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Abstract: We report on an optical architecture delivering sub-120 femtosecond laser pulses of
20 pJ tunable from 5.5 pm to 13 um in the mid-infrared range (mid-IR). The system is based
on a dual-band frequency domain optical parametric amplifier (FOPA) optically pumped by a
Ti:Sapphire laser and amplifying 2 synchronized femtosecond pulses each with a widely tunable
wavelength around 1.6 and 1.9 um respectively. These amplified pulses are then combined in a
GaSe crystal to produce the mid-IR few-cycle pulses by means of difference frequency generation
(DFG). The architecture provides a passively stabilized carrier-envelope phase (CEP) whose
fluctuations has been characterized to 370 mrad RMS.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

During the last decades, generation of few-cycle pulses in the mid-infrared spectral range (mid-IR)
has experienced a growing interest for numerous applications both in strong-field physics [1-8]
and molecular spectroscopy [9-12]. The generation of XUV photons by means of high-harmonic
generation (HHG) is intrinsically connected to the energy of electrons as they get accelerated
by the driving field and directly linked to their ponderomotive energy. This connection is well
established for HHG in gaseous media but still under debate for HHG in solids. Due to the
quadratic scaling of the electron ponderomotive energy with the driving laser wavelength, mid-IR
pulses allow to significantly increase the harmonic cutoff compared to shorter wavelength;
however at a cost of efficiency [13]. While HHG in gaseous media has been studied for decades
now, its counterpart in transparent solid media is rather new [2]. To drive HHG from solid targets,
in particular from low bandgap materials such as semiconductors and quantum materials [14—16],
there is a need for long wavelength (usually above 1.5 um) and energetic (several pJ) laser pulses.
Such sources will allow to maintain the interaction in the tunneling regime where the system can
withstand significantly stronger intensities leading to highly non-linear processes.

Up to now, realizations of mid-IR few-cycle pulses above the microjoule are still scarce, as
depicted in Fig. 1 for wavelengths between 4 um and 14 um [17-29]. These realizations are
designed for either a fixed wavelength, or a limited tunable range in the mid-IR spectral range.
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A noticeable work reporting a tunable mid-IR source is the recent work of Budriiinas in 2022
[17] where pJ level pulses are produced with wavelengths extending from 4 to 11 um. In this
context, we present here an alternative optical architecture to generate sub-120 fs pulses duration
with around 20 pJ of energy at a central wavelength tunable from 5.5 to 13 um, with a passively
stabilized carrier-envelope phase (CEP).
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Fig. 1. State of the art microjoule few-cycle mid-IR sources between 4 um and 14 pm.
Wavelength-tunable sources are represented in solid lines and fixed wavelengths with symbols.
The grey dashed line refers to the data labelled “DFG no window” in Fig. 7 of Ref. [26].

This architecture is based on the frequency domain optical parametric amplifier (FOPA) [30],
which provides the possibility to amplify frequency components in a slice-by-slice manner
leading to high gain [31] and high-power [32] amplification records. In addition to pure
amplification operations, the field of frequency domain nonlinear optics was established for
advanced manipulations [33,34].

2. Experimental setup

In this paper, the mid-IR source is based on the frequency conversion of a 100 Hz repetition rate
Ti:Sapphire laser delivering 45 fs pulses centered at 790 nm (available at the Advanced Laser
Light Source user facility). Figure 2 depicts a general overview of the optical setup which is
an extension of an earlier setup reported in [34]. First, the output of the Ti:Sapphire laser is
divided into two optical arms of 5 mJ and 30 mJ (+1.3% RMS), which are compressed to a
pulse duration of respectively 45 fs and 1.15 ps. In one arm (bottom of Fig. 2), the 5 mJ pulses
are converted from 790 nm to 1.75 um using a commercial optical parametric amplifier (OPA,
TOPAS, Light Conversion) with an efficiency of 16%. The spectra of the resulting 0.8 mJ (3%
RMS) pulses are then broadened to a bandwidth of about 400 nm by propagating in a 1.7 meter
long hollow-core fiber (HCF) of 1 mm diameter, filled with 1.65 bar of krypton (Few-cycle Inc.).
After the fiber, the beam is expanded to reach a diameter of 7 mm with a two-lens telescope
(f=-500/+1000 mm) to serve as a seed for FOPA. In the other arm (top of Fig. 2), the 30 mJ
pulses are split in two equal parts of 15 mJ in order to pump non collinearly two spectral bands
of the FOPA. As the seed is spatially dispersed in this plane (see later and in Fig. 3 for details),
the interaction of the beams in a 5 mm thick BBO crystals results in the parametric amplification
at millijoule level of two spectral bands at 1.6 um and 1.9 um respectively. Finally (bottom right
of Fig. 2), the bicolor beam carrying pulses of 100 fs propagates through a 0.75 mm thick, z-cut
uncoated GaSe crystal with 15 mm diameter (Altos Photonics) to generate mid-IR pulses by
difference frequency generation (DFG).

