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Low-energy excitations can provide insight into the basic
ultrafast nonequilibrium dynamics of condensed matter.
High-energy femtosecond pulses in the long-wavelength
infrared are required to induce such processes, and can be
generated in an optical parametric chirped pulse amplification
(OPCPA) system comprising three GaSe stages. A femtosecond
Cr:ZnS laser serves as the front-end, providing the seed for the
2.0-µm pump and the 2.4-µm signal pulses without nonlin-
ear conversion processes. The OPCPA system is pumped at
2.05µm by a picosecond Ho:YLF regenerative amplifier at a 1-
kHz repetition rate. The recompressed idler pulses at 11.4 µm
have a duration of 185 fs and an unprecedented energy of
65 µJ, corresponding to a pump-to-idler conversion efficiency
of 1.2%. Nonlinear transmission experiments in the range of
the L2 infrared band of liquid water demonstrate the potential
of the pulses for nonlinear vibrational spectroscopy of liquids
and solids. © 2022 Optica Publishing Group under the terms of the

Optica Open Access Publishing Agreement
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The generation of ultrashort pulses in the long-wave infrared
(LWIR) at wavelengths between 6 and 20 µm has attracted much
attention because of their strong application potential in basic
research [1]. In this context, nonlinear femtosecond infrared spec-
troscopy of intra- and intermolecular low-frequency vibrations
is an important research area, which requires intense broadband
pulses because of the comparably small transition dipoles and
broad complex line shapes. Moreover, long-wavelength pulses with
peak optical fields beyond 1 megavolt/cm (MV/cm) provide access
to nonperturbative light–matter interactions and field-driven
processes in condensed matter [2–5].

Broadband LWIR pulses have been generated by nonlinear
frequency downconversion in difference frequency generation
(DFG) or optical parametric amplifier (OPA) arrangements [6–
11]. Generating high-energy femtosecond pulses at wavelengths
beyond 10 µm and kHz repetition rates has remained a major
technological challenge, due to the limited availability and optical
transparency of nonlinear crystals [12]. Beyond 10 µm, pulse
energies of the order of 1 µJ with a sub-200 fs pulse duration have
been demonstrated with HgGa2S4 and AgGaS2 [6], AgGaSe2 [13],
and GaSe [7,9,10] nonlinear crystals. Only very recently, pulse

energies of up to 17 µJ beyond 10 µm were achieved via DFG in
GaSe [13,14].

A key technique for scaling the energy of mid-IR ultrashort
pulses at kHz repetition rates even higher is optical parametric
chirped pulse amplification (OPCPA) [15,16]. With high-
performance Ho-doped 2-µm pump sources, millijoule-range
femtosecond OPCPA systems were reported for the 5 to 7 µm
range [15–17], all based on ZnGeP2 crystals. For the LWIR range,
such OPCPA systems have been modeled theoretically but lack
experimental implementation [18]. A challenge for the practical
implementation of mid-IR OPCPA systems is their, in general,
complex front-end architecture. Seed pulses for pump and signal
are typically generated by multi-stage nonlinear processes [15,16],
which affects both efficiency and stability.

Among the nonlinear crystals for the LWIR range, GaSe stands
out with its high second order nonlinearity (deff = 54 pm/V) and
comparatively high damage threshold [13,19–21]. Employing
a pump wavelength of 2 µm is advantageous compared to driv-
ers at shorter near-infrared wavelengths [6–11] when aiming at
energy scaling of the idler pulses [20,21]. The bandgap of GaSe is
at 2.1 eV (λ= 0.59 µm), resulting in strong two-photon absorp-
tion of pump pulses at wavelengths shorter than 1.2 µm. Due to
the expected higher crystal damage threshold, higher intensities
when pumping at 2 µm instead of 1 µm are possible and, further-
more, 2-µm pumping offers a higher pump-to-idler conversion
efficiency.

Here, we report a table-top LWIR OPCPA system with a
femtosecond Cr:ZnS oscillator acting as the front-end without
additional nonlinear stages. Pumped at 2.0 µm, the system has
three GaSe amplification stages with nonlinear crystals of different
thicknesses. The 2.0-µm seed pulses are amplified to 13 mJ in
a picosecond Ho:YLF regenerative amplifier (RA). Parametric
amplification provides idler pulses centered at 11.4 µm, with an
unprecedented pulse energy of∼70 µJ at a 1-kHz repetition rate.
Recompression results in few-cycle pulses of a sub-200 fs duration
and 0.35-GW peak power, allowing for peak optical fields of sev-
eral tens of MVs/cm in the focused output beam. We demonstrate
the potential of this source for ultrafast infrared spectroscopy in
nonlinear transmission experiments with liquid water.

