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Abstract: The review of history and progress on radiation-balanced (athermal) lasers is presented
with a special focus on rare earth (RE)-doped lasers. In the majority of lasers, heat generated inside
the laser medium is an unavoidable product of the lasing process. Radiation-balanced lasers can
provide lasing without detrimental heating of laser medium. This new approach to the design
of optically pumped RE-doped solid-state lasers is provided by balancing the spontaneous and
stimulated emission within the laser medium. It is based on the principle of anti-Stokes fluorescence
cooling of RE-doped low-phonon solids. The theoretical description of the operation of radiation-
balanced lasers based on the set of coupled rate equations is presented and discussed. It is shown
that, for athermal operation, the value of the pump wavelength of the laser must exceed the value
of the mean fluorescence wavelength of the RE laser active ions doped in the laser medium. The
improved purity of host crystals and better control of the transverse intensity profile will result in
improved performance of the radiation-balanced laser. Recent experimental achievements in the
development of radiation-balanced RE-doped bulk lasers, fibre lasers, disk lasers, and microlasers
are reviewed and discussed.

Keywords: radiation-balanced lasers; athermal lasers; solid-state lasers; laser cooling of solids; rare
earth-doped materials

1. Introduction

The replacement of flash lamps by laser-diode pumping for solid-state lasers has
brought a very important breakthrough in the laser technology, in particular for high-
power lasers [1,2]. Compared to flash-lamp pumps, laser diodes have led to a significant
benefit in efficiency, simplicity, compactness, reliability, and cost. At the same time the
thermal problem has come into existence for high power lasers. Special care concerning
thermal management is necessary to develop efficient high-power lasers.

To solve the thermal problem, the classical rod solid-state laser medium design has
been replaced by new approaches including fibre lasers, slab lasers, and thin-disk lasers.
The very high surface-to-volume ratio and optical guidance have provided tremendous
progress in the power scalability of high-power lasers.

The benefit of using a rare earth (RE)-doped single-mode optical fibre as a laser
medium was realized by Snitzer in 1961 [3]. In this paper, the use of fibres as dielectric
waveguides to provide a resonant structure for an optical maser operating in the 0.6 µm
wavelength region was proposed. In the mid-1980s, research of single-mode optical fibre
lasers was carried out very intensively [4–7]. A decade later, fibre structures with large
mode areas based on multimode optical fibres were proposed to solve the problem [8].
The schemes, in which the amplification takes place in an RE-doped fibre cladding, have
been proposed as a solution of the problem as well [9]. Unfortunately, even these schemes
are limited by thermal lensing if a high-quality beam is required. Water cooling is not
suitable for fibres with limited chemical stability, such as fluoride fibres. Lowering of
the dopant concentration and increasing the length of the fibre makes cooling easier, but
increases the chance of nonlinear effects including stimulated Brillouin scattering (SBS)
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and stimulated Raman scattering (SRS), which result in depletion of the amplified signal in
ion-doped lasers.

In 1972, Martin and Chernock [10] proposed a new approach to the development of
solid-state lasers. It is based on the idea of propagating laser beams in a direction that
averages the temperature gradients in the gain medium [11]. The laser beam is injected
into the slab so that it will allow the beam to make multiple total internal reflections from
the polished sides as it propagates down the slab.

In 1991, Giesen et al. proposed to power a scale Yb3+:YAG laser using a thin-disk laser
design. The first thin-disk laser was demonstrated in 1994 [12,13]. The core concept of
the thin-disk lasers is the use of a thin, disk-shaped active medium that is cooled through
one of the flat faces of the disk. The cooled face is used as a mirror of the resonator.
This face cooling minimizes the transversal temperature gradient, as well as the phase
distortion transversal to the direction of the beam propagation, providing a laser beam of
outstanding quality.

In 1999, Bowman [14] proposed a radiation-balanced (athermal) RE-doped bulk laser,
which operates without internal heating. In this laser, all photons generated in the laser
cycle are annihilated with the cooling cycle, that is, the heat generated from stimulated
emission is offset by cooling from anti-Stokes emission. Athermal lasers, which are free
from all thermal effects, provide a tremendous potential for an increase in the output power,
maintaining a high-quality output laser beam. Beginning in 1999, several kinds of radiation-
balanced lasers, including fibre lasers, disk lasers, and microlasers, have been proposed and
developed. Some of these lasers have been discussed in [15], while others are considered in
this review. Thermal lensing arising in traditional lasers from the quantum-defect heating
is briefly discussed in Section 2. Section 3 is devoted to the theory of radiation-balanced
lasing. Recent achievements in the development of radiation-balanced RE-doped bulk
lasers, fibre lasers, disk lasers, and microlasers are presented in Section 4.

2. Laser Heat Management

Most materials are not optically active. They simply convert absorbed laser power
directly into heat. If αa is an absorption coefficient describing the absorption process and
IL is the laser intensity, the absorbed power density is equal to αa IL. This is not the case
for laser media, which are optically active. The laser performance is based on efficient
reemitting of absorbed pump light. The amount of heat generated in a laser depends on
the pump power and the emission spectra.

It is well known that population inversion is a necessary condition for lasing. It is
impossible to reach the population inversion in a two-level system. Three or four level
schemes are required. As a result, the reradiated light is normally red-shifted relative to
the pump (Figure 1).

Figure 1. Energy levels and relevant excitation and decay processes for (a) three-level and (b) four-
level lasers.

By this means, every emitted laser photon contributes a fraction of its energy,

ηQD = 1 − ωL/ωP, (1)

to heating the laser material through phonon generation. Here ηQD is the quantum defect,
ωP and ωL are the frequencies of the pump and laser photons, respectively.



Appl. Sci. 2021, 11, 7539 3 of 23

A study of thermal effects in a crystal requires the calculation of the temperature field
at each point of the crystal. This can be achieved with the heat equation. For analytical
solutions to the heat equation to be obtained, some assumptions must be imposed on
the laser system. Let us suppose that the pump profile is axisymmetric, and the thermal
conductivity of the laser medium does not depend on temperature and can be considered
as a constant. In this case, the heat equation has the form [16]:

1
r

∂

∂r

(
r

∂T
∂r

)
+

∂2T
∂r2 = − Q

Kc
, (2)

where T is the temperature, r is the radial coordinate of a point inside the laser medium
(see insert in Figure 2), Kc is the thermal conductivity, and Q is the thermal power.

