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ABSTRACT 

 

 
The concept of optical refrigeration dates back to 1929, when Pringsheim recognized that thermal energy 
associated with the translational degrees of freedom of isolated atoms could be reduced by the process 
of anti-Stokes fluorescence. Optical refrigeration of a solid was first experimentally demonstrated in 1995 
with the Ytterbium-doped fluorozirconate glass by Epstein and his team and since then this invigorating 
field has garnered much scientific interest for development of an all optical refrigerator. The present 
works discusses the recent candidate materials including crystals, semiconductors, and ionically doped 
glasses. Cooling processes and necessary conditions for cooling are outlined, and general thermodynamic 
limitations are discussed.  
 
10% wt. Ytterbium doped Yttrium Lithium Fluoride (Yb+3:YLF) is chosen as the candidate active material. 
The Carnot efficiency for laser and sun-light as a pump source is evaluated using a narrow-band 
approximation outlined by Stephen and his team. A quantum-mechanical cooling model based on Epstein 
and his team, is developed. In the proposed system, the candidate material is placed on a magnetically 
suspended platform inside a vacuum chamber and illuminated with laser light with the appropriate 
wavelength in the near infrared region. The dynamics of important cooling parameters are simulated and 
studied. The cooling effects due to radiative relaxation compete with the heating effects due to parasitic 
absorption and non-radiative relaxation but net cooling is observed confirming validity of light source and 
material parameter selection. 
 
 In addition to laser, the conventional source of pump radiation, sun-light as a pump input to the quantum-
mechanical model is simulated and the effects on the cooling power and efficiency are studied. To 
enhance the energy efficiency of the system, fluorescence recovery schemes using photovoltaics are built 
and studied. Suggestions for experimental realization are given. The developed model can be base for 
designing a practical optical refrigeration system for laser and sun-light based optical sources.  
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GLOSSARY 

 

 

𝜂𝑞 Internal quantum efficiency 

𝜂𝑒𝑥𝑒 External quantum efficiency 

𝜂𝑐 Cooling efficiency 

𝜂𝑎𝑏𝑠 Absorption efficiency 

𝜂𝑒𝑥𝑡 Extraction efficiency 

𝜂𝑃𝑉 Photovoltaic conversion efficiency 

𝜂𝑙𝑎𝑠𝑒𝑟 Laser electrical efficiency 

𝛼𝑏 Parasitic background absorption 

𝛼 Resonant absorption 

𝑁𝑡 Population density  

𝑁 Number of round trips by the laser beam 

𝜎12 Absorption cross-section 

𝛿𝐸𝑔 Width of ground state manifold 

𝛿𝐸𝑢 Width of excited state manifold 

𝑃𝑐𝑜𝑜𝑙  Cooling power 

𝑃𝑙𝑎𝑠𝑒𝑟 𝑖𝑛 Incident pump power 

𝑃𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑  Absorbed power 

𝑌𝑏3+: 𝑌𝐿𝐹 Trivalent Ytterbium doped Yttrium Lithium Fluoride crustal 

𝑊𝑟 Radiative recombination rate 

𝑊𝑛𝑟 Non-radiative recombination rate 
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𝑅 Total upper state decay rate 

𝑤𝑔 Thermalization rate for ground state manifold 

𝑤𝑢 Thermalization rate for upper state manifold 

𝜈𝑓 Mean fluorescence frequency 

�̅� Average distribution function 

�̅�𝜔 Average radiance 

𝜆0 Central wavelength 

∆𝜆 Wavelength bandwidth 

δ Beam divergence 

𝑇𝐹𝑝
 Flux temperature of pump 

𝑇𝐹𝑓
 Flux temperature of fluorescence 

𝑇𝑠 Temperature of the active material 

𝑇𝑐 Temperature of the vacuum chamber walls 

𝜀𝑐 Emissivity of chamber walls 

𝜀𝑠 Emissivity of the active material 
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1. Introduction  
 

Refrigeration is the process of maintaining the temperature of a substance below that of the ambient. 

Temperature is regarded as a measure of an average kinetic energy of atoms or molecules in a physical 

system in a state of equilibrium. Thus, refrigeration is associated with reduction of this average kinetic 

energy. Most common cooling techniques, for example mechanical coolers, are unconcerned with the 

atomic picture as they operate with macroscopic or ensemble properties of the system. Optical 

refrigeration or “laser cooling” is best understood in the microscopic pictures, where energy of the system 

stored in a particular degree of freedom is reduced by the interaction of atoms with light [1]. 

 

Figure 1 Relevant degrees of freedom, available for laser cooling at various starting temperatures. [1] 

From Figure 1, for gases at low temperatures, the thermal energy is primarily contained in translational 

degree of freedom. In dilute gases at low temperatures, optical refrigeration is realized through Doppler 

cooling, the demonstration of which was awarded Noble prize in physics in 1997 [2]. When cooled, the 

kinetic energy of the dilute gas, stored in the translational degree of freedom of the constituents, is 

reduced via interaction of the Doppler-shifted atomic transitions with counter-propagating laser beams. 

While Doppler cooling technique works for atoms in diluted gases, it is not suitable for cooling of 

macroscopic objects like solids where the atomic density is high.  

At moderate temperature range of 10 – 400 K (Figure 1), thermal energy of the system is primarily stored 

in the quanta of the vibrational degrees of freedom, i.e. in the phonons [1]. The vast majority of 

luminescent materials emit photons with lower energy than absorbed ones [3]. The associated energy 

difference is the Stokes shift, named after the physicist George G. Stokes. The Stokes shift is based on 

electron–phonon coupling, which allows pump light to interact with the vibrational modes of solids. This 

process is accompanied by heat generation in the system. If the emitted photon has more energy than 

the absorbed one the energy difference between the emitted and absorbed photons is called the anti-

Stokes shift and the emitted photons are termed “anti- Stokes fluorescence.” This effect is based on 

dissipation of thermal phonons in a crystal lattice thus resulting in cooling. The idea of optical refrigeration 

by anti-Stokes fluorescence was first suggested by Pringsheim [4] 

Thus, as discussed in the text and with reference to Figure 1 , translations are cooled by Doppler effect, 

coming into play at very low temperatures and highly diluted gases. Cooling of vibrations through phonon 

annihilation via anti-Stokes fluorescence is viable in the intermediate temperature range. The latter 

conditions are typically satisfied in solids and the approach is optical refrigeration of solids [1]. 

This report focusses on optical refrigeration by anti-stokes fluorescence, as applied to solids.  
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1.1 Historical development  
 

Denis et al [1] provides a historical overview of optical refrigeration. The idea of optical refrigeration was 
conceived well before the invention of the laser and was not accepted without controversy. During the 
19th century, it was believed that light emitted by a source must always be red-shifted, or equivalently 
emit at longer wavelengths, as compared to the light absorbed by that source. This was reasoned from 
the viewpoint of conservation of energy, further verified by experiences that light shining on a material 
induced heating. The so-called "Stokes' law" stated that: "the rays emitted by a fluorescent substance 
always have a smaller refrangibility than the exciting rays" [5], where the refrangibility, which is related 
to light’s refraction, is equivalent to energy in this context [1].  
 
By the beginning of the 20th century, observations of anti-Stokes radiation refuted the “Stokes’ law” and 
in 1929, Pringsheim suggested the possibility of using the anti-Stokes fluorescence process to cool a 
fluorescent gas with radiation [4]. This proposal was initially deemed controversial as it was believed to 
violate the second law of thermodynamics [6]. Pringsheim’s ideas were put onto a firm theoretical footing 
in 1946, when Landau formally assigned entropy to light [7]. The second law states that entropy of an 
isolated system cannot decrease. Landau pointed out that entropy of the radiation field is a function of 
both the solid angle of the propagating light and the frequency bandwidth, such that both of these 
properties have to increase during anti-Stokes fluorescent cooling. In other words, optical cooling is 
possible when a coherent laser source of low-entropy light with narrow spectral bandwidth and high 
directionality is converted into a broadband, isotropic luminescence, increasing entropy of the system in 
the process, even in the presence of local cooling. 
 

1.2 Cooling process  
 
For any object to be cooled, net power output from the system should be larger than the net input power. 
Thus, for optically cooling a solid, the power of light emitted must be higher than that absorbed. During 
the process of anti-Stokes fluorescence cooling, incident laser light is converted into isotropic and 
broadband fluorescence. Since the incident laser light has a small bandwidth and propagates in a well-
defined direction, it has almost zero entropy. On the other hand, the fluorescence is broadband and is 
emitted in all directions; so, if the power of the fluorescence is equal to or greater than the power of the 
incident beam, the fluorescence has a comparatively large entropy. Therefore, an upper limit on the 
efficiency of optical cooling will occur when the rate of cooling reduces the entropy of the material being 
cooled at the same rate at which radiation entropy is generated. 
 
Multiphoton processes are significantly less probable than single-photon emission; so, to achieve a 
fluorescence (output) power higher than the absorbed power, the substance must emit higher energy 
photons than it absorbs and do so with a very high (almost unity) quantum efficiency [8]. The general 
definition of quantum efficiency is the ratio of the number of emitted photons to the number of absorbed 
photons. 
 
Let’s consider a cooling cycle with the active material as trivalent ytterbium ion, a rare-earth material, and 
the host as glass, an amorphous material.  The active material is the one which undergoes the 
phenomenon of optical refrigeration by anti-stokes fluorescence. Ytterbium in a glass has a number of 
optical transitions, all centered around a wavelength of ~1µm [8]. Here, optical transitions denote the 
change in energy level of the trivalent ytterbium ion. 
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Figure 2 Schematic of optically active energy levels of trivalent ytterbium in a solid host. The solid arrows represent 
the most strongly allowed optical transitions, which are important for describing the cooling process. The levels 
involving these transitions are designated for later reference [8] 

The simplified level structure for the active material is shown in Figure 1. These levels are shifted by 
differing amounts depending on the site occupied by the ytterbium atom within the glass, resulting in very 
broadband absorption and fluorescence spectra. The average emission wavelength at room temperature 
is 996 nm independent of input wavelength [9]. This is in accordance with Vavilov’s empirical rule, which 
states that the shape of the emission spectrum of a transition is essentially independent of the wavelength 
at which it is excited [9] Although this is not true for all materials, in the case of ytterbium in glass the time 
scale of thermal interactions is orders of magnitude shorter (picoseconds to nanoseconds) than the 
timescale for optical transitions (milliseconds) [10]. This means that, no matter what wavelength is used 
to excite the ytterbium transition, the population distribution in the upper manifold reaches thermal 
equilibrium before relaxing to the ground state manifold; so the emission spectrum is independent of 
pump wavelength, except perhaps at very low temperatures (less than ~ 1 K) [8]. 
 
This property can be used to produce a simple model of the cooling process by assuming that this average 
emission wavelength (996 nm) represents the average behavior of the ytterbium ions. Using this 
assumption and a pump light (laser input) wavelength of greater than this (say 1015 nm), we arrive at the 
simplified level structure shown by the arrows in Figure 2. 
 
We can now describe the cooling process that occurs on absorption and emission of a single photon. First 
an ytterbium ion absorbs an input (pump) photon at wavelength λ; then the ion emits light at wavelength 
λav . Finally, the ion absorbs (or releases) thermal energy, or a phonon, from the surrounding glass to 
return to its initial state.  
 
Assuming the above-mentioned process is 100% efficient and using Planck–Einstein relation we get, 

Energy lost by glass =  
ℎ𝑐

𝜆𝑎𝑣
−

ℎ𝑐

𝜆
 (1.1) 

 
Let the energy of an incident photon be E. 
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Energy extracted each time this process occurs = 𝐸 (
𝜆

𝜆𝑎𝑣
− 1) (1.2) 

 
Thus, if the pump wavelength is longer than the average, the object will be cooled by this effect, and if 
the input is a shorter wavelength, heating will occur. 
 

