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Nonlinear Generation, Compression and Spatio-Temporal
Analysis of sub-GV/cm-Class Femtosecond Mid-Infrared
Transients

Christoph Schoenfeld, Lennart Feuerer, Alexander-Cornelius Heinrich, Alfred Leitenstorfer,
and Davide Bossini*

A Yb:YAG thin-disk regenerative amplifier with 3 kHz repetition rate pumps a
second-order nonlinear mixing scheme providing femtosecond transients of
maximum electric field strength beyond 330 MV cm−1 at a center frequency of
45 THz. This value surpasses field conditions present at submolecular
dimensions of matter. The inherent competition between efficiency and
bandwidth in parametric downconversion is overcome with a third-order
nonlinear step of self-phase modulation (SPM). The high repetition rate,
versatility, beam quality, and passive phase stability of our system support
advanced spectroscopic approaches like electro-optic sampling (EOS). With
this technique, solitonic self-compression and octave-spanning supercontinua
directly on a subcycle scale are studied.

1. Introduction

Owing to a broad range of potential applications in both sci-
ence and technology, the generation of ultrashort and intense
light pulses in the mid-infrared (MIR) spectral range is an at-
tractive task. At the same time, it is demanding due to the ab-
sence of adequate gain media. The first approaches to gener-
ate widely tunable MIR pulses with field amplitudes exceeding
100 MV cm−1 rely on difference frequency generation (DFG)
driven by two intense pulses in the near-infrared (NIR).[1] A long-
wave scheme based on a pump technology at a wavelength of
2 μm has been implemented recently, providing peak field am-
plitudes of 40 MV cm−1 and pulse energies up to 400 μJ in the
mid-infrared.[2,3] Such systems open up unprecedented possibil-
ities e.g. in the realm of extreme and off-resonant optical biasing
of condensed matter.[4–6] Extension of the cutoff energy of gas-
phase high-harmonics generation into the hard X-ray region is
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enabled by the quadratic scaling of
the ponderomotive potential with the
driving wavelength.[7–9] Many options
exist for resonant nonlinear coupling
as the eigenfrequencies of most collec-
tive excitations of charges, spins, and
the lattice of complex matter reside at
MIR frequencies.[10–12] Experiments
targeting the control of the coherent
dynamics of these eigenmodes demand
a field-resolved detection of the MIR
laser pulses. Moreover, resonantly driv-
ing collective excitations with intense
laser pulses would disclose nonlin-
ear dynamics and coupling among
degrees of freedom. The hallmark
peak intensities for mid-infrared laser

technology to disclose unexplored scientific scenarios in solid-
state, atomic, and molecular physics are given by the Coulomb
fields that arise at both the inter- and intra-atomic levels. They
are on the scale of GV cm−1, as determined by the elemen-
tary charges of electrons and protons occurring over Å-scale dis-
tances.
Recent efforts toward intensive access to the MIR region rely

on NIR pump sources combined with nonlinear optical steps for
conversion to lower frequencies.[1,13–20] Second- and third-order
processes are widely established but both exhibit shortcomings:
DFG between two NIR pulses is limited by phase-matching con-
straints requesting a trade-off between acceptance bandwidth and
efficiency due to the finite mismatch of group velocities.[21] On
the other hand, SPM in the NIR offers great bandwidth but wave-
lengths longer than 6 μm are out of reach.[22]

Here, we solve the dilemma between efficiency and acceptance
bandwidth by employing a combination of two separate nonlin-
ear processes, namely second-order parametric downconversion
followed by spectral broadening based on SPM. This approach
results in femtosecond MIR pulses close to GV cm-1 electric
field strengths comparable with atomic and intra-molecular con-
ditions. At the same time, central frequencies≈45 THz still allow
for straightforward and sensitive subcycle analysis.

