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Abstract: We have demonstrated the generation of supercontinuum (SC) pulses in bulk,
using femtosecond pulses directly derived from a Tm:YAP regenerative amplifier. The SC spans
from 380 nm—4 pm. Such an SC combined with the applied 1937-nm pump pulse can be used
in a mid-infrared optical parametric amplifier (MIR-OPA). A full characterization of the phase
and stability of the SC provides important insight into the performance of such MIR-OPA systems.
Using cross-correlation frequency-resolved optical gating (XFROG), we characterized the properties of
the MIR section of the SC that can be used as a seed pulse in an MIR-OPA system. The pulse-to-pulse
instability rooted in the intrinsic properties of the self-phase modulation process was observed in the
retrieved trace and spectrum of the SC. In addition, the effect of the pump pulse quality was studied
on the obtainable SC pulses.

Keywords: solid-state lasers; supercontinuum generation generation; mid-infrared optical parametric
amplifiers

1. Introduction

Supercontinuum generation (SCG) plays a pivotal role in many applications such as white-light
interferometry [1], optical coherence tomography [2], frequency comb spectroscopy [3], and dual-comb
Fourier transform spectroscopy [4]. Moreover, SCG is the backbone of the optical parametric
amplification (OPA). Supercontinuum (SC) pulses are used as seed pulses that are to be amplified
in the OPA systems by high energy pump pulses. This nonlinear interaction creates the possibility
of generating longer wavelength pulses through the generation of the idler pulses [5-8]. Using OPA
systems, the realm of few-cycle pulse generation has fallen into our grasp [9-14], and even attosecond
pulse generation systems operating based on OPA have been established [15-17].

Unlike optical parametric generation (OPG) sources, in which the carrier-envelope phase (CEP)
is uncorrelated with the CEP of the pump, SC sources inherit the CEP of the applied pump, and if
the same source were used to pump both the SCG and OPA, passive CEP stability could be achieved
for the idler pulses as a result. One of the most commonly-used SCG methods, specially for OPA
applications, is to focus intense laser pulses into a bulk material [18]. SCG in bulk has been used in
OPA systems as one of the most prominent seed sources [19-24], because supercontinua generated
in bulk media generally exhibit a very well-defined phase and good beam quality, which make
them ideal seed sources for OPA systems. Alternatively, ultra-broadband SC can be achieved using
optical fibers [25]. The largest bandwidth observed for SC generated in fibers comes at the cost of
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introducing considerable instability and spectral modulation, as we showed in our previous work
in [26], which may render them inapplicable for OPA applications. Similarly, intrinsic properties of the
self-phase modulation (SPM) that manifest in the form of complicated temporal pulse splitting and a
modulated spectral profile limit the applicable medium length for the SCG in bulk. For this reason, the
spectral broadening achieved by the visible and NIR sources in bulk media has not achieved similar
bandwidth boundaries as those of the optical fibers [27-29]. As a result, such SCG systems lack the
longer wavelength components necessary for the mid-infrared (MIR) applications such as MIR-OPA.
To increase the bandwidth of SC, it is important to study the evolution of the nonlinear effects within
the materials. Previous studies have shown that the dispersion of the medium can greatly affect the
dynamics of the self-focusing [30]. It has been shown that the self-focusing comes to an end by the
pulse splitting effect for SCG systems operating at the normal dispersion regimes [31]. Pumping SCG
systems at anomalous regions, on the other hand, would result in the extension of the length of the
filament and ultra-broadband achievable spectrum [18,32]. Considerable extension of the IR cut-off
limits has been reported in previous literature [33-37]. The choice of the medium for SCG depends on a
number of factors, among which the most important ones include the damage threshold, transparency
range, the nonlinear refractive index, and the required cut-off limits. Sapphire is considered to be an
ideal material pumped by NIR sources such as Ti:sapphire lasers, which would cover the 450-1600-nm
range [38—40]. Using calcium fluoride (CaF;) crystals can help extend the limits of the generated SC
into the UV down to 250 nm. The application of CaF, comes with the downside of being prone to
photo-damage [41], which makes them difficult to maintain. Yttrium aluminum garnet (YAG) has been
shown to be one of the best candidates for MIR-SCG, because of its low band-gap and high damage
threshold [42,43]. The broad bandwidth of the SC is the result of multiple phenomena, including
self-focusing, self-phase modulation, pulse splitting, four-wave mixing, self-steepening, etc. [44—47].