1.3 Conditions for cooling 
 
In reality, the transitions are not 100% optical; one must include the resulting heating [8]. 
 
Let Q denote the quantum efficiency of a transition (i.e. radiative relaxation rate/total relaxation rate). 

Energy extracted per absorbed photon is now =  𝐸 (𝑄 − 1) + 𝐸𝑄 (
𝜆

𝜆𝑎𝑣
− 1) (1.3) 

 
Here, 

𝐸ℎ𝑒𝑎𝑡 = 𝐸 (𝑄 − 1) 

𝐸𝑐𝑜𝑜𝑙 = 𝐸𝑄 (
𝜆

𝜆𝑎𝑣
− 1) 

 
Thus, the condition for net cooling to result is that 𝑄𝜆 > 𝜆𝑎𝑣 
 
Note that this neglects both absorption by the host glass and reabsorption of fluorescence by the 
ytterbium ions. 
 
We define the coefficient of performance (COP) of the cooling as the difference between the fluorescent 
energy and the incident energy, normalized by the incident energy. Thus, 

𝐶𝑂𝑃 =  
𝑄 (ℎ𝑓𝑓𝑙) − ℎ𝑓𝑖𝑛

ℎ𝑓𝑖𝑛
=

𝑄 (𝑓𝑓𝑙) − 𝑓𝑖𝑛

𝑓𝑖𝑛
 

(1.4) 

 
Here 𝑓𝑖𝑛 is the frequency of the incident light and 𝑓𝑓𝑙 is the average emission frequency. 

 
Thus, if the average emission frequency is independent of the incident frequency (as it is in ytterbium-
doped ZBLAN or ZBLANP) [8], the cooling power at any input frequency is given by, 

𝑃𝑐𝑜𝑜𝑙 = 𝑃𝑖𝑛𝐴(𝑓𝑖𝑛)
𝑄 (𝑓𝑓𝑙) − 𝑓𝑖𝑛

𝑓𝑖𝑛
 

(1.5) 

or 

𝑃𝑐𝑜𝑜𝑙 = 𝑃𝑖𝑛𝐴(𝑓𝑖𝑛)
𝑄 (𝜆𝑖𝑛) − 𝜆𝑓𝑙

𝜆𝑓𝑙
 (1.6) 

 
 
Here, 𝐴(𝑓𝑖𝑛) represents the absorptivity, 𝑃𝑖𝑛 represents the incident laser power and  𝜆𝑓𝑙,𝑖𝑛 = 𝑐

𝑓𝑓𝑙,𝑖𝑛
⁄  . 
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2. Candidate solid state active material 
 
For anti-Stokes cooling to be achieved in any solid, a number of conditions need to be met. The high 
quantum efficiency and low loss of many laser materials make these ideal candidates for anti-Stokes 
optical cooling. Of these, the best candidates seem to be either semiconductor structures or rare earth 
ions doped into transparent host materials [8]. The latest breakthroughs in these two types of solid-state 
active material is covered in this section. 
 

2.1 Rare-earth doped solids 
 
Mansoor Sheik-Bahae et al [11] provides a brief historical development of the candidate active material 
for optical refrigeration. The advantages of rare-earth (RE) doped solids for laser cooling had been 
foreseen for decades. Kastler (1950 [12] and Yatsiv (1961 [13] suggested these materials could be used 
for optical cooling. The key optical transitions in RE ions involve 4f electrons that are shielded by the filled 
5s and 6s outer-shells, which limit interactions with the surrounding lattice. Non-radiative decays due to 
multi-phonon emission are thus suppressed. Hosts with low phonon energy (e.g., fluoride crystals and 
glasses) further diminish non-radiative decay and hence boost quantum efficiency. 
 
After the invention of the laser in the 1960s, the first attempt to cool a solid was performed by Kushida 
and Geusic of Bell Telephone Laboratories in 1968 using an Nd3+:YAG crystal [14]. Although the crystal 
heated, they observed reduced heating as compared with an undoped YAG crystal, leading to the 
conclusion that heating from impurities was more dominant than the cooling process. 
 
Laser cooling of a solid was first experimentally demonstrated in 1995 with the ytterbium-doped 
fluorozirconate glass ZBLANP:Yb3+ [10]. In addition to high-quantum efficiency, this host was ideally 
suited from the material purity requirements benefitting from the developments by the 
telecommunications industry of low-loss optical fibers in the near-infrared [15].  
 
Markus [16] provides various factors that limit the performance of laser cooling in rare-earth doped active 
materials. He also discusses the device limitations of potential optical cryo-coolers which won’t be 
discussed here. 
 

2.1.1 Intrinsic material limitations 

 
 

Figure 3 Absorption at energy 𝐸𝑃 is followed by thermalization and anti-Stokes fluorescence at energy 𝐸𝐹.  Radiative 
relaxation (straight arrow) and multi-phonon relaxation (wiggly arrow) occur at rates 𝑤𝑟 and 𝑤𝑚𝑝  , respectively. [16] 
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Optical refrigeration occurs upon absorption of a pump photon of energy 𝐸𝑃, followed by rapid excited-
state thermalization and subsequent emission of an anti-Stokes photon at energy 𝐸𝐹. This ideal cooling 
cycle is illustrated in Figure 3. 
 
The ideal cooling cycle has the following efficiency 

𝜂𝑖𝑑𝑒𝑎𝑙 =
∆𝐸

𝐸𝑝
 (2.1) 

 
where, ∆𝐸 =  𝐸𝐹 − 𝐸𝑃 
 

Alternatively, the excited state can decay non-radiatively via interaction with the optical phonons of the 
host material (typically the highest-energy optical mode with energy ℏ𝜔𝑚𝑎𝑥 ) and introduce undesired 
heating through multi-phonon emission. 
 
Internal quantum efficiency signifying the competition between radiative (𝑤𝑟) and multi-phonon (𝑤𝑚𝑝) 

relaxation rates is given as 

𝜂 =
𝑤𝑟

(𝑤𝑟 + 𝑤𝑚𝑝)
 (2.2) 

 
Thus, the cooling efficiency is reduced to 

𝜂𝑐𝑜𝑜𝑙 =
(𝜂𝐸𝐹 − 𝐸𝑃)

𝐸𝑝
 (2.3) 

 
It is instructive to estimate the parameter space of 𝐸𝑃 and ℏ𝜔𝑚𝑎𝑥  values that are suited for optical 
refrigeration. Assuming that a material that realizes  𝛾 = 0.9 of its maximum possible cooling efficiency 
∆𝐸

𝐸𝑝
⁄  qualifies as a suited laser-cooling system yields 

𝜂 =
(𝛾∆𝐸 + 𝐸𝑃)

𝐸𝐹
 (2.4) 

 
 
By substituting internal quantum efficiency and re-arranging the terms, we obtain 

𝑤𝑚𝑝 =
𝑤𝑟∆𝐸(1 − 𝛾)

𝛾∆𝐸 + 𝐸𝑃
 (2.5) 

 
 
Firstly, Markus [16] notes that oscillator strengths of 4f-4f transitions of rare-earth ions are ~10−6 

 [17], 
and the corresponding rates for spontaneous radiative relaxation are on the order of 𝑤𝑟 = 100𝑠−1. 
Secondly, he refers to the rate of the multi-phonon energy of the host material given by the energy gap 
law [18], 

𝑤𝑚𝑝 = 𝛽 𝑒𝑥𝑝 (
−𝛼𝐸𝑃

ℏ𝜔𝑚𝑎𝑥
⁄ ) (2.6) 
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where 𝛼 𝑎𝑛𝑑 𝛽 are vibrational and electronic parameters of the host material and ℏ𝜔𝑚𝑎𝑥 denotes the 
maximum phonon energy of the host material. 
 

 Markus [16] notes that ∆𝐸 ≈ 2.5 𝑘𝑇 and finds ℏ𝜔𝑚𝑎𝑥 ≈ (
𝛼𝐸𝑃

𝑙𝑛𝛽⁄ ) at T = 300 K. He referred to a survey 

of many different materials [19] and found the typical values for 𝛼 and 𝛽 on the order of 3.5 and 1012 𝑠−1, 
respectively. 
Therefore Markus [16] found that a material can only provide efficient optical refrigeration if 

ℏ𝜔𝑚𝑎𝑥 <
𝐸𝑃

8⁄  
(2.7) 

 
Markus [16] constructed a chart (Figure 4) illustrating the above relationship and which can serve as a 
useful guide in the search of novel candidate material for optical refrigeration.  

 

Figure 4 Combinations of active ions and host materials. Systems for which ℏ𝜔𝑚𝑎𝑥 <
𝐸𝑃

8⁄  (below the bold line) have 

the potential to achieve >90% of their ideal cooling efficiency ∆𝐸
𝐸𝑝

⁄ . The open circles represent materials for which 

laser cooling has been experimentally observed until Feb.2009 [16] 

 
Figure 4 shows the maximum phonon energy ℏ𝜔𝑚𝑎𝑥 of different glasses and crystals (horizontal lines) 
and the energy of the first excited 4f multiplet of different rare-earth ions (vertical lines). Systems below 

the bold line indicating ℏ𝜔𝑚𝑎𝑥 <
𝐸𝑃

8⁄  have the potential to be efficient optical refrigerators. The circles 

indicate rare-earth doped solids for which laser cooling has been observed experimentally, confirming the 
rule of thumb (2.7) derived above. The most efficient materials are those with a small 𝐸𝑃 , but 
correspondingly lower ℏ𝜔𝑚𝑎𝑥 are required to enable efficient optical refrigeration in such systems. 
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2.1.2 Material fabrication limitations 
 
Once a suited combination of active ion and host has been identified (Figure 4), the material must be 
synthesized with both high purity and high optical quality [16].  
 
Impurities can reduce the cooling efficiency in a number of ways [16]: 

1. molecules such as OH- and H20 can directly coordinate as nearest neighbors to rare-earth ions 
and quench excited states by multi-phonon relaxation via high-energy vibrational modes;  

 

2. metal ions such as Fe2+, Cu2+, Ni2+, Co2+, V3+, Cr3+, and Ti3+ have strong optical absorptions in the 
visible and near infrared spectral region (up to ~ 2.7µm) and can act as acceptors in non-radiative 
energy transfers from nearby excited rare-earth ions, followed by multi-phonon relaxation; and 

 
3. the aforementioned metal ions can also directly absorb pump light (background absorption) and 

subsequently release this energy as heat into the solid by multi-phonon relaxation. Model 
calculations suggest that the concentration of such impurities must be on the order of 100 parts-
per-billion (ppb) or less in order for laser cooling to reach practical efficiencies [20]. Such purities 
far exceed those of most commercially available precursor materials and, as a consequence, 
require additional purification during the preparation of the laser-cooling material [16]. 

 
Throughout the years, cooling has been observed in a number of materials [1], including: 
 

• Yb3+ doped hosts: ZBLANP, ZBLAN, ZBLANI, CNBZn, BIG, KGd(WO)4 and KY(WO)4, YAG, Y2SiO5, 
KPb2Cl5, BaY2F8, YLF, ABCYS; 

 

• Tm3+ doped hosts: ZBLAN, BYF and YLF; 
 

• Er3+ doped hosts: CnBZn and KPb2Cl5;  
 

• Ho3+ doped hosts: YLF; 
 

• Co-doped hosts: Co-doping YLF crystals with other upconverting rare-earth ions can enhance 
cooling through energy transfer enhanced cooling [21]. Recently, co-doped 2% Er3+, 10% Yb3+:YLF 
nano-particles have shown to refrigerate physiological media [22]. 