2. Difference Frequency Generation Based on
Yb:YAG Thin-Disk Technology

A scheme of the experiment is depicted in Figure 1a. A regen-
erative Yb:YAG thin-disk amplifier providing up to 17 mJ of
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Figure 1. a) Scheme of the experimental setup consisting of an ultra-
broadband Er/Yb:fiber frontend, a regenerative sub-ps Yb:YAG thin-disk
amplifier, an optical parametric chirped pulses amplifier (OPCPA) seeded
by white-light generation (WLG), followed by multi-THz difference fre-
quency generation (DFG) and compression units. The NIR probe pulses
are spatially overlapped with the MIR pulses using a broadband beam
combiner based on indium tin oxide (ITO) for electro-optic sampling
(EOS). This setup includes a GaSe detection crystal (EOX), a quarter-
wave plate (𝜆/4), a Wollastone prism (WP), and a balanced photodetector
(BPD). b) Spectra of the regenerative Yb:YAG thin-disk amplifier (pump;
blue), narrow- and broadband examples of OPCPA emission (signal; or-
ange and yellow, respectively) and DFG output (idler; dark red and red
graphs) generated in AgGaS2 (AGS). c) MIR pulse energy versus near-
infrared pump pulse energy for AgGaS2 crystals with 0.15 mm (red) and
2 mm thickness (dark red). Solid lines represent linear fits to the experi-
mental data according to quantum efficiencies of 0.12% and 20%, respec-
tively.

close to transform-limited pulses of 615 fs duration at a center
wavelength of 1030 nm (frequency of 291 THz) and repetition
rate of 3 kHz with a beam quality of M2 = 1.5 is seeded by a
versatile Er/Yb: fiber frontend (Supporting Information S1).[23]

Half of this output serves as a pump pulse for subsequent DFG.
A second branch is converted to lower frequencies by driving
a mJ-class nonlinear optical parametric chirped-pulse amplifier
(OPCPA) consisting of white-light generation in YAG and three
consecutive amplification stages. Optimum temporal overlap
between pump and signal is ensured by a pair of Brewster-angled
ZnS wedges for dispersive control of the signal pulse duration
after the first stage. Subsequently, both arms are individually ex-
panded to a 1/e2 beam diameter of 6mmand spatially overlapped
for collinear type-II DFG in silver gallium sulfide (AgGaS2, AGS)
crystals with clear aperture of 8 mm. Passively phase-locked MIR
pulses emerge from this approach. AgGaS2 is selected due to its
wide band gap of 2.8 eV[24] exceeding the photon energy of 1.2 eV
of the pump at 291 THz by more than a factor of two. In this way,
losses due to 2-photon absorption are avoided. Figure 1b displays
the spectra of all three pulses involved in the nonlinear frequency
conversion. The tunable system is exemplary set to generate
a MIR transient at 45 THz and is presented for two different
configurations of OPCPA and AgGaS2. For a more broadband
configuration, we employ type-I 𝛽-barium borate (BBO) crystals
in all OPCPA stages along with a 0.15 mm-thick AgGaS2 emitter
for DFG. The characterization of MIR pulses is accomplished

Figure 2. a) Electric-field trace of a MIR pulse generated via DFG in
0.15 mm-thick AgGaS2, temporally compressed via propagation through
a 13 mm-thick Ge window and focused to a spot size of 11 μm. b) Corre-
sponding amplitude (red) and phase (black) spectra obtained via Fourier
transform. c) MIR pulse duration as a function of the thickness of Ge in-
sertion. d) Electric-field transient of a multicycle MIR pulse generated via
DFG in a 2 mm-thick AgGaS2 and focused to a spot size of 11 μm. e) Am-
plitude and phase spectra corresponding to the time-domain data in (d).
f) Transmitted intensity versus position of a knife edge translated along
the vertical (blue dots) and horizontal axis (black crosses) for the transient
depicted in (d). The resulting spot size is 11 μm (FWHM of the intensity).
The inset shows the transverse intensity profile in the far field.

