=
)

Check for
updates

HIGH POWER LASE

High Power Laser Science and Engineering, (2023), Vol. 11, €27, 9 pages.
doi:10.1017/hpl.2023.24

SCIENCE AND ENGINEERIR

|\

RESEARCH ARTICLE

High-efficiency bismuth borate-based optical parametric
chirped pulse amplifier with approximately 2.1 mJ, 38 fs
output pulses at approximately 2150 nm*

Augustinas Petrulénas®, Paulius Mackonis‘®, and Aleksej M. Rodin

Solid State Laser Laboratory, Center for Physical Sciences and Technology, Vilnius, Lithuania
(Received 5 December 2022; revised 1 February 2023; accepted 9 March 2023)

Abstract

We present a compact and cost-effective mJ-level femtosecond laser system operating at a center wavelength of
approximately 2.15 pm. An affordable two-stage ytterbium-doped yttrium aluminum garnet (Yb:YAG) chirped pulse
amplifier provides more than 10 mJ, approximately 1.2 ps pulses at 1030 nm to pump a three-stage optical parametric
chirped pulse amplifier (OPCPA) based on bismuth borate crystals and to drive the supercontinuum seed in the YAG
crystal. The energy of the amplified pulses in the wavelength range of 1.95-2.4 pm reached 2.25 mJ with a pump-to-
signal conversion efficiency of approximately 25% in the last OPCPA stage. These pulses were compressed to 38 fs in a

pair of Suprasil 300 glass prisms.
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1. Introduction

Femtosecond laser sources in the short and mid-infrared
(SWIR-MIR) wavelength range (2-3 pm) are in demand
for a wide range of applications in fundamental strong-
field physics, chemistry, biology, medicine, industry, remote
sensing and free-space communication. The use of high-
energy laser pulses with high peak power in this spectral
range provides shorter attosecond pulses'!!, higher efficiency
of THz generation!”! and improved discrimination between
tunneling and multiphoton processes®!. Intense SWIR-MIR
lasers have also recently been used for molecular structure
imaging'¥ and material processingl®!. Tabletop attosecond
light sources are based on high harmonic generation (HHG)
driven by intense few-cycle laser pulses in noble gases.
These high-energy photon sources are of interest for direct
probing of biological molecules in aqueous solutions'®! and
tracking electronic, vibrational and rotational”! as well as
magnetization dynamics'®!. Although the maximum photon
energy achievable with HHG!® and the energy cutoff of
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field-driven photoemitted electrons'”! are scaled as A%, the
overall conversion efficiency is reduced!'”)) so that each
spectral range corresponds to the optimal driver wavelength.
Thus, there is a reasonable compromise for the SWIR laser
wavelength in obtaining coherent soft X-rays in the water
window between 284 and 543 eV!!!-12],

There are various concepts for generating intense
ultrashort laser pulses in the 2 pm wavelength range.
Significant progress in recent years has been achieved in
the development of ultrafast lasers based on thulium and
holmium, operating at a wavelength of approximately 2
pm, with a power of up to 100 W and a pulse energy
approaching the mJ level’l. Unfortunately, the narrow
gain bandwidth in this case results in an output pulse
width of several ps after the chirped pulse amplifier (CPA).
Hence, new schemes with nonlinear spectral broadening
in a gas-filled hollow-core fiber (HCF)!'"*1, a hollow-core
photonic crystal fiber (HC-PCF)!'“!"! or a multipass cell
(MPO)!'8! are necessary to achieve few-cycle pulses after
compression.

