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We report a surprisingly broadband and efficient midin-
frared pulse generation in LiGaS2 (Langasite, LGS) by in-
voking a simultaneous interplay of intrapulse difference-
frequency generation, self-phase modulation, and dispersion.
This cascaded mechanism expands the output bandwidth
and output power at the same time. With 30-fs driving
pulses centered at 1030-nm wavelength we obtain a broad-
band middle-infrared spectrum of 8–11 μm with an LGS
crystal as thick as 4 mm, which is eight times longer than
the walk-off length. © 2018 Optical Society of America
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Short and broadband optical pulses at midinfrared (MIR) or
multiterahertz (THz) frequencies have a key importance in
various research fields. They are, for example, essential for
molecular fingerprint spectroscopy [1–3], all-optical electron
pulse compression [4], and high-field experiments in condensed
matter [5–7]. A common way to produce MIR few-cycle pulses
is intrapulse difference-frequency generation (DFG) [8–11] in a
nonlinear crystal. This nonlinear optical mechanism is related to
optical rectification and produces broadband, low-frequency
electromagnetic radiation at a center frequency that is approxi-
mately given by the available spectral width of the pump pulses.

In practice, however, there are not many optical materials
with high nonlinear coefficients in the relevant spectral ranges,
and often there is also velocity mismatch between the MIR ra-
diation and driving optical pulses. One of the more favorable
materials is LiGaS2 (Langasite, LGS). Although its effective
nonlinearity is rather low (d eff ≈ 5.8 pm∕V), the material has
on the other hand a wide transparency range (about 0.32 to
11.6 μm), a high damage threshold, and a particularly weak
two-photon absorption when excited with femtosecond pulses
at >600 nm wavelength (bandgap ≈ 4.15 eV). However, tem-
poral walk-off between the two required driving polarizations

along the ordinary (o) and extraordinary (e) axes limits the over-
all efficiency and spectral bandwidth of the MIR output. For
example, for 30-fs driving pulses at 1030 nm wavelength, there
is less than 0.45 mm of LGS crystal that will be efficient. The
conversion efficiency suffers accordingly.

To our surprise, we found in experiments with the setup
depicted in Fig. 1 that even with an eight times longer crystal
than the walk-off length, MIR generation is still highly efficient
and particularly broadband. In this Letter, we argue that the
temporal walk-off is continuously compensated by nonlinear
spectral broadening and dispersion of the driving pulses during
propagation, in such a way that the high-frequency compo-
nents of the extraordinary/faster part of the pump pulse and
the low-frequency component of the ordinary/slower part
of the pump pulse have a continuous overlap all the time.

Fig. 1. Experimental setup and concept for simultaneous, cascaded
spectral broadening and intrapulse DFG. Yb:YAG, ytterbium-doped yt-
trium aluminum garnet; FTIR, Fourier-transform infrared spectroscopy.
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This mechanism (depicted in the lower part of Fig. 1) allows
using substantially longer crystals than expected, for example
4 mm instead of 0.45 mm at our experimental conditions,
in order to simultaneously achieve higher MIR frequencies
and more output power. The following data shall support this
interpretation and establish the concept for future applications.

In the experiment (see Fig. 1), 1.0-ps pulses from a regen-
erative thin-disk laser [12] (1030 nm wavelength, 330 μJ pulse
energy, 50 kHz repetition rate, 16.5 W output average power)
are first compressed via cascaded χ�2� broadening [13–16] in a
β-barium-borate (BBO) crystal and a grating compressor
(1000 lines/mm) to a pulse duration of 400 fs. In a second
stage, these 400-fs pulses are coupled into a 2.7-m long
stretched flexible hollow fiber [17,18] with 320 μm inner diam-
eter filled with 4 bar xenon; these results are reported in more
detail elsewhere [19]. The spectrally broadened output pulses
are compressed by 20 bounces on double-angled chirped mir-
rors down to 30-fs pulse duration. Results of second-harmonic-
generation frequency-resolved optical gating (SHG-FROG,
error 0.65%) are reported in Fig. 2 and reveal 30-fs pulses
with low pedestals in time. More than 60 μJ of pulse energy
or 3 W of average power was available in this way. A maximum
pulse energy of 20 μJ is used in all the measurements described
in order to avoid crystal damage. These 30-fs pulses have a
spectrum from 970 to 1095 nm at 1% level. Difference-
frequency generation between these extreme components
should allow producing MIR pulses with a spectrum extending
down to 8.5 μm.

