
Journal of Physics B: Atomic, Molecular and Optical Physics

PAPER • OPEN ACCESS

Tunable, few-cycle, CEP-stable mid-IR optical
parametric amplifier for strong field applications
To cite this article: Mikayel Musheghyan et al 2020 J. Phys. B: At. Mol. Opt. Phys. 53 185402

 

View the article online for updates and enhancements.

You may also like
Advances in laser technology for isolated
attosecond pulse generation
C Vozzi, F Calegari, F Ferrari et al.

-

Special issue on optical parametric
processes
Guest editors, Jeffrey Moses, Oliver D
Mücke et al.

-

Generation of ultrashort pulses by four
wave mixing in a gas-filled hollow core
fiber
Anna G Ciriolo, Aditya Pusala, Matteo
Negro et al.

-

This content was downloaded from IP address 131.175.12.86 on 17/01/2023 at 10:12

https://doi.org/10.1088/1361-6455/aba127
/article/10.1002/lapl.200810140
/article/10.1002/lapl.200810140
/article/10.1088/2040-8978/17/9/090201
/article/10.1088/2040-8978/17/9/090201
/article/10.1088/2040-8986/aaec41
/article/10.1088/2040-8986/aaec41
/article/10.1088/2040-8986/aaec41


Journal of Physics B: Atomic, Molecular and Optical Physics

J. Phys. B: At. Mol. Opt. Phys. 53 (2020) 185402 (6pp) https://doi.org/10.1088/1361-6455/aba127

Tunable, few-cycle, CEP-stable mid-IR
optical parametric amplifier for strong
field applications

Mikayel Musheghyan1, Prabhash Prasannan Geetha2 ,
Davide Faccialà2 , Aditya Pusala2, Gabriele Crippa2,3, Andrea Campolo3,
Anna G Ciriolo2 , Michele Devetta2 , Andreas Assion1,
Cristian Manzoni2, Caterina Vozzi2,4 and Salvatore Stagira2,3

1 High Q Laser GmbH, Vienna, Austria and University of Kassel, Institute of Physics, Kassel, Germany
2 Istituto di Fotonica e Nanotecnologie, CNR, Italy
3 Dipartimento di Fisica, Politecnico di Milano, Italy

E-mail: caterina.vozzi@cnr.it

Received 18 March 2020, revised 29 May 2020
Accepted for publication 29 June 2020
Published 22 July 2020

Abstract
We present a robust, three-stage optical parametric amplifier driven by a Ti:Sapphire ultrafast
laser system that implements passive carrier-envelope phase stabilization and directly
generates five-cycle mid-IR pulses by dispersion compensation. The source is based on
potassium titanyl arsenate crystals and exploits intra-pulse difference-frequency seed
generation in the mid-IR. This source will be particularly suited for applications in strong-field
physics, such as high order harmonic generation and photoelectron spectroscopy.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The last decades have seen substantial progress in the develop-
ment of optical parametric amplifiers (OPAs) in the 2.5–5 μm
spectral region (hereafter mid-IR). Various applications of
mid-IR ultrashort pulses have been reported, ranging from
pump-probe spectroscopy [1] to nonlinear optics [2], atmo-
spheric sensing [3], bio-sciences [4], high harmonic generation
(HHG) in solids [5] and gases [6] as well as laser-induced
electron diffraction in molecules [7]. In the case of HHG,
the cut-off frequency of the harmonic spectrum scales as λ2

d,
where λd is the wavelength of the driving pulse, whereas the
single-atom HHG efficiency goes as λ−5.5±0.5

d [8]. Despite the
reduced efficiency, ultrafast sources in the mid-IR are currently
exploited to extend the cut-off frequency toward the soft x-ray
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region [6]. Moreover, for the generation of isolated attosecond
pulses by HHG, few-cycle driver pulses with a stable carrier-
envelope phase (CEP) are necessary [9]. Such a feature can be
implemented in OPAs by generating the seed pulse through
intra-pulse difference frequency generation (DFG) and then
amplifying it in a subsequent chain of parametric amplifiers
[10, 11].

