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Abstract: As a critical transmitter, the compact 532 nm lasers operating on high repetition and nar-
row pulse widths have been used widely for airborne or space-borne laser active remote sensing.
We developed a free space pumped TEMow mode sub-nanosecond 532 nm laser that occupied a vol-
ume of less than 125 mm x 50 mm x 40 mm (0.25 liters). The fundamental 1064 nm laser consists of
a passively Q-switched composite crystal microchip laser and an off-axis, two-pass power amplifier.
The pump sources were two single-emitter semiconductor laser diodes (LD) of 808 nm with a max-
imum continuous wave (CW) power of 10 W each. The average power of fundamental 1064 nm
laser was 1.26 W with the laser operating at 16 kHz repetition rates, and 857ps pulse widths. Since
the beam distortion would be severe in microchip lasers in terms of the increase in heat load, for
obtaining a high beam quality of 532 nm, the beam distortion was compensated by adjusting the
distribution of pumping beam in our experiment of fundamental amplification. Furthermore, better
than 0.6 W average power, 770 ps, beam quality of M? <<1.2, and 16 kHz pulse output at 532 nm
was obtained by a Type I LiBsOs (LBO) crystal in the critical phase matching (CPM) regime for sec-
ond harmonic generation (SHG).

Keywords: laser remote sensing; photon-counting lidar; microchip laser; passively Q-switching;
compact solid-state lasers

1. Introduction

A compact sub-nanosecond microchip laser and an amplifier currently have applica-
tions in diverse areas including ranging and imaging, micromachining, material charac-
terization, and environmental monitoring [1-3].In particular, as transmitters, high repeti-
tion sub-nanosecond lasers have been used in photon-counting laser altimeters [4,5], or
lidars, for high-resolution 2D profiles and/or 3D images of the underlying topography
including soil, low-lying vegetation, water surfaces, man-made objects, ocean waves, shal-
low water bathymetry, 3D underwater imaging, etc. [6-8]. In a Second Generation 3D Im-
aging photon-counting Lidar that can be installed in an Unmanned Aerial Vehicle (UAV)
developed by Sigma Space Corporation, a compact laser transmitter can deliver a 142 mw,
700 ps, 532 nm beam at the maximum repetition rate of 22 kHz [9]. High beam quality
should be necessary because a Diffractive Optical Element (DOE) splits the 532 nm beam
into a 10 x 10 array of beamlets with 80% DOE efficient was used.

In the photon-counting lidar, the laser should have high repetition, narrow pulse du-
ration and high beam quality to satisfy the need of measuring efficiency and precision. A
microchip laser and compact amplifier is the ideal selection. Lincoln Laboratory reported
passively Q-switched microchip lasers using Nd*: YAG as the gain medium and fiber-
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pumped amplifiers that occupy a volume of less than 0.25 liters. The compact laser has
pulse widths between 150 ps and 3 ns, pulse energies up to 250 pJ at 1064 nm, and typical
repetition rates between 4 and 20 kHz [2,3]. Isyanova, Y. et al. reported a compact satellite-
ranging transmitter of SLR2000 consisting of a Cr*: YAG passively Q-switched Nd: YAG
microchip laser, an air-cooled Nd: YVO4 power amplifier and a SHG module, generating
532 nm, 470 mW, 270 ps pulses at a 2 kHz rate [10]. Manni, ]. G reported a master oscillator
power amplifier (MOPA) system that combines a 1064 nm microchip laser oscillator with
anew diode-side-pumped Nd: YVO4 zig-zag slab amplifier. A pulse energy of more than
800 uJ was achieved at a 2 kHz pulse rate with the 40 W pump power of the amplifier [11].
Other schemes for high-repetition-rate microchip lasers have also been reported. Nicolaie,
P. et al. reported an End-Pumped Composite Nd: YAG Laser Passively Q-switched by
Cr*: YAG, and the maximum average power was 4.2 W with the laser operating at 24 kHz
repetition rate and a 47.8 ns pulse duration (3.7 kW peak power) at a beam quality of M?
=1.34 [12]. Pavel, N. et al. researched intracavity frequency doubling by employing a V-
type laser resonator, which yielded 532 nm green pulses of 226 pJ energy and 86 ns width
at4.2 kHz [13] .

Related to the increasing of the peak power of a microchip laser, a lot of innovative
progress has been reported by the institute for molecular science of Japan. Bhandari. R. et
al. presented a microchip laser with 1.9 MW peak power, 500 Hz, 550 ps, and 532 nm[14],
which was pumped into the Quasi-Continuous Wave (QCW) regime by a fiber-coupled
120 W, 808 nm laser diode. Zheng, L. et al. reported a novel microchip laser using high
thermal conductivity gain media with the beam of 21.5 m] pulse energy, 10 Hz, 1064 nm,
and an M? value between 10.7 and 11.8 [15]. Their research provided novel methods for
the thermal restriction of microchip lasers, which would be expected in a high repetition
rate.