We begin our report on the physics within LGS by meas-
uring the output MIR spectrum by a Fourier-transform spec-
trometer (L-FTS, LASNIX GmbH) in dependence of the input
power with a 4-mm long LGS crystal (θ � 90°, φ � 38.5°,
Ascut Ltd.). In order to satisfy type II phase matching
(e� o → e), the crystal is rotated around the beam axis by
45° in such a way that the input p-polarization sees the two
crystal axes (e and o) with equal contribution. According to
the linear-optical walk-off between the two active crystal axes,

about 67.4 fs/mm, this crystal is eight times longer than useful
for our 30-fs pump pulses (see Fig. 2).

Figure 3(a) shows the MIR spectrum generated in the 4-mm
LGS crystal as a function of increasing input power. While
there is the expected increase of output power, the striking
observation is a substantial reshaping of the output spectrum.
The intensity increase in the short-wavelength region (7–8.6 μm)
is much stronger than in the longer-wavelength part [Fig. 3(a),
black arrows]. This is a first strong indication that more nonlinear
processes than only DFG or optical rectification are at work.

More direct evidence for the above-mentioned mechanism
is reported in Fig. 3(b). We measured the spectrum of the 30-fs
pump pulses after propagation through four different thick-
nesses of LGS crystal at otherwise identical conditions (1 W,
130 GW∕cm2). The spectrum of the transmitted pulses
becomes symmetrically broader on both sides for longer crystals.
This excludes substantial influences from cascaded difference-
frequency mixing [20] and rather indicates the presence of self-
phase modulation [21,22]. The broadening starts to saturate
at around 4 mm thickness [compare in Fig. 3(b) the magenta
and green traces], because the dispersion of the optical pulses
(∼300 fs2∕mm) eventually lowers their intensity.

Having a broadened pump spectrum is still not yet enough
to explain the unusually broadband MIR spectra of Fig. 3(a);
the new components also need to overlap in time. Figure 4
shows the results of SHG-FROG measurements of the pump
pulse shapes after passage through the 4-mm LGS crystal. The
FROG device is based on a 80-μm-thick BBO crystal that is
oriented such that the projection of both output polarizations
of the LGS crystal are measured (optical axis at 45° to the LGS

Fig. 2. SHG-FROG of the driving 30-fs laser pulse from a hollow-
core fiber. (a) Measured FROG trace. (b) Retrieved FROG trace.
(c) Retrieved temporal pulse shape. FROG error, ∼0.65%.

Fig. 3. Evidence in the spectral domain. (a) MIR spectra with differ-
ent input power. (b) Optical spectrum for different thicknesses of the
LGS crystal.

Letter Vol. 43, No. 8 / 15 April 2018 / Optics Letters 1743



axis) simultaneously. Figure 4(a) shows a measurement at very
low input power (10 mW), where no spectral broadening can
occur. We see that the pump pulses split in time into two dis-
tinct envelopes, due to the expected walk-off in birefringent
LGS, as explained previously. The measured walk-off is about
300 fs for our crystal (black arrow). The two polarizations are
fully separated after the LGS, and at the later part of the crystal
there is no possibility for DFG. Figure 4(a) also reveals directly
in the time domain the expected linear-optical dispersion of
each crystal axis, which transforms the double-lobed 30-fs
pump pulse spectrum [compare Fig. 3(b)] into the measured
double-lobed time structures.