Another approach to the development of high-energy few-
cycle SWIR lasers is based on the use of optical parametric
chirped pulse amplifiers (OPCPAs) operating in the
degeneracy range (~2 wm) with pumping at approximately
1 pm!'l. This makes it possible to generate few-cycle
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pulses, which becomes more difficult when moving away
from the degeneracy point. Furthermore, amplification in
this range is more efficient due to degeneracy and less
mismatch between the pump photon wavelength and the
gain bandwidth compared to a SWIR OPCPA pumped with
a Ti:sapphire laser!'”). However, most of the SWIR OPCPA
systems developed so far are based on complex and rather
expensive architectures. This concerns the use of an acousto-
optic programmable dispersive filter (AOPDF)?*?!l in mJ-
level systems to control the group delay dispersion (GDD)
and third-order dispersion (TOD) or periodically poled
nonlinear crystals'””!. This makes it possible to reach the
mJ energy level for pulses shorter than 40 fs!?’! at an average
power of tens of watts!>'!. The shortest pulses of 10.5 fs were
achieved at 2.1 wm from a magnesium-doped periodically
poled lithium niobate (MgO:PPLN)-based OPCPA with
an ytterbium-doped yttrium aluminum garnet (Yb:YAG)
pump'®*!. Good conversion efficiency of high-energy chirped
pump pulses can be achieved without damaging nonlinear
crystals using dual-chirped optical parametric amplification
(DC-OPA). In particular, output pulses of 10.4 fs with an
energy of 100 mJ at a wavelength of 1.7 jum were obtained®*!
in a bismuth borate (BiBO)-based OPCPA with a Ti:sapphire
pump laser operating at 10 Hz. Although high repetition rate
(>100 kHz) OPCPA systems avoid AOPDFs, the output
energy is limited to less than 100 wJ. Such OPCPA systems
are pumped with Innoslab or disk Yb:YAG amplifiers, while
the broadband seed is generated by successive stages of
noncollinear optical parametric amplification (NOPA) and
difference-frequency generation (DFG). In particular, 15.4 fs
pulses with an average power of 2.6 W at a wavelength
of 2 wm were obtained”! at a repetition rate of 200 kHz
from a bismuth borate (BiBO)-based OPCPA. In addition,
16.5 fs pulses with an average power of 25 W at 2.2 um
were reported'!! at 100 kHz from a MgO:PPLN-based
OPCPA.

Generating a broadband seed for OPCPAs is a challenging
task. Usually, seed pulses for SWIR OPCPAs are obtained
by DFG, mixing the shortwave and longwave components
of Ti:sapphire!”®! or supercontinuum (SC) radiation in the
visible”! or near-IRI*”! range. However, the direct use of
the SC seed in the SWIR range allows the OPCPA config-
uration to be simplified by eliminating the need for active
synchronization between the seed and pump lasers. Although
generation of the SC in the SWIR range is difficult with
femtosecond pump sources'?®!, it is easier to implement using
single-picosecond pulses at a wavelength of 1 wm!*”1. More-
over, an OPCPA pumped and seeded with ps pulses makes it
possible to reduce the TOD accumulated in the system. The
low TOD in turn maintains a monotonous chirp, making it
easier to compress the pulse without AOPDFs. However, the
OPCPAs developed so far with pumping at several ps pulses
and seeded with a SWIR SC are far from reaching the mJ
level®"!. Further development of such systems paves the way
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for cost-effective and compact SWIR sources of high-energy
few-cycle laser pulses.

In this paper, we report a cost-effective and compact mJ-
level OPCPA pumped and seeded with single-picosecond
Yb:YAG laser pulses. Experimental results are presented
on stable SC generation in the SWIR range, on optimizing
OPCPAs in the negative GDD range and on pulse com-
pression. Based on this study, a compact laser system with
high output peak power operating at a center wavelength
of approximately 2.1 pwm was developed. It consists of
easily reproducible modules: a two-stage double-pass CPA
based on Yb:YAG rods with a grating compressor®!!, SC
generation in YAG, a three-stage OPCPA based on BiBO
crystals and a pulse compressor based on Suprasil 300 glass
prisms. The layout of the laser system currently fits on an
optical table with a size of 1 m x 3 m, and a further
twofold reduction of the scheme is possible when designing a
more compact prototype. The use of the same Yb:YAG laser
with a pulse width of approximately 1.2 ps for pumping the
OPCPA and SC provides passive synchronization and, thus,
greatly simplifies the scheme. Particular attention was paid
to minimizing the accumulated TOD, as well as maintaining
a wide bandwidth and achieving the shortest pulse width
using only GDD compensation. Under optimal conditions,
an amplified pulse energy of approximately 2.25 mJ was
achieved with a signal-to-pump conversion efficiency of
25% in the final stage. These pulses were compressed to 38 fs
with an energy loss of approximately 10%. The described
OPCPA is insensitive to the replacement of an Yb:YAG
rod pump source with an Yb:YAG disk or slab laser while
maintaining the pulse parameters.

