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In typical scenarios, quadratic nonlinear processes such as second harmonic generation (SHG) and sum frequency
generation (SFG) that accompany optical parametric amplification (OPA) are often considered unfavorable
parasitic effects. These effects can lead to a reduction in energy conversion efficiency during OPA. In this study,
we demonstrate an approach to enhance OPA efficiency by eliminating the signal pulse through SHG in a simple
collinear geometry while maintaining a broadband output using a femtosecond pump laser. The complete setup
features a three-stage OPA system, with the final stage employing a hybrid OPA-SHG process that effectively
suppresses back conversion, achieving up to 60.8 % pump depletion and 26.2 % pump-to-idler energy conver-
sion, resulting in an idler energy of 0.97 mJ. By harnessing the capabilities of a broadband femtosecond pump
and Type-I phase matching to enhance phase-matched bandwidth, we generated a 1.85-pm idler pulse with a
near-transform-limited (TL) duration of 33.5 fs through compression in a silicon window. Furthermore, we
maintained excellent beam quality and output power stability, with only 0.23 % root mean square (RMS)
fluctuations over the course of one hour. This mid-IR laser source, operating at the millijoule (mJ) level and
characterized by its high beam quality, is exceptionally well-suited for advancing attosecond and strong-field
research.

1. Introduction

Over the past decades, intense femtosecond lasers have significantly
advanced strong-field science, attosecond science, and nonlinear optics
[1-3]. The lasers based on chirped pulse amplification (CPA) typically
have a fixed wavelength due to the limited bandwidth of the gain me-
dium, which restricts their tuning range. Optical parametric amplifica-
tion (OPA) offers several advantages over chirped pulse amplification
(CPA), including lower thermal load, broad gain bandwidth, and flexible
wavelength tunability [4,5]. Consequently, significant efforts have been
made to develop mid-infrared (MIR) tunable pulses using OPA [6,7].
These pulses provide advantages over fixed near-infrared (NIR) pulses in
applications such as time-resolved optical spectroscopy [8], high-
harmonic generation [9], and the creation of isolated attosecond pul-
ses [10].

However, back conversion [11] in the parametric process limits
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conversion efficiency, with pump depletion typically not exceeding 50
% [12-16]. This inefficiency is mainly due to non-uniform pump
extraction, especially with Gaussian temporal profiles. To address this,
time and space pulse shaping has been proposed [17,18]. Spatiotem-
poral flat-top laser pulses can effectively increase pump depletion.
However, the complexity of pump shaping techniques poses challenges
for nanosecond pulses and is even less applicable to femtosecond pulses.
Additionally, at high pump depletion, idler pulses hinder further energy
transfer from the pump to signal pulses, causing back conversion
[19,20]. Several schemes have been proposed to improve OPA conver-
sion efficiency by dissipating idler pulses. Quasi-parametric amplifica-
tion (QPA) is a representative scheme. By doping the nonlinear crystal
with ions that absorb idler pulses during amplification process, the back
conversion is suppressed [21,22]. Recently, QPA based on cascaded
nonlinear frequency conversion has been proposed [23,24]. In addition,
there are other schemes such as quasi-phase matching (QPM)
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configuration walk-off [25], high reflection coating [26], and non-
collinear pump recycling schemes [27,28]. However, compared to
typical OPA solutions, these approaches often require exotic materials or
consume significant space. Furthermore, to achieve high energy con-
version, these schemes typically use picosecond or nanosecond pump
pulses, so that the effect of temporal walk-off, which also affects pump
depletion, is negligible. Moreover, due to the low pump intensity,
thicker nonlinear crystals are required to achieve saturation in the
amplification process, severely limiting the gain bandwidth. Conse-
quently, even after compression, the durations of the amplified pulses
exceed several hundred femtoseconds. In contrast, the ultrashort
femtosecond pump has the advantage of containing more wavelength
components than the picosecond or nanosecond pump, supporting
broadband phase matching and amplification for few-cycle pulses
[29,30]. Moreover, the femtosecond pump can achieve high peak in-
tensity more easily, requiring only thinner crystals for saturation
amplification and thus minimizing gain narrowing.