The experimental scheme of the LWIR OPCPA system is
shown in Fig. 1(a). The front-end consists of a mode-locked
Cr:ZnS oscillator operating at a repetition rate of 79 MHz (IPG
Photonics). Its output spectrum is centered at 2.4 µm and extends
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from 1.95–2.55 µm (1/e 2 level). The pulses have a duration and
energy of 30 fs and 12.5 nJ, respectively. Without any nonlinear
frequency conversion, the Cr:ZnS emission spectrum directly pro-
vides the seed for the pump at 2.0µm and for the signal at 2.4µm.
A dichroic mirror placed at the output of the Cr:ZnS laser separates
the spectrum into two parts below and above 2.1µm. The splitting
of the spectrum has little impact on the duration of the remaining
signal pulses centered at 2.4 µm with a pulse duration of 46 fs and
10-nJ energy [17].

The 2-µm pump source has been presented in detail in [17].
Prior to amplification, the seed pulse is stretched to ∼1 ns by a
chirped volume Bragg grating that reflects the spectral window
from 2045 to 2055 nm. After pre-amplification in a Tm:fiber
amplifier, the pulses are coupled into a Ho:YLF RA, pumped by
a continuous-wave Tm:fiber laser. Seeding the RA with ∼2.5 nJ,
the pulses are amplified to 13 mJ in a 1-kHz pulse train. The final
compression provides 3-ps pulses with 12-mJ energy at 2.05 µm,
serving as pump for the OPCPA stages.

The signal seed pulses from the Cr:ZnS oscillator are first
temporally stretched in a 40-mm-long antireflection (AR) coated
sapphire rod. The negatively chirped pulses are then subject to
phase shaping by an acousto-optic programmable dispersive filter
(Dazzler, Fastlite), which is accompanied by 90% loss of pulse
energy. The resulting pulse duration amounts to ∼1.5 ps. The
OPCPA chain consists of three GaSe amplification stages. The
aperture of the GaSe crystals with a diameter of 7 mm is identical in
the three stages.

Fig. 1. (a) Setup of the LWIR OPCPA system. The main parts are the
front-end with the fs Cr:ZnS master oscillator, the Ho:YLF regenerative
amplifier (RA) as pump, and the three optical parametric amplifier (OPA)
stages based on GaSe crystals. AOPDF, acousto-optic programmable
dispersive filter; S, bulk stretcher; C, compressor; DM, dichroic mirror.
(b) Characterization of the GaSe-based OPCPA signal pulses. Seed spec-
trum (black line), signal spectrum after the first (blue line) and second
OPA stages (red line). The green and blue bars indicate the bandwidth
(FWHM) of type I and type II phase matching for GaSe for the 2.05-µm
pump, respectively. (c) Collinear autocorrelation function (ACF) of the
compressed signal pulse after the second stage; inset: far-field intensity
distribution.

The phase-matching bandwidth for the signal was calculated
from the GaSe dispersion data for type I and type II phase matching
[Fig. 1(b)]. Type II phase matching supports a broader bandwidth
and is, thus, selected for our OPCPA system. In all stages, the
parametric process is phase matched at an internal angle of 12.2◦

corresponding to an external angle of 36◦. Since there is no AR
coating on the GaSe crystals, 16% of the p-polarized pump and
27% of the s -polarized signal are reflected at each surface.

Pumping the 2-mm-thick GaSe crystal in the first collinear
stage with 0.3 mJ, the signal pulses are amplified to 13 µJ. The
pump intensity is chosen slightly below 50 GW/cm2 in all stages,
limited by the damage threshold of GaSe [13,20,21]. A small angle
of <0.5◦ between the pump and the signal is introduced (much
less than in non-collinear phase matching) to prevent the second
stage from being seeded with the second harmonic of the pump
from the first stage. The latter process is not phase matched and
very inefficient. The spectra of the signal and idler pulses are mea-
sured applying a scanning monochromator (Horiba). Due to the
phase matching conditions, the signal pulses are redshifted relative
to the spectrum of the seed pulses [Fig. 1(b), black curve] and
have a spectral width of 97 nm (FWHM) [Fig. 1(b), blue curve],
limited by the phase matching bandwidth. The signal pulses are
shortened in the parametric amplification process and, thus, need
to be stretched again in time to adapt the signal and pump pulse
durations in the following parametric amplifier stages. This is
performed in a 90-mm-long AR-coated sapphire rod and results in
a signal pulse duration of 1.9 ps.

