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Nonlinear pulse compression to 22 fs at 15.6 pJ
by an all-solid-state multipass approach
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Abstract: We demonstrate nonlinear compression of pulses at 1.03 pm and repetition rate of
200 kHz generated by a ytterbium fiber laser using two cascaded all-solid-state multipass cells.
The pulse duration has been compressed from 460 to 22 fs, corresponding to a compression
factor of ~21. The compressed pulse energy is 15.6 uJ, corresponding to an average power of 3.1
W, and the overall transmission of the two compression stages is 76%. The output beam quality
factor is M2 ~1.2 and the excess intensity noise introduced by nonlinear broadening is below
0.05%. These results show that nonlinear pulse compression down to ultrashort durations can be
achieved with an all-solid-state approach, at pulse energies much higher than previously reported,
while preserving the spatial characteristics of the laser.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High-energy ultrashort laser pulses are employed in a vast variety of scientific and technological
applications, such as impulsive vibrational spectroscopy [1-3], time-resolved stimulated Raman
spectroscopy [4—6], near-field imaging techniques [7], and generation of ultrashort terahertz
radiation [8]. Besides these, standoff detection of chemical and biological warfare agents by
broadband coherent anti-Stokes Raman spectroscopy also requires ultrashort high-energy laser
pulses (ideally, pulse duration <20 fs and energy > 10 uJ), to efficiently excite and detect vibrational
coherences of remote samples [9—12]. To this purpose, Ti:sapphire (Ti:Sa) amplifier systems
have been used till now due to the large bandwidth enabled by Ti:Sa gain materials, however,
besides the high-complexity and large footprint typical of these systems, they are operated at low
repetition rates of 1 kHz due to the constraints of system architecture. Alternatively, the current
generation of femtosecond ytterbium-fiber lasers provide easy access to repetition rates higher
than 100 kHz, beneficial for increasing the Raman signal detected over a specified integration time
(or improving the acquisition rate), and are characterized by a rugged and compact architecture,
though the pulse durations are inherently limited to a few hundreds of femtoseconds in these
lasers due to the narrow gain bandwidth as compared to Ti:Sa systems. Therefore, it is necessary
to compress the pulses to shorter durations in order that ytterbium (Yb) lasers become a viable
replacement of Ti:Sa systems in ultrafast applications. External nonlinear pulse compression
allows combination of the high pulse energy of Yb-based lasers with short pulse durations.
The compression relies on nonlinear spectral broadening via self-phase modulation by the Kerr
effect and subsequent chirp removal. There have been several reports on the compression of
Yb laser pulses based on different setups and nonlinear media depending on the pulse energies
and peak powers of interest. Nonlinear pulse compression within dielectric waveguides [13,14]
(typically, solid-core fused-silica fibers) can easily provide sub-20 fs pulse durations, however, it
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is limited by the onset of catastrophic self-focusing which occurs at peak powers of a few MW,
corresponding to typical maximum pulse energies at the pJ-level. Higher pulse energies can be
handled using noble gases as the nonlinear medium, because of the much higher (three orders of
magnitude) self-focusing threshold [15]. Gas-filled hollow-core capillaries [16,17] are used for
nonlinear compression of pulses with energies exceeding 100 puJ (peak powers of over 1 GW)
due to the limitations imposed by propagation losses which requires core diameter of capillaries
larger than ~150 um. In the 1-100 pJ range of energies the situation is less defined and different
technical solutions are being developed and tested to fill the gap. One promising approach is
based on using gas-filled Kagome hollow-core photonic crystal fibers (HC-PCF) [18,19], which
allow for smaller diameters than capillaries and hence have been used to demonstrate nonlinear
pulse compression down to ~30 fs with pulse energies of few tens of uJ. Recently, a new approach
based on a multipass cell (MPC) for repeated propagation through a noble gas or a thin bulk
nonlinear medium has been proposed for compression of intense femtosecond laser pulses; the
first demonstration was based on an Innoslab laser [20]. When using a noble gas, besides the
additional complexity represented by operation of a pressurized gas chamber, pulse energies are
again limited to the range above 100 pJ to attain sufficient nonlinear spectral broadening, though
very short pulse durations of 26.5 fs have been demonstrated in this case [21]. On the other
hand, use of a thin bulk nonlinear medium allows the implementation of an all-solid-state setup
which has proven effective to fill the gap in the 1-100 wJ range, with various combinations of
reported pulse durations and energies (170 fs at 37.5 pJ [20], 115 fs at 7.5 uJ [22], 35 fsat 4.5 uJ
[23], 88 fs at 8.3 wJ [24], 40 fs at 4.8 puJ [25]). Pulse compression down to 18 fs have been also
demonstrated using cascaded stages of all-solid-state MPCs at a maximum pulse energy of 3.5
wJ, and overall efficiency and compression factor below 60% and 14.7, respectively [26,27].