 

2.1.3 Laser cooling performance comparison of rare earth doped solids 
 

Galina [3] provides an overview on the available candidate material and the net cooling effect observed 
in them, with trivalent rare-earth as the emitter ion undergoing the anti-stokes fluorescence, in crystalline 
and amorphous (glass) host. Crystals offer advantages over glass materials such as high thermal 
conductivity, improved ruggedness, and potentially larger absorption cross sections [23]. Laser cooling 
performance of top candidates is shown in the following page in Table 1. 
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2.2 Semiconductor active material 
 
Soon after successful observation of net cooling in Yb-doped glass in 1995 [10], attention was directed 
towards cooling matter in various condensed phases, beyond rare-earth doped systems. Semiconductors, 
in particular, have been the focus of numerous theoretical and experimental investigations. The essential 
difference between semiconductors and RE-doped materials is in their cooling cycles. In the latter, the 
cooling transition occurs in localized donor ions within the host material while the former involves 
transition between extended valence and conduction bands of a direct gap semiconductor [1]. The laser 
cooling of direct-bandgap semiconductors, for example gallium arsenide (GaAs), is more appealing 
because they allow more efficient pump light absorption, much lower achievable cooling temperatures 
and direct integrability into electronic and photonic devices [24].  
 
Semiconductors should achieve higher cooling power density compared to RE-materials. The maximum 

cooling power density (rate of heat removal) is ≈ 𝑁 ×
𝑘𝐵𝑇

𝜏𝑟
⁄  where N is the photo-excited electron (-

hole) density and 𝜏𝑟 is the radiative recombination time. In semiconductors the optimal density N is 
limited due to many-body processes and does not exceed that of moderately doped RE systems. We can 
gain 5-6 orders of magnitude in cooling power density because the radiative recombination rates in 
semiconductors are much faster than in RE ions [11] [25]. Nevertheless, the net cooling of a GaAs based 
semiconductor has inherent impediments due to high background absorption and low luminescence 
extraction efficiency, although anti-Stokes up-conversion can be readily achieved [24] [26].  
 

2.2.1 Laser cooling of cadmium sulfide nanobelts 
 
In 2013, a team of Singapore researchers took the scientific community by a surprise by reporting direct 
laser cooling in CdS nanostructures at λ ∼ 520 nm [27]. These results are extremely interesting since II-VI 
compounds were not known for having the high quantum efficiency required for laser cooling [1]. 
 
According to Sheik-Bahae/Epstein (SBE) theory [11] [28] the cooling efficiency, 𝜂𝑐(ℎ𝜈, 𝑇), of optical 
refrigeration in semiconductors is given by 

𝜂𝑐(ℎ𝜈, 𝑇) = 𝜂𝑒𝑥𝑒𝜂𝑎𝑏𝑠

�̅�𝑓(𝑇)

𝜈
− 1 

(2.8) 

 
Here 𝜈 is the pump laser frequency, T is the absolute temperature of the sample, �̅�𝑓(𝑇) is the mean 

emission frequency and ℎ is Planck’s constant. 
 
External quantum efficiency, 𝜂𝑒𝑥𝑒 , describes the efficiency by which a photo-excited atom decays into an 
escaped fluorescence photon in free space. It is given as follows 

𝜂𝑒𝑥𝑒 =
𝜂𝑒𝑊𝑟𝑎𝑑

𝜂𝑒𝑊𝑟𝑎𝑑 + 𝑊𝑛𝑟
 (2.9) 

 
Here 𝜂𝑒 is the luminescence extraction efficiency and 𝑊𝑟𝑎𝑑 and 𝑊𝑛𝑟 are respectively the radiative and 
non-radiative recombination rates. 
 
Absorption efficiency, 𝜂𝑎𝑏𝑠 , quantifies the percentage of photons absorbed that are engaged in cooling.  
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Absorption efficiency is given as follows 

𝜂𝑎𝑏𝑠 =
𝛼(𝜈, 𝑇)

𝛼(𝜈, 𝑇) + 𝛼𝑏
 (2.10) 

 
Here, 𝛼𝑏is the background absorption coefficient and 𝛼(𝜈, 𝑇) is the semiconductor absorption coefficient.  
Net laser cooling requires 𝜂𝑐(ℎ𝜈, 𝑇) > 0 , which can be achieved in three related ways [27]: 
 

1. Having large energy difference ∆𝐸 = ℎ�̅�𝑓(𝑇) − ℎ𝜈 

2. Having external quantum efficiency, 𝜂𝑒𝑥𝑒 , approach unity 
3. Having absorption efficiency, 𝜂𝑎𝑏𝑠 , approach unity through minimization of 𝛼𝑏 

 
In the classical Pringsheim [4] picture applied to solids, each cooling cycle removes ∆𝐸 = ℎ�̅�𝑓(𝑇) − ℎ𝜈 ≈

 𝑘𝐵𝑇 during the thermalization of cold electrons and holes, owing to absorption of various phonons. In 
GaAs, single longitudinal optical phonons (LOP)-assisted transitions in band-tail absorption (Urbach tail) 
have been proposed to facilitate laser cooling [27] [29] [30]. It has also been proposed that the band 
structure can be engineered, for example by introducing donor–acceptor pairs, which modifies the density 
of states and could lead to a larger ∆𝐸, making the dependence on the other two factors (𝜂𝑒𝑥𝑒 and 𝜂𝑎𝑏𝑠) 
less important. However, experimentally that is to achieve because the doping density and binding 
energies of both donors and acceptors have to be simultaneously optimized [27].  
 
Zhang et al [27] found that strong exciton (bound electron-hole pairs which behave like hydrogen atoms) 
–LOP coupling in II–VI semiconductors such as cadmium sulphide (CdS) can be exploited to facilitate laser 
cooling by the annihilation of one or more LOPs, leading to the removal of several 𝑘𝐵𝑇 units of heat in 
each cooling cycle. They demonstrated a substantial net laser cooling of semiconductor CdS nanobelt by 
~ 40K from room temperature when pumped by a 514-nm laser, and a net cooling by ~ 15K from 100K 
when pumped by a 532-nm laser. The belts are stretched across holes in a silicon substrate through which 
the pump laser is directed. (Reabsorption of the fluorescence is minimal due to the small distance an 
internally emitted photon has to travel to reach the sample surface.) The nanoribbons of CdS are 
approximately 100 nm thick, 2 μm wide, and 10 μm long. The exciton-phonon coupling strength is 
enhanced by the nanoscale size of the ribbons, leading to the annihilation of several LOP per laser photon 
absorbed and thereby increasing the cooling. The successful cooling is also due in part to the low carrier 
mobility of CdS which results in a reduced surface recombination rate [27]. 
 
Bulk synthesis of cadmium sulfide 

 
In the achievement of net laser cooling in CdS, nanobelt morphology plays an important role in minimizing 
photon trapping and re-absorption, nonetheless it limits the broader applications due to sample variation 
and scaling challenges. Therefore, it is important to obtain bulk CdS crystals with similar optical quality 
towards laser cooling, which shall have important implications in macroscopic optical refrigeration 
devices. Unfortunately, the trapped state emission (contributed by various kinds of crystalline defects) of 
commercial or typically synthesized CdS bulk crystals is detrimental for the laser cooling [31]. The trapped 
state emission would generate heat and diminish the laser cooling performance. The defect accumulation 
in the process of bulk crystal growth makes it more difficult to obtain ideal upconversion photo 
luminescence than the nanobelt due to the relative larger size. 
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Zhang’s team [31] have developed the optical floating zone method to synthesize CdS bulk crystals 
without defect emission at long wavelength, which was attributed to the low synthesis temperature, 
continuous up-movement of CdS sample rod and fast crystal growth rate. The schematic of the method 
and crystal morphology is shown in Figure 5. 
 

 
 
Figure 5 (a) Schematic diagram of optical floating zone for CdS crystals growth; (b), (c) the morphology of the CdS 
crystals [31] 

Zhang’s result largely minimized the unwanted heating induced by the long-wavelength emission during 
the optical process and improve the progress on the laser cooling in CdS bulk crystals. The achievement 
of net laser cooling in bulk CdS crystal may be still limited by the external quantum efficiency and the 
absorption efficiency, which have not been investigated for Zhang’s samples [31]. The non-radiative 
recombination and background absorption of materials will generate unwanted parasitic heating 
preventing the achievement of net cooling. These effects cannot be reflected in the steady-state 
photoluminescence spectra. 
 

2.2.2 Laser cooling of lead halide pervoskites 
 
In 2015 Zhang’s research group demonstrated experimentally that MAPbI3 platelets grown by vapour 
phase synthesis and PhEPbI4 samples exfoliated from a bulk crystal by solution synthesis can be laser 
cooled by ∼23.0 and 58.7 K, respectively, from room temperature [32]. They based their concept on the 
recent work which shows that perovskite single crystals possess low trap-state density [33] [34] and high 
external quantum efficiency [35] , both of which are advantageous for laser cooling if a sufficient 
photoluminescence (PL) upconversion could be achieved. Interestingly, indeed Zhang et al found that lead 
halide perovskite crystals in both 3D (i.e., MAPbI3) and 2D (i.e., PhEPbI4) forms shows strong 
photoluminescence upconversion. 
 
Zhang et al [32] work expands the toolbox for optical refrigeration extensively, considering the numerous 
combinations of inorganic-organic perovskites. With the facile solution processing and accessible 
crystallization temperature of those perovskite materials, their work opens up the possibility of laser 
cooling devices facilely bonded to electronic and optoelectronic thermal load [31]. The remaining 
challenges are to scale up the current vapor phase or solution synthesis towards a uniform macroscale 
crystalline film and the proper design of the heat sink, since the thermal conductivity of those perovskites 
is usually low [32]. 
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2.2.3 Laser cooling performance comparison of semiconductors 
 
The laser cooling performance of available semiconductor candidate active materials is shown below: 
  

Material 
type 

Active 
Material 

Substrate 
Sample 
(in µm) 

Λp 
(nm) 

Pump 
(mW) 

Tstart 

(K) 

Cooling 
power 
(µW) 

Cooling 
efficiency 

∆T 
(K) 

Thermal 
Conductivity 

(W/K) 
Year 

Group II-VI CdS Si/SiO2 10 x 2 x 0.1  514 6.3  290 180   1.3 % 40 20  
2013 
[27] 

Group II-VI CdS Si/SiO2 10 x 2 x 0.1  532 6.3  290 97  4.8 %1 15 20  
2013 
[27] 

Lead halide 
pervoskite 

MAPbI3 
muscovite 

mica 
10 x 2 785 0.66  296 8.8  1.84 % 24 0.14  

2015 
[32] 

Lead halide 
pervoskite 

PhEPbI4 silicon ~ 2 mm 565 0.175  296 na na 58.7 na 
2015 
[32] 

 

Table 2 Progress of laser cooling of semiconductors. λp is the pump wavelength in nm; ΔT is the temperature drop of 
the sample; Tstart is the starting temperature of the sample (K). 

 

From Table 1 and Table 2, the best-in-class laser cooling based temperature reduction is observed in: 
 

• 10% Yb3+: YLF crystal for rare-earth doped active element and  

• CdS for semiconductor active element 
 
 
As seen before, the cooling cycle in semiconductor and rare-earth doped solids is different; cooling 
transitions occur in localized donor ions within the host in the latter whereas the former involves 
transition between extended valence and conduction bands. For further modelling and analysis, 10% Yb3+: 
YLF is chosen as the candidate active material undergoing bulk optical refrigeration. Although cadmium 
sulfide has higher cooling power density, it is yet to be scaled up in size, as seen in previous paragraphs. 
Ytterbium ions are the most common dopant in optical refrigeration and as such, it’s properties can be 
sourced relatively easily upon literature review. For practical implementation in devices, other factors 
such as thermal conductivity, cost, etc needs to be taken into account. 

