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Abstract: Mid-infrared (3—5 pwm) pulses with high energy are produced
using nonlinear conversion in a ZnGeP;-based master oscillator-power
amplifier, pumped by a Q-switched cryogenic Ho:YLF oscillator. The
master oscillator is based on an optical parametric oscillator with a V-
shaped 3-mirror ring resonator, and the power amplifier is based on optical
parametric amplification in large-aperture ZnGeP, crystals. Pulses with up
to 212 mJ energy at 1 Hz repetition rate are obtained, with FWHM duration
15 ns and beam quality M? = 3.
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1. Introduction

Laser sources emitting pulses with megawatt peak power and nanosecond duration in the mid-
infrared wavelength range have a number of applications including spectroscopy, remote sens-
ing, and surgery [1]. Nonlinear devices, such as optical parametric oscillators (OPOs) and
amplifiers (OPAs), are particularly attractive because they can reach wavelengths where con-
ventional laser lines are lacking. One promising material for such devices is zinc germanium
phosphide (ZGP) due to its high nonlinear coefficient, reasonably high damage threshold, good
transmission in the mid-infrared range, and high thermal conductivity [2, 3].

ZGP needs to be pumped at a wavelength >2 pum to avoid absorption. One way to achive
this is to use a two-stage system, where a Nd laser is used to pump a suitable nonlinear crystal,
such as KTiOPOy, and the output from the nonlinear interaction in the first stage is utilized to
pump the ZGP stage [4-6]. An alternative, which avoids the first conversion stage, is to pump
ZGP directly with a Ho-based laser near 2.1 um [7-9].

The beam diameter must be large when generating nanosecond pulses with high pulse energy,
to avoid exceeding the damage threshold of the nonlinear crystals. OPOs have been scaled to
several hundred millijoules [10, 11], but obtaining good beam quality directly from an OPO
with a large beam diameter is challenging due to the high Fresnel-number of the resonator,
which results in a large number of transverse modes. This problem can be addressed using
confocal unstable resonators [12, 13], or by image-rotating resonators [14, 15]. Image-rotation
works best when there is considerable lateral walk-off between the signal and idler beams in
the nonlinear crystal [16,17]. For collinear nonlinear interaction, this is only the case for type II
phase-matching, which is not possible for ZGP in the 3-5 ym range when pumping at 2.1 pum.

An alternative solution, which avoids the need for OPOs with large beam diameter, is the
master oscillator-power amplifier (MOPA) approach. Here, a master OPO is pumped with a low
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to moderate energy beam, and is optimized for providing output pulses with good beam quality.
The signal and/or idler from the master OPO is then used as a seed in an optical parametric
amplifier, which can provide output pulses with good beam quality, also for beams with large
diameter [5, 8, 18, 19].

Several sources have previously been used to generate nanosecond pulses with megawatt
peak power in the 3—-5 um wavelength range. Ruan et al. have obtained pulses with an energy
of 4.95 J and 149 ns duration at ~3.8 um wavelength from a deuterium fluoride laser [20], but
they do not report the beam quality. Zajac et al. demonstrated 137 mJ in 91 ns long pulses from
a Q-switched Er:YAG laser at 2.94 um [21], without stating the beam quality. Badikov et al.
obtained up to 350 mJ in ~100 ns pulses at 5.3 um from a frequency-doubled multi-transverse-
mode CO; laser [22]. Liu et al. obtained 34 mJ pulses at 3.5 um, with a duration of 15 ns, from
a KTiOAsO4 OPO [23], but the beam quality was not reported. Dergacheyv et al. obtained 30 mJ
at 3.4 um from a ZGP MOPA with ~20 ns pulse duration [8], with a beam quality of M?> < 1.8
from the master oscillator, but the beam quality of the OPA was not stated. Haakestad et al.
obtained 33 mJ at 3-5 um from a ZGP MOPA, with pulse duration 6 ns, and a beam quality
M?=2-4[5].