In this work, we generated the supercontinuum in 3 mm of YAG using 1937-nm pulses directly
obtained from a regenerative amplifier. The obtained supercontinuum, as a result of pumping in the
anomalous dispersion region (where the group velocity dispersion is zero or negative), spanned from
380 nm—4 um. In order to evaluate the viability of the SC for applications such as MIR-OPA, using
a sum-frequency generation cross-correlation frequency-resolved optical gating (SFG-XFROG), we
characterized the spectral and temporal properties of the mid-IR portion of the SC. Our findings
show that the generated SC contains pulse-to-pulse spectral instabilities. The presence of such
instabilities may greatly limit the application of such SC. We also showed that such instabilities
are highly dependent on the pump spectral quality and can be minimized by increasing this factor in
the system.

2. Experimental Setup

The 1937-nm pump pulses used in our scheme were derived from an updated version of the
Tm:YAP regenerative amplifier [48], operating under a 10-kHz repetition rate. Figure 1 depicts the
schematic of the experimental setup.

The regenerative amplifier was capable of providing 0.122 m] of pulse energy with a 360-fs
pulse duration after 45 round trips, at a crystal temperature of —20 °C. The regenerative amplifier
chamber was purged with nitrogen to reduce the effect of absorption from the water molecules [48,49].
The output pulses of the amplifier were recorded with a resolution of 0.04 nm using a spectrum
analyzer (Yokogawa-AQ6375 by Yokogawa Meters & Instruments Corporation, Tokyo, Japan). Figure 2
depicts the obtained spectrum. Using an infrared beamsplitter, 15 pJ of the compressed amplified
pulses after 45 round trips were selected and loosely focused into a 3-mm YAG plate to generate the
supercontinuum. The residual part of the pump from the beam splitter was focused into a 2-mm BBO
crystal (cut at = 20°) to generate the second harmonic (SH) with 10% efficiency, which will be used
for characterizing the phase of the generated SC later on. The full spectrum of the supercontinuum was
collected in its entirety, right after generation, and was sent to be recorded by switching between two
spectrum analyzers (Yokogawa-AQ6315 and Yokogawa-AQ6375) and a home-built Fourier transform
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spectrometer (liquid nitrogen-cooled InSb photoconductive detector) depending on the wavelength
region. The responses from the detectors were corrected, and as can be seen from Figure 3, the limits
of the spectrum of the SC expanded into MIR region, reaching 4-um boundaries.
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Figure 1. Schematic design of the experimental setup. LD, laser diode. BS, beam splitter. FM,
folding mirror. PC, Pockels cell. SCG, supercontinuum generation. SFG-XFROG, sum-frequency
generation cross-correlation frequency-resolved optical gating.
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Figure 2. Recorded spectrum of the amplified pulses from the Tm:YAP regenerative amplifier using
23.5 W of absorbed power, operating under 10 kHz and —20°C.

Detailed knowledge of the phase of the SC plays a pivotal role in applications such as OPA,
especially when designing the parameters to maximize OPA systems’ performance. For this reason, a
pulse characterization system was constructed in our design. The biggest obstacle in characterizing SC
pulses arises from the fact that they have in general an ultra-broad bandwidth and very low energy.
For this reason, the choice of the characterization system would require adequate considerations. Due
to the substantial drawbacks of the second harmonic generation frequency-resolved optical gating
method (SHG-FROG) when the subject pulses are too weak to obtain efficient second harmonic signal
generation or when the required phase-matching angle for SHG of the pulses would be very large
(corresponding to extremely thin non-linear medium), such systems would be rendered inapplicable
as the characterization system. While electro-optic sampling schemes have the capability to obtain
the properties of the SC pulses, their complexity and technical sophistication would not be deemed
suitable for the purpose of our study [50]. XFROG is well known for its capabilities to characterize
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complicated pulses [51,52], and since it is based on the nonlinear interaction of a reference pulse,
it can be used to measure low energy pulses with a broad bandwidth. Therefore, it was chosen to
characterize the SC in our design.
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Figure 3. Recorded spectrum of the generated SC in 3-mm YAG.

