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Table 1

Parameter comparison of typical gain media of high energy laser system

L. . Saturation fluence /
Gain medium

Radiative

Thermal conductivity / Emission

(Jeem ) lifetime /ms (Wem 'K ") wavelength /nm
Yb: YAG (RT) 9.6 0.95 14. 00 1030
Yb: YAG (CR) 4.3 1. 00 16. 60 1030
Yb:S-FAP (RT) 3.0 1. 10 2.00 1047
Nd:glass (APG-1, RT) 5.8 0. 39 0.83 1053
Nd: LuAG (RT) 1.9 0. 28 9.60 1064
Nd: YAG (RT) 0.6 0.23 14. 00 1064

(Note: RT is room temperature, CR is cryogenic temperature)
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Fig. 1 Preferred geometries of main amplifier in high energy rep-rated nanosecond DPSSL. (a) Multi-slab;

(b) active mirror; (c) zigzag slab
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Table 2 Representative achievements of high energy repetition rate nanosecond DPSSL

Energy,

Gain medium Cooling Passage

Geometry Project .. Year Reference
repetition rate (wavelength) temperature number
Mercury 611, 10 Hz 2006 YbrSTAP RT. helium 4 [30]
(1047 nm) gas
DiPOLE 105, 10 Hz 2017 YbtYAG 150 K. helium 1 [25]
(1030 nm) gas
Multi-slab Nd' gl e
HAPLS 97 ], 3.3 Hz 2019 ehass ;e 4 [31]
(1053 nm) gas
Hamamatsu 117 J, 0.05 Hz 2017 YbtYAG 175 K. helium 2 [29]
(1030 nm) gas
. Yb: YAG
LUCIA 14 ], 2 Hz 2013 (1030 nm) RT, water 4 [24]
Yb: YAG 78 K,
CcAMA 9.3J.33.3Hz 2021 b, v el 2 [28]
. . (1030 nm) liquid nitrogen
Active mirror N LuAG
. :Lu
DAMAC 100 J, 10 Hz 2021 (1064 nm) RT, water 2
Nd: YAG
CAEP 12 J, 10 Hz 2019 RT, water 2 [36]
(1064 nm)
Nd: glass
HALNA 21.317], 10 Hz 2008 ) RT, water 4 [32]
) (1053 nm)
Zigzag slab
. Nd: YAG
CAS 5], 200 Hz 2017 RT. water 2 [37]
(1064 nm)
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Fig. 2 Mercury multi-slab design with room temperature high speed gas cooling'®’ . (a) Schematic; (b) photo
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Fig. 3 Thermally induced wavefront aberration of single gain module in Mercury main amplifier™ . (a) Simulated

result; (b) experimental result
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Fig. 4 Gain module of DiPOLE main amplifier”™ . (a) Large-aperture Yb: YAG/Cr: YAG ceramic; (b) multi-slab

amplifier head with cryogenic gas cooling
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Input polarsation
0° linear 30° linear 45° linear 60° linear 90° linear circular
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(a)

MODEL
Pl 5 AN [l A A 4 285 068 107 9 B o PG Bt PR L Ca) SRR 1L 5 (o) fly L

Fig. 5 Output thermal depolarization patterns corresponding to different input polarization states. (a) Experimental

results; (b) simulation results™'”
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Fig. 6 Schematic of DIPOLE100X system™"
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Fig. 7 Schematic of HAPLS system"™
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Fig. 9 Fundamental {requency, frequency doubled pump light and short pulse main laser output curve

[61]

(inset: output pulse shape stability curve and photo of operating laser)
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Frontend system
+ Arbitrarily pulsed fiber oscillator

E 48 £ 15 #1/2021 &£ 8 A/HER

Main-amplifier system
+ LD pumped cryogenically cooled Yb:YAG ceramic disk amplifier

+ LD pumped water cooled Yb:YAG crystalline active-mirror amplifier
+ LD pumped cryogenically cooled Yb:YAG crystalline disk amplifier

Pre-amplifier system

+ LD pumped cryogenically cooled Yb:YAG ceramic active-mirror amplifier

B 10 R 100 ] B ARG

Fig. 10 Layout of 100 ] Hamamatsu system""
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Fig. 11 Photo of the cryogenic He-gas circulation cooling system ™
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Abstract

Significance High-energy rep-rated nanosecond diode-pumped solid-state lasers (DPSSLs), mainly referring to
nanosecond lasers with pulse energies greater than 10 J and repetition rates greater than 10 Hz, are crucial in major
fundamental and applied research domains and are emerging as one of the hot topics at the frontier of scientific
research. This study first analyzes the preferred technical paths of high-energy rep-rated nanosecond DPSSLs in
terms of the gain medium and amplifier geometry and then reviews the representative achievements and research
progress of high-energy rep-rated nanosecond DPSSLs in detail. Furthermore, the prospects of future development of
DPSSLs are discussed herein.