We here demonstrate a ZGP-based MOPA, with more than 200 mJ output energy in 15 ns
pulses, with beam quality M? = 3, pumped at 2.05 pm by a cryogenically cooled Ho: YLF laser.
The master OPO is based on a V-shaped 3-mirror ring resonator [24], and the power OPA is
based on 1-3 large-aperture ZGP crystals. The design of the entire setup, including the pump
laser, was aided by Sisyfos (Simulation System for Optical Science), an in-house simulation
software for lasers and nonlinear interactions [25].

2. Experimental setup and simulations
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Fig. 1. Schematic overview of the ZGP-based MOPA. PBS: polarizer, A /2: half-wave plate
@ 2.05 um, CaF,: CaF; wedge. The number of ZGP crystals in the OPA were 1-3 in the
experiments.

An overview of the experimental setup is given in Fig. 1. The Q-switched cryogenic Ho: YLF
oscillator provides 0.5 J pulses at 2.05 um wavelength and 1 Hz repetition rate [26], and has
a FWe 2M beam diameter of 6.1 mm. The beam quality of the pump laser is M? = 1.5, and
the pulse duration (FWHM) is 16 ns. Although the pump laser can operate at higher repetition
rates, with 0.3 J pulse energy at 20 Hz [26], we operated it at 1 Hz here to maximize the pulse
energy. The pump beam for the OPO was obtained using one reflection from a CaF, wedge,
while the transmitted pump was directed to the OPA. The maximum pump energy at the OPA
was 381 mJ, while 35 mJ was reflected from each surface of the CaF, wedge. About 10% of the
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available pump energy was lost in the optical components from the laser to the OPA crystals.
Relay imaging telescopes were used to reduce the OPO pump beam diameter (FWe™2M) to
2.7 mm and expand the output beam (signal and idler) from the OPO to a FWe >M diameter
of 8.7 mm. The pump beam for the OPA was expanded to a FWe™>M diameter of 8.6 mm with
a Galilean telescope.

The ZGP crystals used in the OPO and OPA were manufactured by Inrad. They were cut
at 8 = 54° for type I phase-matching and angle-tuned to provide a signal and idler wave-
length of ~3.7 um and ~4.6 um, respectively. Crystals with 6 mm length and apertures of
10 mm X 12 mm and 12 mm x 14 mm were used in the experiment. Pump transmission (o-
polarisation) through the AR coated crystals varied within the range 84-92%, while the trans-
mission at 3-5 um (e-polarisation) was 93-97%. For a given crystal aperture, the maximum
pulse energy is limited by the maximum allowable peak fluence, which is determined by the
damage threshold of the crystal. The damage threshold of the nonlinear crystals was investi-
gated by reducing the pump beam diameter to 1 mm and visually inspect the crystal’s entrance
and exit surface during exposure of 250 pump pulses at constant energy. The peak fluence was
gradually increased in steps of 0.1 J/cm?, and visual damage occurred for a peak fluence of
2.3 J/em?. In the experiments, the total peak fluence of the OPO and OPA was kept below
0.8 J/cm? and 1.2 J/cm?, respectively, to operate well below the estimated damage threshold of
the nonlinear crystals. The safety margin for the peak fluence of the OPO was chosen especially
large to ensure reliable long-term operation. During the experiments a ~0.5 mm diameter dam-
age occurred on the front surface of the first OPA crystal. No further damages were observed.

2.1. Master oscillator

The master OPO is based on a V-shaped 3-mirror ring resonator [24], which is schematically
shown in Fig. 1. The main advantages of such a resonator is two-pass pumping without pump
feedback into the laser, simple alignment, compactness, and reduced fluence because the for-
ward and backward propagating beams are non-overlapping.

