
“This book provides a timely and useful collection of articles on optical refrigeration science that 
complements the earlier books on this subject. It covers a wide range of topics, including laser 
cooling in dense gases, radiation-balanced lasers, novel cooling methods, and laser cooling in 
semiconductors. It should serve as a valuable reference for the scientists and graduate students 
studying this emerging interdisciplinary field.”

Prof. Mansoor Sheik-Bahae
The University of New Mexico, USA

“This book presents a significant overview of the entire field of laser cooling of bulk matter, with 
many new results and recent novel directions of investigation. It is written by a large number 
of well-qualified experts, covering a broad range of ideas, particularly with clear figures and 
well-organized tables. It would make an excellent reference for spectroscopists, condensed matter 
physicists, crystallographers, and laser scientists.”

 Prof. Carl E. Mungan
United States Naval Academy, USA

In the recent decades, laser cooling or optical refrigeration—a physical process by which a 
system loses its thermal energy as a result of interaction with laser light—has garnered a great 
deal of scientific interest due to the importance of its applications. Optical solid-state coolers 
are one such application. They are free from liquids as well as moving parts that generate 
vibrations and introduce noise to sensors and other devices. They are based on reliable laser 
diode pump systems. Laser cooling can also be used to mitigate heat generation in high-power 
lasers.

This book compiles and details cutting-edge research in laser cooling done by various scientific 
teams all over the world that are currently revolutionizing optical refrigerating technology. It 
includes recent results on laser cooling by redistribution of radiation in dense gas mixtures, 
three conceptually different approaches to laser cooling of solids such as cooling with anti-
Stokes fluorescence, Brillouin cooling, and Raman cooling. It also discusses crystal growth and 
glass production for laser cooling applications. This book will appeal to anyone involved in 
laser physics, solid-state physics, low-temperature physics or cryogenics, materials research, 
development of temperature sensors, or infrared detectors.
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Refrigeration or cooling is a process in which a substance is 
maintained at a temperature below that of its surroundings. It is 
based on controlled heat removal from one location to another and 
dates	back	 thousands	of	years	when	people	 tried	 to	 find	different	
ways of preserving their food. At that time ice or snow, which 
provided refrigeration through structures as simple as holes in the 
ground or cold cellars, was the only available cooling technique. 
In more recent history the efforts of scientists of the nineteenth 
century to liquefy the permanent gases brought cryogenics into 
existence. Cryogenics is the science of low temperatures, which 
are below the point at which permanent gases begin to liquefy. 
The	 invention	 of	 a	 laser	was	 one	 of	 the	 groundbreaking	 scientific	
achievements of the twentieth century, which further revolutionized 
cryogenics. The rapid development of cryogenic techniques led to 
a number of fundamental discoveries such as superconductivity 
(Heike	Kamerlingh	Onnes,	1908),	superfluidity	(Pyotr	Leonidovich	
Kapitsa, John Frank Allen, and Don Misener, 1937), and Bose–
Einstein condensation (Eric Allin Cornell, Carl Edwin Wieman, and 
Wolfgang Ketterle, 1995).
 Today cryogenics continues to be a burning problem from 
fundamental and applied points of view. Cooling with light, also 
known as laser cooling or optical refrigeration, is one of promising 
cryogenics techniques. Laser cooling is a physical process by which 
a system loses thermal energy as a result of its interaction with laser 
light. This process can be based on the Doppler effect, which can be 
used to trap atoms and slow their motion to cool a substance. This 
method along with further evaporative cooling has permitted to 
realize Bose–Einstein condensation of atomic and molecular species. 
Optical refrigeration can also be based on redistribution of radiation 
in dense gas mixtures. Both these techniques permit to remove the 
thermal energy contained in translational degrees of freedom. They 
are suitable for gases because at low temperatures the thermal 
energy in gases is primarily contained in translational degrees of 
freedom. In some systems, for example, in solids, the thermal energy 
is primarily contained in vibrations (phonons). Such systems can 

