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The application of high-power, few-cycle, long-wave infrared
(LWIR, 8–20 µm) pulses in strong-field physics is largely
unexplored due to the lack of suitable sources. However, the
generation of intense pulses with >6 µm wavelength range
is becoming increasingly feasible with the recent advances
in high-power ultrashort lasers in the middle-infrared range
that can serve as a pump for optical parametric amplifiers
(OPA). Here we experimentally demonstrate the feasibility
of this approach by building an OPA pumped at 2.4 µm
that generates 93 µJ pulses at 9.5 µm, 1 kHz repetition rate
with sub-two-cycle pulse duration, 1.6 GW peak power, and
excellent beam quality. The results open a wide range of
applications in attosecond physics (especially for studies of
condensed phase samples), remote sensing, and biophoton-
ics. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.500550

High-power and high-intensity femtosecond laser sources have
been limited to ≲ 6 µm spectral range. However, the develop-
ment of high-power ultrafast sources in the long-wave infrared
range (LWIR, 8–20 µm) will enable a number of important
fundamental studies and applications such as direct laser accel-
eration [1], high-energy particle and nuclear physics, studies
of the breakdown of the dipole approximation [2], as well
as remote sensing [3,4] and advanced molecular spectroscopy
where the ability of LWIR to access vibrational resonances of
molecules gives rise to sensitivity upon optical probing [5].
Moreover, high-power sources beyond 6 µm are essential for the
study of fundamental properties of materials with low ionization
potential, especially in the condensed state [6,7].

In this Letter, we experimentally demonstrate the feasibility
of generating high-power LWIR pulses in a GaSe-based opti-
cal parametric amplifier (OPA) pumped with a middle-infrared
(mid-IR) Cr:ZnSe laser at 2.4 µm [8]. The OPA delivers sub-
two-cycle pulses at 9.5 µm central wavelength, 93 mW (93
µJ) with excellent beam quality and energy stability, which
illustrates the advantage of the mid-IR pump lasers over the
near-IR pump for LWIR generation and should stimulate further
developments in this directions supported by the remarkable
progress in mid-IR high-power optical systems in the last decade
[8–11].

Traditionally, difference frequency generation (DFG) is the
most compact and “simple” technique for LWIR generation,
which is commercially available, but it is also very inefficient,
especially when pumped at ∼ 0.8–1 µm. For example, com-
mercial systems with >10 mJ pulse energy deliver ≲ 10 µJ
energy in the LWIR spectral range [14]. Note that it is typically
an extension of an OPA that implements DFG between signal
and idler, which has better conversion efficiency compared with
direct intra-pulse DFG at∼ 0.8–1 µm. OPA and optical paramet-
ric chirped pulse amplification (OPCPA) can offer significantly
higher conversion efficiency compared with a DFG configura-
tion [15–22]. Although DFG and OPA are the same three-wave
mixing process based on the second-order nonlinearity, DFG is
typically assumed to be a single stage process with two strong
input beams, while OPA is a (multistage) amplification of a weak
seed beam by a strong pump pulse. Presently, the most common
crystals for LWIR generation are: lanthanum gallium silicate
(LGS) [15,19]; BaGa4S7 (BGS) [23]; ZnGeP2, zinc-germanium
diphosphide (ZGP) [16–18,22], and AgGaS, silver gallium sul-
fide. However, they are limited to the spectral range≲ 10 µm due
to material absorption at longer wavelength. Promising alterna-
tives for the 10–18 µm range are GaSe, gallium selenide (GS)
[21] and AgGaSe2, silver gallium selenite (AGSe) [20] (see
phase matching curves in Fig. 1). Both have similar transmis-
sion window up to 18 µm. GS has better nonlinear properties,
namely twice larger effective nonlinearity and broader phase
matching supporting more than octave bandwidth, which are
the main reasons for adopting GS in this work. However, AGSe
has other advantages, such as the possibility to be cut at any
angle and anti-reflection coated, while it is presently impossible
for GS due to its mechanical properties and state-of-the-art pro-
duction capabilities. Despite advantages of GS and AGSe, there
are very few OPA results beyond 9 µm [21], and they are lim-
ited to a very low power (<5 µJ), which is not enough for most
of applications. Presently, there is only one OPCPA result with
pulse energy exceeding 10 µJ [24], which profits from a mid-IR
pump source similar to our work. However, our simpler OPA
design has almost an order of magnitude higher peak power due
to shorter pulse duration and higher pulse energy in a simpler
OPA design. Note that, the relative simplicity of OPA design
is based on the fact that it does not require active synchroniza-
tion between pump and seed and dispersion management in the
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Fig. 1. Phase-matching-based low-signal gain at 2.4 µm pump
wavelength as a function of the phase matching angle (Θ) and idler
wavelength for (a) GaSe type II (o-signal, e-idler); (b) GaSe type
I; (c) AgGaSe2 type II (o-signal, e-idler); (d) AgGaSe2 type I. The
color scale is normalized to unity maximum value for every plot
separately. Dispersion data from Refs. [12,13] is used in simulations.

