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Abstract: In this paper, a high energy 3.5 um mid-infrared (MIR) burst-mode KTA optical
parametric oscillator (OPO) was demonstrated. Utilizing a quasi-continuous wave (QCW)
laser diode (LD) side-pump module and electro-optic (EO) Q-switching technique, a high
beam quality 1064 nm burst-mode laser was achieved as the fundamental source, generating
30 m]J high-energy pulses at burst repetition rates of 100 Hz and 200 Hz with sub-burst
repetition rates of 20 kHz, 40 kHz, and 50 kHz. The KTA-OPO produced a 3.5 pm MIR
burst-mode laser output with 4 to 11 sub-pulses per pulse envelope. The output energies
were 2.9 mJ, 2.81 mJ, and 2.79 mJ at 100 Hz, as well as 2.8 m]J, 2.75 m], and 2.72 mJ at 200 Hz,
with corresponding conversion efficiencies of 9.6%, 9.3%, and 9.3% at 100 Hz, as well as
9.3%, 9.2%, and 9.1% at 200 Hz, respectively. Our results pave a new way for generating
burst-mode MIR lasers.
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1. Introduction

Mid-infrared (MIR) lasers play a pivotal role across diverse fields [1,2], including
environmental monitoring [3], medical applications [4], and material processing [5,6]. Their
ability to target the absorption peaks of various gasses and excel in atmospheric penetra-
tion makes them ideal for detecting trace gasses like methane and ethane [7,8], crucial
for accurate environmental monitoring. In medicine, MIR lasers’ optimal penetration
depth and absorption characteristics in biological tissues enable precise tissue imaging and
non-invasive surgical procedures, significantly enhancing the accuracy of treatments such
as laser ablation and photothermal therapy [9,10]. Furthermore, in material processing,
MIR lasers efficiently cut and weld specific materials like polymers and composites [11,12],
offering improved efficiency and precision. Notably, burst-mode lasers deliver a rapid
succession of high-energy pulses within a single burst, allowing for precise control over
both energy and temporal distribution, which is essential for applications requiring high
repetition rate accumulation effects [13]. Therefore, the development of high-energy MIR
burst-mode lasers is crucial for advancing these technologies, providing unique perfor-
mance capabilities that continuous-wave or single-pulse lasers cannot achieve.

There are several methods to generate MIR burst-mode lasers, such as acousto-optic
modulation, extracavity modulation, and fiber lasers. Fu et al. employed an optical chopper
in front of the OPO, which was synchronously pumped by a thulium-doped fiber master
oscillator power amplifier with orientation-patterned gallium arsenide, achieving a wide
wavelength tuning range of 2895-3342 nm (signal) and 4935-6389 nm (idler) [14]. However,
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extracavity modulation with a chopper can result in energy losses, thereby reducing the
output energy. Cai et al. employed a linearly polarized fiber laser as the pump source,
consisting of a seed laser and three amplifier stages. The seed laser was a gain-switched
distributed Bragg reflector laser diode (LD), directly modulated for burst-mode operation,
achieving laser emission at 3.8 pm with an average output power of 7.9 W at a pump power
of 45.3 W, but the amplified energy was only at the pJ level [15]. Okabayashi et al. utilized
an acousto-optic Q-switched burst-pulse laser to pump Cr:ZnSe, achieving a maximum
output energy of 0.42 mJ at a pump energy of 3.1 m]J, with the output wavelength tuned
to 2.44 pm [16]. Recently, Wu et al. proposed a novel approach to generate high-energy
burst-mode lasers, achieving a single pulse energy of 13.4 mJ and a peak power of 1.3 MW
at 355 nm. This was accomplished using a pulse pump frequency of 10 Hz and a Q-switched
repetition rate of 10 kHz, through a pulse side-pump module and intracavity electro-optical
(EO) Q-switching after amplification [17]. However, to the best of our knowledge, this
method has not yet been applied to generate burst-mode MIR lasers.

In our work, we utilized a pulsed side-pump module and intracavity EO Q-switching
technology to produce 1064 nm burst-mode lasers with adjustable burst and sub-burst
repetition rates. By using the as-generated 1064 nm burst-mode laser to pump the KTA
optical parametric oscillator (OPO), a burst-mode 3.5 um MIR laser was generated. The
output energies of the 3.5 um MIR burst-mode lasers were measured at 2.9 m]J, 2.81 mJ, and
2.79 m] at a repetition rate of 100 Hz, as well as 2.8 m]J, 2.75 m]J, and 2.72 m] at 200 Hz.