                                                           
1 It is important to note that high cooling efficiency does not necessarily lead to high cooling power as 

the final cooling power depends on both energy blue shifting parameter and bandtail absorption. Refer 

supplementary information in article [27] for further information. 
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3. Cooling potential of optical fields 
 
 

3.1 General thermodynamic limitation 
 

Ruan et al 2 [36] analyzed the thermodynamics of laser cooling and determined the Carnot efficiency. 
Consider a control volume that is to be cooled radiatively. In Figure 6,  this is labelled “optical refrigerator”. 
The power flow in and out of this control volume reflects the balance of the pump laser, the external 
thermal load and the fluorescence emission. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Applying the 1st law of thermodynamics to the control volume we get 

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 + 𝑄�̇� 
(3.1) 

 
The cooling efficiency of the process is given by 

𝜂 =
𝑄�̇�

𝑃𝑖𝑛
 

(3.2) 

 
The maximum value of η is the Carnot limit ηc determined by the 2nd law of thermodynamics. The entropy 
carried by the fluorescence cannot be less than the sum of the entropy withdrawn from the cooling sample 
and the entropy transported in by the pump laser. That is, 

�̇�𝑜𝑢𝑡 ≥ �̇�𝑖𝑛 + �̇�𝑐 
(3.3) 

where �̇�𝑖𝑛, �̇�𝑜𝑢𝑡 and �̇�𝑐represents the entropy flow rates for the absorbed pump irradiation, output 
fluorescence and the thermal load.  
 

                                                           
2 In the authors analysis, the “dot” over energy terms (thus representing power) is missing 

Optical 
Refrigerator 

𝑃𝑖𝑛  

�̇�𝑖𝑛  

𝑃𝑜𝑢𝑡  

�̇�𝑜𝑢𝑡  

�̇�𝑐  �̇�𝑐  

Pump 
input 

Fluorescence 
output 

Cooling Load 

Figure 6 Energy and Entropy flow rates in optical refrigeration process [36] 
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By assuming no irreversibility in the system, eq. (3.3) can also be written as 

𝑃𝑜𝑢𝑡 (
�̇�

𝑃
)

𝑜𝑢𝑡

=  𝑃𝑖𝑛 (
�̇�

𝑃
)

𝑖𝑛

+  
𝑄�̇�

𝑇
 (3.4) 

 
where T is the temperature of the thermal load.  
 

By substituting Eqs.(3.1) and (3.2) into Eq. (3.4) and by eliminating 𝑃𝑖𝑛, 𝑃𝑜𝑢𝑡 and 𝑄�̇� , we find the Carnot 
efficiency to be 

𝜂𝑐 =

[(
�̇�
𝑃

)
𝑜𝑢𝑡

− (
�̇�
𝑃

)
𝑖𝑛

] 𝑇

1 − (
�̇�
𝑃

)
𝑜𝑢𝑡

𝑇

 (3.5) 

 

Since �̇� =  �̇�
𝑇

⁄  for a reversible process, we can write 

 

𝑇𝐹𝑓
= (𝑃

�̇�
⁄ )

𝑜𝑢𝑡
 (3.6) 

 

𝑇𝐹𝑝
= (𝑃

�̇�
⁄ )

𝑖𝑛
 (3.7) 

 
Here 𝑇𝐹𝑓

and 𝑇𝐹𝑝
are called the effective flux temperatures of fluorescence and pump radiation.  

Substituting Eqs. (3.6) and (3.7) in Eq. (3.5) we obtain the reversible Carnot efficiency as follows 
 

𝜂𝑐 =   

𝑇 (1 −  
𝑇𝐹𝑓

𝑇𝐹𝑝

⁄ )

𝑇𝐹𝑓
− 𝑇

 
(3.8) 

 
 
In the case of near monochromatic and uni-directional pump radiation: 
 

�̇�𝑖𝑛 = 0 
 
Thus, 
 

𝑇𝐹𝑝
→ ∞ 

 
Landau in 1946 [7] proved for the first time that for monochromatic, unidirectional radiation fluxes, the 
entropy flux density vanishes.  
 
Substituting the above results in the cooling efficiency, we obtain  
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𝜂𝑐 =   
𝑇 

𝑇𝐹𝑓
− 𝑇

 (3.9) 

 
From Eq. (3.6) to Eq. (3.9) , the energy, the entropy fluxes and thus the flux temperatures are calculated 
by treating the radiation fields rigorously as a sum over all radiation modes. It is not possible to do the 
same analytically for a general input and output field [8]. Rayner et al  [8] discussed a simplified analysis 
from the work of Scovil and co-workers [37] [38] and Weinstein [39] for a general input and output field. 
 
In this approach the pump is assigned in the refrigeration model to the pump laser, the output reservoir 
being the ideal of a universe at 0 K (coupled through outgoing fluorescence), and the low temperature 
reservoir being the crystal with coupling through phonon transitions between levels 1 and 2 in Figure 2. 
 
For a general field, the input and output reservoirs are considered to be heat baths with temperatures 
defined by their respective populations in the upper and lower energy levels. Since the pump laser excites 
between levels 1 and 2,Figure 2, this definition of an effective temperature can be used to define the 
effective temperature of pump as 
 

𝑇𝑝 =

𝐸
𝑘𝐵

⁄

−ln (
𝑛2

𝑛1)⁄
 

 
Here E is the transition energy between level 1 and 2, 𝑛2and 𝑛1are the populations of level 2 and 1, 
respectively, and 𝑘𝐵 is the Boltzmann constant. The temperature of the output reservoir, 𝑇ℎ is defined by 
an analogous expression involving the levels 2 and 0. 
 
In the example case of laser cooling of solids considered here, the coolant is the Yb3+ ions, and the cold 
reservoir is the ZBLAN host [8]. If this is the case, the above efficiency expression, eq.(3.9), is again 
obtained, with 𝑇𝑓 and 𝑇𝑝 replacing the flux temperature equivalents. 

 
Assuming maximum efficiency (i.e., a reversible process), we can simplify the maximum cooling efficiency 
in Eq.(3.8) by substituting for the pump and hot reservoir temperatures in terms of level populations to 
yield 
 

𝜂𝑐,𝑚𝑎𝑥 =
𝜖

𝐸
 (3.10) 

 
where 𝜖 is the energy splitting between levels 0 and 1 and 𝐸 is the energy of the pump transition from 
level 1 to 2, Figure 2. This can be understood even more simply by thinking of the process as a cooling 
cycle, where absorption of energy 𝐸 causes extraction of energy 𝜖. 
 
Since in any real system there will be some losses, the analysis can be extended to incorporate thermal 
losses that are due to multiphonon transitions between the excited-state and the ground-state manifolds. 
Rayner et al [8] discusses literary works related to losses occurring in a real system undergoing optical 
refrigeration. Mungan and Gosnell [40] extend the previous model to incorporate radiative and 
nonradiative transitions and find that decreasing the transition energy, 𝐸, between levels 1 and 2 
improves the efficiency even in this case. However, the probability of nonradiative transitions increases 
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significantly as the transition energy is decreased; so there is some lower limit on the transition energy 
that can result in efficient cooling. Since the probability of multiphonon transitions also depends strongly 
on the phonon energies available, this lower limit is highly dependent on the host material. Other possible 
heating, or thermal loss, mechanisms include absorption by the host material and impurities within it and 
scattering by the lattice. 
 
 

3.2 Thermodynamic cooling efficiency for real system including luminescence quantum 

yield 
 
Ruan et al 3 [36] analyzed the thermodynamics of laser cooling for a real system by including the 
luminescence quantum yield. In real systems, the luminescence quantum yield is less than unity, and the 
energy loss during any internal relaxation process is irreversible, from a thermodynamic point of view. 
When considering such losses caused by nonradiative decay, it is helpful to account for the associated 
heat load explicitly by dividing the cooling load channel shown earlier in Figure 6 into two parts. In Figure 
7 the cooling load channel is now considered to be the reversible part of the refrigerator cycle. No entropy 
is generated, and the cooling load is still given by Eq. (3.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the figure, the new heat generation channel corresponds to the irreversible losses from internal 
relaxation. 
The entropy production for this channel, also for the entire cooling cycle, is 
 

∆�̇� = �̇�𝑜𝑢𝑡 + �̇�ℎ − �̇�𝑖𝑛 − �̇�𝑐 = �̇�ℎ − �̇�ℎ (
�̇�

𝑃
)

𝑜𝑢𝑡

 

                                                           
3 In the authors analysis, the “dot” over energy terms (thus representing power) is missing 

Optical 
Refrigerator 

𝑃𝑖𝑛  

�̇�𝑖𝑛  

𝑃𝑜𝑢𝑡  

�̇�𝑜𝑢𝑡  

�̇�𝑐  �̇�𝑐  

Pump 
input 

Fluorescence 
output 

Cooling Load 

�̇�ℎ  �̇�ℎ  �̇� 

Heat Generation 

Figure 7 Energy and Entropy flow rates in a real optical refrigeration process [36] 
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∆�̇� = �̇�ℎ [
1

𝑇
− (

�̇�

𝑃
)

𝑜𝑢𝑡

] (3.11) 

 
Here, the irreversibility is considered to be introduced when part of the fluorescence output is turned into 
heat. 
 
The relations between the powers are 

𝑃𝑜𝑢𝑡 + 𝑄ℎ̇ = 𝑃𝑖𝑛 + 𝑄�̇� 
(3.12) 

𝑄�̇� = 𝜂𝑐𝑃𝑖𝑛 
(3.13) 

 

𝑃𝑜𝑢𝑡

𝑃𝑜𝑢𝑡 + �̇�ℎ

= 𝜂𝑞  (3.14) 

 
where 𝜂𝑞 is the luminescence quantum yield. 

 
The net cooling power is then the difference between the cooling load and the heat generation, or 
  

�̇� =  𝑄�̇� − 𝑄ℎ̇ = 𝑃𝑖𝑛[𝜂𝑐 − (1 + 𝜂𝑐)(1 − 𝜂𝑞 )] (3.15) 

 
 
Cooling coefficient of performance is then 

𝐶𝑂𝑃 =  
�̇�

𝑃𝑖𝑛
= 𝜂𝑐 − (1 + 𝜂𝑐)(1 − 𝜂𝑞 ) 

(3.16) 

 
 
The cooling coefficient has a linear relationship with the luminescence quantum yield. If the luminescence 
quantum yield is 1, the reversible cycle discussed in the preceding section is recovered, and the cooling 
coefficient is the Carnot efficiency. In the other extreme, if the luminescence quantum yield is zero, the 
cooling coefficient becomes −1, indicating that all the laser pumping energy is turned into thermal energy 
and deposited into the cooling element. There exists a critical luminescence quantum yield 𝜂𝑞,𝑐 below 

which the cooling effect is eliminated. 
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3.3 Carnot efficiency for optical fields 
 

3.3.1 Quality of radiation 
Stephen. C. Rand et al [41] in their work outlined a new scheme, building on the works of C. Mungan [42] 

and Landsberg et al [43], to calculate 
�̇�

𝑷
 of a radiant source by utilizing the central frequency 𝜔0 and the 

average distribution function �̅� of that source. They tested and established the usefulness of their 

“narrow-band approximation” to calculate the inverse flux temperature for a wide range of emission 

fields, seen in Figure 8.  

 

Figure 8 Schematics of emission bandwidth and solid angle associated with the emission fields [41] 

 

From Figure 8, one can observe that  

• blackbody sources are spectrally broadband (~ 2223 nm), isotropic in space and incoherent. 