A large variety in terms of the design of mid-IR OPAs (non-
linear crystal, pump/seed sources etc.) can be found in the lit-
erature. Potassium titanyl arsenate (KTA) [12] or periodically-
poled lithium niobate (PPLN) [13–15] seem to be the most
popular choices for the nonlinear crystals, while the pump
source is usually centered around 1 μm exploiting ytterbium
[16–18] or neodymium [19] laser drivers. Recently, KTA-
based OPAs pumped by Ti:Sapphire lasers were also reported
[12, 20, 21]. The latter schemes have followed the same path of
amplifying a 1 μm signal in an OPA chain and then producing
the mid-IR pulse in the last stage via DFG with the Ti:Sapphire
pump. This reduces the detrimental effects of atmospheric
water vapor absorption inside the OPA. However, this comes
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with some drawbacks. In collinear interaction geometry an
excellent collinear alignment of the pump and the 1 μm beam,
alongside an efficient separation of the amplified signal/idler
from the intense pump beam are required. In the case of non-
collinear schemes, a well-adjusted angular chirp compensa-
tion for the emerging mid-IR idler is necessary. In this work,
we present a mid-IR OPA generating pulses tunable between
2.4 and 3.9 μm with maximum output energy of 300 μJ after
compression, a minimum pulse duration after dispersion com-
pensation of less than 60 fs (5 optical cycles at 3.4 μm)
and passively-stabilized CEP (with residual fluctuations of
240 mrad RMS over 60 s). The OPA is driven by a Ti:Sapphire
laser and is based on KTA nonlinear crystals. Comparing
with previous schemes, in this case, the mid-IR seed pulse
is directly generated by intra-pulse DFG and is then ampli-
fied in two OPA stages, without introducing any angular
chirp in the output beam. The resulting mid-IR pulse dura-
tion is achieved by dispersion compensation in bulk only, pre-
serving the output pulse energy which is then available for
experiments. We exploited the short pulse duration and high
peak intensity of this OPA source for nonlinear optics exper-
iments in combination with 800 nm laser pulses, demonstrat-
ing that this OPA source is perfectly suitable for strong field
experiments.

2. Description of the OPA source

The experimental setup is depicted in figure 1. It consisted of a
three-stage KTA-based quasi-collinear (i.e. with a small angle
between the seed and the pump) OPA driven by 1 kHz,
35 fs Ti:Sapphire amplified system (Amplitude Technologies).
In total, 5.1 mJ pulses drove the entire OPA. The overall setup
was similar to the BBO-based OPA described in [22]. All of the
stages used KTA crystals with varying thicknesses of 1, 2 and
3 mm respectively. All these crystals were supplied by Eksma
Optics and had a 12 × 12 mm aperture with a broadband
anti-reflective coating for 800 nm, 1 μm and 3 μm.

In the first step, the mid-IR seed pulses were generated
by intra-pulse DFG starting from the 800 nm Ti:Sapphire
pulses. Since the bandwidth of our Ti:Sapphire laser is too
narrow to generate 3-micron light by intra-pulse DFG, ini-
tial spectral broadening was necessary. This was performed
in a hollow-core fiber (HCF) filled with Kr at a pressure of
800 mbar by self-phase modulation (SPM). In total, 0.28 mJ
of the Ti:Sapphire laser energy was used for this stage. The
throughput of the HCF was 57%, resulting in pulses with 0.16
mJ of energy. A short-pass filter was placed after the HCF
to cut wavelength components longer than 1 μm for prevent-
ing energy and CEP fluctuations related to spurious nonlin-
ear processes in the amplification stages. After the filter, the
ultra-broadband pulses were compressed by multiple bounces
on a pair of chirped mirrors (−40 fs2 group delay disper-
sion each). These pulses have been characterized by second
harmonic generation frequency resolved optical gating (SHG-
FROG). A near transform-limited pulse duration of 7 fs was
achieved after a total of 10 bounces off the two complemen-
tary chirped mirrors. The pulses were then focused into a KTA
crystal where DFG between the blue and red spectral tails

Figure 1. Sketch of the experimental setup. An amplified
Ti:Sapphire laser drives three stages; the mid-IR seed is obtained by
intra-pulse DFG in the first stage and is then boosted in the
following two parametric amplification stages (see text for details).

of the driving pulse generated the mid-IR light. We used a
1 mm, type II, θ = 39◦, φ = 0◦ crystal. Since the phase-
matching condition requires the red and blue components to be
cross-polarized, a broadband λ/2 plate was used to project the
beam polarization on the two crystal axes. The crystal we used
has optimal phase-matching around 3500 nm, for this condi-
tion the zero GVM is achieved for the DFG process between
the 750 nm and 950 nm components of the input pulse. A ger-
manium window (Edmund Optics, 1 mm thickness) after the
crystal rejected all the spectral components except for the mid-
IR band. The pulse energy of the mid-IR light was estimated
to be <1 μJ. The beam was then amplified by two OPAs.