through field-resolved analysis employing EOS. In this tech-
nique, the electric field component of the MIR pulse induces
refractive index changes in a 17 μm-thick GaSe crystal via the
Pockels effect.[1] Measuring the polarization state of the probe
beam in a balanced detection scheme, as shown in Figure 1c,
while scanning the time delay between both trains of pulses en-
ables to reconstruction of the MIR waveform in the time domain
with subcycle resolution. To avoid higher-order nonlinearities
and irreversible damage that can result from extreme peak
electric field strengths, we use two wire grid polarizers to atten-
uate the MIR power and deliberately place the GaSe detection
crystal far out of focus. The field traces recovered in this way are
depicted in Figure 2a. Fast Fourier transform reveals amplitude
spectra spanning from below 30 to above 55 THz (Figure 2b).
The bright red data points in Figure 1c illustrate the MIR pulse
energies as a function of pump energy for the DFG. Amaximum
output energy of 380 nJ is achieved by pumping with 2 mJ,
corresponding to an energy conversion efficiency of 0.02 %. On
the other hand, the generation of narrowband and highly intense
MIR pulses involves type-II BBO crystals in the first two OPA
stages and type-I phasematching in the third one, combinedwith
2 mm-thick AgGaS2. Here, the highest pulse energy (dark red
graph in Figure 1c) amounts to 49 μJ, corresponding to an energy
conversion efficiency of 2.7 %. Note that in this case, almost 20 %
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of pump photons underwent down‑conversion during DFG.
Degradation of the AgGaS2 surface is observed when the pump
energy exceeds 2 mJ, corresponding to a damage threshold of
14 mJ cm-2.
Since the EOS traces in Figure 2 have to be taken with strongly

attenuated field amplitudes far out of focus, absolute determina-
tion of the confocal electric fields requires exact knowledge of
energy densities both in space and time. Under our conditions,
total pulse energies readily follow from the average power mea-
sured with a thermopile detector and the repetition rate. Relative
intensity envelopes may be obtained by squaring the temporal
electric field traces from EOS. Depending on the OPCPA con-
figuration and thickness of the AgGaS2 crystal employed, either
a few-cycles and broadband (Figure 2a,b) or narrowband multi-
cycle pulses (Figure 2d,e) emerge. The spectral tunability of this
system extends across a range from 35 THz to 50 THz, as in-
dicated by the two different central frequencies of 40 THz and
45 THz depicted in Figure 2b,e). Note that the positive chirp
of the signal sent by the ZnS wedges is designed to result in
negatively chirped MIR pulses after DFG in the AgGaS2 crys-
tal. Therefore, the wave packets may be controlled by simple
propagation through a medium with normal dispersion such as
germanium. Pulse durations corresponding to the broadband
amplitude spectrum in Figure 2b are depicted versus the thick-
ness of antireflection-coated Ge windows used for compression
in Figure 2c. The flat phase spectrum in Figure 2b indicates a
transform-limited transient with a full-width-at-half-maximum
(FWHM) duration of the intensity envelope of 67 fs obtained for
a Ge thickness of 13 mm (Figure 2a). Note that the narrowband
pulses generated in 2 mm-thick AgGaS2 (Figure 2d,e) directly
emerge close to the transform limit and are hardly affected by
the Ge insertion. The second information necessary to calculate
the electric field amplitude is the confocal intensity distribution
of the MIR beam. Ideally, focusing should be as tight as pos-
sible since the peak electric field strength scales inversely with
the beam waist. We determine this quantity with the knife-edge
method after attenuating with a neutral-density filter to prevent
ablation of the razor blade. The data set in Figure 2f yields a beam
diameter of 11 μm (FWHM of the intensity) focusing with an
off-axis parabolic mirror of a focal length of 5 mm. This value
is close to the diffraction limit and, in combination with several
measurements along the caustic, yields an M2-value of 1.7. We
emphasize that, despite the massive amount of nonlinear optical
interactions employed in our setup, this value remains remark-
ably close to the beam quality of the near-infrared pump. The
inset of Figure 2f shows a Gaussian-like and circular transverse
mode profile in the far field, as taken with an infrared beam pro-
filing camera (Ophir Sphiricon - Pyrocam IIIHR). Considering
the exact temporal waveforms and the spatial energy densities,
we calculate a peak amplitude of the electric field of 330 MV cm-1

for the narrowbandmulticycle configuration and 56MV cm−1 for
the broadband sub-three-cycle operation, respectively. Notably, a
value of 330 MV cm−1 corresponds to the Coulomb field at a
distance of 2 Å from an elementary point charge (1.6·10-19 C),
comparable e.g. to the atomic radius of elements such as Sr
or La[25] or to the bond length of typical molecules such as
Cl2

[26].