2. Experimental setup

The experimental setup of the three-stage OPCPA laser
system operating in the SWIR range is shown in Figure 1.
The pump source for both the SC and the OPCPA is a self-
made two-stage double-pass Yb:YAG CPA with a grating
compressor that provides transform-limited 1.2 ps pulses
with an output energy of up to 20 mJ at a repetition rate of
100 HZ',

Seed pulses for the OPCPA were generated in YAG crys-
tals of 15 or 130 mm long using only a small portion
(~100 pJ) of the pump pulse. The energy of the incident
pulse, the focal length and the position of the beam waist
were optimized to achieve a uniform spectral envelope and
the best energy stability of the SC. The range of incident
energies, depending on the length of the crystal from 4
to 14 pJ, was chosen considering the thresholds for the
generation of the SC and optical damage to the crystal.
The generated SC was selected using a long-pass filter
(Thorlabs FELH1200) and collimated with a parabolic mir-
ror (Thorlabs MPD127165-90-P01). The energy stability of
the SC pulses was measured using a Si photodetector and
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1030 nm, 1.2 ps,
/ 20 mJ, 100 Hz TFP
Yh:YAG
[pump source

2.1mJ, 38 fs
@ 2.15 um

Suprasil 300
55 mm

Figure 1. Experimental setup of the mJ-level OPCPA operating in the SWIR range. Yb:YAG, a two-stage CPA providing approximately 1.2 ps pulses at
1030 nm for OPCPA pumping and generating the SC seed in the YAG crystal; TFP, thin-film polarizer; A/2, half-wave retardation plate; L, focusing lens;
AL, achromatic lens; ZnSe, AR-coated ZnSe plate; M, HR1030 nm mirror; BFT, beam forming telescope; BiBO, nonlinear parametric crystal; Suprasil 300,

a pair of glass prisms for pulse compression.

an oscilloscope with a bandwidth of 300 MHz (Tektronix
DPO3034). Spectral measurements were performed using
a spectrometer (Ocean Optics NIRQuest512-2.5) with an
integration time of 100 ms.

SC pulses generated in YAG crystals of 15 or 130 mm
long were amplified in a three-stage noncollinear OPCPA
based on BiBO crystals (type-I, phase-matching angle 8 =
8°) with antireflection coating in the range of 1750-2500 nm.
The lengths of the BiBO crystals were chosen to achieve the
best conversion efficiency at each stage without significantly
narrowing the spectrum. In the case of SC generation in
a 15 mm YAG crystal, to change the GDD sign, the seed
pulse was additionally chirped in an antireflection coated
ZnSe plate of 30 mm long. Most of the output energy of
the Yb:YAG CPA (up to ~11 mJ) was used to pump the
OPCPA. The sizes of BiBO crystals were chosen for three
stages of the OPCPA: 4 mm x 4 mm X 6 mm, 10 mm Xx
10 mm x 4 mm and 15 mm X 15 mm x 4 mm, respectively.
The overall pump energy used was limited by the 15 mm x
15 mm aperture of the BiBO crystal in the last stage. The
pulses amplified in the OPCPA were compressed in ZnSe or
Suprasil 300 glass plates, depending on the sign of the chirp.
The compressed pulses were directed to a self-made second
harmonic generation (SHG) scanning frequency-resolved
optical gating (FROG) device to determine the pulse width
and spectral-temporal phase. It consisted of a thin broadband
calcium fluoride beam splitter with a reflectance of 50% =+
5% in the wavelength range of 1-6 pm, a type-I BBO crystal
10 pwm thick for SHG and a spectrometer (Ocean Optics,
NIRQuest-512-2.5).

3. Experimental results and discussion

3.1. Supercontinuum generation in the SWIR wing

In YAG crystals of 15 and 130 mm long, the threshold
energies of the pump pulse were determined to be 7 and
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4 wJ, respectively, above which a significant broadening of
the SC spectra was observed. The beam waist was imaged
at a depth of 2 mm (for a short crystal) and 40 mm (for a
long one) from the input face of the crystal. When the pump
was focused by a lens with a focal length of f = 100 mm
into a crystal 15 mm long, the SC spectrum expanded to
approximately 2.4 wm (Figure 2(a)). In almost the entire
range of pump energies, the maximum intensity of the spec-
trum envelope was distributed in the spectral range of the
anomalous group velocity dispersion (GVD), since the zero-
dispersion wavelength in YAG is 1.6 wm'*?!. This means
that the SC pulse exhibits a negative GDD in this spectral
rangel*®l.,