• fluorescence sources are spectrally narrowband (~30 nm), isotropic in space and incoherent. 

• random lasers are spectrally narrowband (~1 nm), non-directional and can be incoherent.  

• diode lasers are spectrally narrow band (~0.1 nm), highly directional and coherent. 

Stephen. C. Rand et al [41] concluded that for diode laser as pump (input) field, the most efficient form of 

radiated (output) field for laser cooling of solids is fluorescence emission, amongst blackbody (4395 K), 

random laser and diode laser emissions. They based this result on the fact that the inverse of flux 

temperature, 
�̇�

𝑷
 , was highest for fluorescence amongst the above optical fields.  Their analysis is discussed 

briefly below. 
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The total power 𝑃 of a steady, unpolarized beam of light (not necessarily collimated) crossing a surface A, 

that lies in the x - y plane perpendicular to the direction z of propagation, as given by C. Mungan [42], is 

𝑃 = ∭ 𝐾𝜔𝑑𝜔 

𝐴𝛺𝜔

cos 𝜃  𝑑𝛺 𝑑𝐴 (3.17) 

 

 

 

where 𝐾𝜔 is the spectral radiance, 𝜔 is the optical frequency, 𝛺 is the solid angle, and 𝜃 is the polar angle 

between the surface normal and the z axis.  

The spectral radiance 𝐾𝜔, which is the energy per unit time, area, angular frequency, and solid angle, is 

related to the light source characteristics by 

𝐾𝜔 =
ℎ̀𝑛𝜔3

4𝜋3𝑐2
 

(3.18) 

 

 

where ℎ̀ is the reduced Planck’s constant = 
𝒉

𝟐𝝅
 (for angular frequencies), 𝑐 is the speed of light in vacuum 

and 𝑛 is the photon distribution function which specifies how the radiant energy is distributed among 

available modes and frequencies. 

The entropy of radiation from [43] [42] [41] was shown to be 

�̇� = ∭[(1 + 𝑛) ln(1 + 𝑛) − 𝑛 ln 𝑛]𝜔2𝑑𝜔 

𝐴𝛺𝜔

cos 𝜃  𝑑𝛺 𝑑𝐴 (3.19) 

 

 

 

Stephen et al [41] introduced a central frequency 𝜔0 , frequency bandwidth Δ𝜔 , and divergence angle δ 

of the beam, to rewrite the beam power Eq. (3.17) based on the assumption that the radiation can be 

treated as “narrow-band”. It was shown that if the radiation is narrow-band, and isotropic within the 

circular cone of half-angle δ , the power of the beam can be approximated to be 

𝑃 = ∭ 𝐾𝜔𝑑𝜔 

𝐴𝛺𝜔

cos 𝜃  𝑑𝛺 𝑑𝐴 = �̅�𝜔𝐴 ∆𝜔 𝜋 sin2  𝛿 (3.20) 

 

 

 

Where �̅�𝜔is the mean radiance over the frequency bandwidth and beam solid angle. 

From Eq.(3.18), an estimated or average distribution function �̅� can be defined that is related to the 
average radiance �̅�𝜔 through 

�̅�𝜔 =
ℎ̀�̅�𝜔0

3

4𝜋3𝑐2
 

(3.21) 
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In a similar fashion, entropy flow rate was approximated as 

�̇� =
𝑘𝐵

4𝜋3𝑐2
{(1 + �̅�) ln[(1 + �̅�)] − �̅� ln �̅�}𝜔0

2𝐴∆𝜔 𝜋 sin2  𝛿 
(3.22) 

 

 

Thus, dividing Eq.(3.22) by(3.20), the entropy flow rate per unit power was shown to be 

�̇�

𝑃
 =  

𝑘𝐵

ℎ̀𝜔0

[
(1 + �̅�) ln[(1 + �̅�)] − �̅� ln �̅�

�̅�
] 

(3.23) 

 

 

 

From Eq.(3.21), �̅�  is related to average radiance �̅�𝜔 as follows 

�̅� = �̅�𝜔

4𝜋3𝑐2

ℎ̀𝜔0
3  (3.24) 

 

 

By inverting Eq.(3.20), �̅�𝜔 is found to be 

�̅�𝜔 =
𝑃

𝐴 ∆𝜔 𝜋 sin2  𝛿
 

(3.25) 

 

 

Thus, using Eqs. (3.23) to (3.25) we can determine the Carnot cooling efficiency for the optical fields under 

investigation. 

3.3.2 Carnot efficiency evaluation 
 

From the thermodynamic model detailed in sub-section 3.1, one can observe that pump fields with higher 

flux temperatures translate to higher Carnot efficiencies. In this sub-section, we will evaluate the inverse 

of flux temperatures, 
�̇�

𝑷
 , for two distinct input (pump) radiation fields and gauge their corresponding 

effects on the Carnot cooling efficiency. 10% Yb3+: YLF is chosen as the active material undergoing optical 

refrigeration. From Table 1, the required pump wavelength is centered around 1020 nm.  

The radiant fields under investigation are: 

• Laser irradiation 

• Solar irradiation 

As Solar (black body) radiation is a broad-band emission, we consider an optical filter which receives the 

radiant field and permits only the required pump wavelengths to irradiate the active material for cooling.   

The chosen active material is 10% Yb3+: YLF with dimensions: 12 X 4 X 4 (in mm) [44]. Input optical power 

for solar radiation is 10 mW. This is the power available in the solar radiation (obtained from ASTM 

standard [45]) for wavelengths between 1010 and 1060 nm. The wavelength range is referred from [46], 

which provides the necessary input wavelengths in order to observe optical refrigeration in 10% Yb3+: YLF. 

To form a basis for performance comparison, the optical power of diode laser is chosen to be 10 mW too. 
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Field 1: Laser irradiation 

This is the conventional pumping source employed by scientists researching optical refrigeration; perhaps 

the reason why optical refrigeration is mostly mentioned as laser cooling in literature. The present report’s 

title explicitly contains optical refrigeration to explore the effects of non-conventional optical source 

irradiation to achieve cooling via anti-stokes fluorescence. In case1, we evaluate Carnot efficiency for laser 

irradiation.  

Laser parameters: 

The laser beam characteristics from literature are tabulated below. 

Laser power, P (W) 0.01 

Central wavelength, λ0 (nm) 1020 [47] 

Wavelength bandwidth, ∆λ (nm) 0.1331 [41] 

Beam diameter, d (µm) 100 [41] 

Beam divergence, δ (rad) 0.001 [41] 

Table 3 Laser beam parameters [44] 

We first evaluate the central frequency 𝜔0 =  
2∗𝜋∗𝑐

λ0
=  1.848 ∗ 1015 (

rad

s
)    

Frequency band-width ∆𝜔 =
2∗𝜋∗𝑐∗∆λ

λ0
2 = 2.411 ∗ 1011(

𝑟𝑎𝑑

𝑠
) 

Substituting relevant parameters from Table 3 in Eqs .(3.25)(3.24) we obtain the average beam 

parameters: 

Average radiance �̅�𝜔 =  1.680
𝑊

𝑚2(
𝑟𝑎𝑑

𝑠
) 𝑆𝑟

 

Average distribution function �̅� = 2.818 ∗ 107 

Finally, from Eq.(3.23) we get, 

Entropy flow rate per unit power of laser radiation (
�̇�

𝑃
)

𝑙𝑎𝑠𝑒𝑟
= 4.562 ∗ 10−11 K−1  

Fluorescence parameters: 

Referring to earlier experiments [44], we find the fluorescence power to be 10.2 mW. This is due to a 

cooling efficiency of around 2% at 300 K. The fluorescence is assumed to be emitted homogeneously and 

hemispherically out of the surface of the sample. The fluorescence parameters are tabulated below. 

Fluorescence power, P (W) 0.0102 

Central wavelength, λ0 (nm) 999.3 [48] 

Wavelength bandwidth, ∆λ (nm) 35 [41] 

Beam divergence, δ (rad) π/2 [41] 

Table 4 Fluorescence parameters for laser input 

The sample has a dimension of 12 X 4 X 4 mm which leads to a surface area of 2.24 ∗ 10−4 m2. 
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As before, using relevant beam parameters we find 

Average radiance  �̅�𝜔 =  2.193 ∗ 10−13 𝑊

𝑚2(
𝑟𝑎𝑑

𝑠
) 𝑆𝑟

 

Average distribution function �̅� = 3.46 ∗ 10−6 

From Eq.(3.23) we get, 

Entropy flow rate per unit power of fluorescence (
�̇�

𝑃
)

𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
= 9.421 ∗ 10−4 K−1  

Now that we have entropy flow rate per unit power of both input and output fields, we can evaluate the 

Carnot cooling efficiency outlined in the previous section for different sample temperatures. 

Field 2: Solar irradiation 

Here we assume the presence of a filter, encapsulating the sample, which permits only the required 

wavelengths to result in cooling of the active material and reflects the rest. We consider the same input 

power, active material and dimensions as of the previous case of laser input. 

Stephen. C. Rand et al [41] reported excellent agreement of their narrow-band approximation with the 

exact approach of entropy flow rate by power values, for a wide range of blackbody temperatures.  

Black body emission power is  

𝑃 = 𝜎𝑆𝐵 ∗ 𝐴 ∗ 𝑇𝑏
4 (3.26) 

 

 

Here 𝜎𝑆𝐵 is the Stefan-Boltzmann constant and 𝑇𝑏 is the temperature of the cavity which emits black-body 

radiation. 

The corresponding entropy flow rate [41] is 

�̇� =
4

3
∗ 𝜎𝑆𝐵 ∗ 𝐴 ∗ 𝑇𝑏

4 
(3.27) 

 

 

Dividing Eq. (3.27) by (3.26) the entropy flow rate by power is 

�̇�

𝑃
=

4

3𝑇𝑏
 

(3.28) 

 

 

Considering Sun’s surface temperature to be approximately 5800 K [49], we find the entropy flow rate by 

power of solar radiation to be = 2.2988 ∗ 10−4 𝐾−1 . 

Fluorescence parameters: 

Fluorescence parameters is same as of previous laser input case (same cooling efficiency & input power).  

Thus, entropy flow rate per unit power of fluorescence (
�̇�

𝑃
)

𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
= 9.421 ∗ 10−4 K−1  
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Carnot efficiency for the optical fields 

The input and output entropy flow rates of the two optical fields are substituted in the Carnot cooling 

efficiency equation discussed in the previous section and a graph is plotted using MATLAB. 

 

Figure 9 Carnot cooling efficiency 

From Figure 9, one can observe that while the present cooling efficiency of optical refrigeration via laser 

input is only 2% at room temperature [44], the limiting efficiency can be as high as ~ 39%. Hence, there 

must be a significant amount of irreversibility present in the experiments. For instance, non-radiative 

relaxation and absorption of the laser by impurities reduce practical cooling efficiencies. For an ion-host 

combination wherein there is reduced transition energy gap between ground and excited energy states, 

the cooling efficiency theoretically is higher. However, for long wavelength (reduced energy) pumping, 

the absorption by trace impurities might suppress the cooling effect produced by the emitter [41]. 

Furthermore, for this strategy of enhancing cooling efficiency to work, the emitter must have high 

absorption co-efficient at such longer wavelengths. The material parameters and their role in optical 

refrigeration will be explained in the following section which contains a quantum-mechanical model of 

this cooling process. 