Figure 2. Normalized temperature distribution in a plane perpendicular to the z-axis for a laser
medium pumped by a top-hat-profile laser beam. Inset is the laser medium with the radius R.

In a vast majority of laser schemes, the pump beam profile can be described by a super-
Gaussian function. The general solution of the heat Equation (2) for a super-Gaussian beam
of any order, as well as for Gaussian and top-hat pump beams, can be found in [17–20]. As
one can see in these solutions, heat generated in the laser’s interior produces a temperature
rise in the center of the laser medium relative to its edge. As an example, normalized
temperature distribution for a laser crystal pumped by a top-hat-profile pump beam is
presented in Figure 2.

The temperature rise in the laser medium produces several undesirable effects. It
reduces the lifetime of the laser active ions and increases losses. The temperature gradient
causes the strain distribution inside the laser medium. The strain-induced modification of
the refractive index results in depolarization and degradation in beam quality. It limits the
average laser output power [21]. All these effects are known as thermal lensing. They are
particularly important in the case of high-power lasers. The very high temperature rise
can even melt or burn the laser medium (thermal damage). In most laser structures, beam
quality degradation limits laser power below thermal damage.

As mentioned earlier, the problem of laser power scaling can be solved by reducing or
eliminating the heat generated during the optical pumping and lasing process using optical
cooling by anti-Stokes fluorescence within the laser medium to balance the heat generated
by the Stokes shifted stimulated emission. The theory of this approach is considered in the
next section.

3. Theory of Radiation-Balanced Lasing

In this part of the paper, I develop a model permitting to investigate the fundamental
limitations of laser thermal performances. Let us consider a quasi-three-level material in
which radiative losses dominate at room temperature emission and absorption spectra
overlap near the lasing wavelength. This requirement is a critical material characteristic for
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a potential radiation-balanced laser. Indeed, there must be a sufficiently strong absorption
in the spectral region near the lasing wavelength to allow effective coupling of the pump.

As one can see in Equation (1) as the frequency of the pump, ωP, approaches the
frequency of the laser signal, ωL, the quantum defect reduces, and the heat power generated
by spontaneous emission reduces, too. A minimum value for the laser quantum defect can
be estimated as kBT/}ωP. It corresponds to the least amount of heat power generated by
the stimulated emission providing laser operation. Let us take into account spontaneous
fluorescence. Its power cannot be neglected unless the average stimulated emission rate far
exceeds the rate of spontaneous emission. Spontaneous fluorescence of the laser medium
can contribute significantly to radiation power flow. In certain situations, it can lead to
cooling which can compensate for the laser induced heating.

3.1. Pringsheim’s Cooling

The idea to remove the thermal energy from a system optically using anti-Stokes
fluorescence was first proposed by Pringsheim in 1929 [22]. In 1995, laser cooling with
anti-Stokes fluorescence was demonstrated for RE-doped solids [23]. In this first proof-of-
principle experiment, a high-purity ytterbium (Yb3+)-doped fluorozirconate ZrF4–BaF2–
LaF3–AlF3–NaF–PbF2 (ZBLANP) glass sample was cooled down to only 0.3 K below
room temperature.

Each energy level of the RE ions doped into the crystal or glass host splits into a set of
sublevels as a result of the Stark effect. These sets of sublevels are known as Stark level
manifolds. In order to realize cooling with anti-Stokes fluorescence in an RE-doped sample,
electrons must be excited from the top of the ground manifold to the bottom of the excited
manifold of the RE ions. This implies that the pump wavelength, λP = 2πc/ωP, must be
in the long wavelength tail of the absorption spectrum. After thermalization accompanied
by phonon absorption, anti-Stokes fluorescence photons remove energy from the system
(Figure 3).

Figure 3. Energy levels and relevant excitation and decay processes for the laser-cooled RE-doped
sample. ωP and ωF are the pump and the mean fluorescence frequencies, respectively.

The efficiency of laser cooling can be estimated as a difference between the energy of
the mean fluorescence photon, }ωF, and the energy of the pump photon, }ωP, normalized
by the energy of the pump photon [24]:

ηcool =
}ωF − }ωP

}ωP
=

λP
λF

− 1, (3)

where ωP and λP are the frequency and the wavelength of the pump photon, respectively.

λF =
2πc
ωF

=

∫
λIF(λ)dλ∫
IF(λ)dλ

, (4)

where λF and ωF are the mean fluorescence wavelength and the mean fluorescence fre-
quency, respectively. IF(λ) is the fluorescence intensity at the wavelength λ.
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3.2. Athermal Lasing

As already mentioned, in 1999, Bowman [14] suggested to use cooling with anti-Stokes
fluorescence to suppress heat generated in RE-doped solid-state lasers. He developed a new
solid-state bulk laser design without internal heat generation called a radiation-balanced
or athermal laser. The processes of lasing and anti-Stokes cooling in athermal lasers occur
in the same system of RE ions. In 2001, Andrianov and Samartsev proposed a scheme in
which lasing occurs in one system of ions (Nd3+), while anti-Stokes cooling takes place in
another system of ions (Yb3+) doped in the KY3F10 laser host [25].

3.2.1. Athermal Lasing in Ideal Systems

Let us consider the basic concepts of a radiation-balanced (athermal) laser. A solid-
state laser of this type can be often referred to as a quasi-three-level laser. The population of
each sublevel within a manifold is described by Boltzmann occupation factors. We assume
that transitions between these sublevels are purely nonradiative transitions, provided by
phonon absorption and emission. This process takes place on a picosecond timescale and is
known as thermalization. Let us consider an isotropic laser medium with the total density
of the active ions NT . Optical transitions can occur between the ground manifold and the
first excited manifolds, giving rise to overlapping, thermally broadened absorption and
emission spectra. These spectra are characterized by absorption, σa(λ, T), and emission,
σe(λ, T), cross sections, respectively. They depend on a wavelength, λ, and a temperature,
T. For radiation-balanced operation of a laser, the mean fluorescence frequency and the
pump and laser frequencies must satisfy the following relation: ωF > ωP > ωL (Figure 4).
In this case, the system includes two cycles: the laser cycle and the cooling cycle. The
laser cycle includes the pump and laser photons at the frequencies ωP and ωL, respectively.
It is accompanied by phonon generation. The cooling cycle can be considered as a cycle
including the pump photon and the mean fluorescence photon at the frequencies ωP and
ωF, respectively. It is accompanied by phonon absorption.

