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In this work, we demonstrate postcompression of 1.2 ps laser
pulses to 13 fs via gas-based multipass spectral broadening.
Our results yield a single-stage compression factor of about
40 at 200 W in-burst average power and a total compres-
sion factor >90 at reduced power. The employed scheme
represents a route toward compact few-cycle sources
driven by industrial-grade Yb:YAG lasers at high average
power. ©2020Optical Society of America

https://doi.org/10.1364/OL.388665

Few-cycle laser pulses are nowadays employed for a variety of
applications including attosecond physics [1], light wave elec-
tronics [2], and particle acceleration [3]. Their generation relies
either on complex laser systems employing parametric ampli-
fication or postcompression. Ti:sapphire (Ti:Sa) lasers have
been the working horses of ultrafast laboratories for many years.
Whereas Ti:Sa amplifiers readily provide sub-30-fs pulses, their
average power is limited to only a few watts. In contrast, ultrafast
Yb-based amplifiers are power-scalable into the kilowatt (kW)
regime [4,5]; however, their output pulse duration is not shorter
than 100 fs or even 1 ps. External spectral broadening and
pulse-post compression offer the possibility to combine ultra-
short pulse durations and high repetition rates with millijoule
(mJ)-level pulse energies [6,7]. Pulses at the few-mJ level are
routinely postcompressed via spectral broadening in gas-filled
hollow-core fibers (HCFs) [7,8]. While HCF-based postcom-
pression setups extend to large scales at multi-mJ pulse energies
and/or high compression ratios [6,9], a more recent scheme,
multipass cell (MPC)-based postcompression [10,11], allows

compact setups and compression factors >30 [12]. Especially
when using a gas as the nonlinear medium [13,14], MPC-based
postcompression offers great prospects for peak-power scaling
[12,15,16]; the gas filling is immune to damage, and the non-
linearity is easily adapted via the pressure. However, in contrast
to HCF compression setups, which are commonly employed
to reach the few-cycle regime [7,8,17,18], MPC-based pulse-
compression yielded typically sub-100-fs [10–14,16,19–23]
down to sub-20-fs pulses [24]. Broader spectra supporting few-
to single-cycle pulses have been generated by multiplate arrange-
ments [25–27]. The approach is similar to the MPC method.
However, the refocusing of the beam is accomplished by the
nonlinear media themselves. The drawbacks of the multiplate
approach are the practically limited number of passes and the
required higher nonlinear phase accumulation per pass, which
results in imperfect spectral homogeneity of the beam [28,29].

We here extend MPC-based postcompression into the few-
cycle regime via a dual-stage setup, driven with 1.2 ps pulses.
In a first compression stage, we spectrally broaden and com-
press 2 mJ pulses at 200 W in-burst average power to 32 fs,
followed by further compression to 13 fs at reduced pulse energy
in the second stage. These results demonstrate, to the best of
our knowledge, for the first time few-cycle pulse generation
via direct postcompression of picosecond pulses, opening a
route toward high-average-power few-cycle sources driven by
kW-class industrial-grade diode-pumped Yb:YAG lasers. In
addition, we push the single-stage compression ratio achieved
via mJ-level postcompression close to 40 with >80% through-
put, surpassing recent compression factors achieved using
stretched HCFs [6,9] and MPCs [12].
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Fig. 1. Experimental setup: two cascaded gas-filled multipass cells (length. 2 m) followed by DCM compressors are used for spectral broadening
and compression.

The experimental setup is depicted in Fig. 1. It consists of two
broadening and compression stages containing gas-filled MPCs,
mode-matching units, and dispersion compensating mirrors
(DCMs). The employed Innoslab laser amplifier provides 1.2 ps
(FWHM) pulses centered at 1030 nm at an M2 of 1.1 × 1.2,
operated at a pulse energy of 2 mJ at the entrance of the first
spectral broadening unit [30]. The laser runs in burst-mode, i.e.,
pulse-trains of about 100 pulses at 100 kHz intraburst repetition
rate are emitted at 10 Hz. The pulses are coupled to a first MPC,
which consists of two dielectric concave mirrors [1 m radius of
curvature, 100 mm diameter, group delay dispersion (GDD)

<10 fs2 within a 980–1080 nm bandwidth] setup in a vacuum
chamber flooded with krypton at 0.9 bar. The laser beam is
mode-matched to the MPC eigenmode using a mode-matching
telescope.