For the solar pumping case, the Carnot cooling efficiency is surprisingly only 10% lower than the Carnot 

efficiency for laser irradiation, and the efficiency value is ~ 29%. This is the case for solar radiation 

uniformly illuminating the active material geometry, with input power of 10 mW. This power value was 

found referring to ASTM G-173 [45] standard containing the spectral distribution of solar radiation (only 

direct and circumsolar radiation components was considered) and selecting the appropriate wavelengths 

at 300 K sample temperature to observe cooling [44]. By choosing appropriate mechanisms/strategies to 

reduce the entropy flow rate of input solar radiation, e.g. by having concentrators to enhance radiance, 

this efficiency will climb further. Further modifications for enhancing the cooling performance under solar 

irradiation is detailed in the following sections. 
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4. 4-level model for optical refrigeration 
 

4.1 Theoretical framework 
 

 Sheik Bahae and Richard Epstein [50] developed a 4-level model in 2008 for solid-state optical 

refrigeration. Despite its simplicity, this model reveals essential features of the cooling process. The 

present report utilizes the 4-level model in its theoretical framework. 

The cooling cycle for a typical rare-earth ion involves transition between ground state and excited 

manifolds containing multiple levels. As a consequence of crystal field created by the electric charges of 

neighboring ions in the solid host, the (2J+1)-fold degeneracy of each manifold is partially lifted via the 

Stark effect, leading to (2J+1)/2 levels where J is the total angular momentum [47]. Considering Yb3+ ions 

doped in YLF, the crystal field splits the 2F7/2 ground state and 2F5/2 excited states into manifolds containing 

4 and 3 levels respectively as shown in Figure 10a . 

To elucidate the essential roles that the various material parameters play in the process of optical 

refrigeration, it is highly instructive to introduce a simplified 4-level model that will be generally applicable 

to any such two-manifold cooling system [47]. 

 

Figure 10 Energy level structure of Yb3+, after partially lifted degeneracy in 7 levels forming ground state (E1-E4) and 
excited state (E5-E7) state manifolds. (b) Simplified four-level mode for optical refrigeration consisting of two pairs 
of closely spaced levels: |0> and |1> in the ground state and |2> and |3> in the excited state manifolds [47] 

As shown in Figure 10b, this model involves a two-level ground state having a separation that represents 

the width of the ground-state manifold δEg, and similarly, a two-level excited state having an energy 

splitting corresponding to the width of the excited state manifold δEu. The laser excitation is assumed to 

take place between levels 1 and 2 (hν = E2 − E1). The electron–phonon interaction, albeit weak for the 4f 

electrons in the rare-earth ions, establishes Boltzmann quasi-equilibrium within each two-level manifold 

on a relatively fast (picoseconds to nanoseconds) timescale with corresponding rates given by wg and wu. 

The excitation then decays into ground state by radiative (solid downward arrows) and nonradiative 

(dotted downward arrows) relaxations with the corresponding rates of Wr and Wnr which are much 

smaller than the thermalization rates wg,u. 
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Following these assumptions, we construct a set of rate equations governing the density 

populations N0, N1, N2 and N3: 

dN1

dt
 =  −𝜎12 (N1 −

𝑔1

𝑔2
N2)

𝐼

ℎ𝜈
+

𝑅

2
(N2 + N3) − 𝑤𝑔 (N1 −

𝑔1

𝑔0
N0𝑒

−𝛿𝐸𝑔
𝑘𝐵𝑇

⁄
) (4.1) 

dN2

dt
 =  𝜎12 (N1 −

𝑔1

𝑔2
N2)

𝐼

ℎ𝜈
− 𝑅N2 + 𝑤𝑢 (N3 −

𝑔3

𝑔2
N2𝑒

−𝛿𝐸𝑢
𝑘𝐵𝑇⁄

) 
(4.2) 

dN3

dt
 =  𝑅N3 − 𝑤2 (N3 −

𝑔3

𝑔2
N2𝑒

−𝛿𝐸𝑢
𝑘𝐵𝑇⁄

) 
(4.3) 

N = N0 + N1 + N2 + N3 (4.4) 

where R = 2Wr + 2Wnr is the total upper state decay rate, σ12 is the absorption cross section associated 

with |1> - |2> transition, I is the incident laser irradiance and the gi terms represent degeneracy factors 

for each level. The weighting factor in the electron–phonon interaction terms (wu and wg) maintains the 

Boltzmann distribution among each manifold at quasi equilibrium. 

The net power density deposited in the system is the difference between the absorbed and the radiated 
contributions: 

P𝑛𝑒𝑡 = 𝜎12 (N1 −
𝑔1N2

𝑔2N1
) 𝐼 − 𝑊𝑟[N2(𝐸21 + 𝐸20) + N3(𝐸31 + 𝐸30)] + 𝛼𝑏𝐼 (4.5) 

 

 

 
Here the first term is the laser excitation (|1 >-|2 > transition) and second term includes the spontaneous 
(i.e. fluorescence) emission terms from levels |2 > and |3 > with their respective photon energies. The last 
term represents “parasitic absorption” of the pump laser with an absorption coefficient of αb. 
 
It is straightforward to evaluate the steady-state solution to the above rate equations by setting the time 
derivatives to zero. For simplicity, we further assume equal degeneracy for all four levels thus eliminating 
the g-ratio terms [50].  The set of equations Eq.(4.1) -(4.3) can be solved to obtain the steady-state 
population in each level in terms of laser intensity and the given material parameters. The absorption of 
the pump laser and its saturation behavior (assuming homogenously-broadened vibronic levels) is given 
as follows [47]: 

𝛼 =
𝛼0

1 +
𝐼
𝐼𝑠

 (4.6) 

 

 

where 

𝛼0 = 𝜎12N𝑡

𝑒
−𝛿𝐸𝑔

𝑘𝐵𝑇
⁄

1 + 𝑒
−𝛿𝐸𝑔

𝑘𝐵𝑇
⁄

 
(4.7) 

 

 

and 
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𝐼𝑠 =
ℎ𝜈12𝑅

𝜎12𝑍𝑔𝑢
 (4.8) 

 

 

 

with 𝑍𝑔𝑢 ≈ 1 + 𝑒
−𝛿𝐸𝑔

𝑘𝐵𝑇
⁄

 [47]. 

 
The net power density is then obtained as: 

P𝑛𝑒𝑡 = 𝛼𝐼 (1 − 𝜂𝑞

ℎ𝜈𝑓

ℎ𝜈
) + 𝛼𝑏𝐼 (4.9) 

 

 

 

 

 

where 𝜂𝑞 =  
𝑊𝑟

𝑊𝑟+𝑊𝑛𝑟
 is the internal quantum efficiency. For semiconductor active materials where 

refractive index is large enough for re-absorption of the fluorescence, external quantum efficiency 𝜂𝑒𝑥𝑡 is 

used: 𝜂𝑒𝑥𝑡 =  
𝜂𝑒𝑊𝑟

𝜂𝑒𝑊+𝑊𝑛𝑟
 . Here 𝜂𝑒 represents the extraction efficiency which is the fraction of the emitted 

photons leaving the sample. Rare-earth doped solids typically have very high extraction efficiency [47] 
due to low index of refraction thus external quantum efficiency is equal to 𝜂𝑞. 

 
The mean fluorescence energy ℎ𝜈𝑓 is given by [50]: 

ℎ𝜈𝑓 = ℎ𝜈 +
𝛿𝐸𝑔

2
+

𝛿𝐸𝑢

1 + (1 + 𝑅
𝑤𝑢

⁄ ) 𝑒
𝛿𝐸𝑢

𝑘𝐵𝑇⁄
 (4.10) 

 

 

 
 Dividing Eq.(4.9) by the total absorbed power density 𝑃𝑎𝑏𝑠 = (𝛼 + 𝛼𝑏)𝐼 gives the cooling efficiency 
 

𝜂𝑐 = 𝜂𝑞𝜂𝑎𝑏𝑠

ℎ𝜈𝑓

ℎ𝜈
− 1 

(4.11) 

where 𝜂𝑎𝑏𝑠 =
𝛼

𝛼+𝛼𝑏
 is the absorption efficiency.  

The most useful feature of the 4-level model is its description of the temperature-dependence of the 
cooling in a physically transparent manner: 
 

• From Eq.(4.7) pump absorption reduces due to thermal depletion of the top ground state at low 
temperatures, 𝑘𝐵𝑇 < 𝛿𝐸𝑔 . This implies the width of the ground-state manifold (𝛿𝐸𝑔) must be 

narrow to achieve low temperatures with reasonable efficiency, e.g. fluoride host materials [47]. 

• From Eq.(4.10) the mean fluorescence photon energy is red shifted (wavelength increases) at low 
temperatures, which further lowers the cooling efficiency. 

• From Eq.(4.11) the lowest temperature 𝑇 = 𝑇𝑚 will be achieved when 𝜂𝑐(𝑇𝑚) → 0. The minimum 
temperature achieved to date is 91K [44]. 
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4.1.1 Yb3+ energy level 
 
Bensalah et al [51] made detailed analysis of Yb3+-doped YLF spectroscopy for the determination of energy 
levels of the Stark splitting in this host. Their result is shown in Figure 11.  
 

 
Figure 11 Energy levels of Yb3+ in YLF [51] 

Wavenumber is provided for each energy levels in the Figure 11. Wavenumber (in cm-1) is simply the 
inverse of wavelength. Thus, wavenumber can be used to calculate the energy difference between levels. 
 

4.1.2 Ground state absorption 
 
Anti-Stokes fluorescence relies on the absorption of photons red-shifted from the mean luminescence 
wavelength. Calculating the absorption by measuring the emission is done using a reciprocal relationship 
between the absorption and emission cross-sections that was first established by McCumber [52]. 
 
The absorption cross-section is given as follows [53]: 

𝜎12(𝜈) = 𝜎21(𝜈) 
𝑍𝑙

𝑍𝑢
𝑒𝑥𝑝 [

(𝐸𝑍𝐿 − ℎ𝜈)
𝑘𝐵𝑇⁄ ] (4.12) 

 

 

 
Where 𝑍𝑙  and 𝑍𝑢 are the partition function in the lower and upper manifold given by 

𝑍𝑘 = ∑ 𝑑𝑘

𝑘

𝑒𝑥𝑝 [
−𝐸𝑘

𝑘𝐵𝑇⁄ ] (4.13) 

 

 

Here k = l , u (lower, upper manifold) 
 
By assuming equal degeneracy in each manifold, the ratio of partition function term then carries no 
degeneracy. The term 𝐸𝑍𝐿  is the zero-line energy given by the energy separation between the lowest 
components of the upper and lower manifolds. 
 
A. Bensalah et al [51] performed detailed spectroscopic analysis and obtained, for both π (parallel) and σ 
(transverse) polarizations, the infrared (IR) emission spectra: 
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Figure 12 Polarized emission cross-section of 10% and 0.5% Yb3+-doped YLiF4 [51] 

From the previous figure, for a particular frequency, the emission cross-sections for both π and σ 

polarization can be found. These two values can be averaged [54] to obtain the final emission cross-

section 𝜎21(𝜈). Then using Eq.(4.12)  the absorption cross-section 𝜎12(𝜈) can be found for that frequency 

and at the temperature of interest. Some researchers geometrically modified the active material to utilize 

a polarized light input and obtained enhanced absorption cross-section [44]. Assuming similar geometric 

modification, from Figure 12, we find 𝜎12(𝜈)  assuming π polarized absorption. Then, ground state 

absorption coefficient, α, is calculated from Eq.(4.6). 

4.1.3 Other material parameters 
 
The other material parameters required for determining the cooling power and thus the cooling efficiency 
are referred from a variety of sources and are tabulated in Table 5. 
 