As mentioned above, the increase in average power and corresponding pulse ener-
gies of sub-nanosecond laser with high repetition rates and high beam quality, which are
an advantage of the detection distance and detection probability of lidar, is challenging in
compact sizes.

In this paper, a compact sub-nanosecond master oscillator power amplifier (MOPA)
laser that combines a seed based on a microchip laser, an off-axis double-pass amplifier
and a SHG module is proposed. The key advantages are as follows: the seed is a free-
space-pumped microchip monolithic laser without resonator optical alignment and a fi-
ber-pumped structure; the average power and corresponding pulse energies were in-
creased using a simple amplifier; the beam distortion of the microchip was improved
without a complicated optical-shaped system.

In our work, we first designed the experiments of a monolithic microchip laser, two-
pass Nd: YVOu amplifier and SHG. In addition, the beam distortion was compensated by
adjusting the distribution of pumping light of the fundamental amplifier to be elliptic.
Then, according to the fundamental results, a better than 0.6 W, 770 ps, 37.5 uJ ,16 kHz,
M2 <1.2 beam in 532 nm was obtained by Type I LBO crystal in the CPM regime for SHG.
Finally, we discussed the simulating results of the generation of a sub-nanosecond with
the saturable absorber transmittance, the reflectivity of an output coupler and the cavity
length parameter, which can be good aid for the design of a sub-nanosecond microchip
laser with high repetition. On the basis of the research, we developed an engineering laser,
and the dimensions of the laser head with a pump source are less than 125 mm x 50 mm
x 40 mm.

2. Experimental Setup

A schematic diagram of the laser setup is shown in Figure 1. The sub-nanosecond
laser consists of the microchip laser, the amplifier and the SHG. The seed was a diode end-
pumped passively Q-switched monolithic microchip laser with YAG/Nd: YAG/Cr#:
YAG/YAG composite medium (2 mm x 2 mm x 7 mm). The undoped YAG, Nd: YAG (1.1
at. % Nd**), Cr*: YAG, undoped YAG was bonded. The Cr*: YAG was used as a saturable
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absorber with 45% transmissions. Surface F1 is high-reflection coated at 1064 nm (>99.8%)
and antireflection coated at 808 nm (< 0.2%), while Surface F2 is an output coupler with
40% reflections of 1064nm. The pump source was a single emitter semiconductor laser
(LD1) of 808 nm with a maximum CW of 10 W at 10 A current, and the electro-optical
efficiency is about 50%. The emitting wavelength of the pump source was 808nm at 25C.
The fast-axis divergence and low-axis divergence are all 8° with fast-axis collimation
(FAC). The heat sink of the pump source is attached to the TEC for the stabilization of the
pump wavelength. A gradient-index (GRIN) lens 5 mm long was fixed between the LD1
and the composite crystal. L1 is a plane-convex mirror with antireflection coated at 1064
nm (< 0.2%). M1 and M2, which tilted slightly, were coated with 45° high-reflection at 1064
nm (> 99.8%). The Beam of Seed was injected with a small incident angle to the power
amplifier that consists of Nd: YVO4 (0.5 at. % Nd?¥), pump shaping optics and a LD2 of
CW 10 W. The surface F3 of Nd: YVO4 was coated with antireflection layers at 1064 nm
(<0.2%). The opposite surface F4 of the crystal had a high reflection coating for 1064 nm
and antireflection coating for 808 nm. L3 and L4 are plane-convex mirrors with antireflec-
tion coating at 808 nm (< 0.2%), and they were used to collimate the pump light. L2 was a
cylindrical lens for adjusting the horizontal direction distribution of the pumping beam.
We used a 10 mm-long Type I LBO (6 = 90°, § = 11.4°) crystal (dual-band anti-reflection
coating at 532 nm and 1064 nm) for SHG due to its high enough damage threshold and
relatively large angular acceptance bandwidth. The temperature of LBO was controlled
by TEC for better efficiency of SHG. The 1064 nm beam was input to the LBO through L5,
which is a plane-convex mirror with antireflection coating at 1064 nm (< 0.2%) for focusing
the beam of 1064 nm. M3 was coated with 45° high-reflection at 1064 nm (> 99.8%) for
folding the beam path. M4 and M5 are beam splitters with antireflection coating at 1064
nm (< 0.2%) and partial-reflection coating at 532 nm for beam measurements.
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Figure 1. Schematic of the sub-nanosecond laser
3. Experimental Results