Figure 4. Energy diagram of an Yb3+-doped radiation-balanced laser. ωP and ωL are the pump and
laser frequencies, respectively. ωF is the mean fluorescence frequency.

We assume that a bandgap between the excited and ground manifolds is large com-
pared to the energies of the phonons. As a result, the transitions between the excited
and ground manifolds are purely radiative. We also assume the absence of excited-state
absorption, energy transfer, radiative trapping, and background absorption. In this case,
the rate equation takes the form:

dN2

dt
= WP − WL −

N2

τR
, (5)

N1 + N2 = NT , (6)
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where N1 is the population of the ground manifold and N2 is the population of the excited
manifold. The last term in Equation (5) describes the total spontaneous decay rate of the
upper manifold. WP is a pump rate, and WL is the stimulated emission rate:

WP =
IP

}ωP

[
NTσP

a − N2

(
σP

a + σP
e

)]
, (7)

WL =
IL

}ωL

[
N2

(
σL

a + σL
e

)
− NTσL

a

]
. (8)

Here IP and IL are the intensities of the pump beam and the laser signal, respec-
tively. σP

a,e and σL
a,e are the absorption (a) and emission (e) cross sections at the pump (P)

wavelength, λP, and at the laser (L) wavelength, λL, respectively.
Following the law of conservation of energy, one can estimate heat generated in the

laser medium. Indeed, the difference between the absorbed power density and the emitted
power density must be equal to the local generated heat power density:

Pheat = }ωPWP − }ωLWL − }ωF
N2

τR
(9)

Substituting Equations (5)–(8) into Equation (9), one can calculate the heat power
density generated at any point of the laser medium. Equation (9) for heat power density
includes both the pump, IP, and laser, IL, intensities in the laser medium.

If the laser system is in a steady state, dN2/dt = 0, Equation (5) takes the form

WP = WL +
N2

τR
(10)

Let us find the relation between the pump and laser beam intensities IP and IL
providing athermal operation of the laser, Pheat = 0. In this case, Equation (9) becomes

}ωPWP = }ωLWL + }ωF
N2

τR
(11)

The change in the laser signal intensity along the length of the laser medium can be
described by the well-known equation

dIL
dz

=
[(

σL
a + σL

e

)
N2 − σL

a NT

]
IL, (12)

where z is the coordinate along the length of the laser medium (see Insert in Figure 2).
Substituting Equations (7)–(11) into Equation (12), one can obtain the equation, which
describes the laser signal at any point, z, along the length of the laser medium

iL(0)
iL(z)

exp(iL(z)− iL(0)) = exp
(

σL
a NTz

)
, (13)

where iL(z) = IL(z)/Isat
L , and Isat

L = }ωL
τ(σL

a +σL
e )

(
ωF−ωP
ωP−ωL

)
is the saturation intensity of the

laser signal. To keep the radiation balance at each point in the laser medium, the pump
intensity must be distributed properly along the length of the laser medium following the
relation obtained from Equations (10) and (11)

iP(z) =
σL

a
(
σP

a + σP
e
)
iL(z)

(σP
a σL

e − σL
a σP

e )iL(z)− σP
a (σ

L
a + σL

e )
, (14)

where iP(z) = IP(z)/Isat
P , and Isat

P = }ωP
τ(σP

a +σP
e )

(
ωF −ωL
ωP −ωL

)
is the saturation intensity of the

pump signal. As one can see in Equation (14), athermal laser operation requires careful
control of the pump intensity distribution along the laser medium. Any deviation from
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this distribution will result to heating or cooling in some parts of the laser medium, which
can be estimated with Equation (9). Since iP(z) > 0, one can see in Equation (14) that
there is a minimum value of laser signal intensity in the laser cavity that can undergo
athermal amplification:

Imin
L =

}ωlσ
a
p

τR (σP
a σL

e − σL
a σP

e )

(
ωF − ωP
ωP − ωL

)
(15)

A comprehensive theory of the radiation-balanced (athermal) RE-doped bulk solid-
state laser was developed in [14]. In [26], it was enhanced for the radiation-balanced
(athermal) RE-doped fibre amplifiers.

3.2.2. Athermal Lasing in Real Systems

In the above section, perfect laser materials were considered, which are free from
background absorption and are optically thin. Let us consider more realistic laser systems
taking into account quenching, radiative trapping, and background absorption. These
effects are present in all laser systems. Quenching of the laser excitation could occur
through electron–phonon deactivation and through ion–ion energy transfer [27]. As a
result, the radiative lifetime of an RE ion, τR, must be replaced by a fluorescence lifetime,
τF. Energy transfer losses can be arranged with a characteristic quenching lifetime, τQ [27].
Radiation trapping occurs as a result of fluorescence reabsorption and its reflection from the
sample boundaries. It can complicate the modeling of the laser systems. Radiation trapping
can be taken into account with the effective values for mean fluorescence wavelength, λ̃F,
and lifetimes τ̃F, τ̃Q. These values can be obtained experimentally. For example, for an
optically thin Yb3+:KGW sample with the Yb3+ ion concentration NT = 2.2 × 1020 cm−3

the mean fluorescence wavelength and the fluorescence lifetime are λF = 997 nm and
τF = 0.275 ms, respectively. For the 2 mm × 8 mm, Yb3+:KGW sample fluorescent trapping
increases these values to λ̃F = 1011 nm and τ̃F = 0.75 ms. The rate equation for the
radiation trapped system has the form

dN2

dt
=

IP
}ωP

(
NTσP

a − N2

(
σP

a + σP
e

))
+

IL
}ωL

(
NTσL

a − N2

(
σL

a + σL
e

))
− N2

τ̃F
−

N2
2

NT τ̃Q
(16)

It must be used to simulate heat generated with the quantum defect. Unavoidable im-
purities in the laser host material result in background absorption, which can be described
by the background absorption coefficient αB(λ). Even small background absorption can
significantly deteriorate the laser cooling process. The heat power density generated in the
laser by quenching can be described as