Emitter: 10 mol% Yb3+, Host: YLF. Active material dimensions:  l = 12mm, b = 4 mm & h = 4 mm  
 

Material parameter value Reference 

Thermalization rates for upper and lower manifolds, 𝑤𝑢 , 𝑤𝑔 ~1012𝑠−1 [55] 

Radiative relaxation rate, 𝑊𝑟 314.46 𝑠−1 [51] 

Quantum efficiency, 𝜂𝑞 0.995 [56] 

Background absorption, 𝛼𝑏 2.603 ∗ 10−8 𝑒𝑉 [57] 

Number of Yb3+ ions per unit volume, 𝑁𝑡 1.4 ∗ 1027 𝑚3 [58] 

Width of ground state manifold, 𝛿𝐸𝑔 0.06013 eV Figure 11 

Width of upper state manifold, 𝛿𝐸𝑢 0.03236 eV Figure 11 

 
Table 5 Material parameters for 10% doped YB3+ YLF 
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4.2 Laser input to 4-level model 
 

4.2.1 Cooling setup 
 
The cooling setup is shown below. Chamber dimensions: l = 13 mm, b = 5 mm & h = 5 mm 
Essentially the chamber dimensions are chosen to be sample dimension + 1mm to reduced radiative heat 
load as will be discussed in the bulk cooling section later. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.2.2 Pump characteristics 
 

• Continuous wave NIR (near infra-red) laser 

• Optical power of the laser beam [44] = 54 W  

• Beam diameter = 500 µm 

• Wavelength of the beam = 1020 nm 
 

4.2.3 Bulk cooling 
 
The performance of a solid-state optical refrigerator is determined by the competition between the 
cooling power, 𝑃𝑐𝑜𝑜𝑙, and the heat load on the cooling element, 𝑃𝑙𝑜𝑎𝑑. The change in temperature of the 
cooling element is given by: 

𝐶(𝑇)
𝑑𝑇

𝑑𝑡
= −𝑃𝑐𝑜𝑜𝑙 + 𝑃𝑙𝑜𝑎𝑑 

(4.14) 

 

 

 
Where 𝐶(𝑇) = 𝑐𝑣(𝑇) ∗ 𝜌 ∗ 𝑉𝑠 is the heat capacity, which depends on the specific heat, 𝑐𝑣(𝑇), the density, 

𝜌, and the sample volume, 𝑉𝑠. Density is taken as 4.07 ∗ 106 𝑔

𝑚3  [59]. The Debye model provides a good 

description of the temperature dependence of the specific heat of dielectric crystals [59]. In this model, 
the specific heat at constant volume is given by: 

Infra-red laser light 
from Diode laser 

To vacuum pump 
Coupling 
Lens 

Isotropic fluorescence light 

Active material 

Window 

Temperature controlled vacuum chamber 

Figure 13 Top view of the cooling setup. For better fluorescence representation the figure is not drawn to scale.  
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𝑐𝑣 = (
9𝑛𝑁𝐴𝑘𝐵

𝑀
) (

𝑇

𝜃𝐷
)

3

∫
𝑥4𝑒𝑥

(𝑒𝑥 − 1)2
𝑑𝑥

𝑥𝑚

0

 
(4.15) 

 

 

 
where 𝑐𝑣 is the specific heat at constant volume, n is the total number of atoms in the chemical formula 
(6), 𝑁𝐴 is the Avogadro constant, 𝑘𝐵 is the Boltzmann constant, M is the molecular weight (172.09 g/mol), 

𝑥𝑚 =
𝜃𝐷

𝑇⁄  and 𝜃𝐷 is the Debye Temperature (560 K). 

 

In thermal equilibrium, 
𝑑𝑇

𝑑𝑡
= 0, 𝑃𝑐𝑜𝑜𝑙 = 𝑃𝑙𝑜𝑎𝑑. The heat load power has contributions from convective, 

conductive and radiative heat transfer from the environment to the cooling element, 𝑃𝑙𝑜𝑎𝑑 =
𝑃𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 + 𝑃𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 + 𝑃𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒.The first two respective heat load contributions are lowered by 
carrying out the experiment in a vacuum chamber, by minimizing the contract area between the sample 
and its supports and choosing supports with low thermal conductivity. Detailed modeling has shown that 
under these conditions the radiative or blackbody load is indeed the dominant contribution [60] [61] [62]. 

It was shown that the radiative load (~2.4 ∗ 10−4 𝑊

𝑘
) dominates the convective and conductive 

contributions by factors of 1.2 ∗ 103 and 2.0 ∗ 101, respectively. 
 
An embodiment for minimized conductive heat load can also be achieved by magnetically levitating a 
platform which supports the active material. Thus, in this case the sample no-longer has any mechanical 
contact with the “hot” chamber walls and the conductive heat load contribution is further reduced. Care 
should be taken that the levitating platform doesn’t absorb the high energy fluorescence emanating from 
the cooling crystal. If this happens, the conductive heat load will increase as the platform heats up. It’s 
also necessary that the fluorescence doesn’t reflect off this platform and irradiate the sample, as then it 
would lead to direct sample heating. Thus, for any thermal management application of an optical 
refrigerator, care should be taken to dispose off the fluorescence light by proper “light” management. In 
some embodiments of optical refrigerator, a separate cooling link is designed which has contact with the 
active material and an external cooling load in such a fashion that it provides a good thermal pathway but 
not an optical pathway to the cooling load [47]. Thus, such cooling links must have high thermal 
conductivity and very low absorptivity for both fluorescence and (scattered) pump light. In this report, 
only the dominant heat load contribution, radiative heat load from the surrounding chamber, is 
considered. The radiative heat load can then be approximated [54] [60] [56] [47] as 

𝑃𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 =
𝜀𝑠𝐴𝑠𝜎

1 + 𝜒
(𝑇𝑐

4 − 𝑇𝑠
4) (4.16) 

 

 

Where 𝜒 = (1 − 𝜀𝑐)𝜀𝑠𝐴𝑠/𝜀𝑐𝐴𝑐) is an experimental pre-factor, the Stefan-Boltzmann constant is 𝜎 =
5.67 ∗ 10−8 𝑤/𝑚2/𝐾4, ε are the thermal emissivities of the laser-cooling crystal (s) and the clamshell (c), 
and 𝐴 are the surface areas of the laser-cooling crystal (s) and the clamshell (c). To maximize 𝜒 (for 
minimization of 𝑃𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒), the vacuum chamber dimensions are chosen to be close to the sample 
dimension such that 𝐴𝑠/𝐴𝑐 ≈ 1.  Furthermore, the vacuum chamber has a very low emissivity 𝜀𝑐 in order 
to maximize 𝜒. Acktar MAXi BLACK4 polymer film is chosen to line the inner walls of the vacuum chamber. 
This special coating has an incredibly low emissivity 𝜀𝑐 = 0.01. The emissivity of the sample is 𝜀𝑠 = 0.8 
[46]. 

                                                           
4 http://www.acktar.com/product/maxiblack/?_sfm_product_technology=optical-
systems&_sfm_product_wave_length=NIR 
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The negative contribution on the right-hand side of Eq. (4.14) is given by Beer-Lamberts law [47]: 

𝑃𝑐𝑜𝑜𝑙 = 𝜂𝑐(𝜆, 𝑇) ∗ 𝑃𝑙𝑎𝑠𝑒𝑟 𝑖𝑛(1 − 𝑒−𝑁∗𝛼(𝜆,𝑇)∗𝐿) 
(4.17) 

 

 

 

a product of the cooling efficiency and the absorbed power (𝑃𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑) which in turn is given as a product 
of the laser input power (𝑃𝑙𝑎𝑠𝑒𝑟 𝑖𝑛) and the absorbance term in the brackets, which depends on the 
resonant absorption coefficient 𝛼(𝜆, 𝑇) and an effective interaction length 𝑁 ∗ 𝐿. Thus, by enhancing the 
number of round trips 𝑁 and absorption coefficient 𝛼, we can enhance the cooling power. 
 

4.2.4 Cooling results for laser irradiation 
 

1) Temperature vs Time 

 
The below graph is the result of a simulation run with MATLAB, with the aforementioned material 
parameters, with the chamber wall maintained at constant 300 K, a single pass of the pump beam and 
with a 1 second time step. We observe an initial rapid pull-down of temperature, ∆T = 100 in ~ 3 
minutes, and from then onwards the temperature decline slows down. The final temperature at the 
end of 12 minutes is 124 K.  To better understand the temporal evolution of the graph, we look at the 
dynamics of other performance parameters. 

 

 
 

Figure 14 Temperature pull-down simulation by 4-level optical refrigeration model 

 
2) Cooling Efficiency vs Time 

 
The cooling efficiency dynamics is shown in the following page. At initial sample temperature, the 
cooling efficiency is around 1.9%. As the temperature of the active material reduces, the cooling 
efficiency lowers. This reduction in the cooling efficiency can be attributed to: (i) the reduced 
absorption of the ytterbium ions at lower temperature and (ii) red-shifting of the mean fluorescence 
wavelength at lower temperatures. It’s interesting to observe that cooling efficiency doesn’t vanish 
completely; cooling still happens but the temperature of the sample almost equilibrates to 124 K from 
the previous graph. Thus, if pump absorption is enhanced, further temperature reduction is imminent.   
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Figure 15 Cooling efficiency dynamics by 4-level optical refrigeration model 

 

3) Cooling Power vs Time 
 
From the below graph, we obtain a cooling power of 400 mW at 298.15 K. As time progresses and the 
temperature reduces, the cooling power reduces due to reduced absorption coefficient and reduced 
cooling efficiency at lower temperatures. The heat lift at 124 K is found to be 17.8 mW. Cooling power can 
be enhanced by enhancing the number of pump beam passes.  

 
 

Figure 16 Cooling power dynamics by 4-level optical refrigeration model 

 
4) Fraction of pump power absorbed vs Time 

 
Figure 17 in the following page clearly indicates the need for having more pump beam passes. Without 
a multi-pass scheme, a maximum of only 39% incident laser light is absorbed by the ytterbium ions. 
Thus, by enhancing the absorption power by having a multi-pass scheme, it is possible to reach 
temperatures lower than the one in Figure 14.  
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Figure 17 Dynamics of percentage of pump light absorption by 4-level optical refrigeration model 

 

 
A multi-pass scheme with 1, 5 and 10 beam passes is simulated with MATLAB and the temperature 
dynamics of the system are plotted in Figure 18.  
 

 
 

Figure 18 Dynamics of Temperature for multi-pass scheme 

 

 

As expected improved performance is obtained. The lowest temperature corresponds to 10 beam 

passes; T = 100.5 K at 12 minutes of operation.  
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4.3 Solar input to 4-level model 
 

In this section, we explore the effects of utilizing the solar radiation incident on earth surface to pump our 
optical refrigeration system. As before, we consider a filter which permits only those wavelengths that 
result in cooling to irradiate our sample whose dimension is unchanged. The goal is to calculate the 
resulting cooling power and cooling efficiency for the wavelength ranging between 1010 to 1060 nm [48]. 
The concept is illustrated below: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Using ASTM standard [45] we find the solar spectral irradiance (direct + circumsolar) for 1010 to 1060nm. 
A graph is plotted in excel using the values in the standard for representation purpose. For better 
resolution the standard can be referred to. The graph is shown below: 
 

 
 

Figure 20 Solar Spectral Irradiance vs Wavelength 
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For each wavelength in the 1010-1060 nm range, both π, σ polarization emission cross-section is found 
from Figure 12 and their average value is found. From this average emission cross-section, the absorption 
cross-section corresponding to each wavelength in the 1010-1060nm range is calculated by the modified 
Mc Cumber relation given in Eq.(4.12). From the absorption cross-section, the absorption coefficient, α, 
is found from Eq.(4.16). The calculated average emission cross-section 𝜎21 is represented in the form of a 
graph below. 
 

