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We demonstrate a compact and tunable mid-infrared light
source that provides carrier-envelope-phase (CEP)-locked
pulses at repetition rates from 500 Hz to 10 kHz. The seed
pulses were generated by intra-pulse difference frequency
mixing of the output of an Yb:KGW regenerative amplifier
that had been spectrally broadened by continuum gen-
eration using multiple plates. Then, a two-stage optical
parametric amplifier was used to obtain output energies of
about 100 uJ/pulse for center wavelengths between 2.8 and
3.5 um. Owing to the intense pulse energies, it was possible
to compress the multi-cycle pulses down to two-cycle pulses
using YAG and Si plates. © 2021 Optical Society of America
under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/0L.440228

Studies on light—matter interactions have profited greatly
from recent advances in ultrashort pulse generation because
extremely strong fields of ultrashort laser pulses can induce a
variety of nonlinear phenomena in matter. One prominent
example of these phenomena is high-order harmonic generation
(HHG), where strong interaction between light and atoms or
molecules beyond the perturbative regime results in emission of
high-order harmonics of the fundamental light. HHG is indis-
pensable for studies in the field of attosecond science as well as
for coherent light sources in the x ray region [ 1-3]. Furthermore,
intense ultrashort pulses with long wavelengths are attracting
much attention in the field of light—matter interactions in
solids because photon energies well below the bandgap of the
material allow strongly light-driven processes without causing
damage via real optical excitation. Long oscillation periods also
result in an efficient acceleration of electrons in solids, i.e., an
accumulation of the ponderomotive energy.

To date, light-induced exotic phenomena have been observed
by strong excitation with terahertz pulses in the range from
a few to several tens of terahertz [4-8]. In addition, optical
pulses in the mid-infrared (MIR) region are also suitable for the
investigation of extreme nonlinear phenomena because they
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can be tightly focused both in time and in space, resulting in
ultrahigh electric fields. Because the duration of a single cycle of
the electromagnetic field in this frequency region is shorter than
the typical time constant of scattering processes in solids, such
short pulses allow us to observe ultrafast coherent dynamics of
electrons. For example, after the observation of HHG in ZnO
[9], HHG in solids has been intensively investigated by using
MIR pulses in order to elucidate possibilities for all-optical
band-structure retrieval or compact x ray light sources [10—13].
To pursue such studies, further development of suitable light
sources is indispensable.

Recently, optical parametric amplification of carrier-
envelope-phase (CEP)-stabilized pulses has been demonstrated
in the MIR region (around 3 pum). In particular, generation of
extremely intense MIR light has been achieved [14-16], and
it has been shown that high pulse energies allow us to reduce
the pulse duration to a few cycles using nonlinear optical phe-
nomena such as self-phase modulation [17-20]. Compared to
multi-cycle pulses, such few-cycle optical pulses are advanta-
geous for experiments on solids because a much higher electric
field can be applied to the sample without causing optical dam-
age (owing to their lower fluence) [21]. On the other hand, in
order to perform precise spectroscopic measurements in the
MIR region, light sources operating at high repetition rates
have been developed [22-27]. To generate brighter high-order
harmonics and to investigate the underlying nonlinear processes
without damaging solids due to heat accumulation, an intense
MIR light source with high tunability in terms of wavelength
and repetition rate would be useful.

Here, we report on the development of a table-top MIR light
source that combines the following four features: wavelength
tunability, ultrashort pulses, a high CEP stability, and a tunable
repetition rate in the range from sub-kHz to 10 kHz. For the
seed pulse generation, the output of an Yb:KGW chirped-pulse
amplifier was first spectrally broadened by fused-silica (FS)
plates, and then these pulses were used for intra-pulse difference
frequency generation (DFG). The obtained CEP-stable MIR
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Fig. 1.  Setup of the MIR light source. BS, beam splitter; HWDP,
half-wave plate; Pol, polarizer; MP1 and MP2, multi-plate compres-
sion stage 1 and 2; DFG, difference frequency generation; OPA1 and
OPA2, optical parametric amplifier stage 1 and 2; MIR, mid-infrared;
DM, dichroic mirror; HR, high reflectivity; HT, high transmittance.
Inset, beam profile of the MIR output at a repetition rate of 10 kHz.

seed pulses were amplified in a KTiOAsOy4 (KTA)-based optical
parametric amplifier (OPA). We confirmed that the center
wavelength of the output pulses can be tuned from 2.8 to 3.5
pum and can have high pulse energies around 100 pJ/pulse.
This high pulse energy obtained by the two-stage OPA allowed
self-compression of the pulses using an yttrium aluminum
garnet (YAG) plate. In the case of a center wavelength of 3.2
um, the resulting CEP-stable MIR pulses had a pulse duration
of 22 fs.