Preface



xiv Preface

be	laser	cooled	with	anti-Stokes	fluorescence.	In	that	case	a	system	
illuminated with laser light at long wavelength tail of its absorption 
spectrum emits photons of higher energy than the absorbed ones as 
a result of phonon absorption in the system. Laser cooling of solids 
was	 first	 experimentally	 demonstrated	 in	 1995	 with	 ytterbium-
doped	fluoride	glass.	Since	the	first	experimental	observation	laser	
cooling of solids has been realized with Yb3+, Er3+, and Tm3+ ions 
doped in a wide variety of low phonon glasses and crystals. Today’s 
record temperature achieved in a Yb3+:YLF sample is 91 K, which is 
far below the temperature that can be achieved with any other solid 
state cooling techniques. New materials as well as old ones with 
extremely low levels of impurities can permit to reach even lower 
temperatures in the nearest future. Direct band-gap semiconductors 
are very promising candidates for laser cooling. Laser cooling is 
progressing rapidly. The latest achievements have motivated me to 
pull together a team of researchers who are doing frontier research 
in	the	field	of	laser	cooling	to	discuss	the	fundamental	principles	and	
applications	of	 this	promising	 field	of	physics.	Their	 research	and	
experience have been organized into the 13 chapters of the book. 
 In Chapter 1 Anne	Saß,	Stavros	Christopoulos,	and	Martin	Weitz	
review their recent results on laser cooling by redistribution of 
radiation in dense gas mixtures. The achieved cooling powers in 
these experiments are several orders of magnitude larger than in 
the Doppler cooling experiments for dilute atomic vapors, and the 
typically	 achieved	 cooling	 efficiencies	 are	 in	 the	 order	 of	 several	
per cent. The cooling results are presented in the form of thermal 
deflection	 spectroscopy	 measurements	 on	 both	 rubidium–	 and	
potassium–argon mixtures. They also present the Kennard–Stepanov 
relation,	connecting	absorption	and	emission	profiles,	and	apply	it	
to the dense gaseous ensembles under investigation. The authors of 
the chapter discuss their future experimental aims that include the 
study of homogeneous nucleation in saturated vapor as well as the 
application of this very technique to molecular–rare gas ensembles. 
 In Chapter 2 Galina Nemova presents a detailed analysis of laser 
cooling	 with	 anti-Stokes	 fluorescence	 in	 a	 two-level	 rare	 earth–
doped	solid	state	system.	The	influence	of	all	cooperative	effects	in	
rare earth–doped samples on the laser cooling process is considered. 
Thermodynamics of laser cooling is discussed in the chapter. The 
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advantages of different host materials with low phonon energy 
for	 laser	 cooling	 with	 anti-Stokes	 fluorescence	 are	 considered.	
In	 this	chapter	one	can	see	how	the	efficiency	of	 the	 laser	cooling	
process can be enhanced with optical cavities. The author presents 
an overview of techniques, which can provide a local temperature 
measurement as well as the bulk temperature of a sample. All these 
techniques have some advantages and disadvantages, which are 
discussed in the chapter.
 Chapter 3 is intended to give an overview of some theoretical 
and experimental efforts aimed at developing an optical cooling 
system	 based	 solely	 on	 optical	 fibers.	 In	 this	 chapter	 Nai-Hang 
Kwong, Rolf Binder, Dan Nguyen, and	 Arturo	 Chavez-Pirson show 
that such a cooling system has unique advantages, including the 
possibility for dumping heat waste at arbitrary remote locations 
and the light-weight, compact, and robust nature of the system. 
The theoretical basis includes a rate equation–based cooling model 
for	 the	 active	 ions	 in	 the	 doped	 fiber	 as	 well	 as	 heat	 transport	
simulations. Experimental results for luminescence spectra for 
various pump powers show promising trends when compared with 
spectra as a function of temperature, indicating the possibility of net 
fiber	cooling.
 In Chapter 4 Guang-Zong Dong and Xin-Lu Zhang propose a mod-
ified	excitation	cooling	scheme	based	on	ground-state	absorption	of	
5I8 Æ 5I7	at	around	2.07	μm	and	excited-state	absorption	of	5I5 Æ 5F5 
at	around	2.28	μm	in	Ho3+ ions. In this scheme large amount of heat 