2. Experimental Section

Figure 1 shows the experimental setup of the 3.5 pm burst-mode laser. The core
components consisted of a 1064 nm burst-mode laser oscillator and a KTA-OPO module.
The 1064 nm fundamental laser is composed of a side pump module, a thin-film polarizer
(TFP), an electro-optic modulator (EOM), a quarter-wave plate (QWP), and two reflectors
(M1 and M2). A quasi-continuous wave (QCW) 808 nm LD served as the pump source,
delivering a peak pump power of 1200 W. The Nd:YAG crystal rod with the dimensions
of ®3 mm x 75 mm was used as the gain medium. The concentration of Nd* dopant
was 0.6 at. %, and the two end surfaces were anti-reflection (AR) coated at 1064 nm. The
side pump module offered adjustable pulse repetition rates between 100 and 200 Hz via
power supply regulation, with a fixed pulse width of 250 us. M1 was a plano-concave
mirror with high reflectance at 1064 nm and a radius of curvature of R = —1500 mm, while
M2 was a Gaussian output coupler with 60% transmittance at 1064 nm and R = 500 mm,
2a =4 mm 2b = 0, designed to compensate for thermal lensing in the crystal and improve
beam quality. The Gaussian output mirror ensured superior mode matching and promoted
high-quality fundamental beam output, offering significant advantages in beam quality
and power stability. Additionally, the TFP’s incident angle was optimized at 56° for beam
transmission. The EOM utilized a BBO crystal controlled by a high-voltage driver, with a
quarter-wave voltage of approximately 2900 V, a pulse duration of 1 ps, and a maximum
repetition rate of 50 kHz.

Before entering the nonlinear frequency conversion unit, the 1064 nm burst-mode
output beam was collimated using a beam reducer (BR), consisting of lens groups L1 and L2
with focal lengths of 200 mm and —200 mm, respectively. The spot sizes at the Q-switching
repetition rates of 20 kHz, 40 kHz, and 50 kHz were determined to be 1400 um, 930 pm, and
850 pm, respectively. To prevent the 1064 nm reflected laser from damaging components
within the resonant cavity, an isolator (ISO) was positioned behind two 45° plane mirrors
(M3 and M4) coated with high reflection (HR) films at 1.06 pm. The nonlinear frequency
conversion unit featured a KTA crystal, cut at angles of 6 = 90° and ¢ = 0°, with dimensions
of 4 mm x 4 mm X 23 mm, placed in a water-cooled heat sink maintained at 20 °C. For
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optimal phase matching, a half-wave plate (HWP) was used. To enhance optical-to-optical
conversion efficiency, a plano—plano cavity structure was employed. The input mirror
M5 was HR coated at 1.4-1.6 um and 3.3—4.0 um, and HT coated at 1.05-1.1 um, while
the flat output mirror M6 was HR coated at 1.05-1.1 um and 1.35-2.0 um, and HT coated
at 2.5-4.2 um. To measure the output energy and conversion efficiency of the nonlinear
frequency conversion laser, a germanium plate was utilized for filtering, exhibiting strong
absorption at 1.064 pm and high transmittance at 3.5 pm. A signal generator (922pro, Rigol,
Suzhou, China) was used to set the pump repetition rates to 100 Hz and 200 Hz, with a
pump duration of 250 us. The electro-optical module (EOM) repetition rates were set to
20 kHz, 40 kHz, and 50 kHz, with a duration of 1 us. The laser output power was measured
using a power meter (PM100D, Thorlabs, Newton, NJ, USA).

M1  EOM QWP TFP M2 M3

[

filter

‘ ................................

M6 KTA M5 BR HWP  ISO M4

Figure 1. Schematic diagram of the experimental setup for the 3.5 pm burst-mode laser system. QWP:
quarter wave plate; EOM: electro-optic modulator; TFP: thin film polarizer; BR: beam reducer; ISO:
isolator; HWP: half-wave plate.

3. Results and Discussions

Figure 2a depicts the correlation between burst energy and peak pump power at
varying pump and Q-switched repetition rates. As peak pump power increased, the output
laser energy progressively grew, achieving 30 m] across all repetition rates when the peak
pump power reached 1020 W. Specifically, the output energy was 30.2 m] at 100 Hz, slightly
decreasing to 30.0 m]J at 200 Hz. This slight reduction, likely attributed to thermal effects
intensified at higher pump repetition rates, indicates that while the pump repetition rate
influences burst output energy, the overall difference remains minor.

The beam quality of the 1064 nm laser at its highest output energy was evaluated
using a beam quality analyzer. The beam quality factors at pump repetition rates of 100 Hz
and 200 Hz were measured to be M,? = 1.04, My? = 1.10 and M,? = 1.70, M,? = 1.73,
respectively, as shown in Figure 2c,d. The corresponding two-dimensional spatial intensity
distributions of the laser are inserted in the figure, indicating that the 1064 nm laser
consistently maintained a Gaussian TEMy; mode with good beam quality under burst-
mode operation, providing a solid foundation for the subsequent OPO MIR burst-mode
laser experiment.
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Figure 2. The output 1064 nm burst-mode laser energy versus the peak pump power for various burst
repetition rates of (a) 100 Hz and (b) 200 Hz; the beam quality factors of the 1064 nm burst-mode
laser at (c¢) 100 Hz and (d) 200 Hz.