A schematic of the MIR pulse generation is shown in Fig. 1.
The post self-compression stage is not included in this figure
and is discussed separately. On the left upper side of Fig. 1,
it is shown that the output of a commercial Yb:KGW laser
(PHAROS PH2SP, Light Conversion; pulse energy 2 m], pulse
duration 190 fs, center wavelength 1033 nm, repetition rate
10 kHz) was first split into two beams by a beam splitter (BS)
(BS ratio 9:1). The repetition rate was changed by a pulse picker
(Pockels cell) located before the BS (not shown in the figure).
The beam with the smaller pulse energy of ~ 0.2 m] was used for
the MIR seed generation. The other beam was split into a weak
beam (0.18 m]) and strong beam (1.62 m]J) for the pump pulses
in the first and second stages of the two-stage OPA, respectively.
The use of this multi-stage OPA has several advantages over
pulse generation via a single stage only [28,29]. The advantages
include the ability to compensate an angular chirp [28] and
the robustness of the CEP owing to the collinear geometry,
which does not require the beam locking with interferometric
precision for spatially separated pump and signal beams used in
DFG.

For the MIR seed generation, the pulses were focused by a lens
(f =750 mm) in front of the first stage of the multi-plate pulse
compression (MP1). Here, the pulse energy was reduced to 170
uJ to avoid optical damage of the FS plates. MP1 is composed
of two pairs of FS plates with different plate thicknesses (1 mm
and 2 mm). The spectral bandwidth of the pulses is broadened

by MP1 due to self-phase modulation. We aligned the FS plates
in Brewster geometry in order to avoid surface reflection losses,
and the use of paired plates minimizes aberration and chromatic
dispersion. We compensated the dispersion by introducing
three bounces on Gires—Tournois interferometer (GTT) mirrors
and compressed the pulse duration for efficient spectral broad-
ening at the second stage of the multi-plate pulse compression
(MP2). The obtained compressed pulses were focused by a lens
(f =400 mm) in front of MP2. MP2 is composed of four pairs
of FS plates with thicknesses 0of 0.5 mm, 0.5 mm, 0.7 mm, and 1
mm, respectively.

Figure 2(a) shows the spectrum before MP1 (black curve),
and the spectra before (blue curve) and after MP2 (red curve).
These spectra were measured for a repetition rate of 10 kHz,
and we confirmed that the spectra were independent of the
repetition rate. The short-wavelength (700-1100 nm) and
long-wavelength (1100-1350 nm) regions of each spectrum
were measured separately by two spectrometers (AFBR-
S20M2WYV, Broadcom and NIR-QUEST 512-2.5, Ocean
Optics, respectively). After MP2, the pulses had an energy of
140 pJ and a significant spectral intensity in the wavelength
region 800-1200 nm. The polarization of these pulses was
rotated by 90 deg by a half-wave plate, and then the pulses were
focused on a 2-mm-thick KTA crystal by a concave mirror
(f =250 mm). The intra-pulse DFG [e.g. 800 nm (o) sub-
tracted by 1070 nm (e) leads to 3200 nm (0)] in the KTA crystal
provided passively CEP-stabilized pulses with long wavelengths
above 3000 nm. Then, the pulses passed through a Ge plate
to select the wavelength region 3000-3500 nm for the MIR
seed pulses. The obtained MIR seed pulses were amplified by a
two-stage KTA-based OPA [1033 nm (o) — 1460-1640 nm
(e) + 2800-3500 nm (0)]. For the first and second OPA stages
(OPA1 and OPA2, respectively), we used KTA crystals with
thicknesses of 3 mm and 4 mm, respectively. The lenses used to
focus the seed pulses had focal lengths of f'=75 mm and 500
mm, respectively. The pump pulses for OPA2 were collinearly
aligned with the seed pulses using a dichroic mirror (DM) with
high reflectance at 1033 nm and high transmission in the MIR,
and the generated MIR output beam was isolated from the
pump pulses after OPA2 using another DM. The final beam
profile of the MIR output is shown in the inset of Fig. 1; we
obtained a Gaussian-like beam owing to the collinear OPA. The
white dashed lines in the inset of Fig. 1 show the beam profiles
in the horizontal (x) and vertical (y) directions. The ratio of the
half-widths of these profiles at the positions corresponding to
the 1/e - intensity, 0. /0y, is 1.05 £ 0.02 at 10 kHz (almost the
same was also obtained at 1 kHz).

The center wavelength of the MIR output can be tuned by
changing the angles of the KTA crystals (for DFG and in OPAL1
and OPA2). The tunability of the wavelength of the MIR out-
put is analyzed in Figs. 2(b) and 2(c). The spectra in Fig. 2(c)
were measured by a MIR spectrometer (MOZZA, Fastlite), and
the pulse widths were determined by using second-harmonic
generation frequency-resolved optical gating (SHG-FROG)
based on a 400-um-thick AgGaS, (AGS) crystal. Figure 2(b)
specifies the correlation between the center wavelength and the
pulse energy (red points) and the pulse duration (blue points).
Opverall, pulse energies larger than 80 pJ with temporal dura-
tions of about 100 fs [full width at half-maximum (FWHM)]
were obtained for center wavelengths between 2.8 and 3.5 um.
The maximum achieved MIR pulse energy was 120 pJ at 3.0
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Fig.2. (a) Spectra before and after MP1 and MP2. The spectra are

normalized to their peak intensities. (b) Correlation between the center
wavelength of the MIR outputand the output pulse energy (red points)
and the pulse duration (blue points). (c) Normalized amplitude spectra
of the MIR output for different center wavelengths. (d) The repetition
rate dependences of the output pulse energy at 3 tm and the power sta-
bility (RMS). (e) The dependence of the pulse energy on the angle of
the KTA crystal of OPA2 for two different repetition rates.

um, which corresponds to a quantum efficiency of about 17%
(120 11J /2000 1] x 3000 nm/1033 nm).

