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Lasers Without Internal Heat Generation
Steven R. Bowman

Abstract—A new approach to the design of optically pumped
solid-state lasers is proposed which permits lasing without detri-
mental heating of the laser medium. Very high average power
lasers should be possible by balancing the radiated and absorbed
power density at each point within the laser medium.

Index Terms—Fluorescence, power lasers, solid lasers, thulium,
ytterbium.

I. INTRODUCTION

CONVENTIONAL solid-state lasers are exothermic. The
processes of excitation and stimulated emission always

result in heat generation within the lasing medium. This
produces increased temperatures and stresses in the lasing
medium which limit beam quality and average power. Over
the last three decades, enormous effort has been devoted to
increasing the power of laser systems. These efforts have
concentrated on the developing techniques for effective cool-
ing and limiting thermal beam distortions. Some of the more
successful techniques have been the development of slab
laser geometries, compensated resonator designs, and phase
conjugation. Currently, solid-state lasers with moderate beam
quality are available with average powers up to several hun-
dred watts [1]–[3]. Increasing the average power further can be
achieved only at the cost of substantially increased complexity
or decreased beam quality. Thermal stress fracture ultimately
limits the maximum average power for any solid-state laser
material with the highest power laser near the 1-kW level.

This paper considers the problem of laser power scaling
from a different approach, that of drastically reducing or
eliminating the heat generated during the optical pumping and
lasing process. It is proposed to use radiation cooling by anti-
Stokes fluorescence within the laser medium to balance the
heat generated by the Stokes shifted stimulated emission, the
balance to be maintained through optical control of the laser
and pump intensities. The result would be a radiation balanced
laser device in which no excess heat is generated because the
average quantum defect of the radiation process is adjusted
to zero. If such a laser device can be realized, much higher
average powers systems should be possible without many of
the thermal and beam quality issues that limit conventional
solid-state lasers.

The physical mechanism of radiation cooling by anti-Stokes
fluorescence was originally proposed by Pringsheim in 1929
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Fig. 1. A generic quasi-two-level energy diagram with the pump and lasing
transitions. Absorption and fluorescence spectra showing the required ordering
of the laser, pump, and fluorescence frequencies for radiation-balanced lasing.

[4]. The phenomenon was first observed in 1981 using CO
gas [5]; however, fluorescence cooling of a solid has only
recently been reported [6]. The cooling mechanism works
because absorption of a photon can temporarily push an atom
away from thermal equilibrium with its surroundings. If the
atom then spontaneously emits after the thermal equilibrium
has been reestablished, any frequency shift in the fluorescence
results in a net heating or cooling of the material. Cooling
effects of up to 2% of the absorbed power have been ob-
served in ytterbium-doped ZBLANP glass. While this is a
relatively inefficient cooling mechanism, it is comparable to
the minimum heat generation required in low quantum defect
lasers materials, like ytterbium glass. Finding the materials and
conditions under which stimulated emission just offsets the
effect of fluorescence cooling is the challenge of radiation-
balanced operation.

This paper develops the basic concepts of radiation-balance
lasing. A simple set of conditions for radiation-balance lasing
are derived for the case of CW systems. Propagation conditions
and some of the practical considerations are discussed. Finally,
two specific laser materials, ytterbium at 1m and thulium at
2 m, are modeled for radiation-balanced operation.

II. RADIATION BALANCED LASERS

In order to achieve a radiation-balanced laser system, it
is necessary to properly select the laser material, operating
wavelengths, and intensities. Consider a laser material which
closely approximates an ideal quasi-two-level lasing system,
as shown in Fig. 1. (Solid-state lasers of this type are of-
ten referred to in the literature as quasi-three-level systems.
The term quasi-two-level is used here to emphasize that the
quantum energy defect of these laser systems is only of the
order kT.) Transitions between the upper and lower electronic
levels are assumed to be purely radiative. This is an important
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requirement for radiation balance. Deviations of real materials
from the idealized system will be discussed in a later section.
Labeling the number densities of atoms in the first and second
energy levels as and , the total density must satisfy

(1)

It is also a requirement that the upper and lower electronic
levels are split into many closely spaced sublevels with a
total splitting of order kT. Transitions between these sublevels
are also assumed to be purely nonradiative. Atoms in either
level can then exchange energy with the optical phonons of
the solid host matrix. Since the energy gap between individ-
ual states is much less than kT, the exchange occurs on a
picosecond time scale. For laser materials of interest here,
the radiative lifetime of the upper level will be on the order
of milliseconds, so atoms in both levels can be assumed to
occupy a thermal distribution of the individual states. It is
precisely this thermalization of the upper and lower levels
that produces frequency-shifted fluorescence which allows for
radiation balance.