Figure 3a,b show the single pulse profiles and pulse trains of the 1064 nm fundamental
frequency laser with the highest output burst energy of 30 mJ, measured at different Q-
switching repetition rates with pump frequencies of 100 Hz and 200 Hz, respectively. The
laser pulse width and pulse number increased as the Q-switching repetition rate rose. At
the Q-switching repetition rates of 20 kHz, 40 kHz, and 50 kHz, the number of sub-pulses
within each pulse envelope was 4, 9, and 11, respectively. The burst-mode 1064 nm laser
with a burst energy of 30 m] was then collimated and injected into the OPO unit. Figure 3¢c,d
present the output pulse characteristics of the OPO-MIR laser. The pulse width after OPO
was narrower compared to the fundamental laser. At a pump repetition rate of 100 Hz,
with different Q-switch repetition rates of 20 kHz, 40 kHz, and 50 kHz, the pulse width
decreased from 77 ns, 126 ns, and 139 ns to 69 ns, 116 ns, and 121 ns, respectively. Similarly,
at the pump repetition rate of 200 Hz, the pulse width reduced from 85 ns, 136 ns, and
139 ns to 71 ns, 120 ns, and 128 ns, respectively.

Due to the limitations of available instruments, a suitable pulse spectrometer covering
the 3.5 pm range was not accessible to directly measure the output wavelength of the KTA-
OPO. Therefore, the idler wavelength was calculated by measuring the signal wavelength
in the cavity after the OPO process. As shown in Figure 4a, the central wavelength of the
signal light was measured to be 1535.68 nm, and the corresponding idler wavelength was
calculated to be 3.47 um. Figure 4b,c illustrate the relationship between output energy,
conversion efficiency, and 1064 nm pump energy of the mid-infrared 3.5 pm burst-mode
laser at varying pump and Q-switching repetition rates. As the pump energy of the burst-
mode 1064 nm fundamental frequency laser increased, the average output energy of the
MIR 3.5 pum laser also increased gradually. It can be observed that since the single-pulse
energy density of the 1064 nm fundamental frequency laser incident on the KTA crystal
remained constant, the conversion efficiency of the generated 3.5 um laser was comparable
under different conditions. When the 1064 nm pump energy reached 30 m], the highest
output burst energy of the 3.5 um laser was 2.9 mJ, 2.81 mJ, and 2.79 m]J at a pump repetition
rate of 100 Hz, as well as 2.8 m], 2.75 mJ, and 2.72 m] at 200 Hz. Due to increased thermal
effects at 200 Hz, the beam quality of the 1064 nm burst-mode laser degraded compared to
that at 100 Hz, resulting in a slight reduction in output energy. At this point, the optical-to-
optical conversion efficiency of the OPO was 9.6%, 9.3%, and 9.3% at 100 Hz, as well as
9.3%, 9.2%, and 9.1% at 200 Hz, respectively. As shown in Figure 4c—e, the pulse energy
stability of the 3.5 pm MIR laser was measured over 60 min, with results of 1.01% and
1.14% at 20 kHz, 1.61% and 1.72% at 40 kHz, as well as 1.82% and 1.98% at 50 kHz.
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Figure 3. The output 1064 nm fundamental frequency laser at a pump repetition rate of 100 Hz for a
sub-pulse repetition rate of 20 kHz (aq), 40 kHz (az), and 50 kHz (a3); 200 Hz for 20 kHz (b1), 40 kHz
(bz), and 50 kHz (bs); 3.5 um MIR laser of 100 Hz for a sub-pulse repetition rate of 20 kHz (c1), 40 kHz
(c2), and 50 kHz (c3); 200 Hz for 20 kHz (d1), 40 kHz (dy), and 50 kHz (d3).
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Figure 4. (a) The spectrum of the 1.5 um signal light; the output burst energy (black lines) and
efficiency (red lines) of 3.5 um versus 1064 nm burst energy across varying sub-burst repetition rates
with a burst repetition rate of (b) 100 Hz and (c) 200 Hz; energy stability of 3.5 pm MIR laser pulse
for a sub-burst repetition rate of (d) 20 kHz, (e) 40 kHz and (f) 50 kHz.

4. Conclusions

In this work, a 3.5 pm MIR burst-mode laser based on a side-pump module and EO
Q-switching techniques and KTA-OPO was demonstrated for the first time. A high-energy
pulse of 30 mJ at a fundamental wavelength of 1064 nm, with burst repetition rates of
100 Hz and 200 Hz, and sub-burst repetition rates ranging from 20 kHz to 50 kHz, was
used as the pump laser. In the subsequent KTA-OPO experiment, a 3.5 um MIR burst-
mode laser with 4, 9, and 11 sub-pulses per burst was realized. At 100 Hz, the output
energies were 2.9 mJ, 2.81 mJ, and 2.79 mJ, respectively, with corresponding conversion
efficiencies of 9.6%, 9.3%, and 9.3%. At 200 Hz, the output energies slightly decreased to
2.8 mJ, 2.75 mJ, and 2.72 m], with corresponding efficiencies of 9.3%, 9.2%, and 9.1%. Our
findings demonstrate that the combination of pulse pumping and EO Q-switching enables
a 1064 nm KTA-OPO to generate a 3.5 um MIR burst-mode laser, paving a new technical
pathway for MIR pulse train lasers and providing both theoretical and technical support
for their further advancement.
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