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We demonstrate a new management of multi-stage optical parametric generator (OPG) and amplifier (OPA) to obtain
high-energy picosecond sources with high beam quality. The setup of multi-stage OPG-OPA requires mode-matching
between the pump beam and the stable mode of the OPG-OPA. In a proof-of-principle experiment, the single-pass multi-
stage OPG-OPA consists of three walk-off compensated KTP crystal pairs and two lenses, pumped by an 86 ps, 1064 nm
10 kHz picosecond laser. The signal light at ~ 1.77 um has an average output power of 502 mW with record energy up
to 50.2 pJ. The beam quality factor of the signal light can be improved to Mf X M‘z, = 1.87 x 2.16 after filtering out about
40% signal power. To the best of our knowledge, it is the first picosecond single-pass multi-stage OPG-OPA pumped at

kHz regime.
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1. Introduction

High-energy picosecond (ps) mid-infrared laser has
become an important tool in many fields, including
spectroscopy,! surgery,?! laser ranging,® high-order har-
monic generation. [*->! It is attractive to obtain picosecond mid-
infrared laser sources, relying on well-established 1-pum pump
laser technology to generate mid-IR radiation by nonlinear fre-
quency conversion.

Synchronously pumped optical parametric oscillator
(SPOPO)!%! is the most commonly used technology to ob-
tain ps mid-infrared sources, because of the ability of SPOPO
to produce pulses with narrow line-width, high beam quality,
and pulse duration of below 100 ps. The optical length of the
SPOPO cavity must match strictly with the repetition rate of
the pump source, ensuring that the pulse oscillating in the cav-
ity is always pumped synchronously by the next pump pulse.
There are many considerable reported works based on this
method.!”"!!! So far, many reports about SPOPO concentrate
on tens or hundreds of MHz repetition rate of pump source,
corresponding to several meters of SPOPO cavity length, re-
sulting in the signal or idler pulse energy only in nano joule
level.!”:8] Reducing the repetition rate of the pump laser is an
effective way to increase the energy in an SPOPO, but causes
an accompanying increase in the length of the SPOPO cav-
ity. Especially, when the pump repetition rate is below MHz,
SPOPO cavity length would be more than hundreds of meters,

"These authors contributed equally.
fCorresponding author. E-mail: liuke0209 @mails.ucas.ac.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/abft46

which is hard to be built in a laboratory. Adopting the ex-
tending cavity length method including imaging-relay®! and
fiber coupling,[!”! the reported SPOPOs obtained single pulse
energy up to hundreds of nano joules at repetition rate of
around 7 MHz. Other reports are pursuing higher pulse energy
instead of simply extending the SPOPO cavity length, such

3] burst-mode

as cavity dumping,['?! a high-harmonic cavity,
pumping, 4131 but it is still difficult to generate high-energy
single pulses in the kHz regime. Moreover, all of the above-
mentioned SPOPOs require precise cavity length matching
and are complicated especially when reducing the repetition
rate to obtain higher pulse energy.

Itis reachable to obtain a high-energy mid-infrared source
at kHz regime applying optical parametric oscillator (OPO)
in a short cavity,[!-1°) benefited from the crystal of high ef-
fective nonlinearity and short cavity. A 1 mJ level OPO was
demonstrated, operating at 500 Hz and 380 ps with 2800 nm,
but providing the beam quality factor M? of 75 x 78.116] An-
other OPO was reported, generating 270 ps, 2 mJ mid-infrared
radiation, tuning from 2990 to 3500 nm with the beam qual-
ity factor M? of 42 x 46.1171 A sub-300 ps OPO based on
8 mm cavity length provided 4.3 pJ pulses at 1-10 kHz with
6.15 um.["81 A ~ 250 ps OPO was demonstrated, generating
~ 50 uJ pulses at 1-10 kHz with ~ 2.8 pum.['”) The short cav-
ity and large beam size in the cavity lead to large Fresnel num-
bers, and the radiation field modes arise to cause a decline
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in beam quality. So far, to the best of our knowledge, there
has been no report on the conventional OPO generating high-
energy pulses below 100 ps at 10 kHz. Recently, our group has
demonstrated an intra-cavity SPOPO in a regenerative ampli-
fier, which produced a record signal pulse energy of 30.5 uJ at
1.5 wm with 7.0 ps of the pulse-length, operating at the repeti-
tion rate of 10 kHz.[?"! This is the highest pulse energy gener-
ated from an SPOPO but the method is relatively complex.