In the laser material described above, spontaneous emission
from the upper level will produce a broad fluorescence emis-
sion spectrum which partially overlaps the broad absorption
spectrum of the lower level, as shown in Fig. 1. We define the
average fluorescence frequency as

(2)

where is the fluorescence spectrum and the sum is over
all possible polarizations. The position of with respect to
the absorption spectra is a critical material characteristic for a
potential radiation-balanced laser.

Now consider the interaction of the quasi-two-level system
with a pump field at a frequency and a laser field at
frequency , also shown in Fig. 1. System response to
these fields can be described in terms of densitiesand

by using Boltzmann occupation fractions to compute the
population of the pertinent individual states. Assuming the
individual states to be nondegenerate, the thermal occupation
fractions associated with the absorption process at

will be given by

kT

kT

and

kT

kT

(3)

The thermal fractions associated with the stimulated emission
process at will be given by

kT

kT

and

kT

kT

(4)

Here is the energy of the lowest state in level two. The
thermal fractions can be computed for any particular laser
material by selecting the specific optical transitions and using
the measured energy states. The time evolution of this system
can be described in terms of a pump rate , a stimulated
emission rate , and a fluorescence lifetime

(5)

For simplicity, assume that overall system gain is small enough
so that amplified spontaneous emission rates can be neglected.
Conventional laser modeling would solve (5) along with
propagation equations for the pump and laser fields. Applying
the notation for the quasi-two-level system to (5) gives the
following rate equation:

(6)

where and are the intensities and cross section for the
pump and laser fields. For modeling the steady-state system,
the time derivative of (6) would be set to zero.

Population inversion and laser gain are insured whenis
positive. Absorption of the pump radiation requires that
be positive. Both conditions will occur whenever the fractional
excited state density satisfies

(7)

From the definitions of the thermal fractions and , it
follows that both population inversion and pump absorption
can only be obtained when , as expected.

For radiation-balanced lasing, we add the requirement that
the time-averaged absorbed power density equals the radiated
power density

(8)

Combining this constraint with the time-averaged form of (5)
gives the fundamental relation for a radiation balanced laser

(9)
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For a radiation-balanced laser, both the pump absorption
rate and stimulated emission rate must be restricted by the
intrinsic spontaneous emission rate. When combined with the
requirements for pump absorption and laser gain, (9) constrains
the ordering of the transition frequencies, as illustrated in Fig.
1: .

The requirement for radiation balance allows immediately
for the solution of (6). Although time-dependent solutions are
possible, for simplicity consider the case of steady-state pump-
ing and laser emission. For CW radiation-balanced lasing, the
upper level density and laser intensity can be shown to be

(10)

and

(11)

Here and are saturation intensities for the pump
and laser fields defined as

and

(12)

Equations (10)–(12) are the basic conditions for a CW
radiation-balanced laser. Before going further, a few comments
should be made about this solution. First, recognize (10) as
the standard expression for saturated pump absorption with
a modified definition of the saturation intensity. Note that
the standard definition of the pump saturation intensity is
modified by the ratio of frequency differences. From the
required frequency ordering, it is clear that the new pump
saturation intensity will always be larger than the standard
definition. This reduction in saturation of the pump absorption
is a simple consequence of the required rate of stimulated
emission. The natural scale of the laser intensity is also
modified from the normal definition by a ratio of frequency
differences. However, from its definition, the new laser
saturation intensity can be either larger or smaller than the
standard value depending on the selection ofand .

The requirement that the system has gain atimplies a
minimum pump intensity. Also, pump saturation and radiation
balance imply a minimum laser intensity. From (10) and (11),
the minimum intensities required for radiation-balanced lasing
are

and

(13)

These minimum intensities are useful figures of merit in the
selection of candidate materials and operating frequencies for
a radiation-balanced laser.