The first amplification stage (OPA1) consisted of a 2 mm-
thick KTA crystal pumped by 0.66 mJ, 800 nm pulses from the
Ti:Sa amplifier. The focal point of the pump was positioned
after the crystal to avoid optical damage in the KTA. The mid-
IR pulse and the pump beams formed an angle of 3.3◦, enabling
spatial separation of the beams. The 800 nm pump pulses and
the mid-IR amplified pulses have the same horizontal polariza-
tion, while the generated one-micron idler pulses have vertical
polarization. The output energy of the mid-IR pulse after this
stage is 12 μJ.

The second amplification stage (OPA2) was pumped by
4.15 mJ. As in the OPA1 stage, the pump was focused after the
crystal. The pump spot size (1/e2) inside the crystal was esti-
mated to be 1.5–2 mm. The angle between the mid-IR pulse
and the pump in this stage was 4.9◦. This large angle, along
with the relatively long propagation distance inside the non-
linear medium, called for the tilting of the pump pulse-front to
increase the amplification efficiency. This was obtained by a
fused silica prism [23, 24]. The amount of the pulse-front tilt
depends on the incidence angle of the pump on the prism. The
output energy from the OPA2 stage was 360 μJ. After OPA2
a silicon filter was used for removing all the residual visible
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Figure 2. (a) Spectral tuning of the OPA source. (b) Corresponding
pulse energy for different central wavelengths measured before
compression.

light. The pulse was compressed by linear propagation through
a plate of CaF2, thanks to its anomalous dispersion in this
wavelength region. After compression, the pulse energy at 3.4
μm was about 300 μJ. The compression losses were primar-
ily due to the reflection from the surfaces (slight multi-photon
absorption losses are also present in the Si plate).

3. Characterization of the OPA

Figure 2 shows the tunable spectra obtained from the OPA
(measured by a Lasnix FTIR) and the corresponding pulse
energies before compression. The spectral modulations visible
in figure 2(a) may be attributed to weak reflections inside the
KTA crystals and pump-depletion effects in the second ampli-
fication stage. As it can be seen, maximum pulse energy of
360 μJ was achieved at the central wavelength of 3.4 μm, but
energies higher than 80 μJ were always obtained across the
entire tuning range.

The pulses were characterized by an SHG-FROG exploit-
ing a silver thiogallate (AGS) nonlinear crystal; the measured
spectrogram is presented in figure 3(a). A standard iterative
pulse retrieval algorithm provided the retrieved spectrogram
shown in panel (b); the corresponding pulse intensity envelope
and phase in the temporal domain are reported in figure 3(c).
The pulse shows an asymmetric envelope, with a slower rise
on the leading edge (negative delays). The trailing edge
presents a faster slope, with a small plateau at positive delays.
The presence of this plateau allowed us to resolve the ambi-
guity of the sign of the time axis of the FROG trace with
an independent two-color HHG measurement in krypton that
is discussed later in section 4. Non-linear effects associated
with the propagation inside the KTA crystal can contribute to
the overall asymmetric shape of the pulse. We also observed
an increase in the intensity and duration of the plateau around

Figure 3. Measured (a) and retrieved (b) SHG FROG spectrogram
of the mid-IR pulses tuned at 3.4 μm. The retrieved pulse in
temporal and spectral domains are reported in panels (c) and (d)
respectively. (e) Pulse CEP evolution over a 20 min observation
time. Single-shot acquisition; sample rate 75 Hz.

100 fs when the pulse propagates for longer distances in air.
This is consistent with the absorption of the radiation from
water vapor that is highly effective in this energy range and
generates long-lived vibrationally excited states. The over-
all pulse duration amounts to 56.5 fs, which is close to the
transform-limited pulse duration of 49.8 fs. This is also in
agreement with the retrieved pulse spectral phase, as reported
in figure 3(d), that shows a small residual dispersion across the
pulse spectrum.