To characterize a pulse using XFROG, a well-defined reference pulse is required. Although
it would be straightforward to use a part of the seed pulse before SC generation as the reference
pulse, we chose to use its second harmonic pulse instead because the initial pulse had a very featured
spectral profile, and the SH pulses in general exhibited a much cleaner profile. The SH pulses were
characterized using a second-harmonic generation FROG (SHG-FROG). The results are summarized
in Figure 4. The SHG pulses exhibited a 260-fs pulse duration. Furthermore, the spectral profile
was much cleaner, which made it more suitable to be used as the reference for the XFROG. The
obtained parameters of the reference pulse from the SHG-FROG were used in the XFROG algorithm.
The generated SHG and SC were focused into a 0.1-mm lithium niobate (LiNBO3) crystal, and the
sum-frequency generation (SFG) was achieved. XFROG traces were obtained by measuring the spectra
of the SFG beam while changing the delay between the SHG and SC pulses.
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Figure 4. (a) Measured trace, (b) retrieved trace, (c) retrieved temporal profile, and (d) retrieved
spectrum from the SHG-FROG with the best error value of 0.004.
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3. Results and Discussion

The spectrum of the generated SC obtained by the combination of the spectrum analyzers and
the FTIR system is presented in Figure 3. The SC covered 380 nm—4 um. Due to the ultra-broad
bandwidth of the SC, the main difficulty of its characterization using XFROG arose from the necessary
phase-matching angle. Since the MIR portion of the spectrum and their application in MIR-OPA were
the main interest of our research, we selected the region above 2.5 pm using a long pass filter. This
indeed lifted the strict requirements on the phase-matching. The properties of this region of the SC
were characterized with the SFG-XFROG. The obtained results are presented in Figure 5. As can
be seen from Figure 5b,d, the retrieved trace and spectrum exhibited fine features. The discrepancy
between the measured trace and the retrieved trace indicated the pulse-to-pulse spectral instability of
the generated SC pulses. The fine features could not be detected in the measured trace because each
spectrum was accumulated over many shots, and it smeared out such features, making the recorded
trace look smooth [53,54]. The information redundancy of the XFROG made it possible for it to recover
these features. Indeed, it was shown by Gu et al. that single-shot measurements would reveal similar

features in the measured spectrum as well [53].
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Figure 5. (a) Measured trace, (b) retrieved trace, (c) retrieved temporal profile, and (d) retrieved
spectrum from the SFG-XFROG for SC pulses generated by the output of the regenerative amplifier
after 45 round trips. Best error value of 0.011.

The spectral phase and stability of the SC from bulk YAG in mid-IR has not been studied so far
to the best of our knowledge. Even though the observed instabilities in our results were the intrinsic
property of the self-phase modulation process (SPM) in media, the existence of such features may limit
the applicability of such SC in fields such as biological applications (e.g., coherent anti-Stokes Raman
scattering microscopy) and MIR-OPA systems. Since in the optical parametric amplification process,
the amplified signal would inherit seed properties, it is of great importance to minimize the presence
of such instabilities in the SC.

It has been previously shown that the SCG process is extremely sensitive to the pump pulse
spectral properties [55-57]. Initial instabilities in the pump pulses would result in pulse-to-pulse
variation of the SC properties. Due to the fact that the center wavelength of the driving pump in
our system fell into the water-absorption region, its spectral profile was highly modulated owing to
the water absorption lines, as can be seen in Figure 2. The severity of the spectral modulation was