In this paper, we report on a nonlinear pulse compression system based on all-solid-state
MPCs generating ultrashort pulses at 1.03 um with durations of 22 fs and maximum energy of
15.6 wJ. The system has a femtosecond Yb-fiber laser at the input and comprises two cascaded
stages of MPCs for nonlinear broadening and compression of laser pulses. The overall efficiency
and compression factor of the system are 76% and 21, respectively. The pulse durations and
intensity stability have been characterized at the output of both stages. The output beam quality
factor is M? ~1.2. These results show that the all-solid-state MPC approach for nonlinear pulse
compression allows for a novel combination of short pulse duration and high energy of 22 fs and
15.6 wJ, respectively, with the highest compression factor of 21 reported so far. In addition, as it
is based on only two cascaded stages, our setup has reduced complexity and footprint, and yields
improved transmission efficiency.

2. Experiment

The layout of the setup used for nonlinear pulse compression is shown in Fig. 1. The system
starts with a commercial femtosecond Yb-fiber laser (Aeropulse-FS, NKT-Photonics) delivering
laser pulses with a maximum energy of 20.5 wJ and a repetition frequency of 200 kHz (tunable to
1 MHz). Figure 2 shows the spectrum and autocorrelation trace of pulses as measured at the
output of the Yb fiber laser; assuming Gaussian shaped pulses, the inferred pulse duration is 460
fs. The beam quality factors measured along the horizontal and vertical directions are Mf:l.lO
and M)2,=1.09, respectively. The beam is first passed through a proper mode-matching telescope
and then coupled into the first stage of nonlinear broadening by means of a right-angle prism
mirror with vertical aperture of 5 mm. Nonlinear broadening is implemented in a Herriott-type
MPC, comprising two high-reflectivity mirrors (reflectivity > 99.9% from 900 to 1200 nm)
with a diameter of 50.8 mm and a radius of curvature (ROC) of 300 mm, and an anti-reflection
(AR) coated fused silica plate with a thickness of 9.5 mm placed in the center of the cell. The
principle of operation of the MPC as a nonlinear pulse compression device is based on repeated
steps of propagation between two curved mirrors and a nonlinear medium that induces a small
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nonlinear phase shift at each step. Under these conditions, pulses with peak powers above the
threshold for critical self-focusing can be spectrally broadened and beam quality degradation
during propagation through the nonlinear medium is mitigated [20-22].

The MPC can be modelled as a spherical resonator with a relatively long Kerr lens inside
using ABCD matrix formalism to calculate the "self-consistent” mode, i.e. the mode reproducing
the same spot size and radius of curvature at each step of propagation within the MPC. In the
first MPC, the distance between the two curved mirrors is set to 520 mm, corresponding to a
near-concentric resonator design with calculated beam radius of 0.18 and 0.5 mm on the fused
silica plate and curved mirrors, respectively, assuming a pure fundamental Gaussian mode. The
beam quality of input pulses can be included by multiplying the calculated beam radii with
the specified M, and M,. The design of the first MPC resembles the characteristics of other
near-concentric MPC setups reported elsewhere [20,22,23,26]. The telescope at the input of the
MPC provides mode-matching of the laser beam to the calculated spot sizes, in order that the
beam dimension inside the fused silica plate (and mirrors) at each following step is always the
same; this ensures on one hand that each step of propagation contributes efficiently to induce
nonlinear phase, and, on the other, that catastrophic self-focusing due to converging spot-sizes
on subsequent steps is avoided. The net dispersion experienced by laser pulses at each step
of propagation within the MPC is close to zero, a condition which puts the propagation in a
regime of pure self-phase modulation (SPM); in particular, the group delay dispersion (GDD)
around 1030 nm of the dielectric coating on the curved mirrors and of the fused silica plate in the
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Fig. 1. Layout of the system for nonlinear pulse compression.

1.0 \ 1.0 100.0
i\
= a) S 2 b) —— designed
2 ‘J/ “\f 2 = —— designed
-g / \. g S 99.9{ T |[ e experimental N
= / \ = = : s
T / \5m o 141x460fs & ft-s0 =
8 0.5 ——// — S 0.5 3 ; 8
© / \ © 2 i O]
£ / \ £ S 99.8 -150
o / \ o o
z / \ z
// \“ -250
0.0 . 0.0 99.7
1026 1030 1034 -4 -2 0 2 4 950 1050 1150
Wavelength (nm) Time delay (ps) Wavelength (nm)