As the focal length increased, the intensity of the spectrum
in this range decayed (Figures 2(b) and 2(c)). However, for a
focal length of 100 or 150 mm, due to fluctuations in the
energy of the pump pulses, significant spectral modulations
of the SC seed were observed, especially in the range of
1.8-2.3 pwm. On the other hand, when focusing with f =
200 mm, the SC spectrum retained a uniform distribution
over the entire energy range. With an increase in the pump
pulse energy, the long-wavelength wing of the spectrum
shifted from approximately 1.6 wm to the wavelength range
above 2 um (Figure 2(c)). When the pump was focused
by a lens f = 250 mm into a 130 mm YAG crystal, new
spectral components appeared at a central wavelength of
approximately 2 pm, mainly in the anomalous GVD range
from 1.6 to 2.4 pm (Figure 2(d)). The shape of the spectral
envelope remained unchanged over the entire energy range.
Meanwhile, in the case of a longer focal length, modulations
began to appear in the spectrum above 1.6 pum (Figures
2(e) and 2(f)), increasing with higher pump pulse energy.
Above an energy of 7 pnJ, spatial distortions appeared in
the SC beam with deterioration in the stability of the pulse
energy (Figure 3(b), green and red curves), which indicates
the formation of another light filament.
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Figure 2. Dependence of the intensity of the SC spectrum envelope on the pump pulse energy at different focal lengths for YAG crystals 15 mm (a)—(c) and

130 mm (d)—(f).
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Figure 3. Ratio of the energy stability of the SC and the pump pulse osc/0pump as a function of the pump energy for different focusing into YAG crystals:

(a) 15 mm and (b) 130 mm.

The goal was to determine the focusing conditions when
the stability of the SC pulse energy would be the least
sensitive to fluctuations in the pump pulse energy, that is,
to find a vast ‘valley’ of stability. Thus, by varying the
pump pulse energy, the stability (standard deviation, ogc)
of the SC pulse area under the envelope was recorded
with an oscilloscope and compared with the stability of
the pump pulse energy opump. The ratio of the energy
stabilities of the SC and the pump pulse osc/opump as a
function of the pump energy for different focusing conditions
is shown in Figure 3. The widest stability valleys were
observed with YAG crystals of 15 and 130 mm long at
focal lengths of 200 and 250 mm, respectively (Figure 3).
In the energy range of 9-13 pJ with a short crystal and
5-8 nJ with a long crystal, the stability of the SC pulse was
1.2 times better than that of the pump source. The optimal

https://doi.org/10.1017/hpl.2023.24 Published online by Cambridge University Press

focusing conditions for a stable single-filament SC in the
SWIR range with short and long YAG crystals are given in
Table 1.

Thus, under optimal conditions, fluctuations in the energy
of the pump pulses lead only to instability of the position of
the SC filament inside the crystal, while intensity limitation
(due to multiphoton absorption) and chromatic dispersion
maintained the filament length and intensity unchanged over
a wide energy range!l**. This led to the stability of the SC
spectrum envelope, the pulse energy and the spatial distri-
bution. These conditions also ensured the daily repeatability
of the SC parameters even with small changes in the pulse
width or pump pulse energy. Long-term observations did not
reveal any optical damage to the YAG crystal. The spatial
profile of the SC beam at the output of the YAG crystals was
close to Gaussian (insets in Figure 4).
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Table 1. Optimal focusing conditions for stable SC generation in the SWIR spectral range.

YAG length [mm] f [mm] d [pm] NA En [WJ] Ep [W]] L [mm)]
15 200 100 0.0075 8 11 2
130 250 130 0.006 4 6.5 40

Abbreviations: f, the focal length of the lens focusing the pump beam; d, the diameter of the pump beam waist (measured in air at the 1/e? level); NA, the
numerical aperture (d/2f); Ex and Ep, the threshold and optimal pump pulse energies; L, the distance from the input face of the YAG crystal to the pump

beam waist.
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Figure 4. SWIR wing of SC spectra under optimal excitation conditions in YAG crystals: (a) 15 mm and (b) 130 mm long. The insets show the corresponding

beam profiles.