Optical parametric generator (OPG) is a simple way to
obtain ps mid-infrared source in low repetition rate but with
low efficiency and poor beam quality. For higher pulse en-
ergy, the ps pulse generated from OPG was usually amplified
by an optical parametric amplifier (OPA) with the separated
pump beams.?1-?2! For instance, a cascaded OPG and OPA
system based on OP-GaAs crystal was pumped by a Tm fiber
MOPA providing 1-MHz and 46 ps, generating 0.4 pJ tunable
mid-infrared radiation in 2552-2960 nm.?!! Here, the funda-
mental pump beam was split into two beams for pumping the
OPG and OPA stages, separately, and the time delayer should
be used, leading to the OPG and OPA system to be very com-
plex.

Very recently, a cascaded single-pass OPG-OPA structure
was reported for the first time, which was based on MgO-
doped periodically poled LiNbO3; (MgO:PPLN), generating
total pulse energy of 0.1 wJ with 11 ps pulse length, operat-
ing at the repetition rate of 80 MHz, tuning from 1902 nm to
2415 nm. >3 We notice that the single-pass OPG-OPA scheme
provides available access to generate high-energy ps pulses
and is much compact and simple. However, this single-pass
OPG-OPA was only two stages and pumped at MHz regime
and the gain medium was limited to the quasi-phase-matching
(QPM) material.

We demonstrate a new management of single-pass multi-
stage OPG-OPA to obtain high-energy picosecond sources
with high beam quality. The setup of single-pass multi-stage
OPG-OPA can be considered as a compact module, which just
requires matching the spatial pattern between the pump beam
and the stable mode of the OPG-OPA. In a proof of princi-
ple by experiment, three walk-off compensated crystal pairs
and two lenses were adopted. A record signal pulse energy of
50.2 uJ at ~ 1.77 um was achieved, operating at 10 kHz with a
pulse length of ~ 33 ps. To the best of our knowledge, it is the
first picosecond single-pass multi-stage OPG-OPA pumped at
kHz regime.

2. Method and experimental setup

The physical process of the new management single-pass
multi-stage OPG-OPA is similar to the initial physical process
in SPOPO. Figure 1(a) shows a typical OPO pumped by a laser
with a suitable repetition rate. At the beginning of the SPOPO

process, the signal and idler pulses are generated from opti-
cal parametric noise (OPN)[?*?>! during the first pump pulse
passing through the nonlinear crystal and then gradually am-
plified by the next passes. The beam qualities of the signal
and idler pulses are gradually improved during the SPOPO os-
cillation. In Fig. 1(b), a pump pulse passes through multiple
nonlinear crystals via the lenses, the physical process is equiv-
alent to the initial physical process of OPO. The signal and
idler pulses are still generated at the first crystal and ampli-
fied during passing next nonlinear crystals subsequently, sim-
ilar to the round trips in an SPOPO cavity. Meanwhile, the
signal and idler beams are gradually purified during the prop-
agation, similar to Fig. 1(a). The signal and idler pulse energy
can be amplified to a considerable level with a finite number
of pump pulses.!!! The high-energy picosecond optical para-
metric pulses can be obtained without many cavity round trips.
It is necessary to compensate for the walk-off effect during the
oscillation, which is common in nonlinear crystals. Therefore,
the architecture in Fig. 1(b) can be improved by finite pairs
of walk-off-compensating nonlinear crystals as Fig. 1(c). The
single-pass multi-stage OPG-OPA structure retains the process
of optimizing beam quality by oscillations in the cavity and
can output all energy of signal and idler light.

Fig. 1. (a) Conventional OPO cavity, (b) single-pass multi-stage
OPG-OPA, (c) single-pass multi-stage OPG-OPA, with walk-off-
compensated crystal pairs.