3.1. Seed Source Characteristics

In order to achieve high repetition, LD1 was run on the CW model. Considering the
compact structure, a GRIN lens was selected for coupling the pump light. Both the repe-
tition rate and outpower increased with increasing pump power as Figure 2 shows. Dur-
ing operation, the temperature of LD1 was controlled at 25 ‘C by TEC for the ideal ab-
sorption efficiency of Nd: YAG. The output average power of the seed increased from 27.8
mW at 2.6 kHz to 477.2 mW at 21 kHz by adding the pump power from 1.4 W to 4.5 W.
The average power and repetition rates were 317.8 mW and 16 kHz when the pump power
was at 3.9 W. The single-pulse profile recorded by a Tektronix DPO70804C 8 GHz Digital
Phosphor Oscilloscope is shown in Fig. 3, and the full width at half-maximum (FWHM)
of the laser pulse is 857 ps.
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Figure 2. The average power and repetition rate of seed versus pump power.
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Figure 3. The single-pulse profile and pulse width of seed.

3.2 Two-pass Amplification Characteristics

Figure 4 shows that the outpower of the amplifier was the function of the output
power of the seed and the pump power of the amplifier. The outpower of the amplifier
was 1.26 W, as the seed-injected power was 317.8 mW at 16 kHz and the pump power of
the amplifier was at 7 W. The maximum output average power reached 2.3 W, as the seed-
injected power was 0.477 W at 21 kHz and the pump power of the amplifier was at 9 W.
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Figure 4. The amplified power of fundamental versus power of seed and input pump power of
amplifier

The spatial profile of the fundamental beam was recorded with a LASERCAM HRII
camera from Coherent. Figure 5 shows the beam profiles of the seed at different pump
powers, and the circularity levels we measured were 0.876, 0.829, and 0.779, correspond-
ing to seed pump powers, respectively, of 2.4, 3.3, and 3.9 W.

The beam profiles after amplification under different pump powers of seed as shown
in Figure 6. As the pump power of amplifier was at 7 W, the circularity levels we measured
were 0.661, 0.747, and 0.927, corresponding the pump powers of seed of 2.4 W, 3.3 W, and
3.9 W, respectively. After amplification, the beam distortion of the seed was compensated
well. The beam profile was more circularly symmetric. The circularity of the amplified
beam with a pumped power of 7 W versus different pump powers of seed are shown in
Table 1.

(a) (b) (©)

Figure 5. The beam profiles of seeds at different pump powers. (a) Beam profile of seed with pump
power of 2.4 W (the circularity was 0.876). (b) Beam profile of seed with pump power of 3.3 W (the
circularity was 0.829). (c) Beam profile of seed with pump power of 3.9 W (the circularity was 0.776).

(a) (b) (©)

Figure 6. The amplified beam profile of the fundamental with pump power of 7 W at different pump
powers of seed. (a) Beam profile with circularity of 0.661, as the pump power of seed was 2.4 W; (b)
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Beam profile with circularity of 0.747, as the pump power of seed was 3.3 W; (c) Beam profile with
circularity of 0.927, as the pump power of seed was 3.9 W.

Table 1. The circularity of amplified beam with pumped power of 7 W versus different pump
powers of seed.

The pump power of  The output power of Circularity of Circularity of am-
seed (W) seed (mW) seed beam plified beam
24 37.8 0.876 0.661
3.3 206.4 0829 0.747
3.9 317.8 0.779 0.927

3.3 SHG Characteristics

Considering the limitation of volume and thermal control, we set the operating point
of the amplifier at a pump power of 7 W, as the seed-injected power was 317.8 mW. The
output average power of the fundamental was 1.26 W. Furthermore, we focused the fun-
damental to a 10 mm-long Type I LBO (6=90°, [3=11.4°) crystal for SHG. The beam of
532nm had an average power of 0.6 W at 16 kHz. The SHG efficiency of this laser was
about 47.6% from 1064 nm to 532 nm. The pulse energy was 37.5 pJ, and the peak power
was about 48.7 kW. The pulse width and repetition rate were recorded using a Tektronix
DPO70804C 8 GHz Digital Phosphor Oscilloscope, and they were 769.6 ps and 16 kHz,
respectively, as shown in Figure 7.
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Figure 7. The pulse width and repetition rate of 532 nm. (a) Single-pulse profile and pulse width.
(b) Pulse train profile and the pulse repetition rate.
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Figure 8. Quality factor M2 of 532 nm beam

Quality factor M?of the 532nm at 16kHz was recorded by M2-200S-FW from Ophir-
Spiricon with a 300 mm-focal- length lens. The value of M} and Mj were 1.112 and 1.164,
respectively, as shown in Figure 8.

