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Abstract: A 5 kHz sub-nanosecond master oscillator power amplifier (MOPA) laser system
was reported in this paper. The master oscillator was an electro-optically Q-switched Nd:YVOy,
laser directly pumped at 879 nm, yielding a pulse energy of 520 pJ and a pulse width of 900 ps at
5 kHz. With two Nd:YVO, amplifiers directly pumped at 914 nm, the pulse energy was further
scaled up. Under the absorbed pump energy of 11.0 mJ, the pulse energy was amplified to 4.2
m], corresponding to a peak power of 4.7 MW. The optical-to-optical efficiency of the amplifiers
reached 33.5%.
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1. Introduction

Pulsed lasers with kHz-level repetition rate, sub-nanosecond pulse width, and mJ-level energy
are attractive in many applications, such as lidar [1-3], laser processing [4,5], and nonlinear
optics [6,7]. Several methods have been proposed to obtain pulsed laser with sub-nanosecond
pulse width, including external modulation [8,9], laser diode (LD) modulation [10,11], and
Q-switching technique [12,13].

For the advantage of low cost, simple structure, and high efficiency, Q-switching technique is
the most effective approach to producing sub-nanosecond laser pulses. In 2015, S. Han reported
a sub-nanosecond passively Q-switched Nd:YVO,/Cr**:YAG microchip laser. Laser pulses with
a pulse energy of 29 uJ and a pulse width of 897 ps were obtained at 5 kHz [14]. In 2021, Y.
Jiang present a kHz-level sub-nanosecond electro-optical Q-switched Nd:YVOy laser, yielding a
pulse energy of 108 pJ and a pulse width of 919 ps at a repetition rate of 10 kHz [15]. Due to the
serious thermal effects under high average power, the pulse energy of Q-switched lasers is limited
by the repetition rate [16—18]. The master oscillator power amplifier (MOPA) configuration has
been widely employed to extend the pulse energy [19-21]. In 2010 A. Agnesi reported a 10 kHz
sub-nanosecond MOPA laser, which consists of a passively Q-switched master oscillator and a
double-pass side-pumped Nd:YVOy slab amplifier, both pumped with 808 nm LDs. Under the
pump energy of 3.84 mJ, the pulse energy was amplified from 60 pJ to 545 wWJ [22]. In 2020, W.
Wu presented a 1 kHz cavity-dumped sub-nanosecond MOPA laser system. The amplifier was a
double-pass side-pumped Nd: YAG amplifier, which was pumped at 808 nm. With a pump energy
of 500 mJ, the pulse energy was amplified from 1 mJ to 4.4 mJ [23]. Because the gain of the
amplifier strongly depends on the upper-state population density, a high pump density is required
to provide a high gain [24]. However, when the repetition rate is above kHz level, the serious
thermal effects under high pump density can’t be ignored. Therefore, to amplify the pulse energy
effectively at kHz repetition rate, the thermal effects in the amplifier also need to be optimized.
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Nd:YVOyq crystal presents a high emission cross-section and a polarized emission at 1064
nm, which makes it widely used in Q-switched lasers [25,26]. It has been proved that in-band
pumping around 879 nm and 888 nm can reduce the thermal load in Nd:Y VO, effectively [27,28].
Recently, in-band pumping at 914 nm has been proposed, which can further reduce the thermal
load [29-31]. By using 914 nm as the pump wavelength instead of the conventional 808 nm,
the quantum defect can be reduced from 24.1% to 14.1% [29]. The optical efficiency as high as
78.7% has been achieved in a 914 nm in-band pumped Nd:YVOy laser [30]. However, because
of the small absorption coefficient at 914 nm, a long and highly doped Nd:YVOy is required to
realize a high absorption efficiency [31]. Thus, in-band pumping at 914 nm isn’t suitable for the
sub-nanosecond oscillator, which needs a short cavity to obtain a short pulse width. But it can be
employed in the amplifiers, and there has been no investigation on Nd:Y VO, amplifier in-band
pumped at 914 nm. Besides the pump source, it has been proved that the thermal effects can also
be reduced obviously by combining an undoped segment with the gain medium and using the
multi-segment composite crystal with different doping concentrations [32,33].