In- and outcoupling is realized through an antireflection-
coated window and a rectangular pickoff mirror placed in front
of one of the concave mirrors. The same mirror is also used
to couple the beam out after 44 passes though the MPC. The
pulses are compressed using 32 bounces on DCMs with a total

GDD of −6200 fs2 in a bandwidth of 980–1080 nm. The
throughput of the first MPC is 85% (80% including the DCM
compressor), yielding compressed pulses at 1.6 mJ and 160 W
in-burst average power. The broadened spectrum has a −10 dB
bandwidth of 90 nm, corresponding to a Fourier-limited pulse
duration (FWHM) of 30 fs. The pulses are compressed to 32 fs,
measured via second-harmonic frequency-resolved optical
gating [Figs. 2(a) and 2(b)]. The beam profiles of the colli-
mated and focused beam measured after the DCM compressor
[Fig. 2(c)] indicate good beam quality.

To further compress the pulses while mitigating bandwidth
limitation imposed by the mirror coating of the first MPC, we
send the laser beam to a second MPC consisting of two silver
mirrors with enhanced reflectivity (1 m radius of curvature,
75 mm diameter). In order to avoid MPC mirror damage, the
laser pulses are attenuated to about 0.8 mJ. The second MPC is
filled with krypton at a pressure of 1 bar. The laser beam enters
the second MPC chamber via an antireflection-coated window
and leaves through an uncoated window. In order to reduce
the fluence at the in-coupling window, the converging input
beam is propagated about 2 m through the vacuum chamber
before in-coupling into the MPC. Separate mirrors are used
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Fig. 2. (a) Reconstructed spectral and temporal intensity (solid)
and phase (dashed) profiles together with the corresponding spectra
measured after the first MPC (dotted) and at the laser output (gray
line/area). (b) Corresponding frequency-resolved optical gating
(FROG) traces (logarithmic color scale). (c) Beam profiles measured
after the first MPC.

for in-coupling and outcoupling after 12 passes. The measured
throughput of the second MPC is 46%, limited mainly by
losses at the MPC mirrors, yielding a pulse energy of 0.37 mJ
at an in-burst average power of 37 W after the outcoupling
window. To avoid nonlinear propagation effects in air, only a
wedge reflection of the pulses exiting the MPC is compressed

using matched-pair DCMs with a total GDD of −1900 fs2

in 16 double bounces. The measured output spectrum has a
bandwidth of 195 nm at −10 dB, corresponding to a Fourier
limit of 10.8 fs. The attenuated pulses are characterized using
a D-scan setup yielding a pulse duration (FWHM) of 13 fs
[Figs. 3(a) and 3(b)]. While we achieve good agreement between
measured and retrieved D-scan traces [Fig. 3(b)], the measured
traces clearly show intensity fluctuation of the second-harmonic
signal, which we attribute to laser pulse duration fluctuations.
The beam profiles of the collimated and focused beam measured
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Fig. 3. (a) Reconstructed spectral and temporal intensity (solid)
and phase (dashed) profiles together with the corresponding spectra
measured after both MPCs (dotted). (b) Corresponding D-scan traces
(linear color scale). (c) Beam profiles measured after the second MPC.

after the second MPC [Fig. 3(c)] indicate a reduced beam qual-
ity compared to the first cell output. A possible reason for this
could be heating of the silver mirrors caused by absorption or
unwanted nonlinear propagation effects, which could arise in
the attenuator before the second MPC.

Because of the great power scalability offered by gas-filled
MPCs, the compression of laser pulses with higher pulse ener-
gies seems feasible in the first compression stage of our setup.
While the nonlinearity could easily be adjusted by a decreased
gas density at increased pulse energy [12], limitations are
expected due to laser-induced damage. In our experimental
configuration, the use of 2 mJ pulses corresponds to a fluence of
30 mJ/cm2 at the mirrors of the first MPC. Limitations caused
by ionization, which are prevented in our experiment by an
appropriate choice of the MPC geometry, may arise at higher
pulse energies. However, they can easily be circumvented by
employing a gas with higher ionization potential and/or by
increasing the MPC size.

The overall transmission through our setup was severely
limited by the employed mirrors in the second MPC. While
silver mirrors typically provide a flat GDD over a large band-
width, their reflectivity limits the transmission. In addition,
in our experiment, observed laser-induced damage of the
silver mirrors at full pulse energy (1.6 mJ) demanded the
operation of the second MPC at reduced power. The use of
high-damage-threshold multilayer mirrors in the second MPC
could circumvent this limitation. Also, optimization of the
broadening process in the second MPC could be realized via
dispersion engineering, e.g., to mitigate temporal pulse broad-

ening induced by linear dispersion (approximately 800 fs2 in
the second MPC). Taking into account the compressor param-
eters and applying them to the measured pulse, we estimate a
temporal pulse broadening to about 200 fs in the second MPC.
Such a severe temporal broadening effectively restricts spectral
broadening to the first few passes through the MPC. This effect
might also contribute to a reduced spatial beam quality.

