lett. 48, 4753

(2023).
12. P. Rueda, F. Videla, T. Witting, et al., Opt. Express 29, 27004 (2021).
13. L. Daniault, Z. Cheng, J. Kaur, et al., Opt. Lett. 46, 5264 (2021).
14. W. Cho, J.-u. Shin, and K. T. Kim, Sci. Reports 11, 13014 (2021).



Letter 5

FULL REFERENCES

1. P. S. Tamas Nagy and L. Veisz, “High-energy few-cycle pulses: post-
compression techniques,” Adv. Physics: X 6, 1845795 (2021).

2. A.-L. Viotti, M. Seidel, E. Escoto, et al., “Multi-pass cells for post-
compression of ultrashort laser pulses,” Optica 9, 197–216 (2022).

3. J. Schulte, T. Sartorius, J. Weitenberg, et al., “Nonlinear pulse com-
pression in a multi-pass cell,” Opt. Lett. 41, 4511–4514 (2016).

4. M. Hanna, X. Délen, L. Lavenu, et al., “Nonlinear temporal compression
in multipass cells: theory,” J. Opt. Soc. Am. B 34, 1340–1347 (2017).

5. Y. Pfaff, G. Barbiero, M. Rampp, et al., “Nonlinear pulse compression of
a 200 mj and 1&#x2005;kw ultrafast thin-disk amplifier,” Opt. Express
31, 22740–22756 (2023).

6. C. Grebing, M. Müller, J. Buldt, et al., “Kilowatt-average-power com-
pression of millijoule pulses in a gas-filled multi-pass cell,” Opt. Lett.
45, 6250–6253 (2020).

7. E. Escoto, A.-L. Viotti, S. Alisauskas, et al., “Temporal quality of post-
compressed pulses at large compression factors,” J. Opt. Soc. Am. B
39, 1694–1702 (2022).

8. O. Jahn, V. E. Leshchenko, P. Tzallas, et al., “Towards intense isolated
attosecond pulses from relativistic surface high harmonics,” Optica 6,
280–287 (2019).

9. M. Ouillé, J. Kaur, Z. Cheng, et al., “Lightwave-controlled relativistic
plasma mirrors,” Opt. Lett. 49, 4847–4850 (2024).

10. J. Faure, D. Gustas, D. Guénot, et al., “A review of recent progress on
laser-plasma acceleration at khz repetition rate,” Plasma Phys. Control.
Fusion 61.

11. S. Rajhans, E. Escoto, N. Khodakovskiy, et al., “Post-compression
of multi-millijoule picosecond pulses to few-cycles approaching the
terawatt regime,” Opt. Lett. 48, 4753–4756 (2023).

12. P. Rueda, F. Videla, T. Witting, et al., “8&#x2009;fs laser pulses from
a compact gas-filled multi-pass cell,” Opt. Express 29, 27004–27013
(2021).

13. L. Daniault, Z. Cheng, J. Kaur, et al., “Single-stage few-cycle nonlin-
ear compression of millijoule energy ti:sa femtosecond pulses in a
multipass cell,” Opt. Lett. 46, 5264–5267 (2021).

14. W. Cho, J.-u. Shin, and K. T. Kim, “Reconstruction algorithm for tunnel-
ing ionization with a perturbation for the time-domain observation of an
electric-field,” Sci. Reports 11, 13014 (2021).