The innovative features of this source are provided by the design of the FOPA, which is
detailed in Fig. 3(a). In the Fourier plane (F-plane), located at the center of the optical system,
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Fig. 2. Optical architecture of the mid-IR source where TOPAS is an industrial OPA, HCF
is a stretched hollow-core fiber, FOPA a Frequency domain Optical Parametric Amplifier
and DFG a difference frequency generation stage.
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Fig. 3. (a) Dual-band FOPA design with R1/R2 gratings of 75 lines/mm period, L1/L2
cylindric lenses of +750 mm focal length, C1/C2 BBO crystals of 5 mm thickness, W1/W2
silica windows of 0.5 mm thickness, A/2 a half-waveplate and S+/- being the selected

reddest/bluest part of the seed spectrum. (b) 3D view of the Fourier plane at the center of
the FOPA.

the broadband seed is spatially spread and subsequently confined over 4 cm in one transverse
direction (X axis on Fig. 3) by a pair of diffraction grating (R1) and cylindric lens (L1) of
respectively 75 lines/mm period and +750 mm focal length in a 2-f configuration. In the other
direction (Y), the beam is only experiencing free-space propagation. Due to the wavelength
separation in X axis in the F-plane, the pulse duration in this location is estimated to about one
picosecond and the pump pulse duration is adjusted accordingly to optimize the temporal overlap.
In the spatial domain, both pump beams are collimated to 8 mm diameter, so the spatial overlap
between the diffracted seed and the pumps is concentrated to two spatial bands, as depicted in
Fig. 3 (b). Two BBO crystals of (C1 and C2) are inserted in the F-plane at locations covering
the selected wavelength to be amplified. The two spatially separated overlaps between seed and
pump beams lead to the amplification of two spectral bands, labelled as S + and S- in Fig. 3(a).
Right after amplification, the polarization of S + is rotated by 90° with a half-waveplate (A/2) for
difference frequency generation in the type II GaSe crystal. The delay generated by the plate on
S +is compensated by a pair of 0.5 mm thick silica tilted windows on S- (W1 and W2). Finally,
the amplified spectral components of the seed are recombined by a symmetrical 2-f setup (L2
and R2) while the non-converted pumps (non collinear and thus spatially separated) are dumped
just before L2.
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3. Results and discussions

At the output of the FOPA, the optical beam carries two pulses with sub-100 fs duration, both
spatially and temporally overlapped. Depending on the transverse position of the two pump
beams in the Fourier plane (X axis), the central wavelength of each amplified pulse can be tuned
all along the seed spectrum from 1.5 ym to 2.0 um. Figure 4(a) shows the seed spectrum of
the FOPA (solid black line) and a typical pair of amplified spectra (solid blue and red lines)
measured after the last grating of the FOPA. The output pulse durations have been characterized
using second harmonic generation frequency resolved optical gating (SHG-FROG) for different
amplified bands (from 1.52 to 2.02 um). Figures 4(b), (c) show the pulse duration associated to
the blue and red amplified spectra displayed in Fig. 4(a) with respectively 83 fs and 89 fs at full
width half maximum (FWHM). The temporal characterization of both beams is also given in
Fig. 4(d) while the wavelength is tuned in the ranges within 1.5 - 1.7 um for S- and within 1.8 -
2.0 ym for S +.
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Fig. 4. (a) Seed spectrum (black), amplified spectra (solid red/blue) and spectral phase
(dashed red/blue). (b-c) Temporal profile (solid) and phase (dashed) of amplified pulses
S + (red) and S- (blue). (d) FWHM pulse duration vs. amplified center wavelength.