In this paper, we propose a hybrid OPA-SHG scheme to suppress back
conversion in femtosecond OPA. The final power amplifier uses a single
nonlinear crystal in a collinear geometry, eliminating the need for
complex laser or medium fabrication designs. Unlike previous methods
that improved pump depletion by removing idler pulses, our approach
improves efficiency by eliminating signal pulses instead. In this system,
the signal pulse generated in the crystal is simultaneously converted to
its second harmonic (SH), thereby eliminating back conversion. This
allows the idler pulse to be efficiently amplified to higher energy while
maintaining good beam quality. The broadband idler pulse supports a
sub-five-cycle TL duration, which can also serve as an idea input for the
post-compression stage, leading to even shorter few-cycle and poten-
tially single-cycle regions [31-33].

2. Phase matching in BBO crystal

The premise of generating efficient broadband idler pulses by elim-
inating signal pulses is that broadband phase matching bandwidth of
OPA and signal SHG processes can be simultaneously achieved in the
nonlinear crystal. This bandwidth is determined by the phase-matching
efficiency sinc?(AkL/2), where Ak is the wave vector mismatch and L is
the crystal thickness. The wave vector mismatches for OPA and SHG are
given by Akopa = k, —k; —k; and Akspg = kos —2k;, respectively. Here,
k;  =p,s,iand 2s) represents the wave vector of the pump, signal,
idler, and signal SH pulses, respectively. BBO is a negative uniaxial
birefringent crystal with a large gain bandwidth for Type-I OPA pumped
at 0.8 pm. It also has a high nonlinear coefficient (ds ~ 2pm/V) and a
high damage threshold ( 200GW/cm?). These properties ensure that
efficient energy conversion can be achieved in a thinner crystal, mini-
mizing the adverse effects of temporal walk-off.
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The collinear phase-matching conditions for Type-I OPA and SHG in
the BBO crystal are illustrated in Fig. 1. The pump wavelength of OPA is
fixed at 0.8 pm. Fig. 1(a) shows the phase matching curves. A magic
point appears at a crystal orientation of § = 20.13°, where simultaneous
phase matching occurs for a 1.4 pm signal, corresponding to a 0.7 pm
signal SH and a 1.85 pm idler. For Type-II OPA at this wavelength, the
phase matching angle is § = 26.09°, which is significantly far from SHG.
At this magic phase matching angle, the wave vector mismatch Ak for
OPA and SHG are illustrated in Fig. 1(b). As mentioned above, the phase
matching bandwidth is determined by sinc?(AkL/2). Therefore, |AKL| <
7 is necessary to generate effective amplification. In BBO-based ultra-
short femtosecond pumped OPA experiments, the crystal thickness in
the power amplification stage typically ranges from 2 to 4 mm. There-
fore, |Ak| < 1mm™! is used as a criterion for phase matching bandwidth
here. As shown in Fig. 1(b), for |Ak| < 1mm~!, the bandwidths of the
OPA and SHG are 228 nm and 60 nm, respectively, which are sufficient
to support the hybrid OPA-SHG process pumped by a broadband
femtosecond laser. It is expected to generate broadband idler pulses with
spectrum ranges spanning from 1700 nm to 2000 nm. Additionally, the
wave vector mismatch for idler SHG is marked with a red circle, showing
a large vector mismatch (Ak > 7.5mm™!) that prevents idler dissipation.

3. Experimental setup

The experimental setup is illustrated in Fig. 2. The pump source in
the setup is a commercially available Ti: sapphire laser operating at 800
nm, delivering 30 fs, 5 mJ at a 1 kHz repetition rate. The pump pulse is
split into two beams by a beam splitter. One beam (1.3 mJ) pumps a two-
stage OPA system [29,35]. In this setup, the beam is divided into three
parts. The smallest part (~10 pJ) is focused onto a 3 mm-thick sapphire
plate after passing through a variable attenuator for white light con-
tinuum (WLC) generation, which serves as the seed source. A fraction of
the pump pulses (~90 pJ) is used to pump the first OPA stage. A small
noncollinear angle (<1°) is used for separating the output pulses. The
WLC is amplified to ~ 3 pJ in the first BBO crystal (BBO-1) with a center
wavelength of 1.4 pm. The pump and idler pulses are blocked by a beam
dump. The amplified 1.4 pm signal pulse is further amplified in the
second BBO crystal (BBO-2) using a 1.2 mJ pump pulse. The pump and
idler pulses are separated using two dichroic mirrors. At the output of
the two-stage OPA, a 150 pJ, 1.4 pm signal pulse is obtained to serve as
the seed pulse for the hybrid OPA-SHG stage. The BBO crystals used in
the two-stage OPA are cut for Type-II phase matching (0 = 27.2°, ¢ =
30°) with thicknesses of 2.5 mm and 2 mm. Type-II crystals are used
instead of Type-I to generate a higher energy and narrower bandwidth
1.4 pm pulse, which is more beneficial for efficient amplification in the
subsequent hybrid OPA-SHG stage.