PQ
heat = }ωPNT Ñ2

(
1
τF

− 1
τR

+
Ñ2

τ̃Q

)
, (17)

where

Ñ2 ≈ N2

NT

(
1 +

(1 − τR/τ̃F)− N2τR/
(

NT τ̃Q
)

ĨP + ĨL + τR/τ̃F

)
, (18)

and

ĨP,L = IP,L

τR

(
σP,L

a + σP,L
e

)
}ωP,L

. (19)

The heat power density caused by background absorption has the form

Pa
heat =

}
τR

(
ĩPωPαB(λP)

σP
a + σP

e
+

ĩLωLαB(λL)

σL
a + σL

e

)
, (20)
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where ĩP,L = IP,L/ ĨP,L. These values must be added to the heat power density generated
with the quantum defect if one wants to simulate the heat power density generated by
different effects in the realistic laser system.

Summarizing the theory of radiation-balanced lasing, it is important to emphasize
that laser materials suitable to radiation-balanced lasing must have two widely separated
sets of discreet energy levels (manifolds) such that nonradiative transitions between them
are unlikely. They also must have negligible background absorption. A properly arranged
reliable pump system, the shape of a laser gain medium, and material selection criteria can
result in little or no heat generation within solid-state lasers.

4. Development of Radiation-Balanced Lasers

The thermodynamics of radiation-balanced lasers has been discussed both qualita-
tively and quantitatively from the point of view of the first and second laws by Mungan [28].
The Carnot efficiency has been derived for optical amplification from consideration of
the radiative transport of energy and entropy. It has been shown that the highest Carnot
efficiencies can be reached only when the system is pumped into saturation. Indeed, the
energy of a collection of photons of fixed mean frequency and angular divergence scales
linearly with the number of photons. The entropy of the set depends on the number and
on the energy distribution of the photons. As the number of photons in the pump beam
increases, the entropy that the beam carries per photon decreases since it becomes more
sharply peaked. As the fluorescence intensity increases, the entropy decreases, but it does
not decrease as rapidly as does the pump beam, because the spontaneously emitted light is
less intense, broader in bandwidth, and distributed over a larger range of solid angles than
is the pump radiation.

As one can see from the theory developed in the previous part of the paper, a detailed
balance of the stimulated and spontaneous emission at each point of the laser medium
can provide a solid-state laser that generates no internal heat. Unfortunately, there are
two serious problems associated with the practical development of radiation-balanced
amplifiers and lasers: the precise control of the pump power and almost linear growth of the
amplified signal (Figure 5). The linear growth of the power of the amplified signal requires
an enormous increase in the length of the active medium for very high output power. The
athermal bulk or fibre laser requires precision control of the pump power at each point
along the length laser medium. This is not a simple problem, especially in the case of a fibre
amplifier or laser. The sensitivity and stability of a radiation-balanced laser to perturbations
in the field parameters and temperature have been analyzed in [29]. As one can see in [29],
fluctuations in the gain set limits on the variability of the pump wavelength. A pump
stability of ±1 nm was suggested for an Yb:KGW laser. An active wavelength stabilization
scheme based on techniques for spatial mode matching was presented in [29]. A dynamic
control to the laser system based on the pump wavelength shift was proposed. It permits
to minimize the sensitivity of the athermal laser to ambient temperature fluctuations. The
idea to use tapered reflectance mirrors to flatten the transverse laser profile and to improve
optical efficiency was considered in [29].
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Figure 5. Dependence of the signal and pump powers from the length of the athermal fibre amplifier
for three different input signal powers: (1) 25 W, (2) 30 W, and (3) 40 W [26].

4.1. Athermal Bulk Lasers

Since the first experimental observation in 1995, laser cooling of solids has been real-
ized with Yb3+, Er3+, Tm3+, and Ho3+ ions doped in a wide variety of low phonon glasses
and crystals. Yb3+ ions are the most promising RE ions for laser cooling applications. They
have only one excited manifold, so that Yb3+ ions are free from excited state absorption,
which can be a source of multi-phonon decay resulting in undesirable heat generation in
the system.

Experiments devoted to radiation-balanced lasers began at the Naval Research Lab-
oratory (NRL) in 1999 [30]. New materials for laser cooling were investigated. In 2002,
the first athermal bulk laser was experimentally demonstrated with an Yb3+:KGd(WO4)2
crystal [31]. The laser design based on direct diode pumping of Yb3+:KGd(WO4)2 crystals
was developed further in [32].

Successful laser systems are based on high-quality materials. YAG and fused silica
are the best choice. They have the highest optical quality and lowest losses. In 2010, the
Yb3+:YAG laser rods with Yb3+ concentrations of 1%, 2%, 3%, and 5% were investigated.

The scheme of the radiation-balanced laser based on the Yb3+:YAG laser rod is pre-
sented in Figure 6. High power pumping with fibre lasers at 1030 nm produced a near
diffraction limited laser at 1050 nm. The mean fluorescent wavelength for Yb3+:YAG
is 1010 nm. Lower thermal loading and better beam quality were reached with the 2%
Yb3+:YAG rod. The average power of up to 200 W of output with a beam quality of
M2 = 1.2 was demonstrated without significant thermal loading or thermo-optic distor-
tions [33]. A typical thermal image of the Yb3+:YAG rod inside the athermal laser is
presented in Figure 7. Thermal loads were reduced to below 0.01% relative to the laser
output power. As one can see in Figure 7, fluorescence for the laser rod heats the mirror
on the left. The thermally insulated laser rod is almost not heated. Its temperature is very
close to the ambient temperature.
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Figure 6. Athermal laser: (a) Stable Yb3+:YAG resonator. (b) Ytterbium fibre laser pump array
propagation shown without the target laser rod [34].

Figure 7. Yb3+:YAG rod inside the laser. This image was captured after 10 s of lasing at 70 W with an
ambient temperature of 22 °C. The color scale corresponds to ∓ 5 °C as shown on right. Fluorescence
from the laser rod heats the mount for the pump injection mirror on left [33].