Numerical simulations using realistic pump and crystal parameters (including a linear pump
transmission of 84% and a signal and idler transmission of 94% in the nonlinear crystal) were
carried out to optimize the design of the OPO. A selection of the simulation results are shown
in Fig. 2, where the performance of a singly resonant and a doubly resonant configuration are
compared for different crystal lengths. The pump diameter (FWe~>M) was 3.0 mm, the out-
coupling 0.5, the pump energy 25 mJ, and the pump duration (FWHM) 15 ns in the simulations.
The fluctuations in the simulation results are due to (i) that a pump bandwidth of 70 GHz is
assumed in the simulation model, which results in a random modulation of the instantaneous
pump power, and (ii) that the OPO signals grow from quantum noise in the simulations. Fig-
ure 2(a) indicates that a crystal length of 8 mm would be optimal in terms of conversion effi-
ciency for a doubly resonant configuration, while a crystal length of 9 mm or more is optimal
for a singly resonant configuration. However, Fig. 2(b) clearly shows that a singly resonant
OPO gives better beam quality than a doubly resonant configuration because back-conversion
is minimized in a singly resonant design. The build-up time of the OPO needs to be short to
obtain output pulses with similar duration as the pump pulses, to achieve high conversion in the
OPA stage. Figure 2(c) plots the relative delay between the OPO output and the pump pulses
as function of crystal length, and we observe that this delay is minimised by choosing a crystal
length of 8 mm or more. As shown in Fig. 2(d), the simulated peak fluence is below 0.8 J/cm?
for the singly resonant configuration, which is well below the damage threshold of the nonlinear
crystal and the mirror coatings.

Based on the simulations, we chose a singly resonant configuration, where all resonator
mirrors were HT for the idler (T > 95% at 4.3—4.9 um). The signal out-coupling was 0.5. In
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Fig. 2. Simulation results for the master oscillator with a pump pulse energy of 25 mJ. (a)
output energy, (b) beam quality, (c) relative delay between OPO output and pump, and (d)
internal peak fluence in the OPO cavity as a function of ZGP length. sro: singly resonant
OPO, dro: doubly resonant OPO.

addition, the out-coupler was HR for the pump to allow for two-pass pumping. The remaining
two OPO mirrors were HT for the pump and HR for the signal. The OPO performance was
tested with one or two 6 mm long ZGP crystals, giving a total ZGP length of 6 mm or 12 mm in
the OPO resonator. The ZGP length chosen for the OPO in the experiments reported below was
12 mm, because this length gave good conversion efficiency and short build-up time, resulting
in output pulses with similar duration as the pump pulses. According to the simulations, a
crystal length of ~ 9 mm would be slightly better in terms of beam quality, without sacrificing
conversion efficiency, but this crystal length was not available during the experiments.

2.2.  Power amplifier

The power amplifier was tested with 1-3 ZGP crystals, each 6 mm long, giving a total ZGP
length of 6, 12, or 18 mm, to find the optimal crystal length. Walk-off compensation was not
necessary due to the large diameters of the beams. The pump pulses were delayed 1 ns, com-
pared to the seed pulses, to compensate for the build-up time of the OPO.

Figure 3 shows a selection of the simulation results for the power amplifier, where the output
from the OPO simulation (singly resonant configuration with 12 mm ZGP length in the OPO
cavity) was used to seed the OPA. The pump energy was 380 mJ, the pump diameter (FWe ™M)
8.6 mm, the seed diameter (FWe>M) 8.7 mm, and the pump delay with respect to the seed
1 ns in the simulations. We observe from Fig. 3(a) that using both the signal and idler from the
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Fig. 3. Simulation results for the power amplifier with a pump pulse energy of 380 mJ. (a)
output energy, and (b) beam quality. The OPA was simulated with the signal beam only
from the master OPO as seed for the OPA, and with both the signal and idler beams as
seed.

OPO to seed the OPA increases the output energy, compared to using the signal only as seed.
This was also confirmed in the experiments. Also, the beam quality is not affected by using
both the signal and idler as seed, as shown in Fig. 3(b). A crystal length of about 12 mm in
the OPA is optimal because this maximizes the output energy, while maintaining a reasonably
good beam quality. Increasing the ZGP length further results in worse beam quality, due to
back-conversion, without increasing the output energy.

In a previous setup we have observed that the coatings on the front and back surface of the
OPA crystals may act as resonator mitrors for a type I, non-collinearly phase-matched parasitic
OPO process [5]. Parasitic signals at 2.5-3 ym and at 5.5 um are phase-matched for the crystal
cut angle of 8 = 54° used here. The crystal coatings were specified to have less than 10%
reflection at these wavelengths to avoid problems with parasitic oscillation, in addition to being
AR at the pump, signal, and idler wavelengths.