As both spatial and temporal intensity distributions of the pumps are Gaussian, the spatial
beam profile of the seed is significantly modified by the gain narrowing experienced in the FOPA.
It’s important to distinguish the narrowing along either dispersed (X) or non-dispersed (Y) axis.
On the Y axis, there is no spatio-temporal distortion so the narrowing is directly linked to the
spatial gaussian distribution of the pump (the gain at the center of the beam is higher than the
gain in the edges). In contrast, on the X axis the seed is affected by ultrafast wavefront rotation in
the F-plane, also known as ultrafast lighthouse effect or time vs. angle [35]. In the presence of
this spatio-temporal distortion, the direction of the propagation k-vector rotates over the duration
of the pulse, so the angular distribution of amplified k-vectors in the F-plane is shaped by the
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temporal gain profile. For a Gaussian pump pulse profile, this phenomenon results at the output
of the FOPA in a spatial narrowing of the amplified beam along the X axis. In our setup, to
preserve a non-elliptic amplified beam, the FOPA setup has been designed to equalize the gain
narrowing on both dispersed and non-dispersed axis considering spatial and temporal Gaussian
pump profiles. Figure 5 shows the experimental spatial profiles of a pair of two amplified beams
at 1900nm (panel a) and 1700nm (panel b) separately and overlapped (panel c). The beam profiles
have been measured with a silicon-based CCD camera used in the two-photon absorption regime
and located five meters after the last grating of the FOPA. For each acquisition, the square root
of the intensity is calculated to account for the two-photon detection and measure the intensity
distribution. On Fig. 5(a), (b), the beam profiles at 1700nm and 1900nm have been isolated by
masking one of the BBO crystals in the F-plane. For a pump pulse duration of 1.15 ps, which
gives the maximum conversion efficiency, the dimensions of the seed beams reduce from 7 mm
(no amplification) to around 4 mm (nominal amplification) without degradation of ellipticity.

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

X (mm) Y (mm)

Fig. 5. (i) Amplified spatial mode measured 5 meters after the FOPA output for (a) the
1700nm beam, (b) the 1900nm beam and (c) both beams overlapped. In (ii) and (iii), the
transverse intensity profile (black) at the centroid of the beam in the FOPA dispersive (X)
and non-dispersive (Y) axes, and the integrated intensity (red) are shown.

At the output of the FOPA, the two amplified spectral components S- and S + are geometrically
recombined into a single beam. The pulses are temporally overlapped and serve as pump (S+) and
signal (S-) beams of the final DFG stage of the setup (performed in a GaSe crystal). Considering
the spatial profile of Fig. 5(c), the combined pump and signal intensities reach around 100
GW/cm? in the DFG crystal, which is similar to multiples works of DFG in GaSe [17,36,37]. At
our repetition rate of 100 Hz, the crystal is preserved from undesirable thermal effects.