To improve laser performance, the laser rod was replaced with a slab composed
of Yb3+:YAG and sapphire (Figure 8) [34]. As one can see in Figure 8, a single 2 mm ×
110 mm 3% Yb3+:YAG sample was fusion-bonded to a sapphire plate along its length.
The sapphire plate provides a refractive index mismatch of 0.07, significantly reducing
fluorescence trapping and providing guiding of the pump at the wavelength 1030 nm. The
sapphire bond permitted to reduce the fluorescence lifetime from 2 ms to 1.25 ms. Using
this laser design, 1 W of heat for every kilowatt of output laser power was realized.

4.2. Athermal Disk Lasers

In 2000, an Yb3+:KGW laser disk was edge-pumped with radially focused laser diode
bars (Figure 9a) [34]. It generated up to 490 W. This was the first system with heat loading
below the laser quantum defect.



Appl. Sci. 2021, 11, 7539 11 of 23

Figure 8. Radiation-balanced laser gain element constructed from a tapered 110 mm 3% Yb3+:YAG
slab fusion-bonded to a 2 mm × 20 mm sapphire plate. The sapphire plate provides a refractive index
mismatch of 0.07. This allows for guiding of the 1030 nm pump lasers while significantly reducing
fluorescent trapping. The gold-plated mount and fused silica pins were designed to avoid radiative
heating of the fixture [34].

Figure 9. Yb3+:KGW disk lasers. (a) Edge-pumped Yb3+:KGW disk laser with a laser quantum
defect of 4.8%. (b) Thin-disk athermal laser system. Ip

(1), Ip
(2), Ip

(3), Ip
(4), and Ip

(5) are the pump
intensities, IL

out is the intensity of the output laser signal. The violet arrows around the disks illustrate
anti-Stokes fluorescence [35].
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In 2014, a thin-disk athermal laser system was proposed and theoretically analysed [35].
This scheme, consisting of a sequence of thin disks, can provide high flexibility, which is
key for athermal laser operation (Figure 9b). Yb3+:KGW laser disks were considered in [35].
The sequence of thin disks provides precise control of the pump intensity on each disk. It
allows the control of the pump intensity almost locally; that is, almost at each point along
all laser gain medium. In addition, the generic design of the laser module allows easy
scaling to higher powers. The concentration of the ions, as well as the thickness, can be
changed from one disk to another.

In 2019, the radiation-balanced Yb3+:YAG disk laser was experimentally demonstrated
in an intracavity pumping geometry (Figure 10) [36]. An optically pumped vertical-external-
cavity surface-emitting laser (VECSEL) was used to enhance the pump absorption. The
broad tunability and good beam quality of VECSELs provided additional parametrical
freedom (Figure 10).

Figure 10. Schematic of the intracavity-pumped radiation-balanced disk laser setup. On the right,
the mounting of the 5%-doped Yb3+:YAG disk of 0.5 mm thick and 4 mm × 5 mm cross section is
shown where it is glued onto two bare fibres, which are in turn supported by a glass slide to reduce
the heat load [36].

The thermal images of the mounted laser disk at room temperature after 30 min at
radiation-balanced condition are presented in Figure 11. Darker shades represent lower
temperatures. Recorded thermal images of the unpumped laser disk at room temperatures,
and under pump, are shown in Figures 11a and 11b, respectively. Figure 11c illustrates
the temperature dynamics of the radiation-balanced process. The temperature profile of
the laser disk was monitored with a thermal camera (Nanocore 640, L3 Communications
Corporation, Garland, TX, USA) with 0.05 K resolution as the VECSEL power was varied.
As one can see in Figure 11c, net cooling takes place from the very beginning, that is, as
soon as the pump diode is turned on. Indeed, the VECSEL and the fluorescence emission
process start immediately. The lasing process with the Yb3+:YAG disk takes some time
to initiate. It warms up the laser disk. About 10% power fluctuation was observed in
the first 5 min of the experiment. The radiation balancing condition was realized with
57 W of incident pump power at 808 nm, or 32 W of absorbed power. About 1 W output
power radiation balance was obtained. A temperature difference of ∼2 K was observed
between the centre and the edge of the disk of 4 mm × 5 mm cross section as a result of
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Gaussian radial intensity distribution of the modes. Beam shaping can be used to mitigate
this temperature difference.

Figure 11. The thermal images of the laser disk; (a) is the unpumped laser disk at room temperature.
The red lines represent the outline of the disk; (b) is the laser pumped disk. (c) The line-integrated
time-evolution of the temperature change along the white dashed line in (a). The VECSEL cavity is
unblocked at 1 min [36].

Recently, Yb3+:YLF and Yb3+:LLF laser disks have been investigated in external mul-
tipass pumping schemes (Figure 12) [37,38]. Compared to intracavity pumping, external
multipass pumping offers higher control on pump spot size and mode-matching conditions.
LLF is an isomorph of YLF. They have very similar thermo-optics properties. The Yb3+:YLF
and Yb3+:LLF laser disks with the Yb3+ concentration of 10%, 1 mm thick, and 5 mm diame-
ter were pumped at the wavelength 1020 nm corresponding to the lowest energy transition
between ground and excited manifolds of Yb3+ ions. This wavelength is convenient for the
system cooling. Laser emission was observed around 1050 nm. The linear laser cavity is
constituted by mirrors M1 and M3, both with 10 cm radius of curvature (Figure 12a). A
hole in the center of the M2 mirror allows propagation of the laser mode. The input laser
beam was focused near the focal point of M1 and M2, and thus collimated after reflection
of M2 and focused again after reflection on M1. A tilted window at Brewster’s angle was
used to shift the beam towards the center of M2. After several roundtrips between M1 and
M2, the pump is eventually scattered out by the sidewalls of the window. The sample was
placed at the middle point of M1 and M2. Radiation-balanced operation at about 1 W out-
put power was achieved with the Yb3+:YLF disk. Radiation-balanced laser operation was
observed at about 200 mW output power with the Yb3+:LLF laser disk (Figure 12b). It was
shown that large transversal thermal gradients are expected in beam area for high-power
(kW) radiation-balanced laser operations that require mitigation techniques.
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Figure 12. Schematic of laser cavity and multipass pumping for (a) the Yb3+:YLF laser disk and for (b) the Yb3+:LLF laser
disk [38].