Fig. 2. a) Spectrum and b) autocorrelation trace of pulses at the output of the Yb laser. c)
Reflectivity by design (blue), and group delay dispersions by design (solid red) and measured
(dotted red) of the curved mirrors used for both MPC nonlinear compression stages.
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center of the MPC are —150+70 fs? and +170 fs?, respectively. Figure 2(c) shows the reflectivity
(design) and GDD (design and measurement) of the curved mirrros. The beam is extracted from
the MPC by a second right-angle prism mirror and collimated by a lens with focal length of 300
mm. The MPC and the input beam are aligned to form a circle of 16 evenly spaced reflections on
each curved mirror (one of which is intercepted by the input/output right-angle prism mirrors).
This yields 31 passes through the nonlinear element. The spectrally broadened pulses are sent
through a chirped mirror compressor with a total GDD of —9100 fs> (16 reflections on 2 mirrors
with GDD of —500 fs? and 2 reflections on 2 mirror with GDD of —550 fs?.). Figure 3 shows
the pulse energy and transmission efficiency as a function of the power level as measured at the
output of the first broadening/compression stage. A modest roll-off of the energy characteristic
is observed at the highest operative levels corresponding to a slight reduction of transmission
efficiency from 88.2% to 86.8%; this is ascribed to slightly increasing losses from the AR-coating
of the fused silica plate as the spectrum of pulses is broadened. The maximum pulse energy at
the output of the first stage is 17.8 uJ.
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Fig. 3. a) Pulse energy at the output of the Yb laser, and the two broadening/compression
stages. b) Input/output efficiency of each broadening/compression stage and overall efficiency
of the two cascaded stages.

The laser pulses at the output of the first stage have been characterized in the time and frequency
domain by second-harmonic frequency resolved optical gating (SH-FROG) analysis, and the
results are shown in Fig. 4. The spectrum is broadened to a —3 dB bandwidth of 30 nm, while
the pulse is compressed to 72 fs, close to the Fourier-transform limit (FTL) of 67 fs. Taking into
account the original pulse duration of 460 fs at the output of the Yb-fiber laser, this corresponds
to a compression factor of 6.4 in the first nonlinear compression stage. The residual positive
quadratic phase of the spectrum in Fig. 4(d) is ascribed to sub-optimal compensation of pulse
dispersion by the chirped mirror compressor (each reflection onto the chirped mirror provides a
discrete GDD contribution of ~—500 fs?).

A second stage of nonlinear compression has been cascaded to the first in order to generate
more bandwidth and hence further reduce the pulse duration. The second MPC consists again of
two curved mirrors with a diameter of 50.8 mm and ROC of 300 mm and a fused silica plate
with a thickness of 9.5 mm, however, instead of using a near-concentric design, a near-confocal
configuration with a distance between mirrors set to 250 mm has been adopted in this case.
This approach is required by the higher peak power at the input of the second MPC, as the
near-confocal configuration provides larger calculated beam radius of 0.22 mm (fundamental
Gaussian mode) at the cavity focus, and hence reduces peak intensity on the fused silica plate to
avoid catastrophic self-focusing. Mode-matching is again achieved with a telescope at the input
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Fig. 4. Temporal characterization of laser pulses at the output of the first broaden-
ing/compression stage at full power. a) measured SHG-FROG trace, and b) reconstructed
FROG trace with 0.007 error on a 512x 512 grid. c) temporal intensity and phase. d)
reconstructed (solid) and measured (dotted) spectral intensity and phase.

