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within high-power laser gain media
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Table 2 Cooling technique and corresponding thermal load capability of high-energy lasers

[71]

Thermal load /

Technique ., Temperature rise /°C
(Wecem )
Single-phase liquid cooling 50-100 Big
Dual-phase liquid cooling =>100 Big
Micro-channel liquid cooling 1000 Big
Capillary pump loop cooling 5-10 Big
Immersion cooling via pool boiling 20 Big
Sub-cooled flow boiling 500 Big
Pressure atomizer nozzle 1000 60
Spray cooling 1300 5
Steam atomizer nozzle
300 Small
Normal surface 100—-300 Small
Jet impingement boiling
Micro-scale surface 500 Small
Semiconductor cooler 1
Opto-thermionic refrigeration 100
Heat pipe 25-100 Big
Micro loop heat pipe 60 Big
Heat pump Small
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Fig. 13 Schematic of the formation of nonlinear hot images in high-power lasers
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Fig. 14 Damage of nodular defects in dielectric multi-layer coatings

Lol (a) Approach to study the damage of nodular

defects by single factor experiment; (b) physical mechanism of the electric field intensity enhancement in nodules;

(¢) new structure of thin film for suppressing electric field enhancement
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Abstract

Significance

High-power lasers enable us to peer deeper into the outer frontiers of the physical world. Since the

demonstration of the first pulsed laser in 1960, pushing the limits of accessible laser power has been one of the

themes in optical engineering. In this article, we reviewed the progress in developing high-power solid-state lasers
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and discussed the design issues that determine the performance of these systems.

Progress The more one works with a given technology, the more one becomes aware of its limitations—in the case
of solid-state lasers, these are primarily the simultaneous availability of high peak and average powers, combined
with excellent beam quality in space domain and pulse quality in time domain. In general, the output capability and
beam quality of high-power solid-state lasers are essentially limited by five physical limitations categories—gain
capability, beam transformation, thermal load, power load, and fluence load. Priority orders of these five limitations
largely depend on the application scenario, operational mechanisms, and technical routes of specific laser facilities.
For example, for high-power continuous lasers, the main challenge arises from the thermal load limit, while for high-
power pulsed lasers, the critical challenge lies in the power load limit. Thus, detailed knowledge of the physics
underlying these limitations and their interactions is crucial to the generation of high-quality, high-power lasers.

We compiled some recent experimental and theoretical works on the understanding, avoidance, and
breakthrough of these physical limitations, as well as relevant enabling developments for high-power solid-state
lasers, including novel materials, geometries, and techniques. This paper consists of an introduction, five body
sections, and a conclusion. Each section discusses the necessary ingredients for fighting against one of the five
physical limitations. These are accompanied by numerous ideas and tips on how to improve the efficiency to make
maximum use of pump energy.

Conclusions and Prospects In conclusion, the core of breaking the gain capability limitation is fighting against the
diverse “losses.” The chock point in breaking the limitation of beam and pulse quality is fighting against the diverse
“noise” in all the domains of space, time, and spectrum. The key to overcome the limitation of thermal load is
combating the thermal effects. Pushing the limit of power load prevents diverse nonlinear optical effects that
accompany the propagation of high-power lasers. Furthermore, breaking the deadlock of the fluence load limit helps
counteract the inevitable defects in optical elements. During the long struggle of physical limitations with these five
categories, a series of novel laser materials, methods, optical techniques, techniques for optics processing, and
geometries were correspondingly developed. In addition, theories on the dynamic properties of laser pumping and
amplification, propagation, damage, and thermal control were deepened and consummated.

We are now on the threshold to reach a new realm of high-power lasers—developing triple-high lasers with high-
peak-power, high-energy (i.e., high-average-power), and high-repetition simultaneously. This is a new territory
for laser engineering, which requires us to balance conflicting performance parameters. For example, the
simultaneous availability of high-peak, average power (high-energy), presents a contradiction because increasing the
peak power typically necessitates raising the laser bandwidth, causing an increase in the quantum defect and
subsequent efficiency loss. This paper intends to be the beginning of a discussion, not the final word, to pave the way
for “triple-high lasers.”

Key words laser technique; high-power, high-energy laser; gain capability; beam quality; thermal load; power
load; fluence load
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