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opment of high-efficiency, lightweight space laser systems holds significant strategic importance. Direct solar-
pumped solid-state laser technology eliminates multiple energy conversion stages, offering notable advantages in sys-
tem efficiency, thermal management, and structural complexity; however, its performance critically depends on the
energy conversion capability of gain media for broadband sunlight. This paper systematically reviews the spectral
characteristics, energy level structures, and energy transfer mechanisms of three typical gain media—Nd: YAG, Ce:
Nd:YAG, and Cr:Nd: YAG—and comparatively analyzes the research progress of solar-pumped laser oscillators and
amplifiers both domestically and internationally. The performance of different gain media is evaluated in terms of out-
put power, optical-to-optical conversion efficiency, and thermal management characteristics. The results indicate
that Cr: Nd: YAG ceramics, benefiting from efficient energy transfer and the enhanced cross-relaxation effect at ele-
vated temperatures, can maintain high small-signal gain and conversion efficiency around 450 K, demonstrating out-
standing potential for space applications. At the system level, laser amplifiers feature simple structures and high sta-
bility, enabling power scaling through multi-stage cascading, making them more suitable than oscillators for space
applications requiring high-power, high-energy laser output. Based on the combined advantages of gain medium

properties and amplifier configurations, this paper proposes a recommended technical scheme for a solar-pumped la-

ser amplifier oriented toward space applications.

Keywords: solar pumping; gain medium; laser amplifier; space application
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Tab. 1 Comparison between solar-pumped laser oscillator and amplifier
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Tab. 2 Key property comparison of glass, single crystal and transparent ceramic
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Tab. 3 Summary of solar-pumped Nd: YAG laser output performance

Type of Output laser Collection
Year Authors Mode R SLCE
concentrator power/W Efficiency/(W/m*)

1966 C.G. Young et al. ") Parabolic mirror 1.0 — 0.57%
1988 M. Weksler et al. ™"’ Parabolic mirror 60.0 — —
2003 Lando et al. " Parabolic mirror Multimode 46.0 6.70 —
2011 Liang et al. " Fresnel lens 12.3 19.33 2.17%
2012 Dinh et al. "**! Fresnel lens 120. 0 30. 00 3.26%
2013 Liang et al. %), Fresnel lens 2.3 2.93 0.33%
2015 Liang et al. ¥ Parabolic mirror 4.4 1.91 0.23%
2015 Almeida et al. *! Parabolic mirror TEM 5.5 2.84 0.30%
2015 Vistas et al. =" Parabolic mirror 00 4.0 3.64 0.40%
2016 Liang et al. "% Parabolic mirror 4.5 3.98 0. 44%
2017 Liang et al. [ Parabolic mirror 9.3 7.88 0.79%
2017 Liang et al. (3] Parabolic mirror 37.2 31.53 3.15%
2018 Guan et al. M Fresnel lens i 33.1 32. 14 3.28%

. [41] ) . . Multimode .
2019 Liang et al. Parabolic mirror 15.3 17.00 2.43%
2020 Liang et al. [* Parabolic mirror 18.3 18.30 2.20%

SLCE: Solar-Laser conversion efficiency
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Tab. 4 Summary of solar-pumped Ce:Nd: YAG laser output performance

Output laser Collection
Year Authors Type of concentrator Mode ) s SLCE
power/W Efficiency/(W/m*)
2020 Vistas et al. ! Parabolic mirror 6.00 4.90 1.90%
2021 Vistas et al. Parabolic mirror 16.50 23.57 2.75%
2022 Garcia et al. "' Parabolic mirror Multimode 11.20 38.22 4.50%
2022 Liang et al. Parabolic mirror 16. 50 41.25 4. 64%
2023 Cai et al. ™ Fresnel lens 26. 93 38. 81 3. 88%
2023 Garcia et al. ¥ Parabolic mirror TEM 1.56 4.70 0. 63%
2024 Liang et al. ''?/ Fresnel lens S 1.41 16. 49 2. 06%
2025 Costa et al. % Fresnel lens . 22.46 36. 40 4.49%
[ss] Multimode
2025 Wang et al. Fresnel lens 89.29 32.71 3.96%
2025 Costa et al. "' Parabolic mirror TEM,, 6.05 8.77 0. 90%
2026 Wang et al’® Fresnel lens Multimode 97 36.03 4.49%
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Tab. 5 Effective fluorescence lifetime of Cr:Nd: YAG at 1064 nm under various experimental conditions"”
Cr’ ions concentration Excitation/nm Temperature/K Effective lifetimes/ws references