produced by nonradiative 5I5 Æ 5I6 and 5I6 Æ 5I7 transitions in the 
conventional anti-Stokes cooling case can be avoided, and both the 
cooling	efficiency	and	the	cooling	power	can	be	prompted.	They	also	
propose to improve the cooling performance of Ho3+ optical refrig-
eration by co-doping Tm3+ and Ho3+ ion in the host.
 Since the invention of the laser, engineers have searched for new 
ways to increase the laser’s power and brightness. These efforts have 
largely been focused on improved ways to remove the waste heat 
generated in the lasing medium. In Chapter 5 Steven R. Bowman 
reviews a novel approach to the problem of laser power scaling: 
minimizing the waste heat through the incorporation of anti-Stokes 
fluorescence	cooling.	This	approach	has	been	shown	to	significantly	
reduce heat generation in carefully controlled laser systems. This 
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chapter reviews the theory and practice of this novel mode of laser 
operation.
 In Chapter 6 Stephen	 C.	 Rand	 compares three conceptually 
different approaches to laser cooling of solids. He offers the unique 
perspective that in solids where free translational motion is absent 
there are nevertheless interactions analogous to the Doppler effect 
that may be used to address the energy and momentum of collective 
excitations of the medium. Moreover there are reasons to explore 
them systematically. Two methods of cooling solids in particular, 
which are reminiscent of interactions with free atoms, are analyzed 
from this perspective to examine their detailed advantages and 
disadvantages.	While	attempting	to	profit	from	the	earlier	history	of	
laser cooling in gases and to provide points of comparison between 
different	techniques,	this	chapter	identifies	an	approach	to	cooling	
that results in a temperature-independent cooling rate. 
 In the “traditional” model, which describes optical refrigeration 
of	 rare	 earth–doped	 solids	 based	 on	 anti-Stokes	 fluorescence,	 a	
cooling cycle is provided by resonance transitions between the upper 
ground and lower excited levels of ions, phonon thermalization, 
and subsequent radiative relaxation to the ground states. In such a 
model, the rate of the cooling cycle is low because of the small cross 
section of forbidden transitions between the levels of the same ion 
configuration	and	the	low	population	of	the	upper	ground	level.	In	
Chapter 7 Andrei	 Ivanov,	Yuriy	Rozhdestvensky, and Evgeniy Perlin 
consider a cooling process with stimulated Raman adiabatic passage 
for optical pumping of a rare earth–doped crystal taking into account 
vibronic interaction at the Stark split sublevels of ion manifolds. 
They show that coherent pumping by stimulated Raman adiabatic 
passage leads to the deep laser cooling of rare earth–doped crystals 
that have technologically attainable purity to date.
 In Chapter 8 Azzurra	Volpi,	Alberto	Di	Lieto, and	Mauro	Tonelli 
report	 on	 cooling	 efficiency	measurements	 performed	 on	 various	
Yb3+-doped	fluoride	single	crystals	grown	in	their	laboratory.	They	
show that the investigation of the cooling process for increasing Yb3+ 
concentrations in LiYF4 (YLF) single crystals results in improved 
cooling	 efficiency	 via	 significant	 decrease	 of	 detrimental	 parasitic	
absorption. Energy transfer processes between Yb3+ ions and low 
concentrations of rare earth ions impurities are investigated in this 
chapter to analyze the effect of detrimental impurities, which partic-
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ipate in multi-phonon relaxation of excited ions. It is demonstrated 
that Yb3+–Tm3+ controlled co-doping led to observation of energy 
transfer–enhanced Yb3+	anti-Stokes	efficiency.	The	results	achieved	
with Yb3+–Tm3+ co-doped samples are presented in this chapter.
 In Chapter 9 B. Rami Reddy demonstrates the use of Michelson 
and Mach–Zehnder interferometers to measure the sample temper-
ature changes due to laser beam heating. He has developed an ana-
lytical model to estimate the temperature change that depends on 
fringe (or wave) counting. The passage of a 300 mW of 915 nm laser 
beam through 1.54 cm long Yb3+:YAG sample raised its temperature 