The direct coupling between the laser and pump intensities
given by (11) is a novel condition of radiation balance lasing.
The laser intensity is required to maintain this relation with

the pump intensity at each point in space. As a result, it is
easy to show that the internal optical efficiency must be

Stimulated emission power
Absorbed pump power

(14)

Note that the internal efficiency is independent of excitation
level or any details of the optical system. The implications of
maintaining radiation balance within a real laser system will
be discussed in the next sections.

Before moving on to the details of proposed laser systems,
it is interesting to consider the thermodynamic consistency of
radiation-balanced lasing. Optically pumped solid-state lasers
perform work by converting multimode and often broad-
band pump beams into a single beam of narrow-line high-
brightness radiation. The entropy flux of a CW laser beam
is small but proportional to the number of cavity modes
of the radiation [7]. As a result, the entropy flux of the
laser medium produced by the pump and laser beams is
small, but negative. In conventional lasers, the excess heat
generated creates enough additional entropy to easily satisfy
the second law of thermodynamics for the lasing medium
[8]. However, when there is no heat generation, some other
mechanism must be considered in order to satisfy the second
law. For radiation-balanced lasers, the positive entropy flux is
maintained through the disorder of the spontaneous emission.
The spontaneous emission which is incoherent, broad-band,
and omnidirectional fills all possible modes of the radiation
field. The result is a large positive entropy flux from the
laser medium which easily offsets the small negative flow of
laser beam conversion. It is precisely this large entropy flux
from spontaneous emission that makes radiation cooling by
anti-Stokes fluorescence thermodynamically possible [9], [10].

III. PROPAGATION WITHIN A RADIATION -BALANCED LASER

So far, we have considered radiation balance only at a
single point within the material. In this section, we consider
the problem of maintaining the radiation balance as beams
propagate through the laser material. It is not necessary to
consider all possible laser geometries in order to reveal the
fundamentals of the balanced propagation. For simplicity, first
consider the case of a plane wave at the laser frequency
propagating through a steady-state single-pass amplifier. The
standard relation for laser gain applies

(15)

Now assume that this wave propagates in steady state radiation
balance and solve for the pump intensity necessary to maintain
the balance. The density can be eliminated from (15) using
(9) and (10) to give

(16)

Here the laser absorption coefficient is defined in the usual
way, . Notice that the requirement of radiation
balance has modified the sign in the denominator from the
normal expression for saturation gain in a homogeneous laser
medium. Radiation balance automatically requires gain since



118 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 35, NO. 1, JANUARY 1999

Fig. 2. The longitudinal intensity profiles within a radiation-balanced CW
laser for which (a)ILmin = 1:1ILsat, (b) ILmin = 1:4ILsat, and (c)
ILmin = 2:0ILsat. Both the laser intensities (solid lines) and the pump
intensities (dashed lines) are normalized to their minimum allowed values as
defined in (13). The laser intensities injected atz = 0 are set to the minimum
value.

. Direct integration of (16) from 0 to
gives

(17)

Therefore, a plane wave propagating in radiation balance must
grow according to (17). To maintain balance for one-way
propagation, the gain and pump intensity along the axis must
be varied accordingly. The pump intensity profile that will
produce the required gain can now be computed directly using
(10) and (17). Fig. 2 plots the balanced intensities along the
axis for the important case of minimal injected laser power,

.
Unlike conventional lasers, gain in a radiation-balanced

laser is determined solely by the injected laser intensity,
temperature, and fundamental material parameters. Note that
the growth in Fig. 2 is closer to linear than to exponential. For
gain lengths of only a few absorption depths, the saturated
single-pass gain will be modest. Note that
whenever , the pump intensity varies slowly
in the range . As a result, may
be a more practical lower limit for the injected laser intensity.
Near the entrance face of the laser, the small-signal gain is
limited by saturation of the pump with a maximum value of

(18)

From this restriction on the small-signal gain, it is clear that
the pump and laser frequencies must not be chosen too close
together. The limited nature of the small-signal gain in these
systems validates our earlier assumption neglecting amplified
spontaneous emission rates.