This final stage consists in a collinear DFG carried out in a 0.75 mm long GaSe crystal,
providing idler pulses with up to 20 microjoules of energy in the mid-IR. By selecting the
respective wavelengths of the signal and the pump (adjustable between 1.5 um and 2.0 pm in
the FOPA), a tunability range extending from 5.5 ym to 13 pm has been achieved. The closer
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the two amplified slices S- and S + are spectrally (placed together in the F-plane), the longer the
resulting idler wavelength is, and vice versa. While the DFG emission cutoff at short wavelength
is imposed by the limited bandwidth of the FOPA seed, longer wavelengths could in principle be
generated by amplifying spectral components even closer in the FOPA. However, our architecture
sets geometrical limitations in the potential to select and amplify very close spectral bands. For
example, the holder of the waveplate (commercial) inserted in one arm after the BBO would
clip the second arm if it were too close. Using a free standing waveplate would allow to bring
the 800 nm pump beams closer together in the F-plane and so generate mid-IR pulses with
wavelength in excess of 15 um. Figure 6 shows the experimental spectra (black) obtained for
several positions of the 800 nm pump beams in the F-plane of the FOPA. For each configuration,
both BBO crystal angles were adjusted to achieve optimal phase-matching. After the DFG
stage, both non-converted signal and pump beams are filtered out with two long-pass filters
(Spectrogon LP2000 and LP3500). By analyzing the data, it appeared that the transmission of
this pair of filters was not uniform above 12 um, so the mid-IR spectra at 11 um (Fig. 6(f)) and
13 um (Fig. 6(g)) have been corrected for the optical response of the long-pass filters. For each
experimental result presented in Fig. 6, a full simulation of the DFG process (red) in GaSe has
been conducted by using a 4D numerical code, accounting for spatial and temporal dependences
[38,39]. The code takes into account dispersion, diffraction, absorption, birefringence, refraction
on crystal surfaces and second-order nonlinearity (x*). The 3D input fields for the simulation
can be initialized from experimentally obtained data. In the current case, the temporal shape and
phase for each signal-pump pair have been retrieved with SHG-FROG. In the spatial domain,
the intensity profile of Fig. 5(c) has been applied to every signal and pump beams assuming
a flat spatial phase (collimated beam without wavefront distortion). By using the constructed
spatiotemporal shape and the measured pulse energy values, realistic input pump and signal fields
were created. In these conditions, the simulated spectra fit quite well with the experimental ones.
Note here that the simulations predict a non-negligible back-conversion and an efficiency (ratio
between idler energy and the sum of pump and signal pulse energy) around 2%, according to
state-of-the-art in GaSe [40,41]. Experimentally, we rather obtained 1% which may be attributed
to ageing of our GaSe crystal and to possible imperfections on signal and pump spatial amplitude
and phase profiles. As the source is tunable, efficiency has been characterized at each mid-IR
wavelength. Depending on the wavelengths amplified in the FOPA, we measured at the input of
the DFG stage a pump pulse energy between 0.7 mJ and 1.0 mJ and a signal energy between 0.6
mJ and 1.1 mJ. After the DFG, the idler energy lied between 18 pJ and 26 pJ, corresponding to
efficiencies between 0.9% and 1.7% over the full tunability range of the source.

For all configurations spanning the range from 5.5 ym to 13 pm, the mid-IR pulses have
been fully characterized by FROSt, a phase-matching-free retrieval method based on transient
absorption in low-bandgap semiconductors [42]. Here, the FROSt measurements are carried out
with Silicon (Si) for pulses below 9 um and with Germanium (Ge) above 9 um. Although both
materials are transparent over the spectral band of interest, the absorption contrast is higher with
Si while the transmission of Ge extends further in the mid-IR. In both cases, the Si or Ge sample
used in the FROSt is pumped with a leak from the non-absorbed signal in the DFG process. This
signal, at a central wavelength of around 1.9 pm, is picked from the reflection of a long-pass
filter LP2500 and then frequency doubled to around 950 nm in a BBO crystal to obtain a photon
energy exceeding the bandgap of both Si and Ge while ensuring a passive synchronization with
the mid-IR pulses. Fortuitously, the pump around 1.6 um is also slightly frequency doubled
at around 800 nm in the BBO crystal but can easily be removed by a pair of bandpass filters
900-1150 nm before Si (or Ge) to prevent any bias in the retrieval process. Figure 7 shows the
FROSt characterization of mid-IR pulses at 8 um with a retrieved pulse duration of 81 fs FWHM
(3 optical cycles at this wavelength) and a peak power of 0.26 GW. Repeating the measurement
for every pulse central wavelength, we found pulse durations between 45 fs and 117 fs (i.e. 1.3 to
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Fig. 6. Tuned experimental (black) and simulated (red) DFG spectra recorded after the

GaSe crystal. For (f) and (g), measurements have been corrected by the transmission of the
filters used to remove unconverted signal and pump (blue).

6.4 optical cycles) and average peak power of 0.25 GW (measured pulse energies and durations
are summarized in Fig. 1). By focusing, for instance, the beam to about 100 pm diameter, such
pulses can easily reach intensities above 10'> W/cm? for driving highly nonlinear processes in
solids.
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Fig. 7. FROSt characterization of the idler pulses at 8 um. (a) Experimental trace. (b)
Reconstructed trace. (c) Retrieved spectral intensity (solid) and phase (dashed). (d) Retrieved
temporal intensity (solid) and phase (dashed).