by 7.1 ± 0.8 K. The passage of a 115 mW focused argon-ion beam 
through a 1 cm long Pr3+:YAG sample raised its temperature by 11.7 
± 1.0 K. Optical interferometric measurement of temperature chang-
es agreed with that measured by a thermocouple. These methods 
apply equally well to estimate the temperature changes in laser cool-
ing of solids also. He has also developed theoretical formulations for 
the use of optical heterodyne technique in laser cooling studies. His 
theory reveals that sample temperature changes as small as 1.4 mK 
can be measured with the heterodyne technique. 
	 Optical	 fibers	are	now	critical	parts	 in	many	high-tech	devices.	
Of	course	 fiber	parameters	have	to	be	tailored	to	each	application	
needs.	 Unfortunately,	 there	 is	 no	 single	 fiber	 material	 that	 can	
fulfill	all	 types	of	application	needs,	but	 there	are	some	important	
criteria	that	one	has	to	consider	when	choosing	an	optical	fiber	to	
be	used	in	a	specific	application.	The	first	criterion	is	technical.	The	
second criterion is economical. The technology should be mature 
enough	to	provide	high-quality	optical	 fibers	at	effective	cost	with	
a reasonable yield. Fluoride glasses are very promising hosts for 
laser cooling. In Chapter 10 Mohammed	 Saad	presents the latest 
technological achievements concerning three main glass families 
as	 representatives	 of	 fluoride	 glasses	 in	 general:	 fluorozirconate,	
fluoroaluminate,	and	fluoroindate.
 In the last years, the advances enabled by Yb3+-doped	fluorides	
have tremendously increased the interest in this technology. 
Cryogenic operations as well as competitive steady-state cooling 
powers have been achieved in the temperature range below 250 K. 
Minimum	achievable	temperatures	are	approaching	80	K.	Efficient	
cooling	 performances,	 however,	 are	 firstly	 related	 to	 the	 optical	
quality of active materials. Stringent requirements on the purity and 
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structural	quality	need	to	be	satisfied	in	order	to	achieve	net	bulk	
cooling. In Chapter 11 Azzurra	 Volpi	 and	 Mauro	 Tonelli	 consider 
growth techniques and methods for optical and structural quality 
assessments	of	fluoride	single	crystals	for	optical	refrigeration.
 In Chapter 12 Rolf Binder and Nai-Hang Kwong give an overview 
of some theoretical efforts to analyze optical refrigeration of 
inorganic semiconductor crystals. A fermionic theory, describing the 
conduction and valence bands, combined with Coulomb interaction 
between the excited charge carriers yields the absorption and 
luminescence spectra that include excitonic effects valid for 
arbitrary excitonic ionization ratios. The microscopic theory used 
as an input to Sheik-Bahae and Epstein’s semiconductor cooling 
model yields a cooling analysis that has been evaluated for GaAs. 
At low temperatures excitonic effects are found to be crucial for 
cooling to be possible. Extensions of the basic cooling model for bulk 
crystals include light propagation and luminescence re-absorption 
effects and the effects of passivation layers in doped, spatially  
inhomogeneous structures. While the numerical results presented 
here are restricted to GaAs, the general theoretical formulation is 
valid for any direct-gap crystalline semiconductor.
 In Chapter 13 Iman Hassani Nia and	Hooman	Mohseni	discuss the 
mechanisms	that	can	potentially	increase	the	laser	cooling	efficiency	
to make it practical for bulk semiconductors. They consider Coulomb 
interaction in piezoelectric semiconductors. The authors describe 
both Coulomb interaction and piezoelectricity separately to establish 
the theoretical bases for understanding Coulomb-assisted laser 
cooling. Their approach is inspired by the optomechanical cooling of 
micro- and nano-mechanical systems since each phonon mode acts 
like a mechanical mode of vibration with a low quality factor. 
 I would like to sincerely express my gratitude to all the 
contributing authors for their excellent work and patience during 
the preparation and editing of this book in the International Year of 
Light 2015.

Galina Nemova

Montreal, Canada

Summer 2016
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