In this paper, we demonstrated a sub-nanosecond MOPA laser system, where multi-segment
composite Nd:YVO; crystals and in-band pumping were utilized to reduce the thermal effects.

The master oscillator was an electro-optically Q-switched Nd:YVOy laser directly pumped at
879 nm. Laser pulses with a pulse width of 900 ps and a pulse energy of 520 uJ were obtained at
a repetition rate of 5 kHz. Two single-pass amplifiers were used to scale up the pulse energy,
with multi-segment composite Nd:YVO;, crystals end-pumped at 914 nm. Under the absorbed
pump energy of 11.0 mJ, the pulse energy was amplified to 4.2 mJ, corresponding to a peak
power of 4.7 MW. The optical-to-optical efficiency of the amplifiers reached 33.5%. The beam
quality factors in the horizontal and vertical directions were M, > = 1.95 and My2 =1.87.

2. Experimental setup

The experimental setup of the sub-nanosecond MOPA laser system is shown in Fig. 1. An LD
end-pumped electro-optically Q-switched Nd:YVOy laser is employed as the master oscillator.
The pump source is a fiber-coupled 879 nm LD (LD in Fig. 1, €06.0650879200, nLight, Inc.)
with a core diameter of 200 pm, a numerical aperture (N.A.) of 0.22, and a maximum continuous
wave (CW) power of 65 W. A pair of aspherical lenses (L; and L, in Fig. 1) with a coupling
ratio of 1:2 is used to re-image the pump light into the gain medium. An a-cut multi-segment
composite Nd:YVOy crystal (Crystal; in Fig. 1) is employed as the gain medium. The composite
crystal contains three parts, whose Nd3* doping concentrations are undoped (2 mm), 0.2 at.%
(4 mm) and 0.5 at.% (5 mm), respectively. About 95% of the pump energy is absorbed by the
composite crystal. One surface of the composite crystal is coated for high reflection (HR) at
1064 nm and high transmission (HT) at 879 nm. The other surface is coated for HT at 1064
nm. Although Nd:YVOy is a natural birefringent gain medium with the emission cross-section
along the ¢ axis higher than that along the a axis, radiation with polarization direction along
the a axis will also oscillate under high gain. To increase the polarization ratio, the end surface
of the composite Nd:YVOy crystal is cut at the Brewster angle. A small size KD,PO4 (KD*P)
Pockels cell (PKC) is inserted in the cavity as the Q-switch, with a length of 16 mm. Utilizing the
birefringence of the KD*P crystal, the propagation direction deviates a little from the optic axis,
so that the PKC operates as a quarter-wave plate with no voltage applied to the KD*P crystal, and
the Q-switch operated in high-loss mode. When the voltage is increased, the birefringence of the
KD*P crystal is compensated for, and the oscillator is switched on. A plane mirror (M; in Fig. 1)
with a transmission of 80% at 1064 nm is employed as the output coupler. The cavity length of
the master oscillator is about 32 mm.

With two plane mirrors (M, and M3 in Fig. 1) the output pulses are guided to the amplifiers.
The pump source of the amplifiers is a fiber-coupled 914 nm LD (LD, in Fig. 1, €12.1550915105,
nLight, Inc.) with a core diameter of 105 pm, an N.A. of 0.22, and a maximum CW power of
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Fig. 1. Experimental setup of the sub-nanosecond MOPA laser system.