stretcher and the compressor. The main reason for the lack of
developments in the past is a quite strong linear and two-photon
absorption of GS and AGSe in the most common pump range
of 0.8–1µm.

Mid-IR pump lasers offer significant advantages over
0.8–1µm pump sources for LWIR OPAs for two main rea-
sons: (i) overcoming the pump absorption problem mentioned
above; (ii) fundamentally higher conversion efficiency in DFG
and OPA applications due to the lower “quantum defect” (dif-
ference in photon energy between pump and idler photons,
since the interaction is determined by the energy conserva-
tion ℏωpump = ℏωsignal + ℏωidler). Thus, the maximum conversion
efficiency is limited by the Manley–Rowe relation,

Widler/ωidler = Wsignal/ωsignal = Wpump/ωpump, (1)

where W is the power of the corresponding beam. Thus, smaller
pump frequency (longer wavelength) is an obvious advantage.
While advantages of mid-IR pumps have been experimentally
proven for DFG applications [25,26], mid-IR-pumped OPAs
are still in the infancy with very few and only low-power
implementations [21].

Although nonlinear crystals suitable for LWIR OPAs have
been available for a relatively long time, high-power ultrashort
mid-IR pump sources became readily available only in the last
years [8–11]. A few prominent examples are: Cr doped II-VI
chalcogenides with ∼ 2–3µm amplification spectral range [8,9];
Tm doped fiber lasers around 1.94 µm [10]; Er doped fibers at
2.8 µm [11]; Fe doped II-VI chalcogenides lasing in ∼ 3–5µm
range [9]. In this work we are using a Cr:ZnSe CPA system [8].

Our experimental setup is presented in Fig. 2. The pump
beam has 2.4 µm central wavelength and 100 fs pulse dura-
tion (for more details see Ref. [8]). Approximately four percent
(160 µJ) of the pump is split for seed generation via spectral
broadening due to predominantly self-phase modulation [which
is often called white light generation (WLG)]. The f-number of
the focusing system in front of the WLG is 10. After testing a
few different materials (CaF2, BaF2, and YAG), 4 mm undoped
yttrium aluminum garnet (YAG) was identified as the best option

Fig. 2. Scheme of the experimental setup: LPF, long-pass filter;
WLG, white-light generation.

with broad enough spectrum and high material damage thresh-
old. In particular, no damaging of YAG occurs after weeks of
operation, while BaF2, despite more advantageous dispersion
properties [27], gets damages after a few minutes, at least with
standard commercially available polishing quality. Note that the
wedge angle of the CaF2 beam splitters shown in Fig. 2 is 0.5◦,
which do not affect the OPA performance, since it introduces
negligible angular chirp of 6.5 µrad, which is just a couple
percent of the beam divergence.

The preparatory numerical optimization of amplification
stages was performed with the simulation system for optical
science (Sisyfos) nonlinear wave propagation code [28], which
includes most of the important linear and nonlinear processes.
As a useful side note, after all experimental optimizations, we
have identified that the effective nonlinearity is approximately
40% smaller compared with published results (although the data
is available only for NIR pump pulses that is quite far from
the 2.4 µm pump used in this work, which might explain the
discrepancy, as well as crystal quality has some contribution
to gain reduction for larger beams used in this work). Type II
GS was chosen due to a slightly broader phase matching in
9–16 µm spectral range (see Fig. 1) and reduced Fresnel loss of
idler on uncoated crystal surfaces. In addition, Type II effective
nonlinearity is almost identical to Type I for GS.