We also investigated how the MIR pulse energy depends
on the repetition rate of the Yb:KGW laser. Since the temper-
atures of the crystals in the system can change depending on
the repetition rate of the Yb:KGW laser, their refractive indices
can also change with the repetition rate. As the phase matching
condition is determined by the refractive index, it is necessary
to slightly modulate the crystal angles and the plate positions
when the repetition rate is changed. Figure 2(d) shows the pulse
energy and power stability measured by a thermal sensor with
a response time of slightly less than 1 s (10 A, Opbhir) as a func-
tion of the repetition rate. The output pulse energy shows no
significant dependence on the repetition rate in the range from
500 Hz to 10 kHz. For all the repetition rates, the root mean
square (RMS) error of the power was less than 0.9%. As shown
in Fig. 2(e), the crystal angle should be slightly corrected if the
repetition rate is changed. The difference between the optimum
crystal angles may be a result of a larger temperature increase
for 10 kHz because the larger refractive index of KTA at higher
temperatures suggests a smaller optimum crystal angle. This
result indicates that the pulse properties at higher repetition
rates do not degrade strongly due to accumulated heat in the
optical components. Therefore, this MIR light source can be
operated at repetition rates up to 10 kHz with consistent pulse
properties.

Now we discuss the pulse properties obtained by adding the
postself-compression stage in Fig. 3(a) to the system in Fig. 1. As
shown in Fig. 3(a), the output pulses from the two-stage OPA
were further compressed by using multiple plates followed by
dispersion compensation for the residual group-delay dispersion
(GDD). Efficient self-compression of the output pulses in a
dielectric is possible because our two-stage OPA provides a high
pulse energy [20,30,31]. As in [20], we used a YAG plate and
two Si plates to spectrally broaden the MIR pulses. A 2-mm-
thick CaF, plate (—266 fs> GDD) was inserted in the optical
path to compensate the spectral dispersion induced in this post
self-compression. Due to this post self-compression stage, the
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Fig.3. (a) Experimental setup for pulse compression. (b) Measured

(left panel) and retrieved (right panel) SHG-FROG traces for 10 kHz.
(c) Measured spectrum (gray filled area) and the retrieved intensity (red
curve) and phase (blue curve) spectra for 10 kHz. (d) Retrieved tempo-
ral profile (red curve) and phase (blue curve) for 10 kHz. The data for 1
kHz are shown in (e)—(g).

output pulse energy decreased from 110 pJ to 50 wJ. Figures
3(b)-3(d) show the SHG-FROG measurement results of the
compressed MIR pulses with a center wavelength of 3.2 um and
at a repetition rate of 10 kHz. Figures 3(b) shows the measured
(left panel) and retrieved (right panel) SHG-FROG traces.
Figure 3(c) shows the retrieved intensity (red curve) and phase
(blue curve) spectra and the spectrum measured by the MIR
spectrometer (gray filled area). The experimental data and the
calculations are in good agreement, and the phase is flat within
the considered spectral range. The retrieved time traces of the
spectral intensity and phase are shown in Fig. 3(d). A very short
temporal duration of 22 fs (FWHM of the intensity) is obtained
at3.2 pm, which corresponds to a two-cycle pulse. Additionally,
the same measurements were performed for a repetition rate
of 1 kHz as shown in Figs. 3(e)-3(g). Figure 3(g) confirms that
a compression to 26 fs (FWHM) can be achieved at 1 kHz.
In contrast, in our previous work [27], the maximum output
energy was limited to 60 pJ (at 6 kHz) because of the smaller
pulse energy of the light source. Due to the smaller maximum
output power, it was not possible to achieve self-compression.
Finally, to confirm the CEP stability of the MIR output
pulses at a repetition rate of 10 kHz, we performed f-to-2 f°
interferometric measurements. Our experimental setup is
shown in Fig. 4(a). First, we focused the compressed MIR pulses
on a 1-mm-thick YAG plate by a CaF; lens (/=50 mm) to
expand the bandwidth further. The short-wavelength part of
the obtained octave-spanning spectrum was combined with
the second harmonic of the long-wavelength part generated in
a 400-pm-thick AGS crystal using a wire-grid polarizer. The
interference spectrum around 1.7 um was measured by a MIR
spectrometer (NIR-QUEST 512-2.5, Ocean Optics) with an
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