155 W. Another pair of aspherical lenses (L4 and Ls in Fig. 1) with a coupling ratio of 1:5.2 is
used to re-image the pump light into Crystal,. A polarized beam splitter (PBS; in Fig. 1) is used
to split the pump light and increase the absorption efficiency. A plane mirror (Ms in Fig. 1) and
an aspherical lens (L7 in Fig. 1) are used to couple the pump light into Crystal; with a beam
diameter of 750 um. A half-wave plate (\/2 in Fig. 1) and PBS; are used to control the pump
energy coupled into Crystals. The rest pump light is absorbed by a dumper. My and Mg are two
plane mirrors that are coated for HR at 1064 nm and HT at 914 nm at 45°. The beam size of
the sub-nanosecond pulses in Crystal, and Crystals are controlled by two convex lenses (L3 and
L¢ in Fig. 1), whose focal lengths are both 150 mm. Crystal, and Crystals are two composite
crystals with the same dimension, which consist of a 2-mm-long undoped YVOy crystal, an
11-mm-long 1.0-at.%-doped, an 8-mm-long 1.5-at.%-doped, and a 23-mm-long 2.5-at.%-doped
Nd:YVO4 segments. A digital pulse generator is used to control the system timing. Considering
the relation between emission lifetime and doping concentration [34], the pump pulse duration of
the master oscillator and the amplifiers are set to be 90 us and 75 ps, respectively. The repetition
rate of the laser system is set to be 5 kHz.

3. Results and discussion

Figure 2 shows the pulse energy and pulse width of the sub-nanosecond MOPA laser system. As
shown in Fig. 2(a), the pulse width of the Q-switched oscillator decreased with the absorbed
pump energy, and finally stabilized at ~900 ps. The output pulse energy of the Q-switched
oscillator increased almost linearly with the absorbed pump energy. With the absorbed pump
energy of 2.8 mJ, the output pulse energy reached 520 wJ, corresponding to a peak power of
577.8 kW. The optical-to-optical efficiency of the Q-switched oscillator was 18.6% under the
maximum pump energy. With the pump energy of the master oscillator further increased, it
began to oscillate even in the high-loss mode, due to the high gain and the limited extinction
ratio of the PKC. The pulse energy got further amplified by two Nd:Y VO, amplifiers, which
were directly pumped at 914 nm. The Nd:YVOy crystal has different absorption coeflicients at
914 nm along the two crystallographic axes. With a 1.0-at.%-doped Nd:YVOy crystal, the peak
absorption coefficients were measured to be 0.51 cm™! along the ¢ axis and 0.34 cm™" along
the a axis. With the polarization direction of the 914 nm pump laser parallel to the c axis, the
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absorption efficiency of the composite crystal reached 95%. As shown in Fig. 2(b), when the
absorbed pump energy of the amplifiers was 11.0 mJ, the output pulse energy reached 4.2 mJ,
corresponding to a peak power of 4.7 MW. The optical-to-optical efficiency of the amplifiers
reached 33.5%. Because of the utilization of direct pumping at 914 nm, the relatively high
pulse energy of the seed laser, and the good mode matching in the end-pumping structure, the
optical-to-optical efficiency was obviously higher than our previous work [17,23,35,36].
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Fig. 2. Pulse energy and pulse width of the sub-nanosecond MOPA laser system. (a) Pulse
energy and pulse width of the master oscillator versus the absorbed pump energy, (b) pulse
energy of the amplifiers versus the absorbed pump energy.

Besides the cavity length, the output pulse width of the electro-optically Q-switched laser also
strongly depends on the rising time of the PKC driver. In order to achieve the sub-nanosecond
pulse width, a high-speed voltage driver was used in this experiment. The temporal profile of
the high voltage output from the driver was measured with a high voltage probe (THDPO0100,
Tektronix Inc. bandwidth: 100 MHz) and a digital oscilloscope (DPO7104, Tektronix Inc.
bandwidth: 1 GHz). As shown in Fig. 3(a), the driver provided a voltage of 3.6 kV with a rising
front of less than 10 ns. With a fast photodiode (ET-3500, Electro-Optics Technology Inc. rising
time: 25 ps) and the digital oscilloscope, the pulse characters of the MOPA laser system were
measured. The pulse width kept almost constant at 900 ps during the amplification process, and
the single pulse profile is shown in Fig. 3(b). No satellite pulse was observed after the main
pulse. Thus, the piezoelectric ringing phenomenon wasn’t obvious in the PKC, which is the
main factor that limits the operations at high repetition rates. It is caused by acoustic waves
inside the crystal, which are induced by the high voltage pulses applied to the PKC. Acoustic
waves cause modification of the refractive index of the crystal and reduce the extinction ratio
of the PKC. It has been found that the piezoelectric ringing is related to the size of PKC, and
small size is beneficial for reducing the piezoelectric ringing [37]. Therefore, the small size PKC
used in this experiment can not only reduce the cavity length but also avoid the piezoelectric
ringing phenomenon. The pulse width can be further shortened by using a PKC driver with
faster rising time. But limited by the cavity length, the shortest pulse width was still at hundreds
of picoseconds level. The temporal pulse trains of the master oscillator and the amplifiers are
shown in Fig. 3(c) and Fig. 3(d), respectively, which presented good amplitude stability. The
corresponding coeflicients of variation (CV, the ratio of the standard deviation to the mean) were
calculated to be 2.77% and 1.94%, respectively.