Figure 3. Field-resolved investigation of nonlinear spectral broadening
in anomalously dispersive media: Electric-field waveforms (shaded lines)
and intensity profile (solid lines), as obtained by electro-optic sampling
for increasing incident fluences and after propagation through a) 4 mm
of thallium bromo-iodide (KRS-5) and c) 20 mm of KBr. b) and d): Corre-
sponding amplitude spectra, as obtained directly from the time-domain
traces via Fourier transform, respectively.

3. Field-Resolved Detection of Third-Order
Nonlinear Broadening

Still, our results exploiting second-order conversion suffer from
the incompatibility of efficiency and acceptance bandwidth in the
DFG process. Assuming no pump depletion, the output energy
increases exponentially with the length of the nonlinear medium
while the bandwidth decreases with the inverse square root ow-
ing to the finite mismatch of group velocities.[21] Here, we over-
come this issue by first generating narrowband and intense mid-
IR pulses, see Figure 2d,e. We then increase the bandwidth via
third-order spectral broadening and solitonic compression. This
step requires materials with a broad window of transparency and
negative group velocity dispersion (GVD) which are readily avail-
able in the MIR. Promising candidates include thallium bromo-
iodide (KRS-5), CsI, ZnSe, KBr, and NaCl with corresponding
zero-dispersion frequencies of 45, 52, 57, 78, and 109 THz, as cal-
culated from Sellmeier equations.[27–29] Themulticycle pulses are
focused into the anomalously dispersive sample and recollimated
by off-axis parabolic mirrors with focal lengths of 50 mm, yield-
ing a focus spot size of 70 μm (FWHM diameter), see Figure 1a.
The MIR fluence is systematically varied to control SPM and to
balance its interplay with the anomalous dispersion. All details
of the nonlinear pulse propagation, including the solitonic dy-
namics that arise, are directly accessible on a subcycle level of
the electric fields via EOS.
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Figure 3a shows the evolution of the field transients and inten-
sity profiles for increasing MIR fluences in a 4 mm-thick KRS-
5 crystal with AR coating. Corresponding amplitude spectra are
depicted in Figure 3b. For comparison, the black graphs denote
the conditions in front of the KRS-5 crystal. At a peak fluence of
85 mJ cm−2, clear evidence of nonlinear dynamics such as pulse
splitting and the onset of spectral broadening is observed. Tem-
poral distortions indicate that chromatic dispersion and soliton
fission play a pivotal role in the broadening process. By further in-
creasing the MIR fluence and thus the influence of SPM effects,
a temporal shock front with a rise time shorter than 100 fs arises
because of self-steepening.[30] Beyond this regime, the FWHMof
the intensity profile experiences a significant reduction to 100 fs,
corresponding to a temporal compression by a factor of four. In
comparison with the reference transient, the nonlinear compres-
sion scheme enables a potential increase of the peak field by a
factor of 1.3, e.g. from 175 to 230 MV cm−1 assuming the same
transverse intensity distributions and confocal beam diameters
of 11 μm. Note that this outcome is achieved despite 40 % of to-
tal energy losses owing to residual reflection (2 %) and nonlinear
absorption (38 %). Compared to the broadband pulses generated
directly by thin AgGaS2 crystals, the temporally compressed in-
tensity profile achieved with the nonlinear compression in KRS-
5 in combination with the significantly higher pulse energy is
expected to yield a field enhancement of 400 % at comparable
bandwidths and confocal spot sizes. Consequently, our approach
of combining second- and third-order nonlinear processes to ef-
ficiently generate and compress MIR pulses overcomes the limi-
tations associated with the phase mismatch of the DFG process,
effectively providing GV cm−1 field amplitudes with sub-100 fs
pulse duration. We note that a minimum pulse duration together
with maximum field amplitudes is mandatory e.g. optimal bias-
ing of condensed matter into exotic states like Wannier-Stark lo-
calization because detrimental effects such as off-resonant gener-
ation and acceleration of hot charge carriers are minimized. We
also observe no signs of long-term degradation in KRS-5, consis-
tent with the literature.[31] In contrast, alkali halides such asNaCl,
KBr, and CsI support the formation of color centers for fluences
higher than 85 mJ cm−2, severely restricting the use of these
materials.[32] To ensure long-term stable operation, we increase
the focal length of the off-axis parabola to 100 mm, effectively
reducing the confocal intensity by a factor of four. Figure 3c,d
shows the field traces and spectral evolution in 20 mm of KBr.
Also in this case, we observe significant spectral broadening but
without temporal compression due to a finite misbalance be-
tween SPM effects and anomalous dispersion. Figure 4a sum-
marizes the spectral broadening in KRS-5, CsI, ZnSe, KBr, and
NaCl for increasing fluence. The largest bandwidth increase by a
factor of 6 is observed with a 20 mm-thick KBr crystal. For SPM-
dominated spectral broadening, the nonlinear refractive index n2
may be determined from.[33]