In conclusion, we have demonstrated postcompression of
picosecond laser pulses into the few-cycle regime yielding a
reduction in pulse duration by about 2 orders of magnitude.

Moreover, we achieve a record single-stage compression factor 
of about 40 at the mJ level employing a 2.5 m long setup. Our 
proof-of-principle demonstration was limited mainly by dam-
age threshold, reflectivity, a nd t he l ack o f d ispersion control 
imposed by the silver mirrors employed in the second compres-
sion stage. We expect that the use of dispersion-engineered, 
high-damage-threshold, dielectric mirrors in a second broaden-
ing stage together with gas-based nonlinear spectral broadening 
will unfold further pulse duration downscaling and pulse energy 
upscaling options. As the employed laser and compression 
scheme is known for compactness as well as excellent pulse 
energy and average power scalability [12,31], our methods 
promise further pulse energy upscaling potential and may thus 
enable future terawatt (TW)-class, few-cycle laser sources driven 
by industrial-grade kW-scale picosecond lasers. Such laser 
sources will not only open completely new parameter regimes 
for attosecond physics and strong-field science, but they will also 
provide a viable route for next-generation laser-driven electron 
accelerators.
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7. G. Fan, T. Balčiūnas, T. Kanai, T. Flory, G. Andriukaitis, B. E. Schmidt,

F. Légaré, and A. Baltuška, Optica 3, 1308 (2016).

8. F. Böhle, M. Kretschmar, A. Jullien, M. Kovacs, M. Miranda, R.

Romero, H. Crespo, U. Morgner, P. Simon, R. Lopez-Martens, and T.

Nagy, Laser Phys. Lett. 11, 095401 (2014).

9. Y.-G. Jeong, R. Piccoli, D. Ferachou, V. Cardin, M. Chini, S. Hädrich,

J. Limpert, R. Morandotti, F. Légaré, B. E. Schmidt, and L. Razzari,

Sci. Rep. 8, 11794 (2018).

10. J. Schulte, T. Sartorius, J. Weitenberg, A. Vernaleken, and P.

Russbueldt, Opt. Lett. 41, 4511 (2016).

11. M. Hanna, X. Délen, L. Lavenu, F. Guichard, Y. Zaouter, F. Druon, and

P. Georges, J. Opt. Soc. Am. B 34, 1340 (2017).

12. M. Kaumanns, V. Pervak, D. Kormin, V. Leshchenko, A. Kessel, M.

Ueffing, Y. Chen, and T. Nubbemeyer, Opt. Lett. 43, 5877 (2018).

https://doi.org/10.1088/0953-4075/49/6/062001
https://doi.org/10.1038/nature17650
https://doi.org/10.1088/1361-6587/aae047
https://doi.org/10.1088/1361-6587/aae047
https://doi.org/10.1364/OL.42.001381
https://doi.org/10.1364/OL.43.006037
https://doi.org/10.1364/OPTICA.6.001423
https://doi.org/10.1364/OPTICA.3.001308
https://doi.org/10.1088/1612-2011/11/9/095401
https://doi.org/10.1038/s41598-018-30198-y
https://doi.org/10.1364/OL.41.004511
https://doi.org/10.1364/JOSAB.34.001340
https://doi.org/10.1364/OL.43.005877


Letter Vol. 45, No. 9 / 1May 2020 /Optics Letters 2575

13. L. Lavenu, M. Natile, F. Guichard, Y. Zaouter, X. Delen, M. Hanna, E.

Mottay, and P. Georges, Opt. Lett. 43, 2252 (2018).

14. M. Ueffing, S. Reiger, M. Kaumanns, V. Pervak, M. Trubetskov, T.

Nubbemeyer, and F. Krausz, Opt. Lett. 43, 2070 (2018).

15. C. Heyl, H. Coudert-Alteirac, M. Miranda, M. Louisy, K. Kovacs, V.

Tosa, E. Balogh, K. Varju, A. L’Huillier, A. Couairon, and C. Arnold,

Optica 3, 75 (2016).