By using the traveling knife-edge method, the beam radius variations of the sub-nanosecond
MOPA laser system were measured, as shown in Fig. 4. The beam quality factors of the master
oscillator in the two orthogonal directions were calculated to be M? = 1.54 and My2 =142 at
the maximum output energy. The spherical aberration was serious in the small size gain medium
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Fig. 3. Waveform profiles of the sub-nanosecond MOPA laser system at the maximum
output energy. (a) Temporal profile of the high voltage output from the PKC driver, (b)
temporal profile of the single pulse, (c) pulse train of the master oscillator, (d) pulse train of
the amplifiers.

under high pump power and caused the beam quality factors in the master oscillator to deteriorate.
After passing the two amplifiers, the beam quality factors in the two orthogonal directions became
M,? = 1.95 and M,? = 1.87. The good mode matching and heat management in the amplifiers
helped prevent the beam quality factors from getting worse heavily under the high average pump
power.
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Fig. 4. Beam radius variations of the sub-nanosecond MOPA laser system at the maximum
output energy. (a) Outputs from the master oscillator, (b) outputs from the amplifiers.
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The spatial beam distributions of the sub-nanosecond MOPA laser system were measured by a
laser beam analyzer (LBA-712PC-D, Spiricon Inc.). As shown in Fig. 5(a) and Fig. 5(b), the
beam profiles of the master oscillator had a larger size in the horizontal direction, which was
induced by the cutting angle of the gain medium. After being amplified by the two amplifiers,
the laser beam profiles became more symmetry in the horizontal and vertical directions.

Fig. 5. Laser beam profiles of the sub-nanosecond MOPA laser system at the maximum
output energy. (a) Outputs from the master oscillator in two dimensions, (b) outputs from
the master oscillator in three dimensions, (c) outputs from the amplifiers in two dimensions,
(d) outputs from the amplifiers in three dimensions.

By utilizing a focusing lens with a focal length of 17 mm, the air-breakdown spark was
generated by the sub-nanosecond laser, as shown in Fig. 6. It showed the potential of this
sub-nanosecond MOPA laser system in the application of laser diagnostics, where high peak
power and high repetition rate are required.

Fig. 6. The air-breakdown spark generated by the sub-nanosecond laser.

4. Conclusion

In this paper, a 5 kHz sub-nanosecond MOPA laser system was developed. To reduce the thermal
effects, multi-segment composite Nd:Y VO, crystals with different doping concentrations and
in-band pumping were utilized in the laser system. An electro-optically Q-switched Nd:YVOy4
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laser directly pumped at 879 nm was employed as the master oscillator, generating laser pulses
with a pulse energy of 520 wJ and a pulse width of 900 ps. Two end-pumped amplifiers directly
pumped at 914 nm were used to further extend the pulse energy. With a pump energy of 11.0
mJ, the pulse energy was amplified to 4.2 mJ, corresponding to a peak power of 4.7 MW. The
optical-to-optical efficiency of the amplifiers reached 33.5%. The beam quality factors in the
horizontal and vertical directions were M,> = 1.95 and M, = 1.87, respectively. With a focusing
lens, the air-breakdown spark was generated by the laser pulses. This 5 kHz sub-nanosecond
MOPA laser system is a promising laser source for many applications including lidar and laser
diagnostics. This research shows that the Nd:YVO, amplifier directly pumped at 914 nm is
suitable for amplifying 1064 nm laser pulses.
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