All OPA stages are realized in the collinear geometry. The
pump and the signal beams are combined with 1 mm-thick Si
substrates at the Brewster’s angle for the pump beam on the
first and second stages. The Si substrates act as polarization
combiners and cause almost no losses to the pump pulse and
approximately 30% losses of the signal beam, which is not criti-
cal for the final performance due to the gain saturation on the last
amplification stages. In the most common OPA design approach,
the output of WLG, which corresponds to the “signal” beam,
is consecutively amplified in all stages, while the longer wave-
length “idler” beam, which is generated during the parametric
amplification, is damped on all but the last stage. Here, we are
using a more advanced approach enabling better performance of
the idler beam. The idler beam in the ∼ 7–14 µm spectral range
generated in the second stage is amplified in the last stage, while
the signal beam is damped after the second stage. This approach
ensures better idler conversion efficiency, energy stability, and
beam quality. For more details on comparison of signal versus
idler amplification, see Ref. [29]. Between the second and the
third stages, a hard coated reflective long-pass filter (LPF) is
used for both removing the pump and the signal from the second
stage and combining the idler from the second stage and the
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Fig. 3. (a) Output power stability. (b) Pulse quality (M-squared)
measurement. Points are the measured beam size defined as the
second moment width (D4σ), according to the ISO Standard 11146.
Lines are the fits of the experimental data, based on which M2

x =

1.1, M2
y = 1.3. The range of negative distances was limited by the

need to use reflective focusing optics (a spherical mirror) and adding
a pair of wedges to reduce the power to a save level for the camera.
(c) Beam profile at focus (0 cm distance). (d) Beam profile out of
focus (120 cm distance).

pump for the third stage. After amplification, signal and remain-
ing pump are filtered out with another hard coated reflective
LPF (extinction ratio >1000).

A pump energy of 4 mJ (4 W at 1 kHz) was used in this exper-
iment, the idler average-power/energy is 93 mW/93 µJ with
0.7% root mean square (RMS) stability over a couple hours [see
Fig. 3(a)], as measured with a thermal power detector UP19K
from GENTEC-EO. No measurable background from the trans-
mitted pump was detected after the last LPF. The pump power in
the performed experiments was limited by the crystal size on the
last stage, which has approximately 5 mm clear aperture (7 mm
full aperture) for 4.5 mm e2 beam diameters, and avoiding over-
saturation that causes LWIR beam quality degradation without
any gain in the output power. Note, a larger crystal, which is
presently commercially available, will enable almost doubling
of the output LWIR power by utilizing the full available 7 W
of the pump beam. The output beam has good beam quality as
presented in Fig. 3(b) with M-squared parameter of 1.1 and 1.3
for X and Y axes, respectively. The beam profile is measured
with WinCamD-IR-BB camera from DataRay.

The signal spectrum was measured directly with a WaveScan
APE spectrometer [see Fig. 4(a)], whereas the idler is outside
of the spectrometer range. Nonetheless, it is possible to recon-
struct the idler spectrum from the signal using the Manley–Rowe
relation, Eq. (1). The result is presented in Fig. 4(b) (light blue
curve). The amplified spectrum spans almost octave and corre-
sponds to 35 fs full width at half maximum (FWHM) transform
limited pulse duration, which is equivalent to slightly more than
one optical cycle of 31.7 fs at the measured 9.5 µm central wave-
length. The duration of the output pulse was measured with the
TIPTOE technique [30] based on the visible band fluorescence
emission in ZnSe in a home-built setup similar to Ref. [31]. The
measured TIPTOE signal [Fig. 4(c)] corresponds to the pulse
duration of 50 ± 5 fs, which is less than two optical cycles and
together with measured energy corresponds to 1.6 GW peak
power. The measured spectral phase is shown in Fig. 4(b) and

Fig. 4. (a) Signal spectrum measured after different amplification
stages. (b) Reconstructed spectral intensity and phase. The light
blue curve is the idler spectrum calculated from the signal spectrum
measured after the third stage; the dark blue curve is the spectrum
from the “time-domain observation of an electric field” (TIPTOE)
measurement; the green curve is the phase reconstructed from the
TIPTOE measurement. (c) TIPTOE signal corresponding to the
pulse electric field (blue) and the reconstructed pulse intensity: filled
green, reconstructed TIPTOE result; orange, transform limited (TL)
pulse. (d) Spectrum of high-order harmonics generated in ZnTe.
Vertical dashed lines identify expected positions of harmonics. The
gap in the data is caused by the gap between the spectral ranges of
the available spectrometers.