Since the leading subpulse is responsible for the long-
wavelength wing of the SC spectrum, there are differences in
the nonlinear propagation and its temporal transformation in
the wavelength range of the anomalous GVD. As a result,
under optimal focusing conditions, it strongly depended on
the crystal length. The intensity of the long-wavelength wing
of the SC in a short crystal steadily decreased from the
excitation wavelength down to 1% at 2.1 pwm (Figure 4(a)).
The SC spectrum from a long YAG, in contrast, extended
up to 1.5-2.4 wm at an intensity level of more than 1072
(Figure 4(b)), which is in good agreement with the OPCPA
bandwidth when pumped at a wavelength of 1 um!*°!. On the
other hand, despite the lower spectral intensity of the SC with
a short YAG crystal, the smaller GDD accumulated means
it is easy to change its sign using a material with positive
dispersion in the SWIR spectral range, such as ZnSe, GaAs
and CdSe. This provides an advantage in the development of
cost-effective compressors. Thus, the choice of the OPCPA
seed source (in our case, a YAG crystal 130 or 15 mm long)
is convenient with picosecond pump pulses. It is possible to
use both pulses with a more intense spectrum at 1.8-2.5 pm
and negative GDD from 130 mm YAG, as well as pulses with
a lower GDD from 15 mm YAG and vary their dispersion in
a solid material. Compressors can vary while maintaining
compactness and simplicity.

3.2. Low-energy OPCPA investigation

Two different single-stage OPCPA configurations were
investigated at low pump energy (Figure 5). In both
cases, the angle between the pump and the SC seed was
minimal (<2° inside the BiBO), and the phase-matching
bandwidth was maximized by tuning the pump incidence
angle to 6 = 8°. The noncollinear configuration also allows
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the spatial separation of the signal and idler pulses after
amplification.

Figure 6(a) shows the spectrum of a signal amplified in
the single-stage OPCPA. Regardless of the chosen length
of the YAG crystal (130 or 15 mm) used to generate the
SC pulses, the spectrum of the amplified signal extended
from approximately 1.9 pwm to approximately 2.5 wm with
a spectral bandwidth of approximately 460 nm (full width at
half maximum (FWHM)), which corresponds to a transform-
limited pulse width of 25 fs (Figure 6(a) inset), that is,
less than four cycles at 2.2 pm. At a pump intensity of
52 GW/cm?, the maximum signal energy of approximately
14 pJ and conversion efficiency of 5.1% (Figure 6(b), solid
line) were achieved in a single OPCPA stage seeded with
an SC from a long YAG crystal. A further increase in the
pump energy above the saturation level led to distortion
of the spatial and temporal profiles of the signal pulse.
The amplified signal was negatively chirped up to approx-
imately 500 fs due to GDD accumulation in the relatively
long YAG and BiBO crystals. In the case of an SC seed
from a short YAG crystal, the signal pulse was stretched
only to approximately 100 fs, and saturation of the pump-
to-signal conversion efficiency was achieved at a much
higher pump intensity of 80 GW/cm? (Figure 6(b), dotted
line). This led to a decrease in the conversion efficiency
to 2.6% and the maximum output signal energy to 9 nJ.
To improve the conversion efficiency to 4% (Figure 6(b),
dashed line), the SC seed was chirped to approximately
500 fs by adding a positive GDD of 6600 fs* in the ZnSe
plate (Figure 5(b)). No significant spectral narrowing of the
amplified signal was observed. Despite similar signal pulse
widths in both configurations, approximately 20% higher
efficiency and output energy were achieved with the longer
YAG crystal, most likely due to the higher SC spectral
intensity.
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Figure 5. Single-stage OPCPA configurations with (a) short and (b) long YAG crystals for SC generation.
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Figure 6. (a) Output spectrum of the first OPCPA stage with SC seed from a 130 mm long YAG crystal. Inset, transform-limited temporal shape, calculated
from the measured spectra. (b) Pump-to-signal conversion efficiency in the first OPCPA stage with SC seed from a YAG crystal 130 mm long (solid line)
and 15 mm long (dotted line), as well as with an additional chirp in a 30 mm ZnSe plate (dashed line).

Since the signal can be positively or negatively chirped
depending on the configuration, this simplifies the selec-
tion of the optimal compressor for high-energy OPCPAs.
Because the seed picks up a relatively small amount of GDD,
we chose a bulk compressor to control dispersion due to its
high transmission and compactness. All materials exhibit a
positive TOD in the SWIR range, while GDD may have
the opposite sign for different materials. Although ZnSe
has zero dispersion at approximately 4800 nm, it exhibits
a very large nonlinear refractive index n,. Therefore, the
maximum aperture of commercially available ZnSe plates
is usually insufficient to maintain peak power below the
threshold of competing nonlinear effects in mJ-level pulse
compressors. They are commonly used as pulse stretchers
before amplification stages or as a compressor in OPCPA
systems with high average but low peak powert!'l. On this
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basis, it was determined that further compression of the
positively chirped pulse should be carried out in Suprasil 300
glass with negative GDD in the SWIR range, which also has
ny about two orders of magnitude lower than that of ZnSe.
Taking into account the GDD values of YAG (15 mm), ZnSe
(30 mm) and BiBO (6 mm) crystals (Figure 5(b)), it was
found that a glass length of 55 mm is required for the ultimate
compression of amplified signal pulses.