In the second collinear parametric amplification stage, we use
a 1-mm-thick GaSe crystal and a pump energy of 1.8 mJ. After
amplification, the combined signal and idler energy in the 1-kHz
pulse train has a value of 148 µJ (128-µJ signal, 20-µJ idler). The
measured signal spectrum is centered at 2.44µm with a bandwidth
of 79 nm [Fig. 1(b), red curve] indicating a limited saturation of
parametric amplification, which we confirmed by simulations
based on the numerical code Sisyfos.

The corresponding idler pulses are centered at 11.4 µm with
a FWHM of 0.84 µm [Fig. 2(a)], supporting a pulse duration of
170 fs. The measured idler energy reaches a high value of 20 µJ at
this stage already. To demonstrate the compressibility of the ampli-
fied signal pulses, a Martinez-type compressor in a 4− f -setup
based on sapphire prisms was installed. The measured interfero-
metric autocorrelation trace (miniTPA, APE) of the compressed
signal pulses is presented in Fig. 1(c). Assuming a sech2-pulse
shape, a duration of 124 fs is extracted from this trace, which is
close to the Fourier-transform limit (FTL). The energy throughput
of the compressor is ∼50%, limited mostly by Fresnel losses at
the uncoated lenses. The output beam profile recorded with a
Pyrocam camera (Ophir) is nearly Gaussian and shown in the inset
of Fig. 1(c).

The third stage is equipped with a 1-mm-thick GaSe crystal
and seeded with the idler pulse only [Fig. 1(a)]. Due to the limited
aperture of the GaSe crystal, only 4.2 mJ of the total remaining
pump energy of 10 mJ can be utilized in this booster stage to pre-
vent damage of GaSe. The idler seed pulse has to be shaped for
the best spatial beam overlap with the pump using two additional
lenses, which reduces its energy to 8 µJ. The third amplification
stage enhances the idler pulse energy to its final value of 73 µJ, a
record number for sub-picosecond pulses beyond 10 µm [13,14].
The resulting pump-to-idler energy overall conversion efficiency
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Fig. 2. Characterization of the GaSe-based OPCPA idler pulse per-
formance. (a) Measured spectra after the second (violet) and third OPA
stages (magenta) and calculated spectrum based on the signal spectrum
after the second stage (blue); (b) long-term pulse stability measurement of
the re-compressed pulses. Left inset: far-field intensity distribution after
the third stage. Right inset: ACF of the re-compressed pulse after the third
stage.

amounts to a remarkable 1.2%, and the average power in the 1-kHz
pulse train has a value of 73 mW.

The idler spectrum after the third amplification stage is almost
unchanged compared to that after the second stage [Fig. 2(a),
magenta curve]. Both spectra are close to the simulated idler
spectrum [Fig. 2(a), violet curve]. The experimental idler spec-
tra exhibit slight spectral modulations, which we attribute to a
weak interference of the main and a residual idler beam, the latter
originating from reflections at the uncoated surfaces of the GaSe
crystal.

AR-coated ZnSe windows of 5-mm thickness are used for
re-compression of the positively chirped idler pulses of 0.8-ps dura-
tion. This bulk compressor consists of two lenses and two ZnSe
windows causing a loss of 10%. The energy of the compressed idler
pulses amounts to 65 µJ [Fig. 2(b)]. The beam profile is nearly
diffraction limited [left inset, Fig. 2(b)] with a remarkable stability
of the recompressed pulses (rms :< 2%). The latter is confirmed
by the long-term power measurement shown in Fig. 2(b).

Fine tuning of the dispersion was performed by the acousto-
optic programmable dispersive filter (AOPDF). The duration of
the compressed pulses is first measured at a long time scale with a
homemade non-collinear autocorrelator (AC) where a 0.1-mm-
thick GaSe serves as the second-harmonic generation (SHG)
crystal and the Pyrocam as the detector exhibiting a 1000:1 linear
dynamic range. The result is shown in the right inset of Fig. 2(b)
and indicates a pulse duration of 183 fs assuming a Gaussian pulse
shape. The accompanying weak satellites at a delay of±1.8 ps are
caused by reflections in the 0.1-mm-thick SHG crystal, i.e., they
are measurement artifacts.