can be, at least, partially compensated by introducing material,
e.g., a pair of wedges. The advantage of LWIR spectral range is
that transparent materials with both positive and negative group
delay dispersion (GDD) are readily available (e.g., positive, Ge;
negative, ZnSe and KBr). For example, adding 350 µm-thick Ge
and 280 µm ZnSe substrates will compress the generated pulse
down to 42 fs according to performed calculations. However,
further compression down to the transform-limited duration is
not possible without compensation of higher-order dispersion
that cannot be controlled by adding material.

The generated LWIR pulses were refocused in a 300 µm-
thick ZnTe crystal to verify the basic capability of producing
strong-field high-order harmonic generation in condensed mat-
ter. The estimated on-target LWIR intensity was approximately
200 GW/cm2. As presented in Fig. 4(d), NIR/visible harmonics
up to 15th-order (650 nm) are generated, while the detection
of higher orders was hindered by strong band-gap fluorescence
signal at 560 nm. The longer-wavelength part of the data was
measured with a NIRQuest-512 spectrometer (Ocean Optics);
the shorter-wavelengths were detected with a TRIAX180 spec-
trometer from Jobin Yvon—SPEX with PI-MAX intensified
CCD from Princeton Instruments. The plateau-like scaling of
harmonic amplitudes is a clear indication of a non-perturbative
nature of all but fourth harmonics, since perturbative harmonics
efficiency has a substantial reduction with the harmonic order
[32]. A more detailed discussion of these results goes beyond the
scope of this Letter and will be a part of a following manuscript.

While the presented system is based on standard stock compo-
nents from major optics vendors, which makes it cost effective,
it leaves a large room for improvements and increase of the
output power. For example, the LPF after the last amplification
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stage is measured to introduce 27% losses. In addition, each sur-
face of the uncoated GaSe crystals causes approximately 15%
Fresnel-reflection losses (even for p-polarized pump and idler,
as the phase matching angle is relatively far from the Brew-
ster’s angle). After taking into account these losses, the idler
power on the OPA3 crystal exit is 160 mW, which corresponds
to 4.7% idler efficiency and 20% signal+idler efficiency. All
these losses can be mitigated in future by using anti-reflective
coated AGSe crystals (unfortunately GaSe cannot be coated with
the state-of-the-art technology) and optimized dichroic mirrors.
Further increase of the pump intensity results in oversaturation
and appearance of nonlinear degradation of pump pulse; thus, a
significant scaling of the LWIR pulse energy will require longer
pump pulses and OPCPA technology. No beam profile degra-
dation indicating any significant thermal issues was observed
in the performed experiments. In addition, no crystal degrada-
tion is observed after a few hundred hours of operation. Scaling
of the average power of the LWIR output to a multi-watt level
could be possible, but it will require active crystal cooling, and
the feasibility analysis of such a system goes beyond the scope
of this Letter.

Theoretically, the idler should have passive carrier-envelope
phase (CEP) stability [33], but it is not automatically true in a
real experiment [34], and we presently do not have the ability to
measure it. However, CEP is a very important parameter for a
sub-two-cycle pulse. Thus, it forms the natural agenda for follow
up developments and studies.

In summary, we have demonstrated a high-power LWIR OPA
pumped at 2.4 µm and generating 93 mW / 93 µJ pulses at
9.5 µm with sub-two-cycle duration and excellent beam quality.
The essential capability of driving highly nonlinear processes
is experimentally proven by observing high-order harmonics up
to visible range in ZnTe and strong fluorescence in ZnSe in the
TIPTOE setup (note that fluorescence photons have 20 times
higher photon energy than the LWIR pulse). The results pave
the way toward readily accessible high-power LWIR sources for
strong-field studies of low-IP targets, e.g., solids, and molecu-
lar spectroscopy. It is important to note that all beams in the
developed OPA setup: pump, signal, and idler, are in atmo-
spheric transmission windows, which makes the combination
of the Cr:ZnSe laser and the GaSe (or AGSe) OPA a unique
broadband ultrafast source for advanced remote sensing and
spectroscopy applications in atmosphere.
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