The experimental setup is shown in Fig. 2. A home-
made ps pump source is a regenerative amplifier seeded by
an SESAM passive mode-locked 1.064 um Nd:YVO;, laser.
The measured output power scaling, the pulse train, and the
normalized intensity autocorrelation trace of the pump source
are plotted in Fig. 3. The available average output power of the
pump source is 4.9 W, operating at the repetition rate of 10 kHz
and the central wavelength of 1064 nm. The pump pulse du-
ration was estimated in Gaussian fit to be ~ 86 ps based on
the intensity autocorrelation trace. The beam quality factor of
M? ~ 1.3 was measured by a knife-edge technique. A combi-
nation of HWP and TFP is used to systematically control the
average power of the pump source. A convex lens (L) is used
to focus the pump beam to a waist around 0.28 mm.
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Fig. 2. (a) Experimental setup of the single-pass multi-stage OPG-OPA,
pumped by a 10 kHz picosecond regenerative amplifier. M: mirrors; L:
lens; HWP: half-wave plate; TFP: thin-film polarizer, F1 and F2: CaF;
lenses; DM1, DM2, DM3 and DM4: dichroic mirrors. (b) Layout of a
walk-off-compensated KTP pair with the opposite y-axis.
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Fig. 3. Output power of the pump source as a function of the absorbed
LD power. Insets: (a) the pulse train of pump source in a time span of
1ms; (b) measured autocorrelation trace of pump source at 10 kHz and
its Gaussian fit.

The single-pass multi-stage OPG-OPA consisted of three
walk-off-compensated KTP crystal pairs and two identical
CaF, convex lenses with a focal length of 500 mm. Each crys-
tal is the same x-cut type I (6 = 61°, ¢ = 0°) with the dimen-
sions of 3 mmx3 mmx20 mm. Every crystal pair is placed
in a walk-off compensated configuration with two opposite y-
axis crystals as shown in Fig. 2(b).[?%] The pump beam is s-
polarized light, corresponding to the y-axis of crystals. Both
end surfaces of crystals were AR-coated for the pump, signal,
and idler (AR@1.064 um &1.7 um & 2.7 pum). The OPO ac-
ceptance angle is calculated to be 2.59 mrad-cm. The three
KTP crystal pairs were carefully adjusted to make sure the
consistency of the gain bandwidth center. Two CaF, convex
lenses (F1 and F2) were put between the KTP pairs. The lenses
were also AR-coated for the pump, signal, and idler light
(AR@1.064 um & 1.4-1.7 um & 2.7-4.3 um). The GVM be-
tween the pump and idler is estimated to be 193 fs/mm, in KTP
crystal, resulting in a temporal walk-off length of 445 mm,

longer than the 120 mm total length of all crystals.

It is necessary to ensure an appropriate beam size mode
matching during the propagation of the pump beam along the
single-pass OPG-OPA. The beam propagation process in the
single-pass multi-stage OPG-OPA is similar to the process in
a cavity. Thus, the stable mode of the single-pass OPG-OPA
can be calculated in an assuming cavity. While the interval
between the CaF; lenses is optimized to be 80 mm, it is calcu-
lated by ABCD matrix that the beam waist of the single-pass
OPG-OPA stable mode is ~ 0.277 mm at the middle of KTP
pairs, considering the refractive of KTP (~ 1.748 at 1064 nm)
and the beam quality factor of the pump source (~ 1.3). Then
the pump beam is focused to ~ 0.28 mm at the middle of the
first KTP pair to match the stable mode, the beam waist would
repeatedly appear at the middle of every KTP pair and all the
beam waist radius were about 0.28 mm, as shown in Fig. 4.

0.34F E
F1 F2
/g 0.321 KTP pair-1 fKTP pair-24 KTP pair-3
Z I I I B B
0 [ [ [
= ! ! 1
< 0.30F 1 1 1 E
& 1 1 1 1 1
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% 0.28 \L/I\.EAI‘:_/
Q . r--" 1 1 )
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Fig. 4. Calculated beam radius of pump light along the single-pass
OPG-OPA.

3. Experimental results

The first and second crystal pairs were failed to be charac-
terized due to no enough output power to be measured owing
to the limitation of the available instrument sensitivity at our
disposal. The evolution of the average output power of the sig-
nal and idler waves as a function of the injected pump power in
the three crystal pairs was measured and plotted in Fig. 5. The
maximum pump power of ~ 3 W was used to avoid the dam-
age of the nonlinear crystals. The threshold was observed to be
~ 1.1 W. It is found that both the signal and idler output power
increases linearly with the injected pump power. At the pump
power of 3 W, a maximum signal average power of 502 mW at
1.77 pm was obtained, corresponding to a signal pulse energy
of 50.2 puJ. A signal slope efficiency of ~ 28% and optical-
to-optical conversion efficiency of ~ 17% were created. The
corresponding idler average power at 2.67 um is 276 mW with
a slope efficiency of ~ 13% and optical-to-optical conversion
efficiency of 9%. Considering the total output power (signal
and idler) of ~ 778 mW under maximum injected pump power
of 3 W, the nonlinear conversion efficiency is up to 26%.
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Fig. 5. Average output power of the signal at 1.77 pum (red squares),
idler at 2.67 um (blue circles), and signal + idler (magenta triangles) as
a function of the injected pump power.