4.3. Athermal Fibre Lasers

As previously noted, in radiation-balanced lasers and amplifiers, the radiated energy
increases only linearly with the length of the active medium. This requires a long active
medium, which is undesirable. To overcome the problem, lasers and amplifiers with a
cooler made from RE ions and integrated in the body of the device have been proposed
and theoretically investigated by Nemova and Kashyap [39–41].

As one can see in Figure 13a, the properly distributed Yb3+ ions pumped at the
wavelength 1015 nm with a cooling pump power Pp

cool work as an integrated cooler,
compensating for the heat generated inside the active medium due to the quantum defect
in the Raman lasers or amplifiers. In this scheme, the lasing action is separated from
the cooling process. Such separation of actions provides flexibility in the laser design. It
permits one to maintain the exponential growth of the amplified signal along the length of
the laser medium.

Figure 13. Fibre lasers with an integrated cooler. (a) Athermal Raman fibre laser. Two curves in the core illustrate the
distribution of Yb3+ ions providing cooling. (b) Athermal Yb3+-doped fibre laser with the Tm3+-doped cladding. Two
curves in the cladding illustrate the distribution of Tm3+ ions providing cooling. The dashed arrows illustrate anti-Stokes
fluorescence [41].

Figure 13b illustrates an athermal Yb3+-doped fibre laser, in which the heating is
caused by Stokes-shifted stimulated emission generated during the lasing process. In this
scheme, the lasing process takes place in the Yb3+-doped fibre core. The cooling process
takes place in the Tm3+-doped fibre cladding pumped at a wavelength of 1900 nm, that
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is, in the long-wavelength tail of the Tm3+ absorption spectrum. Here, the Tm3+ ions play
the role of an integrated cooler. The distribution of the RE ions in the integrated cooler is
properly arranged in both schemes to provide complete compensation for the heat in the
case of fixed laser pump power, Pp. The dashed arrows in Figure 13 illustrate anti-Stokes
fluorescence. A deviation in the laser input pump power causes a small deviation in
complete compensation of the temperature along the length of the laser medium. However,
this deviation in the temperature is small in comparison with the peak temperature change
without cooling. It can be partially compensated for by a change in the cooling pump
power, Pp

cool.
The temperature distribution inside a double-cladding optical fibre laser or amplifier

was theoretically investigated by Mafi [42]. It has been shown that heat generation in
the cladding due to the parasitic absorption of the high-power pump must be taken into
account in modern high-power fibre lasers and amplifiers, where the quantum defect is
lowered, or when the amplifier operates in a nearly radiation-balanced regime, or for
radiation-balanced lasers. The developed approach permits one to interpolate between
the case where the quantum defect heating is dominant and when the parasitic absorption
heating is comparable in size or is the dominant source of heating.

4.3.1. Athermal ZBLAN Fibre Lasers

An ytterbium-doped ZrF4–BaF2–LaF3–AlF3–NaF (ZBLAN) optical fibre was experi-
mentally investigated to extract its laser cooling related parameters [43]. It has been shown
that the Yb3+:ZBLAN fibre is a viable laser-cooling medium for radiation-balanced lasers
and amplifiers. A comparison between a conventional Yb3+:ZBLAN fibre laser pumped
at 975 nm wavelength and an athermal Yb3+:ZBLAN fibre laser pumped at 1030 nm was
made [43]. They are presented in Figure 14. The output laser signal in both lasers was
assumed to be 3 W in power at the wavelength 1070 nm. Both systems were optimized
for maximum efficiency. As one can see in Figure 14, the temperature rise in both designs
is comparable, while the athermal laser required a 20-fold larger pump power, making
the athermal laser design totally unpractical. The authors of [43] attributed the problem
to the relatively large value of the background absorption of the pump. They considered
the problem of the background absorption in [44]. Following their simulations, a 10-fold
reduction in the background absorption can reduce the heating in the athermal laser design
significantly, rendering the athermal laser viable. These results are presented in Figure 14.

In 2021, the first observation of anti-Stokes cooling of Yb3+:ZBLAN fibres, in which
both the core and the cladding were doped with Yb3+ to increase the number of Yb3+ ions
contributing to cooling, was announced [45]. It is worth mentioning that laser cooling of
the core-doped Yb3+:ZBLAN fibres was demonstrated previously in a vacuum [46] and
at atmospheric pressure [47,48]. The main goal of [45] was to provide an experimental
validation of the concept of cooling a fibre more aggressively by doping its cladding with
a cooling ion and pumping the cladding, which was proposed by Nemova and Kashyap
in [39]. The performances of three fibre designs were compared. One of these fibres was a
conventional large-core multimode fibre. Two others were cladding-doped fibres. One of
these two cladding-doped fibres had a double-D shape, and the other had an octagonal
cladding. Both shapes were designed to induce greater mode mixing (Figure 15). The
pump light from a 1025.5 nm fibre-pigtailed semiconductor laser was launched into the
Yb3+:ZBLAN fibre under test. The temperature change of a fibre was measured with a
custom slow-light FBG sensor with a sub-mK resolution [49].
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Figure 14. (a) Propagation of the forward pump (FW pump), backward pump (BW pump), forward signal (FW signal),
backward signal (BW signal), and temperature rise along the fibre for a conventional fibre laser pumped at 975 nm.
(b) Similar graph for the athermal laser operation pumped at 1030 nm. In (a,b) on the left, the background absorption is
4.278 × 10−2 m−1. In (a,b) on the right, a 10-fold reduction is shown in the background absorption [43,44].

Figure 15. Cross section of the multimode Yb-doped ZBLAN fibres used in [45]: (a) conventional
multimode fibre, (b) double-D cladding-doped fibre, and (c) cladding-doped fibre with an octagonal
inner cladding [45].

The conventional multimode fibre (Figure 15a) with relatively poor mode mixing
due to its symmetrical core was used to illustrate the importance of mode mixing. The
maximum measured temperature change observed in this fibre under 1025.5 nm pumping
was −0.65 K for 584 mW of pump power at the location of the sensor.

In order to improve mode mixing, a second fibre with a double-D cladding doped with
Yb3+ was fabricated (Figure 15b). The largest temperature change recorded for this fibre
was −78 mK for a pump power of 240 mW. The efficiency (temperature change divided by
pump power) was higher (~3 times) than in the conventional multimode fibre.