 
 

Figure 21 Average emission cross-section for solar irradiance 

By feeding α and other relevant parameters to the 4-level model discussed before, the cooling efficiency 
𝜂𝑐 is found for each wavelength in the 1010-1060 nm range. With the sample dimensions same as before 
and from the intensity data from Figure 20, the solar power incident on the active material, for each 
wavelength, is found. Then, Eq.(4.17) is used to obtain the cooling power for each pump wavelength, with 
the number of beam passes assumed to be unity. The above steps are repeated for each wavelength 
between 1010 to 1060 nm. Then the individual cooling power for each wavelength are added together to 
result in the net cooling power of the sample by solar irradiation. 
 

Cooling efficiency distribution 
 
The cooling efficiency distributed over the pump wavelengths is shown in Figure 22. The results from 
MATLAB are plotted using excel. The cooling efficiency is almost constant but for a very small increase 
from 1010 - 1030 nm. Beyond 1030 nm it starts declining, from 1.95 % at 1030 nm to 1.5% at 1060 nm.  
 
Cooling power distribution 
 
For each wavelength the determined cooling efficiency is utilized to calculate the cooling power. The 
resulting graph is shown in Figure 23. The total cooling power for solar input is found to be 51.5 µW. The 
total input solar power from the standard is found to be 7.3 mW. 
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Cooling efficiency for solar input 
 

 
 

Figure 22 Cooling efficiency per wavelength for solar irradiance 

Cooling power for solar input 
 

 
 

Figure 23 Cooling power per wavelength for solar irradiance 
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4.4 Fluorescence utilization 
 
Many applications will be possible if the basic efficiency of optical refrigerators can be improved [50]. By 
harvesting fluorescence power, efficiency can thus be enhanced. One possible way of fluorescence 
utilization is to capture it with a photo-voltaic system which then feeds electrical power to a laser diode. 
A schematic of this system is show in the figure below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In the above figure, the arrow shaded with grey represents the required electrical power, 𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 , of 
the unmodified cooling system (i.e. without fluorescence utilization). With fluorescence utilization 
𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 becomes 𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙_𝑟𝑒𝑑𝑢𝑐𝑒𝑑 highlighting the reduced external electrical power needed for laser 
operation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The above figure shows the possibility of fluorescence utilization wherein, for the same external 
(electrical) laser power, the cooling power is enhanced by enhanced laser optical power. Another 
possibility is, for the same cooling power, the required external (electrical) laser power can be reduced. 
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𝑷𝒆𝒙𝒕𝒆𝒓𝒏𝒂𝒍 𝑷𝒍𝒂𝒔𝒆𝒓 

𝑷𝒇𝒍𝒖𝒐𝒓𝒆𝒔𝒄𝒆𝒏𝒄𝒆 
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𝑷𝒅𝒊𝒐𝒅𝒆 

 

Figure 24 Fluorescence utilization by enhancing electrical efficiency 

𝑷𝒆𝒙𝒕𝒆𝒓𝒏𝒂𝒍 _𝒓𝒆𝒅𝒖𝒄𝒆𝒅 
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Figure 25 Fluorescence utilization by enhancing cooling power 



39 
 

Both cases have a separate laser diode powered by photovoltaics. Thus, depending on the need the 
photovoltaic power can be utilized effectively. 
 
Let’s assume fluorescence utilization scheme is applied wherein the required laser power is reduced for 
the same cooling power. Let 𝜂𝑃𝑉 and 𝜂𝑙  represent photo-voltaic and laser efficiency. 
 
Cooling efficiency is expressed as 

𝜂𝑐 =
𝑃𝑐𝑜𝑜𝑙

𝑃𝑎𝑏
=

𝑃𝑓𝑙 − 𝑃𝑖𝑛 ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)

𝑃𝑖𝑛 ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)
 

(4.18) 

 

 

 
By fluorescence utilization, for the same cooling power the required laser power is reduced as follows: 

𝑃𝑖𝑛 𝑛𝑒𝑤 = 𝑃𝑖𝑛 − 𝜂𝑃𝑉 ∗ 𝜂𝑙 ∗ 𝑃𝑓𝑙  (4.19) 

 

 

 
Thus, the new cooling efficiency becomes 

𝜂𝑐 𝑛𝑒𝑤 =
𝑃𝑓𝑙 − 𝑃𝑖𝑛 𝑛𝑒𝑤 ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)

(𝑃𝑖𝑛 − 𝜂𝑃𝑉 ∗ 𝜂𝑙 ∗ 𝑃𝑓𝑙) ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)
 (4.20) 

 

 

 
Dividing Eq.(4.20) by Eq.(4.18), we get 

𝜂𝑐 𝑛𝑒𝑤

𝜂𝑐
=

𝑃𝑓𝑙 − 𝑃𝑖𝑛 𝑛𝑒𝑤 ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)

(𝑃𝑖𝑛 − 𝜂𝑃𝑉 ∗ 𝜂𝑙 ∗ 𝑃𝑓𝑙) ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)
∗

𝑃𝑖𝑛 ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)

𝑃𝑓𝑙 − 𝑃𝑖𝑛 ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)
 (4.21) 

 

 

 
We can re-write Eq.(4.18) as: 

1 + 𝜂𝑐 =
𝑃𝑓𝑙

𝑃𝑖𝑛 ∗ (1 − 𝑒−𝑁∗𝛼∗𝐿)
 (4.22) 

 

 

 
By substituting Eq.(4.22) into Eq.(4.21) and simplifying further we get 

𝜂𝑐 𝑛𝑒𝑤

𝜂𝑐
=

1

1 − 𝜂𝑃𝑉 ∗ 𝜂𝑙 ∗ (1 + 𝜂𝑐)
 (4.23) 

 

 

 
Thus, the above equation represents the enhancement factor one can expect in the cooling efficiency by 
above fluorescence utilization scheme. Choosing present day record laser efficiency of 0.65 [63] and solar 
photo-voltaic efficiency of 0.35 [64], we get an enhancement factor of 1.3 for the cooling efficiency. This 
will only rise with future innovations. By engineering photo-voltaic material to effectively capture this ~ 
35nm band-gap fluorescence, conversion efficiencies higher than 35 % (solar photo-voltaic conversion 
efficiency) are possible. This will further boost the enhancement factor. 
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5. Conclusion 
 
In the present work a comprehensive study on optical refrigeration was performed. The study included 
theoretical investigations into the material, thermodynamic and quantum-mechanical aspects of the 
system. The gained knowledge was then applied to analyze novel, unconventional cooling concepts with 
10% Yb3+: YLF as the chosen active material. As opposed to the common name “laser cooling” in literature, 
the present reports title explicitly contains “optical refrigeration” to convey, theoretically, the cooling 
capabilities of solar radiations. 
 
Based on the analysis carried out in this report, the following conclusions are drawn for 10% Yb3+: YLF 
 
CARNOT EFFICIENCY: 
 
For the same optical power, it was seen that the entropy of diode laser is much less (almost zero) than 
the entropy of the black-body radiation. Still, the Carnot efficiency of optical refrigeration with laser input 
is only 10% higher than the one with solar radiation input. 
 
4-LEVEL MODEL, SINGLE PASS: 
 
The following are the results of the simulation based on the 4-level model of optical refrigeration: 

• Lowest temperature achieved = 124 K 

• Cooling power at ambient = 400 mW 

• Cooling power at 124 K = 3.5 mW 

• Cooling efficiency at ambient K = 1.9% 

• Cooling efficiency at 124 K = 1.4% 

• Percentage of laser power absorbed at ambient = 38% 

• Percentage of laser power absorbed at 124 K = 2.2% 
 
4-LEVEL MODEL, MULTI PASS: 
 
For 10 passes we obtain the following results: 

• Lowest temperature achieved = 100.5 K 

• Cooling power at ambient = 1.03 W 

• Cooling power at 100.6 K = 3.39 mW 

• Cooling efficiency at ambient K = 1.9% 

• Cooling efficiency at 100.6 K = 0.1% 

• Percentage of laser power absorbed at ambient = 99.19% 

• Percentage of laser power absorbed at 106.7K = 6.2% 
 
FLUORESCENCE UTILIZATION: 

It was seen that by incorporating photovoltaic capture of the waste fluorescence the cooling efficiency 

can be enhanced by a factor of 1.3, using today’s technology. Designed effectively this system can meet 

requirements of both light management and energy efficiency. 

 



41 
 

SOLAR MODEL: 

For an input power of 7.3 mW, cooling power of 51.5 µW is obtained. The cooling power can be enhanced 
by employing schemes to have more round trips of the solar beam within the active material and utilizing 
a combination of active materials to effectively capture the solar energy. 
 
LOOKING AHEAD: 
 
Further research on both laser and solar based optical refrigeration will be carried out post-graduation 
and subsequent incubation at YES!Delft as a tech start-up. 
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6. Recommendations 
 
Absorption co-efficient determination 
 

The lowest achievable temperature of 10% Yb3+: YLF, by laser cooling, was evaluated to be 89K [44]. The 
researchers reached 91 K after 12 minutes of pumping with the chamber temperature of 265 K and 
incorporating a 22-pass mechanism of the pump beam. Running a simulation with the above modifications 
we get a temperature of 99.9 K after 12 minutes of pumping. The result is shown below: 
 

 
 

Figure 26 Temperature dynamics with input parameters from Melgaard et al [44] 

Melgaard et al [44] article doesn’t specify the absorption coefficient value, α, which was identified to be 
a possible parameter causing the discrepancy in our result. Indeed, after a brief literature review, it was 
found the absorption coefficient, α , for 10% doped Yb3+:YLF at 300 K is around 1.2 cm-1 for an intra-cavity 
enhanced optical refrigeration [65] whereas the absorption coefficient we obtained  was 0.4 cm-1. 
Although data on the intensity levels utilized in the experiment is not available in the above article, which 
affects α, further research on the theoretical determination of this value is needed. 
 
This could also mean that the simplification we made in Eq. (4.13) wherein we assumed equal degeneracy 
in all levels might just not be entirely valid. This provides direction for future investigation. Furthermore, 
in many literatures including Melgaard et al [44] article, the Mc Cumber relation given in Eq.(4.12) is 
modified and is evaluated with an experimental input parameter, by measuring the spectral intensity of 
emission spectra. It is recommended to experimentally verify the absorption co-efficient. 
 

Heat load determination 

 

The present report can be extended in a relevant direction by incorporating the conduction-based heat 
transfer mechanism for the case of magnetically suspended platform. For weaker vacuum conditions, the 
convective heat transfer mechanism should be included as well. It becomes essential to include the 
conduction-based heat transfer mechanism when the active material is not magnetically suspended and 
has a thermal contact with the chamber wall. Furthermore, for a multi pass scheme, the amount of light 
absorbed by the mirrors should also be taken into account as this too will contribute to the heat load input 
of the optical refrigerator. 
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Light management 
 
It’s important that the emitted fluorescence leaves the sample space without re-absorption by the active 
material or by a thermal link which has contact with the active material. One possibility for a magnetically 
suspended platform is to use mirrored surfaces, with the mirror panels arranged in a particular fashion 
such that the incident fluorescence gets deflected directly to the chamber walls. The concept is shown in 
dotted line in the below figure, which also contains the heat load balance of the magnetically suspended 
optical refrigerator. 
 

 
 

Figure 27 Heat load model 

 
 

Active material selection 
 
Active material selection should be done on the basis of the application. For instance, Ytterbium doped in 
YAG has almost double the thermal conductivity of the YLF host and thus might be better suitable for 
thermal management applications requiring larger heat lifts. Cadmium Sulfide is a very attractive 
candidate for optical refrigeration as it’s cooling power density is six times higher than the rare-earth 
doped glassy/crystal hosts. However, it’s MSDS (Material Safety Data Sheet) should be referred before 
considering an application as it appears to have carcinogenic (cancer-causing) effects. 
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