The spectrum of the signal light was measured by an opti-
cal spectrum analyzer (Ocean Insight NIRQuest512-2.5, 900—
2500 nm), and the result is shown in Fig. 6. It can be seen that
the signal wavelength is centered at ~ 1.77 pum, correspond-
ing to the idler wavelength of 2.67 um. The signal spectral
linewidth displayed is ~ 17 nm. While the spectral linewidth
of the signal light may be failed to represent the real linewidth
due to the limit of the spectrometer resolution (6.3 nm, 25 pm
slit), the measured spectrum can still indicate a large spec-
tral linewidth of the signal light, which could be mainly at-
tributed to the gain bandwidth in high-gain condition and the
divergence of the generated signal and idler beams. Under the
high-gain condition, the signal light obtains enough gain near
perfect phase matching, resulting in larger spectral linewidth
compared with the low-gain condition. The divergence of the
generated signal and idler beams causes off-axis optical para-
metric amplification, also leads to larger spectral linewidth.
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Fig. 6. Measured spectrum of the signal light.

Owing to the limitation of our autocorrelator sensitivity,
the pulse width of the signal and the idler beams are failed
to be measured. Here, the pulse temporal shape was simu-
lated by a numerical model taking into account pump deple-
tion, crystal linear absorption, GVM, GVD, and the energy
loss between crystal pairs,?”-?8] and the spatial walk-off is ig-
nored because of the adopted walk-off compensated configura-
tion. The coupling equations are solved numerically in the fre-
quency domain using the fourth-order Runge—Kutta method.

The seeds of the signal and idler pulse are optical paramet-
ric noise generated by the pump pulse,>*! and the energies
of the seeding signal and idler are assumed to be single pho-
ton energy, respectively. It is assumed that the pump light is
a plane wave. The simulated result is shown in Fig. 7. The
pump pulse is depleted partly in the center due to the down-
conversion. The pulse width of both the signal and idler pulse
is simulated to be ~ 33 ps, which is narrower than the pump
pulse width, originating from the temporal gain narrowing ef-
fect. The simulated average output powers of signal and idler
light are 531 mW and 356 mW, respectively, which are close
to the experimental average powers of the signal and idler of
502 mW and 267 mW, respectively. The pulse centers of the
signal and idler are slightly offset the coordinate zero point of
the time axis due to the effect of GVM. The output power of
the OPG-OPA in four crystal pairs was also simulated to be
443 mW for signal and 233 mW for idler, indicating a decline
in the output energy at the four crystal pairs scheme.

...... Pump
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Fig. 7. Simulated pulse temporal shapes in the single-pass OPG-OPA
of three crystal pairs.
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Fig. 8. Beam quality factor M? measured after filtering out ~ 40%
power. Inset: 2D spatial beam intensity profile.

The beam quality and the intensity distribution of the sig-
nal beam at 1.77 um were measured by a beam profiling cam-
era (Ophir Spiricon, PY-III-C-A) as shown in Fig. 8. At the
maximum output power, the beam quality factor of the sig-
nal wave was measured to be M2 x M}z. =2.62 x 4.58. More-
over, the beam quality factor can be improved to M? x My2 =
1.87 x 2.16 after filtering out about 40% signal power, adopt-
ing spatial filtering technology. The inset of Fig. 8 displays
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the corresponding two-dimensional (2D) spatial beam inten-
sity profile, exhibiting a good beam quality with Gaussian pro-
file, which is important for applications.

4. Conclusion and perspectives

In summary, we have demonstrated a new management of
single-pass multi-stage OPG-OPA to obtain high-energy pi-
cosecond sources with high beam quality. The pump beam
matches the stable mode of the OPG-OPA. At pump power of
~ 3 W and repetition rate of 10 kHz, the record output powers
of the signal and the idler light are 502 mW and 276 mW with
pulse energy up to 50.2 wJ and 27.6 yJ, respectively. The sig-
nal wavelength was measured to be ~ 1.77 pm, corresponding
to the idler wavelength of 2.67 pum. The signal-beam quality
factor can be improved to be M2 x My2 = 1.87 x 2.16 after fil-
tering out about 40% signal power.
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