For a phase-resolved characterization of the idler pulses, the
Pyrocam camera was replaced by the scanning monochromator in
the AC setup to record a SHG frequency-resolved optical gating
(FROG) trace with a spectral resolution of 10 nm (Fig. 3). The
measured FROG trace [Fig. 3(a)] shows a regular modulation on
the spectrum, which is again due to the uncoated 0.1-mm-thick
SHG crystal, i.e., not to a modulation on the incoming idler pulse.
This modulation was suppressed in the pulse retrieval and, thus, is

Fig. 3. SHG-FROG characterization of the idler pulses after the
third OPA stage. (a), (b) SHG-FROG trace measured and retrieved;
(c) optical spectrum, measured (gray), retrieved (green), and phase (red);
(d) retrieved temporal pulse shape. FTL, Fourier-transform limit.

not visible there [Fig. 3(b)]. The spectral phase is flat, confirming
the good pulse quality [Fig. 3(c), red line].

The retrieved pulse shape yields a pulse duration of 185 fs
(FWHM) [Fig. 3(d)]. It deviates by only 7% from the FTL limit
and corresponds to less than five optical cycles. The FROG error
amounts to 0.4%. Taking into account the 65-µJ pulse energy, one
derives a peak power of 0.35 GW, translating into a peak intensity
of 4.45 TW/cm2 in a focused beam of 100-µm diameter and a
peak optical field of some 40 MV/cm. These values surpass those
reported for femtosecond DFG or OPA’s beyond 10 µm by far
[9,13,14].

Nonlinear transmission experiments with neat liquid water
were performed to demonstrate the potential of our novel source
for ultrafast vibrational spectroscopy. The spectrum of the 11.4-
µm pulses fully overlaps with the broad librational (L2) absorption
band of water [black line in Fig. 4(a)], showing a maximum at
14.9 µm (670 cm−1), an asymmetric spectral envelope of a width
(FWHM) of 460 cm−1, and a peak molar extinction coefficient of
ε= 30 M−1 cm−1 [22,23]. The underlying molecular excitations
are hindered rotations of water molecules around the axis with the
lowest moment of inertia. So far, the nonlinear response connected
with such librational excitations has remained unexplored, and the
infrared line shape is not understood.

In the experiments, the compressed idler pulses were focused
to a beam diameter of 130 µm resulting in a peak intensity of
1.0 TW/cm2 for a pulse energy of 25 µJ. The transmission of a
12-µm-thick H2O film, held between two 1-mm-thick BaF2 win-
dows was recorded as a function of pulse energy, using the Pyrocam
camera [Fig. 4(b)]. At each point, the transmission was measured
in parallel for an identical cell without water (air-filled) to eliminate
the influence of the BaF2 windows on the transmission change.

The spectra of the incident and transmitted pulses (incident
pulse energy 25µJ) are presented in Fig. 4(a). The stronger absorp-
tion at low frequencies leads to a reduction of low-frequency
components in the transmitted spectrum, while any broadening
due to self-phase modulation is absent. We observe a nonlinear
transmission increase of 1.4% [Fig. 4(b)], which points to a bleach-
ing of the original librational v = 0 ground state. This mechanism
is similar to the nonlinear response of the OH bend and stretch
vibrations of water, but different from high-frequency librations
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Fig. 4. Nonlinear transmission of liquid H2O at the librational (L2)
band. (a) L2 absorption of water (black, sample thickness 12 µm) and
incident (magenta) and transmitted (green) spectra of the 11.4-µm pulses
(energy 25 µJ). (b) Transmission of the water sample as a function of
incident pulse energy, showing a nonlinear transmission increase.

around 1350 cm−1, the latter showing an initial transmission
decrease [24].

For an incident pulse energy of 25 µJ, some 20% of the water
molecules in the interacting sample volume are excited. This
would result in a transmission change of several 10% if the life-
time of the L2 excitation was significantly longer than the pulse
duration (time-integrating behavior). The much smaller trans-
mission change observed here points to a sub-50-fs librational
lifetime, which will be explored in detail in future time-resolved
experiments.

In conclusion, we have demonstrated a compact multi-stage
OPCPA working at a 1-kHz repetition rate and providing LWIR
pulses at a center wavelength of 11.4 µm with a pulse duration
of 185 fs. The OPCPA consists of three GaSe stages pumped at
2µm by picosecond pulses from a Ho:YLF RA. The record output
pulse energy of 65 µJ at 11.4 µm translates to a peak power of
0.35 GW and peak intensities of several TW/cm2 in the focused
output beam. Even higher idler pulse energies may be generated
in novel nonlinear crystals for this spectral range, such as BGSe
and BGGSe2 [25]. Experiments with liquid water demonstrate the
potential of this source for nonlinear vibrational spectroscopy and
studies of non-perturbative light–matter interactions.
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