The other part of the laser energy (3.7 mJ) is used as the pump for the
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Fig. 1. (a) Phase matching curves and (b) Wavevector mismatch curves for Type-I OPA (blue lines) and SHG (orange lines). The pump wavelength for OPA is fixed at
0.8 um and the crystal orientation used in (b) is given by 0 = 20.13°. (Sellmeier coefficients taken from [34].).
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Hybrid OPA-SHG

Two-stage OPAs

Fig. 2. Schematic setup of the system. BS, beam splitter; VA, variable attenuator; SP, sapphire plate; DL, delay line; DM, dichroic filter; BD, beam dump; LPF, long-
pass filter. The pre-amplification consists of a two-stage OPA process, and the power-amplification is a hybrid OPA-SHG process.

hybrid OPA-SHG stage. In this power amplification stage, a Type-I phase
matching BBO crystal, cut at 6 = 20° and ¢ = 0°, is used for high-
efficiency idler amplification. The pump pulses and the signal pulses
in the three stages are combined using dichroic mirrors. Temporal
overlap in these stages is achieved using the delay lines. After sufficient
amplification, the pump and signal pulses are separated by a long-pass
filter, and the idler pulse is compressed using a silicon window.

In OPA pumped by ultrashort femtosecond pulses, temporal walk-off,
caused by the relative group delay accumulated during propagation,
significantly affects pump depletion. When the relative group delay
exceeds the pulse lengths, the pulses do not temporally overlap anymore
and their interaction vanishes. The pulse-splitting length evaluates the
effect of temporal walk-off: Ly = |6]i_k\ =|z/ (é - Vl;)\. Here, 7 represents
the full width at half-maximum (FWHM) of the pump pulses, 5y repre-
sents the group velocity mismatch (GVM) between the interacting pul-
ses, Vg and v (j,k = p,s,iand 2s) represent the group velocities of the
pump, signal, idler, and signal SH pulses, respectively. For fixed crystal
type and pulse wavelengths, the group velocity mismatch is also fixed.
The pulse-splitting length becomes longer with increasing pulse dura-
tion. The group velocity mismatch between the interacting pulses is
illustrated in Fig. 3, based on Type-I BBO crystal and 800 nm pump
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Fig. 3. Group velocity mismatch between the interacting pulses as a function of
the wavelength for Type-I OPA and SHG. The pump wavelength for OPA is fixed
at 0.8 pm.

wavelength. At the 1.4 pm signal wavelength, the group velocity mis-
matches are: 65, = 9.5fs/mm, §;_, = 22.4fs/mmand 63;_; = 17.8fs/mm.
Therefore, to avoid the effects of temporal walk-off and achieve effective
amplification within a suitable crystal thickness (~2-4 mm), the pump
pulse duration is slightly chirped to ~60 fs. This is achieved by opti-
mizing the grating-based compressor in the Ti: sapphire laser system
without further dispersion management.