440 300 732

[58]
590 300 228

0.1at. %

292 1100

White light [59]
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Tab. 6 Summary of solar-pumped Cr:Nd:YAG laser output performance

Output laser Collection
Year Authors Type of concentrator Mode - ) SLCE
power/W Efficiency/(W/m®)
2007 T. Yabe et al. "’ Fresnel lens 24.4 18.7 1.93%
2013 Liang et al. fos] Parabolic mirror Multimode 33.6 33.6 3.26%
2018 Liang et al. *’ Parabolic mirror 32.5 32.5 3.74%
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Fig.5 ASTM G159 standard solar spectrum and absorption

spectra of the laser materials'””’
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Tab. 7 Calculated spectral overlap efficiency between the laser materials and the solar spectrum

[70]

AMI1. 5 spectral analysis

AMO spectral analysis

Laser Absorption “jh'p 3/ 5 [V p dA/ [V P, dN SIRXLY
material Band/nm (W _ m’z) (W _ m’z) T],,/% (W ] m’z) (W ) m’z) ’T],,/%
515-540  37.955
565-505 44,434
Nd:YAG 735-765 32.438 173.378 17.34 46.35556.491 37.941 33.297 29. 037 203. 121 15.40
795-825 29.934
855-885 28.617
400-490  123. 894
515-540 37.955
CoNdiYaG 00RO ORI 17 35.55 166,711 46355 124, 17137, 941 33, 297 29. 037 437.512 33.13
735-765 32.438
795-825  29.934
§55-885  28.617
315-365 21.245
400-500 139.579
515-540 37.955
Ce:Nd:YAG  565-595 44,434 334.202 33.41 44.731 186.22246.35556.491 37.941 33.297 29.037 434.737 32.92

735-765 32.438
795-825 29.934
855-885 28.617
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Fig. 7 Schematic diagrams of the Xe lamp-pumped active-mirror laser amplifier

[ (a) Structure of a single-stage active-mirror

amplifier; (b) System of a two-stage active-mirror amplifier; (¢) System of a four-stage active-mirror amplifier
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shaped gain medium

1675 (b) Bonded YAG/Nd: YAG/YAG laser amplifier.
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Tab. 8 Summary of research achievements for solar-pumped laser amplifiers

Year Authors Material CW/Pules L, L, Gain Factor I /I,
2009 T. Saiki et al. '3 Cr:Nd: YAG CW 300 mW 3.0W 10. 00
2009 T. Saiki et al. " Cr:Nd: YAG Pules 140 m] 180.0 mJ 1.28
2009 T. Saiki et al. '™ Cr:Nd: YAG Pules 70 mW 110.0 mW 1.57
2014 T. Nakamachi et al. 7" Cr:Nd: YAG Pules 9W 293.0 W 32.50
2017 T. Saiki et al. ['¥ Cr:Nd: YAG Pules 12W 1.6 kW 133.00
2013 Guan et al. ' Nd:YAG CW 296 mW 484.0 mW 1. 64

o Nd:YAG 300 mW 450.5 mW 1.50
2017 Wang et al. - CW

Cr:Nd: YAG 300 mW 475.1 mW 1.58

2017 Guan'”” Nd:YAG CW 19 mW 27.8 mW 1.46
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Tab. 9 Comparison of typical laser amplifier configurations
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Tab. 10 Theoretical continuous-wave laser output power

and thermal load of Nd: YAG, Ce: Nd: YAG and

dA #(1)

Cr:Nd:YAG under one solar constant pump power

Theoretical output Thermal load

Material
power/W power/W
Nd:YAG 101 72
Cr:Nd:YAG 174 181
Ce:Nd: YAG 155 179
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