Progress Favored for its moderate saturation fluence and high thermal conductivity, Yb: YAG at the cryogenic
temperature and Nd:LuAG at room temperature have been proven to be the most promising gain media in achieving
rep-rated nanosecond DPSSLs with even higher energy. Conversely, gain medium with high saturation fluence at
room temperature, such as Yb:YAG, and that with low saturation fluence, such as Nd:YAG, is not suitable for high
energy lasers primarily owing to the defect of high pump threshold from the quasi-three-level structure and high
passive loss from too many stages. In addition, the three preferred amplifier geometries are the multislab, active
mirror, and zigzag slab (Fig. 1), as categorized by the representative achievements of high energy rep-rated
nanosecond DPSSLs summarized in Table 2.

For the multislab geometry, the Mercury system developed by Lawrence Livermore National Laboratory
(LLNL) produced a nanosecond output with the pulse energy of 61 J at the repetition rate of 10 Hz based on
Yb:S-FAP multislabs, with ultralow wavefront aberration using a new high-speed gas cooling technology at room
temperature (Fig. 2), a classical approach that was then widely used. Using similar gas cooling technology but
operating at cryogenic temperature, the DiPOLE system based on Yb: YAG ceramic achieved 105 J, 10 Hz, and 10 ns
in 2017, which was the world’s first demonstration of a kW-level high energy DPSSL (Fig. 4). Researchers from
STFC Rutherford Appleton Laboratory and HiLASE solved scientific and engineering problems in efficiency
optimization, thermal effect management, depumping suppression, and other aspects. In the same year, LLNL
reported the output level at 97 J, 3.3 Hz of a nanosecond Nd: glass multislab laser for pumping the petawatt-level
HAPLS system, using high-power intelligent laser diode system (HILADS), the highest peak power and brightest
pulsed diode light delivery system in the world (Fig. 8).

For the active mirror mode, the LUCIA system reached 13.9 J at 2 Hz in 2013, using the Yb: YAG laser head at
room temperature at the pump intensity of 11 kW/cm’ by focusing on the mirror (Fig. 12). To improve the energy
above the 30 J level, the researchers invented a static helium gas cooling technology and plan to use a cryogenically
cooled cosintered Yb: YAG ceramic, which may suffer from much stronger thermal lensing and higher depolarization
losses than the crystal counterpart. Total-reflection active-mirror ( TRAM) and multi-TRAM structures have been
proposed by researchers at Osaka University, which achieved 1 J, 100 Hz laser amplification in 2015, despite
unstable operation. Later this year, they released a new configuration of the conductive-cooled active-mirror
amplifier (CcAMA) and reported the 9.3 J, 33.3 Hz laser scaling, suppressing the wavefront distortion by an
elaborate heat sink design (Fig. 16). In 2016, our group at Tsinghua University demonstrated excellent
compatibility of the Nd: YAG seeder and Nd:LuAG booster (Fig. 17), and then proposed a new concept called
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distributed active mirror amplifier chain (DAMAC) to disperse the gain and thermal deposition among several gain
modules, thus achieving in 2019 a room temperature 10.3 J, 10 Hz, 10 ns laser from a large-aperture Nd: YAG-
Nd: LuAG active mirror hybrid chain (Fig. 18), its output was recently raised to 100 J, 10 Hz at room temperature.

For the zigzag slab design, Hamamatsu developed the HALNA system, which demonstrated an output of 21.3 ],
10 Hz, 8.9 ns in 2008, with an optical-optical efficiency of 11.7%. The beam quality was controlled as 1.8 times
diffraction limit, combining a thermally edge-controlled zigzag slab ( TECS) design (Fig. 22) and a stimulated
Brillouin scattering (SBS) mirror. In addition, the Chinese Academy of Sciences built an Nd: YAG system in 2017
(Fig. 23), which generated pulse energy of 5 J at 1064 nm with a pulse duration of 6.6 ns and a repetition rate of
200 Hz, while the output energy stability was 4.9% peak-to-valley over 6000 shots. It was verified that the beam
quality could be improved to 1.7 times the diffraction limit by an SBS mirror or by a deformable mirror.

Conclusions and Prospects Over the past two decades, extensive efforts have been made into achieving the first
milestone, that is, the output target of 100 J, 10 Hz, and 10 ns, which has been achieved in the development of high
energy rep-rated nanosecond DPSSLs with breakthroughs in both cryogenic and room temperature. In the next two
decades, as new geometry, new gain medium, and new technical approach will inevitably emerge, the main trend
expected will be the continuous upgrade in beamlet pulse energy (beyond kJ level), repetition rate (hundreds to
kilohertz), and plug efficiency (over 20%), whereas potential directions of development may include system
miniaturization, open and flexible access to other operating mechanisms, such as chirped pulse amplification, and
programmable control over temporal, spatial, and frequency tuning.
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