4. Experimental results and discussion

In the hybrid OPA-SHG stage, different thicknesses of Type-I phase-
matching BBO crystals are used to evaluate the effect of the simulta-
neous OPA and SHG. Fig. 4 (a) shows the signal and idler conversion
efficiency as a function of the BBO thickness at the pump energy of 3.7
mJ. The energy at 0 mm thickness represents the incident pulse of the
seed signal with an energy of 150 pJ. By fine-tuning the BBO angle and
the pump-to-signal delay, a maximum idler energy of 0.97 mJ is ach-
ieved with a crystal thickness of 3 mm, corresponding to 26.2 % pump-
to-idler energy conversion efficiency and 60.8 % pump energy deple-
tion. The signal pulse energy remains low at all thicknesses, except for a
slight increase when amplified by a 1 mm thick crystal. In this hybrid
OPA-SHG process, the Manley-Rowe relation is still satisfied between
the idler and pump. However, due to the strong SHG process, the signal
no longer obeys this relation. The numerical simulation results based on
the four-wave coupling equation[23,36] are also presented in Fig. 4 (a).
Although there are some discrepancies between the measured results
and the calculations, the measured conversion efficiency exhibits a
similar trend to the calculated results. For comparison, we also perform
experiments using a typical OPA process based on Type-II phase-
matching BBO at the same wavelength. For common femtosecond OPAs,
the two types of phase-matching are characterized as follows: Type-I has
a larger gain bandwidth, while Type-II offers higher energy conversion
[5]. As shown in Fig. 4 (a), using Type-II phase-matching BBO, a high
pump-to-idler energy conversion efficiency of 17 % and a pump deple-
tion close to 40 % are obtained. In contrast, the maximum pump energy
depletion of the hybrid OPA-SHG scheme is increased by more than 50
%. Additionally, Fig. 4 (b) presents the spectra of the amplified idler
pulses for both types of phase-matching with 3 mm thick crystals. The
FWHM bandwidth of Type-I is 103 nm, which is wider than the 82 nm of
Type-IL. This indicates that, compared to typical OPA, the hybrid OPA-
SHG scheme simultaneously achieves high pump depletion and broad
bandwidth.

To further demonstrate the role of OPA and SHG in the amplification
process, we measured the signal and idler pulse spectra for different BBO
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Fig. 4. (a) Measured conversion efficiency versus crystal thickness for Type-I idler (red circles), Type-I signal (blue squares), and Type-II idler (black diamonds). The
dashed lines are simulation results, respectively. (b) Amplified idler spectra for Type-I (red) and Type-II (black). (c) Amplified spectra versus crystal thickness for

Type-I hybrid OPA-SHG.

thicknesses in the hybrid OPA-SHG scheme. As shown in Fig. 4 (c), the
spectra intensities are normalized to their energies. The spectrum at 0
mm thickness represents the incident seed signal pulse. The idler spectra
maintain Gaussian-like intensity profiles across all thicknesses. In
contrast, the signal spectra behave differently from the idler pulses.
Initially, the pump pulse intensity is much stronger than the signal pulse.
For the signal pulse, the gain from OPA is much greater than the loss
from SHG. The signal pulse exhibits a Gaussian-like profile when
amplified with a 1 mm thick crystal. As thicker crystals are used, the
pump pulse intensity gradually decreases during amplification. For the
signal pulse, the gain from OPA and the loss from SHG reach a dynamic
equilibrium, meaning almost all the energy from the pump pulse flows
into the signal SH pulse. Consequently, the signal pulse intensity re-
mains low, allowing pump energy to keep flowing into the idler, ulti-
mately achieving high pump depletion. Due to the strong SHG, the signal
pulse spectra exhibit modulation. Notably, back conversion still occurs
with a 4 mm thick crystal. This is mainly due to the narrower phase-
matching bandwidth of the SHG. While OPA can generate a broad-
band signal pulse, the spectral components outside the center wave-
length of the signal pulse cannot be dissipated in time by SHG, resulting
in a dip at the center wavelength of the signal spectrum.

The pulse duration is measured using a home-built second-harmonic-
generation frequency-resolved optical gating (SHG-FROG). The un-
compressed idler pulse has a duration of 59.2 fs with a negative GDD of

approximately 390 fs2. Therefore, a 0.4 mm silicon window is used for
compression, and its effective thickness is varied by rotating the plate to
achieve optimal compression. The results of the compressed pulse are
shown in Fig. 5, with a 256 x 256 grid size and a reconstruction error of
0.003. The spectrum spans 1600-2100 nm with a FWHM bandwidth of
103 nm, supporting a sub-five-cycle TL pulse duration of 28.7 fs. The
spectrum is accurately retrieved from SHG-FROG, and the idler pulse is
compressed to 33.5 fs, close to the TL duration. For comparison, the
compressed pulse duration of Type-II OPA is 42.6 fs. Consequently, the
peak intensity of the idler pulse is nearly doubled using the hybrid OPA-
SHG scheme. Finally, the energy stability of the idler pulse is recorded
and plotted in Fig. 6 (a). Due to saturated amplification, the system
demonstrates high robustness, achieving an RMS fluctuation of only
0.23 % over one hour, close to that of the pump laser (~0.21 %).
Additionally, the far-field spot is measured by focusing the output beam
with an f = 400 mm lens, as shown in Fig. 6 (b). The beam spot exhibits
an excellent circular profile with a Gaussian cross-section in both the
horizontal and vertical directions.