The above results for plane wave propagation can also be
applied for each ray within a finite collimated beam. As long
as , each ray in the injected beam can be

matched to a pump profile which will generate radiation-
balanced gain. If the injected laser profile is center peaked,
then the matching radial pump profile will have a minimum
on-axis. In this case, the reduced on-axis gain will flatten
the intensity profile of the amplified laser beam. Of course,
extreme rays of the injected beam will have

and cannot be radiation balanced through stimulated
emission. Absorbed pump power in this region of the laser
material would result in radiation cooling and potential beam
distortions. Fortunately, there are several approaches that could
be used to maintain thermal neutrality in this region. The most
obvious would be to introduce a small nonradiative loss in this
region of the material to offset the effect of radiative cooling.
This could be accomplished through spatially controlled irradi-
ation or doping of the material. Alternatively, a slight blue shift
to the pump spectra in this region would have a similar effect.
Adverse edge effects could be further reduced by lowering the
active ion density in this region to reduce pump absorption or
by spatial filtering of the injected beam with super Gaussian
optics to minimize the power content in the wings of the laser
beam.

Although more constrained than conventional solid-state
lasers, the conditions required for unidirectional steady-state
radiation-balanced laser amplification should be possible using
reasonable care in the design of a diode-pumped laser system.
The details of such an optical design, however, must be
determined through analysis of a specific laser system.

IV. PRACTICAL CONSIDERATIONS FOR

RADIATION -BALANCED LASERS

The preceding analysis proves that radiation-balanced laser
amplification is possible in principle. However, there are a
number of important issues to be considered before such a
system can be realized in practice. These issues can be roughly
partitioned into two categories: the properties of suitable laser
materials and special considerations in the optical design.

As mentioned earlier, in order for a laser material to be
suitable for radiation-balanced operation, it must approximate
an ideal quasi-two-level radiator. Even a relatively weak non-
radiative decay mechanism can disrupt the radiation balance
by converting some of the power density into heat. The
nonradiative mechanisms most likely to adversely affect solid-
state lasers are concentration quenching, impurity quenching,
and multiphonon quenching of the active ions. Additionally,
any nonradiative losses due to an impurity-induced absorption
must be considered. Suitable materials must have total nonra-
diative loss rates less than a small fraction of the spontaneous
emission rate

(19)

For most potential laser materials, this implies that total
nonradiative rates would be below 10 Hz. At these low rates,
the radiation balance can be adjusted to compensate for the
weak heat generation. Obtaining such laser materials with
such low nonradiative rates will likely be one of the principle
challenges of developing a practical device.
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The requirement that the material have broad overlapping
absorption and fluorescence spectra places additional con-
straints on potential laser materials. As mentioned earlier, the
details of the spectral overlap are critical. The fluorescence
spectra must be sufficiently broad to permit kT.
There must also be a sufficiently strong absorption in the
spectral region between and to allow effective coupling
of the pump. The suitability of any particular material and
transition frequencies can be judged by the values of the
minimum intensities given in (13). Currently, the brightness
of laser diode pump sources would restrict to values
less than about 10 kW/cm.

One of the principle advantages of the radiation balance ap-
proach to laser design is a relaxation of the thermal constraints
on the size of the laser medium. Without thermally induced
birefringence, wave front distortion, and stress fracture, lasers
powers can be scaled up by using larger apertures and longer
gain paths. However, the process of radiation balance also
places practical limits on the size of the laser medium. As
discussed in the previous section, the laser medium should
be optically thick for both the pump absorption and laser
gain paths. However, to prevent radiation trapping of the
fluorescence, the laser medium should be restricted to be
optically thin in at least one dimension. This is desirable to
maintain the radiative cooling and minimize the effects of
nonradiative decay mechanisms. A practical estimate of the
maximum allowed thickness can be computed from an average
of the absorption spectra weighted with the fluorescence
spectra

(20)

In this average, only the polarization with the strongest absorp-
tion is included. Keeping the laser medium thin in dimensions
perpendicular to this emission axis will help minimize ra-
diation trapping. Spontaneous emission escaping the laser
medium can then be collected and removed by absorbing heat
sinks. In this way, the heat removal process can be transferred
away from the laser medium to materials and structures more
amenable to high-power cooling. The increased overall system
simplicity and efficiency that could be obtained with this type
of radiative cooling has been an important motivation for this
work.