4. Discussion

4.1 Numerical Simulation of Sub-Nanosecond

Passively Q-switched rate equations first derived [16] by Szabo, A. and Stein, R.A.,,
and Degnan, ].J. developed a method for optimizing the model of passively Q-switched
rate equations [17]. Xiao, G. and Bass, M. presented a generalized model [18] of a passively
Q-switched laser that can describe both ground and excited state absorption (ESA) at the
laser wavelength of the saturable absorber. The rate equations are as follows:

dg¢ ¢ -
E:E{zo-nl _ZGgsngSIS —ZGeSnesls _|:|n [Ej+ Li|} (1)
dn
= _yoCdn i
n_, ) )
dng,
dt =0,y X
dn
Z= — 5 con
dt Oes ¢ es (4)
Ny + N =1, o
Ty = g 0%k )

where ¢ is the density of the photon, ¢, is the round trip time, and ¢ is the radiation
cross section of Nd*: YAG. oy, and o are the ground and excited state absorption cross
section, respectively. n is the inverted population density in Nd*: YAG, while ng, 7,
and n.4 are the total doping particle density, and ground and excited state particle den-
sity in Cr*: YAG, respectively. | and [ are the lengths of Nd3: YAG and Cr*: YAG, re-
spectively. Ty and R refer to initial transmittance of Cr*: YAG and reflectivity of the out-
put coupler, respectively. y refers to the level degeneracy factor, while L is the round
trip loss in the cavity.
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Based on the above equations, we processed numerical simulation on output pulse
widths with respect to key parameters as initial transmittance of Cr*: YAG (T;), reflectiv-
ity of output coupler (R) and cavity length (CL). The results are given by Figure 9.

L) WAL AN FER
(=]
L5y LD A, TSI

o bt
L=

(a) (b)

Figure 9. Pulse width change versus initial transmittance and reflectivity at different cavity lengths.
(a) CL =7 mm; (b) CL =9 mm.

For obtaining the pulse width of the sub-nanosecond, there are wider range options
for Tp and R as CL of 7 mm than CL of 9 mm, as shown in Figure 9. Some key parame-
ters are shown in Table 2. As Ty =45%, R =40% and CL =7 mm, the pulse width of the

seed was expected to be about 850 ps. This resulted in a good agreement between the
experiments and modeling.

Table 2. Pulses width results for cavity lengths with 45% initial transmittance of Cr*: YAG

Cavity length, CL (mm) Reflectivity of Pulse width

output coupler, R% (ns)

35 0.909

7 40 0.851

45 0.809

35 1.169

9 40 1.095

45 1.041

4.2 Compact Design and Beam Distortion Compensation

4.2.1 Compact Design

For realizing a compact engineering laser, we used two single-emitter semiconductor
lasers as pump sources that remove the limitations of the fiber [19]. In addition, we used
a GRIN lens and composite crystal in the seed source, which are tiny and robust. Then,
the isolator was not necessary because the off axis two-pass amplification was adopted.
Finally, the compact laser head occupying a volume of less than 0.25 liters was realized.

4.2.2 The Compensation of Beam Distortion

With the increase in pump power, the beam distortion of the seed was severe because
of the increase in thermal loading. The distribution of the seed beam was divergent in the
horizontal direction for obtaining the ideal distribution of the fundamental. The cylindri-
cal lens L2 was used for adjusting the pump distribution of the amplifier in the horizontal
direction. We can conclude the pump distribution of the amplifier was about orthogonal
to the distribution of the seed beam, since the pump power of the amplifier was constant.
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The beam distortion of the seed was compensated well owing to the restraint of the hori-
zontal direction amplification and the enhanced vertical direction, as the pump power of
the seed was 3.9 W. Therefore, in this experiment of amplification, the regulation of the
pump distribution of the amplifier was effective in compensating the thermal-induced
distortion of seed beam. It would be helpful for the design of a high-beam-quality laser
with a compact size.

5. Conclusions

In this study, we demonstrated a compact sub-nanosecond 532 nm laser with an av-
erage power of 0.6 W corresponding to the LD pumped whole power of 10.9 W, repetition
rate of 16 kHz, pulse duration of 769 ps, and pulse energy of 37.5 pJ, and the beam was
characterized by M7 =1.112, and Mj= 1.164. A MOPA system based on a passively Q-
switched monolithic microchip laser was displayed in the experiment. However, the ideal
average power of the microchip laser in the experiment less than 317.8 mW, which was
restricted by the thermal loading. We proposed the power amplification and beam distor-
tion compensation approaches in our experiments. The lidar with a high average power
and corresponding pulse energies of the transmitter is an advantage of the detection dis-
tance and detection probability. The high beam quality contributes to increasing the effi-
ciency of the transmitting optical system. Considering its high performance and compact
characteristics, the reported sub-nanosecond laser can be widely used.
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