The achieved pulse width of 47 fs (FWHM) was 1.9 times
the transform-limited pulse due to the residual TOD. Even
with full GDD compensation for such a broadband chirped
pulse, the uncompensated TOD (~55,000 £s®) results in tail
pulses that account for about 35% of the main pulse energy
(Figure 7, solid line). It is noteworthy that after compression
of the negatively chirped signal (Figure 5(a)) in ZnSe, a
similar pulse shape was obtained. Obviously, the dispersion
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Figure 7. SHG-FROG retrieved temporal profile (solid line) and temporal
phase (dashed line) of an amplified signal pulse after compression in
Suprasil 300 with SC seed from a 15 mm YAG crystal compared to a
transform-limited pulse calculated from the measured spectrum (dotted
line). 1L, transform-limited pulse width. Insets, measured (top) and recon-
structed (bottom) FROG traces with an error of 0.9% using a grid of 512 x
512 points.

and its sign for the SC in a long YAG do not have a large
effect on the final pulse compression. Therefore, to ensure
linear compression in a bulk material, even at more than an
order of magnitude lower TOD compared to OPCPA systems
pumped in tens or hundreds of picoseconds!””!, higher-order
dispersion compensation becomes important to obtain high-
contrast, high-energy, few-cycle pulses in the SWIR range.
In this case, specially designed chirped mirrors with both
GDD and TOD compensation can be used. Moreover, more
expensive schemes with an AOPDF as a stretcher and bulk
material or chirped mirrors as a compressor can be used.
However, in order to develop a cost-effective high-energy
OPCPA, we decided to reduce the bandwidth and explore
GDD-only compensating compression.

3.3. High-energy OPCPA investigation

To narrow the gain bandwidth in the high-energy OPCPA
(Figure 1), we detuned the phase matching in all three stages.
Correspondingly, the spectrum of amplified pulses spanned
from approximately 1.95 wm to approximately 2.4 pm with
a bandwidth corresponding to the transform-limited pulse
width of 35 fs (Figure 8(a), inset), that is, less than five cycles
at 2.15 wm center wavelength. Based on our calculations and
low-energy OPCPA investigations, the spectral bandwidth of
the amplified signal was narrow enough to reduce the resid-
ual effect of higher-order dispersion on the temporal shape
of the compressed pulse. After the second OPCPA stage, the
signal pulses were amplified up to 250 pwJ with a pump-
to-signal efficiency of 14%, reaching saturation level at a
pump power intensity of 35 GW/cm?. It is noteworthy that
we did not observe superfluorescence during amplification in
each stage. However, when the pump pulse energy exceeded
saturation of the conversion efficiency, superfluorescence
was noticeable in the first and second stages. For the final
OPCPA stage, a pump pulse energy of approximately 9 mJ
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was used. Due to the high signal energy, the pump intensity
was reduced to approximately 30 GW/cm?, which was close
to the saturation level. The energy of the amplified sig-
nal reached 2.25 mJ (Figure 8(b)) with a pump-to-signal
conversion efficiency of approximately 25%. It should be
noted that the noncollinear degenerate OPCPA also produces
approximately 2.1 wm angularly dispersed idler pulses that
have the same pulse energy, polarization and spectral band-
width as the amplified signal pulses. The idler pulse has a
frequency chirp sign opposite to the signal pulse and can be
independently compressed using Si/ZnSe blocks. Therefore,
the total energy available at a wavelength of 2.15 pwm from
the signal and idler pulses reached approximately 4.5 mlJ
with a total conversion efficiency of approximately 50%. The
far-field beam profile of the amplified signal was measured
by two-photon excitation using a Si-complementary metal-
oxide semiconductor (CMOS) camera at the focus of a
750 mm CaF, lens. At the maximum output energy, the beam
had a Gaussian intensity profile, which means that there was
no significant back conversion (Figure 8(b), inset).