3. Experimental results
3.1.  Master oscillator

Figure 4 shows the measured output energy (signal and idler) from the OPO. The threshold
is 4.2 mJ, and the slope efficiency is 0.56. During operation of the MOPA, we used a pump
energy of 25 mlJ, resulting in an OPO output energy of 12 mJ, which is in good agreement
with the simulations. The inset in Fig. 4 shows the measured far field fluence (signal and idler)
from the OPO at 25 mJ pump energy. The corresponding beam quality of the OPO is M? = 2.7,
based on measured second moments of the near- and far field. The output spectrum from the
OPO is shown in Fig. 5, which is in reasonable agreement with the calculated parametric gain
bandwidth of the nonlinear crystals in the OPO.

3.2.  Power amplifier

Figure 6 shows the measured output energy (signal and idler) from the OPA for different number
of ZGP crystals. For the maximum pump energy of 380 mJ, we obtained 136 mJ, 207 mJ, and
212 m], respectively, with 1-3 ZGP crystals. The measured output energy agrees well with the
simulations for two and three ZGP crystals in the OPA, but the simulations overestimate the
pulse energy for one ZGP crystal. No parasitic processes were observed at full pump and seed

#207849 - $15.00 USD Received 7 Mar 2014; accepted 25 Mar 2014; published 2 Apr 2014
(C) 2014 OSA 7 April 2014 | Vol. 22, No. 7 | DOI:10.1364/0OE.22.008556 | OPTICS EXPRESS 8561



15 T
1

=
£
S 10}
3]
o
— 4 -2 0 2 4
2 Angle [mrad]
+— 5.
5
o
@]
a
(@]

0 . . . . .

0 5 10 15 20 25 30

Pump energy [mJ]
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Fig. 5. Measured output spectrum (signal and idler) from the OPO and the OPA.

power.

Figure 7 shows the measured near- and far field fluence distributions from the OPA (signal
and idler) at full pump energy, with three ZGP crystals in the OPA. The near field of the OPA
output resembles the fluence profile of the pump beam in the position of the OPA, while the
far field resembles the far field of the OPO. Based on the second moments of the near- and far
field of the OPA output (signal and idler) at maximum pump energy, we obtain a beam quality
of M? =2.7, 2.9, and 3.3, respectively, for 1-3 ZGP crystals. Backconversion is the probable
cause of the measured degradation of beam quality with increasing crystal length.

The measured spectrum of the OPA is shown in Fig. 5. We observe that the OPA spectrum is
similar to the OPO spectrum. The dip in the measured spectra at 4.2—4.3 pm is due to absorption
by CO; in air.
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Fig. 7. Measured near field (a) and far field (b) fluence profiles from the OPA (signal and
idler) at full pump energy, with 3 ZGP crystals in the OPA.

4. Discussion

The present MOPA shows good conversion efficiency and reasonably good beam quality. Ac-
cording to the simulations shown in Fig. 2, a beam quality of M? =1.5-2 could be achieved
from the OPO by using a shorter ZGP length, at the expense of increased build-up time and
lower pulse energy. Such pulses would be less suitable for seeding the OPA. The relation be-
tween build-up time and beam quality of the OPO is a general effect caused by cumulative
spatial filtering by multiple passes through the OPO cavity during build-up [27]. There is thus a
tradeoff between pulse energy and beam quality of the OPO. It is well known that lateral walk-
off between the signal and idler restricts the phase-matching acceptance angle, thus improving
the beam-quality in the walk-off direction. Lateral walk-off between the signal and idler is
negligible in collinear type I parametric interactions, but can be large in non-collinear type I
parametric processes. Smith and Bowers have suggested that noncollinear interactions in a type
I phase-matched process can be used to improve the beam quality of OPOs with image-rotating
cavities [16]. Using such an OPO geometry could improve the beam quality of the seed OPO
while obtaining high pulse energy [17].
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5. Conclusion

In summary, we have demonstrated a ZGP MOPA based on a singly resonant V-shaped 3-
mirror ring OPO and an OPA with large-aperture ZGP crystals. 15 ns long pulses with more
than 200 mJ energy in the 3-5 um wavelength range are obtained, with beam quality M? = 3.
To our knowledge, this is the highest pulse energy generated in this wavelength region by a
nanosecond solid-state laser source.
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