The output pulse duration amounts to about 5 optical cycles,
which is not a usual result in similar KTA-based OPAs, where
the typical duration at the output ranges from 70 to 120 fs
[12, 20, 21] and nonlinear compression schemes are required
to get shorter durations [20]. In order to understand the ori-
gin of this outcome we performed numerical simulations of
the parametric amplification process inside the last OPA stage
in our experimental conditions. The numerical simulations of
the OPA were performed starting from an approach devel-
oped by the authors [25]. The method is one-dimensional,
thus neglecting any effect arising from the transverse struc-
ture of the beams, and follows a plane-wave approach. The
model solves the nonlinear equation in the frequency domain;
as opposed to standard approximate methods, this approach
includes the linear dispersion of the medium to all orders,
incorporates third-order effects, and does not apply the slowly
varying envelope approximation. Figure 4 shows the calcu-
lated output pulse bandwidth (a) and the pulse duration (b)
after the amplification process in the OPA2 stage as a func-
tion of the seed-pump delay at the entrance of the crystal.
For increasing delays, the output pulse bandwidth increases
from the input value of 4.75 THz up to a maximum value of
about 7 THz; the uncompressed pulse duration calculated in
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Figure 4. Simulated output pulse bandwidth (a) and pulse duration
without dispersion compensation (b) as a function of the seed-pump
delay at the entrance of the OPA2 crystal. The input seed pulse was
calculated from the measured spectrum at the OPA1 output
assuming a slightly positive group delay dispersion that takes into
account the previous DFG and OPA processes.

this condition is around 50 fs, close to the experimental value.
Such result shows that a short temporal duration of the mid-IR
seed can be achieved already in the amplification stage when
intense pump pulses are exploited and the pump-seed delay is
optimized.

Since the OPA is seeded by pulses produced through intra-
pulse DFG, the amplified pulses are expected to be CEP-
stable. CEP fluctuations in laser sources operating at kHz rep-
etition rates must be characterized shot-by-shot through self-
referencing techniques such as f − 2f interferometers. How-
ever, the CEP characterization of mid-IR pulses is hampered
by the lack of high-resolution spectrometers operating in the
2nd harmonic spectral region (1.3–2 μm).

For this reason, we opted for the characterization of CEP
fluctuations of the second harmonic (SH) of the mid-IR pulses.
In this case, the f − 2f measurements can be carried out in
the near IR where high-resolution spectrometers are available.
The amplitude of the CEP fluctuations of a frequency-doubled
pulse train is expected to be twice that of the fundamental
pulses.

For the CEP characterization, the OPA was tuned to 3.4μm;
the mid-IR pulses were frequency-doubled in an AGS nonlin-
ear crystal and the residual mid-IR component was rejected by
a band-pass filter; the beam was then sent to an f − 2f inter-
ferometer where white light was generated by focusing the
pulses in a neodymium-dopedyttrium aluminum garnet (YAG)
plate. The super-continuum was then focused in a β-barium
borate (BBO) nonlinear crystal for second harmonic genera-
tion and filtered by a polarizer; the spectral interference pat-
tern was acquired by a spectrometer on a single-shot basis and
a suitable Fourier-transform-based analysis was exploited in
post-processing for the determination of the CEP fluctuations.

Figure 5. Signal generated in air by focusing the mid-IR pulses
collinearly combined with the 800 nm pulses from the pump laser.
The labels near the main peaks show the corresponding multiphoton
processes involved, where ω1 and ω2 are respectively the central
frequencies of the Ti:Sapphire and of the mid-IR pulses.

The CEP evolution of the mid-IR pulses over 20 min, deter-
mined as half the measured CEP of the SH pulses, is reported in
figure 3(e). The root mean square (rms) of the CEP fluctuation
of the OPA beam was about 300 mrad that decreased to 240
mrad in the short term (60 s). The residual long-term CEP drift
might be compensated by suitable stabilization systems oper-
ating in slow-loop mode acting for instance on the pump-seed
delay in the final OPA stage or on the pump intensity.

4. Application of the mid-IR OPA to nonlinear
optics and strong field experiments

The developed OPA source is perfectly suitable for investiga-
tions in nonlinear optics and strong field science. In order to
show its potentialities, we combined the mid-IR pulses tuned
at λ2 = 3.2μm with the pulses at λ1 = 800 nm from the pump
laser. A dichroic beam combiner with high transmission for the
OPA pulses and high reflection for the Ti:Sapphire pulses was
exploited. In our experiments the two pulses were polarized
along the horizontal direction and were synchronized with a
high-precision delay line.

In a first proof-of-concept experiment, the pulses had the
same energy of about 150 μJ and were focused in air by a
spherical mirror with 15 cm focal length. The radiation emerg-
ing from the interaction region was analyzed with a spec-
trometer operating from the UV to the visible region. The
resulting spectrum is reported in figure 5 in logarithmic scale.
Several peaks appear due to four-wave (FWM) and six-wave
(SWM) mixing processes, as indicated by the labels at each
peak. Besides the third harmonic of the Ti:Sapphire pulses at
ω = 3ω1, two intense FWM peaks appear at ω = 2ω1 ± ω2. A
weaker peak is also visible at ω = ω1 + 2ω2. The peak inten-
sity of the mid-IR pulses is sufficient to promote SWM pro-
cesses, as proven by the appearance of a peak at ω = 3ω1 −
2ω2.