▵ f ≈
f0pmaxz
ctpA

n2 (1)

whereΔf describes the resulting spectral bandwidth, f0 is the cen-
tral frequency of incident light, c the speed of light, Pmax the peak
power, A the cross-sectional area at the beam waist, tp the pulse
duration, and z the interaction length which is corresponds to

Figure 4. a) Spectral broadening (1/e width) as a function of incident flu-
ence for CsI, KBr, NaCl, ZnSe, and KRS-5 crystals of various thicknesses.
The focal length used is 100 mm, resulting in a confocal beam diameter of
155 μm and a Rayleigh length of 8 mm. b) Transverse mode profile in far
field after propagation through KBr and KRS-5 with thickness of 20 mm
for increasing incident fluence, as taken with an infrared beam profiling
camera.

twice the Rayleigh range for the case of free-space focusing. Ex-
ploiting Equation (1), we obtain n2, KBr = 3.2·10-15 cm2 W−1 and
n2, NaCl = 1.0·10-15 cm2 W−1, good in agreement with existing
literature.[32] A saturation of the spectral broadening is observed
in Figure 4a except for KBr and NaCl. Several effects may con-
tribute to this effect: i) nonlinear absorption related to the genera-
tion of inverse bremsstrahlung[34] or the dynamic Franz-Keldysh
effect[35], ii) limited sensitivity of EOS to frequencies above 55
THz due to the finite bandwidth of our probe pulses and iii) ge-
ometrical aspects of the third-order interaction like self-focusing
and filamentation. To examine the third point, we study the spa-
tial evolution of the transverse intensity profile in the far field
after focusing on KBr and KRS-5 for increasing MIR fluences
(Figure 4b). Only minute changes are observed in KBr. In con-
trast, multi-filamentation appears at 52 mJ cm−2 in KRS-5, i.e. at
the same intensity where the spectral broadening saturates. This
break-up of the transverse mode into many filaments arises due
to inhomogeneities in the sample as well as imperfections of the
beam profile. If the fluence is further increased, the wavefront
collapses and a hot-spot mode emerges at 82 mJ cm-2.

4. Conclusion

In conclusion, we have presented a system for the generation of
intense MIR pulses down to the few-cycle regime which com-
bines the high average power supplied by Yb:YAG thin-disk tech-
nology with a multi-stage setup for parametric amplification and
DFG.
Output pulses of a central frequency of 45 THz reach

peak electric field amplitudes of 56 MV cm−1 in a broadband
sub-three-cycle regime or 330 MV cm−1 in a multi-cycle configu-
ration, respectively. These values are comparable to intra-atomic
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conditions. The trade-off between bandwidth and efficiency for
second-order frequency conversion is avoided by third-order
spectral broadening. The passive phase stability and versatility
of our setup allow subcycle analysis of the electric field traces
via EOS. Consequently, our light source enables a new regime of
sensitive investigations of extremely nonlinear and nonpertur-
bative light-matter interactions both under resonant driving of
collective resonances and purely off-resonant biasing.
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[32] A. Marcinkevičiūtė, V. Jukna, R. Šuminas, N. Garejev, G.

Tamošauskas, A. Dubietis, Results Phys 2019, 14, 102396.
[33] R. W. Boyd, in Nonlinear Opt. Third Ed, (Ed.: R. W. Boyd), Academic

Press, Burlington 2008, 329.
[34] A. Couairon, A. Mysyrowicz, Phys. Rep. 2007, 441, 47.
[35] A. H. Chin, J. M. Bakker, J. Kono, Phys. Rev. Lett. 2000, 85, 3293.

Laser Photonics Rev. 2024, 2301152 2301152 (5 of 5) © 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.lpr-journal.org