16. P. Russbueldt, J. Weitenberg, J. Schulte, R. Meyer, C. Meinhardt, H.

D. Hoffmann, and R. Poprawe, Opt. Lett. 44, 5222 (2019).

17. M. Louisy, C. Arnold, M. Miranda, E. Larsen, S. Bengtsson, D. Kroon,

M. Kotur, D. Guenot, L. Rading, P. Rudawski, F. Brizuela, F. Campi, B.

Kim, A. Jarnac, A. Houard, J. Mauritsson, P. Johnsson, A. L’Huillier,

and C. Heyl, Optica 2, 563 (2015).

18. E. C. Jarque, J. S. Roman, F. Silva, R. Romero, W. Holgado, M. A.

Gonzalez-Galicia, B. Alonso, I. J. Sola, and H. Crespo, Sci. Rep. 8,

2256 (2018).

19. J. Weitenberg, A. Vernaleken, J. Schulte, A. Ozawa, T. Sartorius, V.

Pervak, H.-D. Hoffmann, T. Udem, P. Russbüldt, and T. W. Hänsch,

Opt. Express 25, 20502 (2017).

20. J. Weitenberg, T. Saule, J. Schulte, and P. Rußbüldt, IEEE J. Quantum

Electron. 53, 8600204 (2017).

21. G. Jargot, N. Daher, L. Lavenu, X. Delen, N. Forget, M. Hanna, and P.

Georges, Opt. Lett. 43, 5643 (2018).

22. C.-L. Tsai, F. Meyer, A. Omar, Y. Wang, A.-Y. Liang, C.-H. Lu, M.

Hoffmann, S.-D. Yang, and C. J. Saraceno, Opt. Lett. 44, 4115 (2019).

23. E. Vicentini, Y. Wang, D. Gatti, A. Gambetta, P. Laporta, G. Galzerano,

K. Curtis, K. McEwan, C. R. Howle, and N. Coluccelli, Opt. Express

28, 4541 (2020).

24. K. Fritsch, M. Poetzlberger, V. Pervak, J. Brons, and O. Pronin, Opt.

Lett. 43, 4643 (2018).

25. C.-H. Lu, Y.-J. Tsou, H.-Y. Chen, B.-H. Chen, Y.-C. Cheng, S.-D. Yang,

M.-C. Chen, C.-C. Hsu, and A. H. Kung, Optica 1, 400 (2014).

26. C.-H. Lu, W.-H. Wu, S.-H. Kuo, J.-Y. Guo, M.-C. Chen, S.-D. Yang,

and A. H. Kung, Opt. Express 27, 15638 (2019).

27. M. Seo, K. Tsendsuren, S. Mitra, M. Kling, and D. Kim, Opt. Lett. 45,

367 (2020).

28. N. Milosevic, G. Tempea, and T. Brabec, Opt. Lett. 25, 672 (2000).

29. M. Seidel, G. Arisholm, J. Brons, V. Pervak, and O. Pronin, Opt.

Express 24, 9412 (2016).

30. T. Lang, S. Alisauskas, U. Große-Wortmann, T. Hülsenbusch, B.

Manschwetus, C. Mohr, J. Müller, F. Peters, N. Schirmel, S. Schulz,

A. Swiderski, J. Zheng, and I. Hartl, 2019 Conference on Lasers

and Electro-Optics Europe and European Quantum Electronics

Conference (CLEO/Europe-EQEC), OSA Technical Digest (Optical

Society of America, 2019), paper ca_2_1.

31. B. E. Schmidt, A. Hage, T. Mans, F. Légaré, and H. J. Wörner, Opt.

Express 25, 17549 (2017).

https://doi.org/10.1364/OL.43.002252
https://doi.org/10.1364/OL.43.002070
https://doi.org/10.1364/OPTICA.3.000075
https://doi.org/10.1364/OL.44.005222
https://doi.org/10.1364/OPTICA.2.000563
https://doi.org/10.1038/s41598-018-20580-1
https://doi.org/10.1364/OE.25.020502
https://doi.org/10.1109/JQE.2017.2761883
https://doi.org/10.1109/JQE.2017.2761883
https://doi.org/10.1364/OL.43.005643
https://doi.org/10.1364/OL.44.004115
https://doi.org/10.1364/OE.385583
https://doi.org/10.1364/OL.43.004643
https://doi.org/10.1364/OL.43.004643
https://doi.org/10.1364/OPTICA.1.000400
https://doi.org/10.1364/OE.27.015638
https://doi.org/10.1364/OL.382592
https://doi.org/10.1364/OL.25.000672
https://doi.org/10.1364/OE.24.009412
https://doi.org/10.1364/OE.24.009412
https://doi.org/10.1364/OE.25.017549
https://doi.org/10.1364/OE.25.017549