The third Yb3+:ZBLAN fibre, which had an octagonal cladding, was designed specifi-
cally to improve the mode filling of the cladding (Figure 15c). This fibre design permits
the mode to fill a noticeably larger portion of the cladding. The temperature change of
−1.3 K was reached with the maximum available pump power of 3 W. To improve this
value, the fibre was pumped with the pump power of 15 W at the wavelength 1040 nm.
The temperature change of −2 K was reached.

The fibre with a double-D cladding (Figure 15b) did not perform as well as the fibre
with an octagonal inner cladding (Figure 15c), largely due to limited mode mixing, which
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resulted in only a small fraction of the ions in the cladding being excited and contributing
to the refrigeration process. An octagonal inner cladding of the fibre (Figure 15c) permitted
to increase mode mixing and excite the cladding more uniformly. As a result, greater
cooling was observed with this fibre.

4.3.2. Athermal Silica Fibre Lasers

Most commercial fibre lasers are made of silica, due to silica’s low loss and durability.
Laser powers as high as 10 kW have been achieved with a silica fibre laser [50]. However,
crystals and fluoride-based samples are widely used hosts for laser cooling with anti-Stokes
fluorescence. Relative to silica, fluorides have fairly high loss and brittleness, that is, they
can undergo sudden structural failure instead of plastic deformation. As a result, the
highest power achieved with a ZBLAN laser is only 50 W [51].

In 2019, laser cooling with anti-Stokes fluorescence was demonstrated in two separate
silica samples: a silica fibre [52] and a bulk silica preform [53]. These results were break-
throughs for development of silica-based athermal lasers. In [54], several influential factors
on laser cooling with anti-Stokes fluorescence in silica fibres were investigated. The cooling
performances of six Yb3+-doped silica fibres with various dopant and codopant concen-
trations, OH− loss, and core dimensions were compared. It was shown that silica can
accommodate unexpectedly high Yb3+ concentrations without suffering from quenching,
in spite of its high phonon energy. Cooling a fibre with high 2.52 wt.% Yb3+ concentration
was enabled by reducing the absorptive loss below 5 dB/km and codoping the fibre with
2.0 wt.% Al, leading to a record-breaking critical quenching concentration, 30% higher than
the previous reported. A temperature change of −70 mK was observed at atmospheric
pressure for 170 mW/m of pump power absorbed at 1040 nm.

In 2021, the first radiation-balanced silica fibre amplifier was demonstrated. An Yb3+-
doped silica fibre served as an active medium [55]. The core diameter of the silica fibre was
21 µm. Its numerical aperture was 0.13. The Yb3+ concentration was 2.52 wt.%. The fibre
was codoped with 2.00 wt.% Al to reduce concentration quenching. The wavelength of
the pump was 1040 nm and the signal wavelength was 1064 nm. The mean fluorescence
wavelength of Yb3+ was 1003.9 nm and the radiative and quenching lifetimes were 765 µs
and 38 ms, respectively. The Yb3+ critical quenching concentration was 21.0 wt.%. The
absorptive loss of the fibre was 18 dB/km. The temporal trace of the temperature change
in this fibre amplifier is illustrated in Figure 16. At time t = 0 s, the pump was turned
on. The temperature of the fibre decreased ∼130 mK below room temperature. After 15 s,
the seed signal was turned on. The temperature of the fibre increased, reaching a new
steady-state value of ∼110 mK below room temperature. The temperature change of the
fibre amplifier was defined as the difference between the average temperature in the first
5 s, when both the pump and signal were off, and the average temperature in the last 5 s
after both had been turned on. Each measurement was repeated three times and averaged.
Measured temperature change versus position along the fibre amplifier is presented in
Figure 17. The solid curves in Figure 17 are simulation results obtained using the model of
a radiation-balanced fibre laser described in [56]. In [55], it was shown that light can be
coherently amplified with a gain approaching 20 dB and generating no net internal heating.
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Figure 16. Measured temporal trace of the temperature change in the Yb3+-doped silica fibre as the
1040 nm pump and 1064 nm seed are sequentially turned on, launching 1.64 W and 3 mW in the fibre
core, respectively [55].

Figure 17. Measured temperature change versus position along the fibre amplifier, and simulated dependencies using the
model based on [55]: for (a–c) a 2.74 m, and (d) a 4.35 m amplifier fibre [55].

4.3.3. Athermal Fibre Lasers with Optically Active Composite Cladding Materials

The idea to use composite materials, such as glass–ceramic, for laser cooling with anti-
Stokes fluorescence was proposed by Nemova and Kashyap in 2012 [57,58]. They proposed
to use Tm3+-doped oxy-fluoride glass–ceramic to combine the low phonon energy of the
Tm3+ doped fluoride nanocrystals with the promising mechanical and chemical properties
of the oxide glass. In such a structure, Tm3+-doped nanocrystals serve as optically active
sources of cooling.

Recently, the idea to use composite materials for optical cooling was experimentally
developed and applied to fibre lasers by Xia et al. [59,60]. As a proof of principle, they
demonstrated laser cooling of an YLF/polymer composite cladding material using far-field
excitation [60]. As one can see in Figure 18a, a cladding-etched bare glass fibre with YLF
crystals attached to it using a layer of commercially available fluoropolymer CYTOP with
an ultra-low NIR absorption coefficient was illuminated perpendicularly in the far field
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with a 1020 nm continuous wave laser focused onto a crystal at a range of irradiances up to
1 MW/cm2. The pump laser at the wavelength 1020 nm excites electrons from energy level
E4 to energy level E5. After thermalization accompanied by phonon absorption in the 3F5/2
manifold, electrons undergo transition to the 3F7/2 manifold, and the fluorescence spectrum
arises (Figure 18b). The fluorescence spectra were recorded with a spectrometer (Ocean
Optics, NIR512, Midland, ON, Canada). A 1000 nm short-pass filter (Thorlabs, FESH1000,
Newton, MA, USA) was used to filter the laser line. Ten spectra, collected for 100 ms
each, were averaged to obtain the final fluorescence spectrum. The temperature-calibrated
fluorescence spectra were obtained using a cryostat (Janis, ST500, Westerville, OH, USA) in
which the sample temperature was maintained at various points from 300 K to 350 K by
a temperature controller (Lake Shore, 335, Westerville, OH, USA) with resolution 0.01 K.
Fluorescence spectra were normalized to the peak at 960 nm. P1 and P2 are electronic
transitions E6−E2 and E5−E2/E3, respectively. The integrated intensity ratio of P1 and
P2 peaks is temperature dependent following a Boltzmann distribution (Figure 18c). The
integration ranges for P1 and P2 are from 952 nm to 968 nm and from 986 nm to 1000 nm,
respectively. It was shown that the temperature of the Yb3+:YLF crystal decreases by 6.6 K
(Figure 18c). At each laser irradiance, a mean P1/P2 ratio was obtained by averaging six
measurements, and the error bars represent one standard deviation, which are smaller than
1% of the mean values.

