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Abstract

Significance Optical cryocoolers are cryogenic refrigeration devices based on anti-Stokes fluorescence. They feature vibration-free
operation without moving parts, freedom from electromagnetic interference, and a compact architecture. With the increasing demand for
low-vibration and highly reliable cryogenic cooling in space infrared detection, optical clocks, precision time-frequency metrologies, and
deep-space science missions, optical cryocoolers show a significant potential for future applications in space payloads, precision
measurements, and low-noise detections.

Progress This study reviews the development of optical cryocoolers from the perspectives of basic principles and emerging physical
mechanisms of solid-state optical refrigeration, optical refrigeration material systems, pump absorption enhancement, thermal
management, and system integration. In terms of materials, the developments of Yb*-doped fluoride glasses and crystals, long-
wavelength rare-earth-ion-doped materials based on Er'" and Tm*/Ho’", rare-earth-ion-codoped fluoride crystals and semiconductor
materials are summarized. In terms of pump absorption enhancement, the operational characteristics and applicable conditions of non-
resonant multipass cavities and resonant cavities are compared. In terms of the thermal management, the effects of thermal-link
materials, structural design, and bonding techniques on heat conduction, fluorescence isolation, and cryogenic reliability are analyzed.
Regarding system integration, the development from cooling the optical refrigeration material itself to cooling external payload , as well as
approaches such as parallel multi-crystal configurations for enhancing the system cooling capacity, are reviewed, and the limitations
imposed by the low cooling power of the refrigeration crystal and large system-level parasitic heat loads on the effective cooling power

delivered to the payload are summarized.
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Conclusions The exploration of emerging physical mechanisms provides new pathways for solid-state optical refrigeration. Yb**-doped
fluoride crystals remain the most mature material system for cryogenic optical refrigeration. Non-resonant multipass cavities and resonant
cavities can effectively improve pump absorption at cryogenic temperatures, while thermal management strategies provide the key
methods of transferring cooling power from the refrigeration crystal to an external payload. Based on this, optical cryocoolers have
progressed from cooling the refrigeration material itself to cooling external payload, and proof-of-concept prototypes have been
demonstrated. The vibration-free nature of optical refrigeration also offers potential for silicon ultrastable reference cavities in optical -
clock systems, solid-state nuclear clocks, infrared detections and imagings, and optically levitated precision measurements. However,
owing to the limited cooling power of the refrigeration crystal and parasitic heat loads arising from thermal radiation, support conduction,
fluorescence absorption, and interfacial thermal resistance, the effective cooling power delivered to the payload remains low, which is a

major limitation for further applications.

Prospects The future development of optical cryocoolers requires coordinated improvements in material performance, pump absorption
at cryogenic temperatures, and a system-level thermal management. Increasing the cooling power of the refrigeration crystal, reducing

parasitic heat loads, and optimizing thermal management strategies are expected to enhance effective payload cooling and promote

engineering applications in infrared detection, optical clocks, and space science missions.
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Fig.1 Key technologies and applications of optical cryocoolers
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Fig.3 Four-levels model and Boltzmann distribution
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statistics for semiconductor optical refrigeration
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Fig.5 Host and activator-ion selection criteria for rare-earth-doped optical refrigeration materials
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Tab.1 Comparison of the performance and key characteristics of different optical refrigeration material systems
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