of the second MPC. The net GDD of the cavity mirrors and fused silica plate (air contribution
can be neglected) around 1030 nm is again close to zero, however, it’s worth noting that the
GDD of mirror coatings exhibits larger oscillations for spectral components far from the design
wavelength of 1030 nm. The second MPC is set to form a circle of 9 evenly spaced reflections
on each curved mirror, yielding 17 passes through the nonlinear element. The output beam
is collimated with a lens with 150-mm focal length and then sent through a chirped mirror
compressor with a total GDD of —1500 fs? (10 reflections on 2 mirrors with GDD of —150
fs?). As shown in Fig. 3, the energy characteristic of the pulses at the output of the second
nonlinear compression stage has a more pronounced roll-off, which results from the variation of
transmission efficiency from 91.0 to 87.5%; this is ascribed to the reduced performance of the
fused silica plate AR coating (V-coating at 1030 nm) as the spectrum gets broadened far from the
design wavelength of 1030 nm. The maximum energy of the pulses at the output of the second
nonlinear compression stage is 15.6 wJ, corresponding to an overall transmission of 76% for the
two cascaded stages. The reported efficiency is already competitive to that of Kagome HC-PCF,
and could be readily improved by the adoption of a fused silica plate with broader AR coating.
Figure 5 shows the results of SH-FROG analysis performed on pulses at the output of the system.
The spectral broadening induced by the second MPC generates components from 950 to 1180
nm (measured with Yokogawa AQ6370AD), and the measured compressed pulse duration is 22
fs, corresponding to 6.4 optical cycles at a central wavelength of 1030 nm. The presence of some
pedestals in the temporal profile of the pulse is ascribed to the oscillations of GDD from the
dielectric mirror coatings experienced by the ultra-broad spectrum generated at maximum pulse
energy. This is also confirmed by calculation of the FTL at a pulse duration of 15 fs that could in
principle be obtained with optimal GDD compensation of the generated spectrum. Around 57%
of the pulse energy resides in the main peak of the pulse temporal envelope, corresponding to an
estimated output peak power of ~400 MW. The pulse peak power and intensity at the input of the
second MPC are estimated to be ~247 MW and ~160 GW/cm?, corresponding to a calculated
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B-integral [28](nonlinear phase) of 0.67 per pass and 10.27 over all 17 passes within the MPC,
however, this is an overestimate of the B-integral as it does not take into account pulse dispersion.
An approximate measurement of the overall B-integral experienced by the pulse can be obtained
by the number of peaks in the spectrum observed at the output of the second MPC (see Fig. 5(d)),
that is equal to 7. The B-integral is then obtained as (7-0.5)7r=6.57 [28], corresponding to ~0.47
per pass, which is consistent with the overestimate value given before reduced by the effect of
dispersion which increases the pulse duration (reduce the peak intensity) as the pulse propagates
within the MPC.
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Fig. 5. Temporal characterization of laser pulses at the output of the second broaden-
ing/compression stage at full power. a) measured SHG-FROG trace, and b) reconstructed
FROG trace with 0.003 error on a 512 x512 grid. c¢) temporal intensity and phase. d)
reconstructed (blue) and measured (red) spectral intensity and phase (green)

Figure 6 shows the measurement of beam diameters along the caustic generated by a focusing
lens, according to the d4o- definition required by ISO 11670 standard, at the output of the system
at maximum pulse energy. The fit to the beam caustic provides the measurement of beam quality
factors M>=1.21 and My2= 1.18. As the beam quality factors measured at the input of the MPC
setup are M,%: 1.10 and My2=1.09, it can be inferred that the spatial coherence of the beam is only
slightly affected by the nonlinear compression stages. The slight increase of the beam quality
factors at the output of the second MPC indicates that the B-integral value per pass of ~ 0.47 is at
the limit of what can be done using this setup to preserve the homogeneity of spectral broadening
across the beam profile.

Finally, the intensity stability of the laser pulses at the output of the Yb-laser and the two
nonlinear compression stages has been characterized at maximum energy by relative intensity
noise (RIN) analysis. The results are shown in Fig. 7, where the power spectral density of noise
has been characterized till the Fourier frequency of 100 kHz to remove the replicas at harmonics
of the repetition rate (200 kHz). Overall, the RIN spectra at the output of the two nonlinear
compression stages closely resembles the RIN of the Yb-fiber laser over all the spectral range
analysed, apart from a minor degradation. The resulting integrated noise from 100 kHz down to
a few Hz at the output of the system amounts to 0.34%, compared with 0.3% measured at the
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Fig. 6. Beam quality measurement based on d4o- definition of beam diameter along the
horizontal (green) and vertical (red) plane. The inset shows the near-field beam profile at the
output of the second multipass cell.

output of the Yb-fiber laser. This result confirms that the intensity stability of laser pulses is
substantially preserved even at the high nonlinear compression factor and energy obtained with
the all-solid-state setup presented here.
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Fig. 7. a) Relative intensity noise spectrum of the Yb laser, the two broadening/compression
stages, and the detector noise floor, and b) corresponding integrated intensity noise from 2
Hz to 100 kHz.

3. Conclusion

In conclusion, we demonstrated an all-solid-state setup for nonlinear compression of laser pulses
based on two cascaded MPCs. The pulses at the output of a commercial Yb-fiber laser have
been compressed to a duration of 22 fs, with an overall nonlinear compression factor of 21,
at a maximum pulse energy of 15.6 puJ. The transmission efficiency of the cascaded system is
76% with an excellent output beam quality factor of ~1.2. The current limit to the output pulse
energy is set by the maximum energy attainable from the Yb-fiber laser adopted here, and further
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extension to higher pulse energy should be investigated, even though no fundamental limits to
performance scaling is envisaged, provided that a proper MPC design is implemented to avoid
detrimental effects of Kerr self-focusing. The results reported here show that the approach to
nonlinear compression of laser pulses by all-solid-state setups can be safely scaled to pulse energy
levels above 10 wJ while synthesizing pulses with ultrashort durations.
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