Figure 18. (a) Optical microscope image of Yb3+:YLF microcrystals on an etched fibre. (b) Yb3+:YLF fluorescence spectra
at various laser irradiances, normalized to the P1 peak. At higher irradiance the P2 peak increases in intensity. (c) The
integrated intensity ratio of P1 and P2 peaks with the corresponding calibrated temperature at each laser irradiance [60].

In [60], Xia et al. proposed and theoretically analyzed the fibre laser with two claddings
(Figure 19). One of these claddings (the inner one) is composed of glass with Yb3+:YLF
nanocrystals. It covers the Yb3+-doped fibre glass core. The outer cladding is made of the
same glass as the inner cladding, but without Yb3+:YLF nanocrystals. The authors of this
paper expect that the optically pumped Yb3+:YLF nanocrystals in the inner cladding will
lower the local temperature through anti-Stokes fluorescence. They proposed to reduce
Rayleigh scattering by index matching the composite host material with the index of
YLF. Their model shows a significant temperature decrease of 19 K when the Yb3+:YLF
nanocrystals within the composite cladding have a volume fraction of 10%.
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Figure 19. (a) The core of the fibre is Yb3+-doped glass. The inner region of the cladding (yellow) is
composed of glass and YLF nanocrystals, and the outer region of the cladding (blue) is made of the
same glass as the inner cladding region, but with no Yb3+:YLF. (b) The fibre cross section [60].

4.4. Athermal Spherical Microlasers

Microlasers fabricated from upconverting nanoparticles (UCNP) coupled to whisper-
ing gallery mode (WGM) microresonators were demonstrated in [61,62]. They can exhibit
continuous wave anti-Stokes lasing useful for tracking cells, environmental sensing, and
coherent stimulation of biological activity. Continuous-wave anti-Stokes lasing with laser
thresholds as low as 1.7 ± 0.7 kW/cm2 was achieved.

The radiation-balanced version of the spherical microlaser was proposed in [63].
As one can see in Figure 20a, in this athermal microlaser the monolayer of UCNPs is
deposited on the surface of the microsphere. This monolayer consists of two different
UCNPs: Yb3+-doped β-NaYF4 UCNPs, which are responsible for optical refrigeration, and
Yb3+/Er3+/Tm3+-codoped β-NaYF4 UCNPs, which serve as solid-state gain media. In
this scheme, the cooling power and the stimulated emission are provided by UCNPs with
different compositions operating at the same pump wavelength.

Figure 20. Schematics of (a) a radiation-balanced microlaser and (b) a 3D composite laser refrigeration
microsphere [63].

The authors of [63] also proposed to use Yb3+-doped UCNPs distributed throughout
the entire volume of the microsphere for its optical cooling (Figure 20b). The athermal
operation of microsphere lasers has not been demonstrated yet.

5. Conclusions

The presented work gives an overview of the latest achievements in a very promising
and intensively developing area of laser physics known as radiation-balanced or athermal
lasers. It is shown that the radiation balance can be maintained using optical refrigeration
based on anti-Stokes fluorescence in the system of RE ions doped in a low-phonon host
material. Optical refrigeration is the only solid-state technology that can cool to cryogenic



Appl. Sci. 2021, 11, 7539 21 of 23

temperatures. A basic model describing the operation of radiation-balanced lasers has
been presented and discussed. The analytic expressions describing radiation-balanced
laser operation were obtained using the set of coupled rate equations. The requirements for
radiation balance predict that the characteristics of a radiation-balanced laser are affected
by cavity parameters and fundamental material properties. The pump wavelength is the
most sensitive parameter. To attain optical refrigeration in the laser, the pump wavelength
must exceed the mean fluorescence wavelength.

At the present time, athermal lasers follow four main designs: radiation-balanced
bulk and fibre lasers, radiation-balanced disk lasers, and athermal microlasers. All four
designs considered in this review are very promising for different applications. Anti-Stokes
cooling of RE-doped bulk, fibre, and disk lasers have been experimentally demonstrated.
Both experiments and calculations indicate that improving the purity of host crystals will
result into improving athermal laser performance. The development of new RE-doped
low-phonon materials can facilitate the realization of athermal lasers and accelerate their
commercialisation. Recently, Nakayama et al. [64,65] proposed to use Yb3+-doped yttrium
aluminum perovskite (YAP) as an active medium of radiation-balanced lasers. YAP has
properties that are similar to those of YAG, but it possesses a phonon energy

(
620 cm−1)

that is lower than that of YAG
(
865 cm−1). This lower phonon energy is a source of higher

quantum efficiency. It has been shown that the small-signal gain of athermal laser materials
utilizing an f − f transition of RE ions can be controlled by engineering the surrounding
crystal fields of the RE dopant.

The further average power scaling requires better control of the beam intensity profile.
Recently, athermal laser operation with mode-mismatched Gaussian and super-Gaussian
beams was analyzed by Sheik-Bahae and Yang [66]. As one can see in [66], in a disk geome-
try, beam-area scaling to high-power operations can be accompanied by large transverse
temperature gradients. These undesirable gradients can be countered by pump beam
shaping and/or employing longer gain media.

Considering four main designs of radiation-balanced lasers, I believe that athermal
disk lasers will be the first commercially available radiation-balanced lasers in the coming
years. Indeed, the disk shape of a gain medium provides significant freedom in the control
of pump power distribution, which is a key element for athermal operation of the laser.
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