We also performed a two-color HHG experiment. We gen-
erated harmonics by focusing the two-color driving field into
a pulsed gas jet of krypton, with a backing pressure of 3 bar.
The pulsed jet is produced by a solenoid valve with a 500 μm
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Figure 6. (a) Evolution of HHG spectra in krypton as a function of the delay between 3.25 μm and 800 nm pulses. (b) Theoretical
simulation of HHG spectra generated in the experimental condition corresponding to (a); positive delays correspond to the mid-IR pulse
arriving later with respect to the NIR pulse.

nozzle working at 20 Hz repetition rate. The harmonic spec-
tra were acquired by a flat-field XUV spectrometer coupled
with a detector composed of a micro-channel plate, a phosphor
screen and a CCD camera. The mid-IR pulses had an on-target
energy of 70 μJ, whereas the 800 nm pulses had a duration of
about 50 fs and an energy of about 170 μJ. Figure 6(a) shows
HHG spectra generated by the two-color field as a function of
the delay between the two color components. We observed a
spectral modulation in the region of temporal overlap between
the two components. In particular, we observed the appear-
ances of several spectral features. These features can be associ-
ated to the non-linear mixing of the interacting photons in the
medium. For understanding the mechanism behind this pro-
cess, we performed single active electron simulations based on
Lewenstein’s model [26]. Since in the experiment we acquired
HHG spectra averaged over 400 laser shots, in the simulations
we averaged over the CEP random fluctuations of the 800 nm
component accordingly. The simulation results are reported in
figure 6(b) and show a good agreement with the experimen-
tal observations. From this calculation, it is possible to assign
each feature in the HHG spectra to the proper multiphoton pro-
cess. For instance, at large delays between the two pulses, we
observed only the odd harmonics of the 800 nm field. As the
pulses’ overlap begins (around−120 fs) we observed between
each harmonic of the 800 nm field the appearance of two strong
peaks, corresponding to ω = nω1 ± ω2 with even n, and two
weaker peaks, corresponding to ω = mω1 ± 2ω2 with odd m.
These results are consistent with the ones we obtained for
the mixing in air with n = 2 and m = 1, 3. When the delay
between the two pulses becomes shorter, new spectral com-
ponents appear as a result of the activation of higher-order
nonlinear processes. For instance, around −70 fs we observed
the appearance of three new peaks between the odd harmonic
of the 800 nm component, corresponding to ω = mω1 ± 4ω2

(central peak) and ω = nω1 ± 3ω2 (outer peaks). At 200 fs,
an interaction between the two colors can still be observed in
the experiment, while no interaction is observed at the corre-
sponding negative value of −200 fs. This is ascribed to the
asymmetric shape of the mid-IR envelope that has not been
taken into account in the simulation. The presence of this sig-
nal confirms that the plateau observed in the FROG retrieval
can be associated with the trailing edge of the mid-IR pulse.

The overall agreement between the calculations and the exper-
imental results supports the interpretation of these spectral
features as manipulation of the electron trajectories by the
combination of the two laser pulses in the framework of strong
field approximation (SFA) [26].

5. Conclusion

We developed a mid-IR ultrafast OPA tunable between 2.4
and 3.9 μm providing few-cycle pulses with a near transform-
limited pulse duration of less than 60 fs (5 optical cycles at
3.4 μm) and maximum output energy of 300 μJ after com-
pression. A passive stabilization scheme was implemented
allowing to achieve a CEP with an RMS noise of about 300
mrad over 20 min. The energy efficiency of the reported OPA
(pump energy vs output energy of the mid-IR beam after com-
pression) is 5.9%, which is higher than other results found
in the literature for Ti:Sapphire-pumped KTA schemes [12,
20, 21]. The performances of the reported OPA in terms
of efficiency and output pulse duration is also competitive
with several results involving PPLN crystals and one-micron
pumps [15, 17, 18]. Overall, the presented mid-IR OPA pro-
poses a robust and compact scheme for generating CEP-stable
mid-IR pulses for strong-field physics applications, when a
Ti:Sapphire driving laser is already available.

Proof-of-concept investigations have been performed,
showing that this OPA source can be effectively used in non-
linear optics experiments, such as FWM and two-color HHG.
In particular, the latter experiment and its interpretation with
SFA calculations demonstrate the capabilities of this mid-IR
source to manipulate electron trajectories. Thus this OPA is
very well suited for HHG spectroscopy experiments [27].
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