Due to the fixed phase relationship between the signal and the pump involved in the DFG
process, the CEP of the mid-IR pulses is passively stabilized [43]. Moreover, the actual value
of the CEP can be controlled by tuning the delay between the two pulses within the FOPA by
rotating one of the compensating windows in the F-plane (labelled W2 in Fig. 3). By using
a characterization method based on HHG in a zinc selenide (ZnSe) crystal, CEP fluctuations
have been estimated to a value of 370 mrad RMS at 9.5 um [44] and at 6 pm (this work). A
measurement at 13 pm has also be processed but the result was not reliable (see below for details).
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Figure 8 shows the CEP characterization setup (on top) and the HHG spectra versus CEP (on
bottom) obtained from mid-IR driving pulses centered at 6 um, 10 um and 13 um. For each
of these wavelengths, the mid-IR beam is focused in a 0.5 mm thick polycrystaline ZnSe by
a 50 mm RFL (reflected focal length) off-axis parabolic mirror. The generated harmonics are
focused on the input slit of a spectrometer (Ocean Optics, NIR256-2.5) by a convex lens of 25
mm focal length. At 6 um, the HHG process is driven by nearly 5.5 optical cycles, so the features
of the harmonic spectra are poorly sensitive to CEP changes. This small dependence is however
sufficient to retrieve the shot-to-shot CEP value with a simple correlation function. At 10 pm, in
aregime of around 2 optical cycles, the retrieval is more obvious because the HHG spectrum
shifts directly with the CEP. At 13 um, the pulse duration becomes close to the optical cycle and
harmonics are only emitted at CEP values for which the field is strong enough to trigger the HHG
process. In this regime, the characterization method is no longer able to retrieve the shot-to-shot
CEP because the mid-IR pulse energy fluctuations are correlated with the CEP fluctuations in the
resulting HHG spectra. In principle, these parameters could be decorrelated with a synchronized
shot-to-shot mid-IR energy and HHG spectrum measurement associated to a calibration of HHG
response versus mid-IR pulse energy (integrated and repeated along a range of CEP values). At
our repetition rate of 100 Hz, the preliminary step of the method, which consists in a massively
averaged scan of HHG spectrum versus CEP offset [44], took around ten minutes. This time
could be fairly reduced to one minute by working at kHz repetition rate. On the other hand, the
shot-to-shot retrieval calculation is fast and could suit with real-time implementation.
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Fig. 8. Top: experimental setup of CEP fluctuation measurement. Bottom: HHG spectrum
vs. CEP of a mid-IR driver centered at (a) 6 pm, (b) 10 um and (c) 13 um.

4. Conclusion

In this paper, we demonstrate an approach for generating widely tunable, few-cycle, CEP stable
mid-IR pulses based on the combination of a dual-band FOPA and a DFG stage. With this
optical architecture we have demonstrated experimentally a tunability in the mid-IR ranging from
5.5 pm up to 13 pum of high-field pulses with around 0.25 GW peak power and with very short
pulse durations (close to one optical cycle at 13 um). All over the tunability range, the pulse
duration has been retrieved using FROSt, revealing the great interest of this method in this context.
Thanks to an intra-band DFG architecture, the CEP of the source is self-stabilized and even
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continuously controllable by changing the delay between pump and signal with the orientation
of a window in the Fourier plane of the FOPA. CEP fluctuations have been characterized to
370 mrad RMS at 6 um and 9.5 um with a method base on HHG in solids. The measurement
at longer wavelength, near single optical cycle duration, was not successful and will require an
extension of the characterization protocol.

Through its performances and versatility, this mid-IR source brings potential solutions for
studying the impact of pulse duration, wavelength and/or CEP in high-field applications such
as high-harmonic generation in solids. For instance, to pursue the work exposed at the end of
this manuscript, the mid-IR source could be used to fully investigate the transition between the
multi-cycles and single-cycle regime when driving HHG in solids. For the future, state of the
art in post-compression of high repetition rate picosecond lasers may also allow to transpose
this dual-band FOPA architecture to Ytterbium or even Holmium technologies. This could be a
way to increase significantly the average power or energy of the mid-IR sources, which currently
imposes a strong limitation in terms of signal-to-noise ratio for many measurements associated
to high-field experiments.
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