In contrast, when a higher input power of 1 W,
130 GW∕cm2 is applied [see Fig. 4(b)], the mechanism of
Fig. 1 kicks in and the two parts of the pump pulses suffer
broadening and more dispersion in the crystal. As seen in
Fig. 4(b), both polarizations become longer in time. Intriguingly,
there is now still temporal overlap, even interference, after pas-
sage through the crystal. The two polarizations from the two
LGS axes are still interacting with each other even after 4 mm of
LGS. Because of the positive dispersion experienced by the op-
tical pulse, the blue part of the e-polarized pulse overlaps with
the red part of the o-polarized pulse in a very beneficial way for
high-frequency MIR generation. The FROG’s beamsplitter
had different transmission for e- and o- polarization, and this
effect was corrected in Fig. 4. The period (peak to peak) of the
oscillation in the overlapping region (yellow) is roughly 30 fs
and shows the coherence between the different polarization
components after 45° selection.

In a final measurement, we compared the overall perfor-
mance of 1-mm and a 4-mm LGS crystals. Figure 5(a) shows
the power dependence of these two crystals. These data were
obtained by measuring the power after an uncoated germanium
(Ge) near-infrared filter and corrected by taking Fresnel losses
into account (40% transmission for normal incidence). As one
would expect from a χ�2� process, a quadratic-like power de-
pendence is measured, but the 4-mm crystal performs sub-
stantially better (0.037% power conversion, 0.32% quantum
efficiency). This conversion efficiency is five times lower than
previously reported at three times higher peak intensity [9].
Therefore, if assuming a quadratic intensity dependence of the

overall cascaded mechanism, our 4-mm crystal performs better.
We did not want to apply the audacious 350 GW∕cm2 of [9]
to our crystals, in order to avoid damage. Nanojoule pulse
energies and MV/m E-fields, as now available at 7.5–11 μm,
are sufficient for our intended applications in femtosecond and
attosecond electron microscopy [4,23,24], but also for many
other applications.

Figure 5(b) shows the two MIR spectra at 1 W pump power.
For the 1-mm LGS crystal, there are no high-frequency com-
ponents below 9 μm wavelength and the strongest output is
around 10.5 μm. In contrast, for the 4-mm LGS, there are sub-
stantially more high-frequency components at wavelengths
down to 7.5 μm. Figure 5(c) shows our LGS crystals’ absorption
curve, measured with a FTS (Bruker Corp.). The crystals have a
substantial absorption above 11 μm, explaining the reduction of
low-frequency components in case of the 4-mm crystal.

Overall, there emerges the picture that was outlined above
(see Fig. 1, lower part). At the beginning of the crystal, the
pump pulses decompose into two orthogonally polarized parts
along the two LGS axes. Both parts are stretching in time and
also temporally walk away from each other due to dispersion
and group velocity mismatch. In the first 0.5–1 mm, nonlinear
spectral broadening and absorption are not yet substantial.
The resulting MIR spectrum is shown as the blue curve in
Fig. 5(b). As the pump pulses propagate further into the 4-mm
crystal, self-phase modulation leads to broader spectra and the
dispersion together with walk-off keep the bluest and reddest
parts in continuous overlap. Consequently, more MIR power
is produced and the shortest MIR wavelengths are created
preferentially, while wavelengths beyond 11 μm are gradually
absorbed.

We conclude with three remarks. First, in a way, our re-
ported combination of nonlinear-optical self-phase modulation
with nonlinear-optical difference-frequency mixing is one more
example of cascaded or multiprocess nonlinear optics [25–27].
Second, it seems clear now why somewhat broader MIR spectra
than expected have been reported before [9]. Third, there
should be other optical materials for which this picture also
applies, namely whenever self-phase modulation and dispersion
create enough temporal effects to compete with walk-off. Novel
optical applications might be ahead.

Fig. 4. Evidence in the temporal domain. Retrieved FROG pulse
shape with an input power of (a) 10 mW and (b) 1000 mW.
Yellow, region around time zero. Dashed line, retrieved phase.

Fig. 5. Overall performance. (a) Output power with a 1-mm (blue)
and a 4-mm (red) LGS crystal. (b) MIR spectrum generated from a
1-mm (blue) and a 4-mm (red) LGS crystal. (c) Measured linear
absorption curve of our LGS material.
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