According to the above analysis, the phase-matching bandwidth of
the signal pulse also affects the energy conversion in the hybrid OPA-
SHG process. Further improvements in pump depletion and energy
scaling can be achieved by combining the proposed scheme with dual-
chirped OPA (DC-OPA) [36,37]. By applying the same chirp values to
the pump and idler pulses, a narrow-bandwidth signal pulse can be



Z. Wang et al. Optics and Laser Technology 181 (2025) 111887
(3) 1050 (®) 1050
g g
g g
= £
2 925 2 925
D LD
o o
> >
= =
= =
800 800
-200 -100 0 100 200 -200 -100 0 100 200
Delay (fs) Delay (fs)
() 1 15 (d) 1 10
~ 10 -~ 15
= —= = —~
s Tz g
> s =
= 0.5 2 £ 0.5r 2
E : 0z g
= & = R
o S o 4 0
0 : == () 0 -5
1600 1850 2100 -200 -100 0 100 200
Wavelength (nm) Delay (fs)
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Fig. 6. (a) Energy stability of the idler pulse. (b) Spatial profile of focused idler beam, and the cross sections (red) and the gaussian fitting (black) of the beam.

generated while still producing a broad-bandwidth, few-cycle idler
pulse. Additionally, pulse broadening reduces the adverse effects of
temporal walk-off and increases the energy scalability of the hybrid
OPA-SHG. In our experiments, high-efficiency idler pulse amplification
is achieved when the signal pulse wavelength is 1.4 pm, corresponding
to an idler wavelength of 1.85 pm. By introducing a non-collinear angle
between the pump and seed pulses, a tunable range of idler wavelengths

can be achieved, even for high-efficiency amplification of signal pulses,
as shown in Fig. 7 (a). Since signal SHG only occurs at one angle for a
given wavelength set, the signal tuning curves (yellow lines) can be
determined first. Based on this, there are two sets of solutions for each
pair of pump and signal wavelengths, as shown by blue and red lines in
Fig. 7 (with solid and dashed lines distinguishing between the two so-
lutions). A wide wavelength tuning range exists with non-collinear
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fixed at the signal SHG phase-matching angle. (Sellmeier coefficients taken from [34,38]).

angles. Compared to the dashed-curve solutions, the solid-curve solu-
tions in Fig. 7 have smaller noncollinear angles between the interacting
pulses, making them more suitable for practical application. In Fig. 7 (a),
aside from the degeneracy solution at 1.6 um, the only collinear solution
is at 1.4 um, used in our experiments. Furthermore, the hybrid OPA-SHG
scheme is not limited to the 0.8 pm Ti: sapphire laser. For example, 1.03
pm Yb-based femtosecond fiber lasers, which have narrower bandwidths
and longer pulse durations, can be combined with LN or CSP crystals to
achieve high efficiency mid-IR OPA tuning from 2-3.5 pm, as shown in
Fig. 7 (b).

5. Conclusion

In summary, we have demonstrated a hybrid OPA-SHG scheme for
generating broad bandwidth IR pulses with high conversion efficiency.
By simultaneously satisfying the OPA and SHG phase-matching condi-
tions in a Type-I BBO crystal and using a femtosecond pump, back-
conversion circumvention, and broad bandwidth are achieved. The
mJ-level, 33.5 fs, 1.85 pm idler pulse is achieved with a total pump
depletion of 60.8 % and pump-to-idler efficiency of 26.2 %. The output
laser exhibited good beam quality and energy stability. Additionally, the
presented scheme can be applied to various types of lasers and used with
different nonlinear crystals. We believe that the hybrid OPA-SHG will be
a promising approach for efficiently increasing IR pulse energy and
advancing strong-field physics research.
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