The output energy stability StDev +4% (Figure 9(a)) was
observed for 30 min of operation without a protective cover
in air flows from the filters. Without beam pointing or jitter
stabilization, the observed energy stability was only approx-
imately two times worse than of the pump laser. Although
there was still an unused pump energy of approximately
10 mJ, we did not increase the pump pulse energy in the
last OPCPA stage due to saturation in the BiBO crystal with
the maximum available aperture. Thus, a further increase in
output energy can be achieved with larger aperture nonlinear
crystals. At the time of the experiments, we could not find
BiBO crystals larger than 15 mm x 15 mm; however, in the
last OPCPA stage, an yttrium calcium oxyborate (YCOB)
crystal with a size of 20 mm x 20 mm can also be used?2],
although with a lower conversion efficiency. In order to use
all the available pump energy, a shorter BiBO crystal can
also be used in the last OPCPA or additional stage. However,
in this case, the overall efficiency will be reduced.

After three stages of the OPCPA, a chirped signal pulse
width of 420 fs (FWHM) was observed. For the final pulse
compression, two Suprasil 300 glass blocks were used, the
input and output faces of which were cut at the Brewster
angle for the first and second compressions, respectively
(Figure 1). The blocks were placed at the appropriate angle
by adjusting the propagation length in the material with a
resulting GDD of —5100 fs?>. Losses due to reflections on
the glass surface reduced the output energy to approximately
2.1 mJ (~90% transmission). The accumulated B-integral in
the compressor was approximately 0.9 at maximum output
energy of the OPCPA. The retrieved temporal phase was
almost flat, and the pulse width was 38 fs (Figure 9(b)),
which corresponds to about five cycles at a wavelength of
2.15 pm. In this case, the uncompensated TOD still resulted
in an approximately 10% pedestal of the main pulse. The
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Figure 9. (a) Amplified output energy stability of the OPCPA system for 30 min of operation. (b) SHG-FROG retrieved temporal profile (solid line)
and temporal phase (dashed line) of the compressed signal pulse at maximum output energy compared to the transform-limited pulse calculated from the
measured spectrum (dotted line). ., transform-limited pulse width. Insets, measured (top) and reconstructed (bottom) FROG traces with an error of 1.1%

using a grid of 512 x 512 points.

measured pulse width differed by less than 9% from the
transform limit, and approximately 90% of the pulse energy
was within the £50 fs window. The calculated peak power
of the pulse is approximately 47 GW. A further increase in
output peak power to more than 80 GW can be achieved by
using adaptive phase control, which can provide maximum
compression down to less than 30 fs. Unlike DFG, the SC-
seeded OPCPA does not limit the spectral bandwidth. A wide
SC bandwidth can also be maintained with dual crystals
oriented at different angles!*”! to achieve high-energy few-
cycle pulses. The developed OPCPA layout operating in
the SWIR spectral range can become a tabletop source for
excitation of secondary radiation, such as HHG!'*?"1,

4. Conclusions

We present the results of a study of a passively synchronized
mJ-level, few-cycle SWIR OPCPA pumped by a picosecond
Yb:YAG CPA laser. This OPCPA was seeded with SWIR
SC wing pulses excited by the same laser in YAG crystals
15 and 130 mm long. The amplification of the SC pulses
was first studied in two different single-stage OPCPA
configurations operating with the opposite GDD sign. An
improvement in the pump-to-signal conversion efficiency
and an increase in output energy of more than 20% were
achieved with a long YAG crystal, possibly due to the higher
seed spectral intensity. Regardless of the YAG crystal length,
the amplified pulse spectrum supported a transform-limited
pulse width of 25 fs (<4 cycles) at a central wavelength
of 2.2 wm. The residual dispersion after compression in
the bulk material limited the pulse width to 47 fs. Then, a
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high-energy OPCPA was developed with an output energy
of approximately 2.1 mJ and a signal-to-pump conversion
efficiency of up to 25% in the last stage. The signal pulses
amplified in the OPCPA were compressed in a glass block
to 38 fs, which is close to the limit of 35 fs. The resulting
peak power is estimated at approximately 47 GW, which
can be scaled up to more than 80 GW using adaptive
phase control with compression down to less than 30 fs,
but at a much higher cost. Additional opportunities to
increase the energy conversion efficiency at even longer
wavelength up to approximately 2.25 pm are provided by
hybrid OPCPA/TSRCPA configurations!*°!.
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