Appl. Sci. 2019, 9, 3399 6 of 10

determined by the propagation distance in air. Since we used a regenerative amplifier to generate the
pump pulse, we could control the distance that the pulses traveled in the air by changing the number
of round trips that the pulses traveled inside the amplifier cavity. It was previously shown in [48] that
reducing the number of the round trips would result in an improved spectral profile and bandwidth of
the amplified signal obtained from the regenerative amplifier. We reduced the number of round trips of
the initial pump pulses in the regenerative amplifier to two-thirds of the initial value (30 rounds) and
re-recorded the spectrum of the output pulses. Figure 6 depicts the comparison between the output
spectrum for 45 and 30 round trips (RT). Similar to the previously-reported results in [48], an increase
in the bandwidth and improvement on the features inside the spectrum can be observed. Using the
same pulse energy (15 pJ), we focused the initial pump pulses from the regenerative amplifier after 30
round trips into the YAG and similarly characterized the generated SC.
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Figure 6. Comparison between the pump pulses after 45 and 30 round trips (RT). Inset: intensity
representation in logarithmic scale.

The visible part of the SC spectrum did not exhibit significant changes. Once again, the mid-IR
region of the SC, which was of particular interest to us, was recorded using the FTIR system. Figure 7
depicts the results for pump pulses after 30 round trips. The SC spectrum showed obvious signs
of improvement at the longer wavelengths with a much smoother profile. We sent the SC to be
characterized in the SFG-XFROG, and the results are presented in Figure 8. The retrieved trace and
spectrum from the SFG-XFROG in Figure 8b,d exhibited significant improvements and were devoid of
the strong modulation observed in Figure 5. The components above 3.5 um of the SC spectrum were
not present in the retrieved spectrum by the XFROG due to the phase-matching bandwidth limitations
of the applied non-linear crystal. Such a clean spectral profile combined with the well-defined smooth
phase would make the generated supercontinuum a viable candidate for application in MIR-OPA
systems. Such systems pumped at the vicinity of 2 um by a regenerative amplifier and seeded by the
SC from YAG hold the promise of achieving MIR pulses with a wavelength as long as 11 pm in the
form of the idler in a single stage.
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Figure 7. Supercontinuum spectrum using the pump pulses after 30 round trips. Inset: MIR portion of
the SC spectrum generated by pump pulses after 45 round trips.

o~ (a) 1 ) —_
2750 750 KW =
g &
< <
on 0.5 en
£ 700 V| 700 J §
5] L
> >
< o <
= =
650 0 650
-2000 -1000 0 1000 2000 -2000 -1000 0 1000 2000
Delay (fs) Delay (fs)
1 T : 20 1 20
—_ (c) i ,.’ —_ (d) . Retrieved —
= ‘| i 2 5 | T ... —Measured 4
& “ ', % é, Y '— Phase %
205 (] ] 10 £ Zos 10g
£ IV - 2
2 A = 3 s
A= L/ = = . =
0 ¢ 0 0 . 0
-1000  -500 0 500 1000 2500 3000 3500 4000
Time (fs) Wavelength (nm)

Figure 8. (a) Measured trace, (b) retrieved trace, (c) retrieved temporal profile, and (d) retrieved
spectrum from the SFG-XFROG for SC pulses generated by the output of the regenerative amplifier
after 30 round trips. Best error value of 0.008.

One drawback of reducing the round trips of the regenerative amplifier is a significant drop in the
output energy. In the case of 30 RT, the amplifier was only capable of generating 0.07 m]. That would
hint toward the necessity of adding an additional fiber pre-amplifier to the regenerative amplifier
system in order to provide a well-suited pump source for a scalable MIR-OPA design.

4. Conclusions

In this work, we generated the supercontinuum in 3 mm of bulk YAG, using fs pulses directly
derived from a thulium-based regenerative amplifier. The boundaries of the generated SC started
from 380 nm and reached 4 pm. The mid-infrared portion of such an SC can be a great candidate for
seeding the MIR-OPA systems pumped by 1937-nm pulses generated in the regenerative amplifier,
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which has the potential to obtain pulses with a wavelength as long as 11 um. We characterized this
portion of the SC with SFG-XFROG and experimentally showed that the SC contained pulse-to-pulse
spectral instability. The presence of such modulations limits the applicability of the SC for applications
and specifically OPA. Controlling the spectral profile of the pump pulses, we also achieved stable SC
pulses that exhibited a clean spectral profile and a smooth phase simultaneously. Having such SC
pulses at hand creates the opportunity for a compact and simple MIR-OPA design.
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