The optical depth restrictions suggest consideration of edge-
pumped slab or rod geometries. While end-pumped geometries
should be possible, the additional complications of intensity
profile matching and narrow-band dielectric coatings make that
configuration less attractive. The unidirectional nature of the
balanced amplification suggest that ring geometries may be
required for resonator design. Two-pass power amplifiers may
be possible using controlled laser beam divergence to maintain
radiation balance.

The intensity constraints described in the previous section
allow direct computation of the average power for radiation-
balanced laser systems. For a crystal of length, a beam area

, and an injected flat top laser beam with intensity of ,

the average power will be

(21)

Here is the single-pass saturated gain computed from (17). If
the length of the gain medium is , then (17) gives

. Using and as the approximate maximum
transverse dimensions of the gain medium, a characteristic
maximum power can be defined

(22)

The average power of radiation-balanced lasers scale with the
optical depth of the material, unlike conventional solid-state
lasers in which the average power scales with the thermal
diffusion length. Further, (22) varies inversely as until
the maximum available dimensions of the laser material are
reached.

Of course, overall efficiency of the laser system will depend
on a number of factors beyond the internal efficiency given
by (14). Coupling of the pump source to the lasing medium
is crucial and also depends on . Weak absorptions will
necessitate longer pump paths than in conventional systems.
New fabrication techniques such as fusion bonding may be
needed to obtain adequate crystal dimensions. As always, the
selection of will be important in the tradeoff between
overall efficiency, power, and nonradiative losses.

The above analysis has considered only the case of steady-
state radiation balance. It should also be possible to operate
radiation balanced lasers in a high repetition rate-switched
mode. As long as the averages described in (8) are computed
for time scales short compared to the thermal diffusion times,
radiation balance will be maintained. However, even in the
CW lasing case, there are clearly transient and stability issues
which need to be carefully considered for any specific systems.

V. EXAMPLES OF POTENTIAL RADIATION –BALANCED

LASER SYSTEMS

Using the considerations discussed above, a brief survey of
well-characterized laser materials was conducted to identify
the possible candidates for a prototype radiation-balanced
system. The survey was restricted somewhat arbitrarily to
ytterbium 1.0- m and thulium 2.0-m lasers in crystalline host
materials. Candidate materials were primarily selected for the
availability of complete spectral data.

The transition of ytterbium is one of
the most promising candidates for a radiation-balanced laser.
Of all the rare earths, Yb , with its single excited state,
most closely approaches the quasi-two-level ideal radiator.
Nonradiative losses such as up conversion and multiphonon
quenching are not an issue in this system. Efficient laser action
near 1.03 m has been demonstrated in several host materials
[1], [3]. Unfortunately, the small number of sublevels in the
upper and lower state combined with the low emission cross
sections make finding an appropriate host for a radiation-
balanced laser difficult. Yb : YAG, by far the most commonly
studied material, was found to exhibit insufficient spectral
overlap to be suitable for radiation-balanced lasing.
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(a)

(b)

Fig. 3. (a) Room-temperature absorption and (b) fluorescence spectra from
Yb : KYW with a doping density was 3�1020 cm�3. Polarized spectra with
electric fields parallel to thea; b, and c axes are as indicated. Positions of
the average fluorescence, pump, and laser wavelengths are as shown. Spectral
data were extracted from [11].

The most promising candidate for a ytterbium radiation-
balanced laser found in this survey was the high cross-section
host material of potassium yttrium tungstate, KYWO .
Spectroscopic and laser performance data for this material
were recently reported [11]. This material is monoclinic and,
when doped with 3 10 Yb ions/cm , exhibits the po-
larized absorption and fluorescence spectra, as shown in Fig.
3. At room temperature, the average fluorescence as defined
in (2) occurs at 992.7 nm. Since the strongest fluorescence
and absorption occurs for “” axis polarized light, we choose
a crystal thin in the “” and “ ” dimensions. Consider a
laser at 1022.5 nm propagating along the “” axis of the
crystal and polarized parallel to the “” axis. Further assume
the material is transversely pumped at 998.2 nm with beams
polarized parallel to the “” axis. The relevant Boltzmann
factors defined in (3) and (4) can be computed using the
reported energy levels. The absorption and emission cross
sections can then be computed directly from the absorption

TABLE I
CRYSTALS DIMENSIONS 1�1�10 cm3 AS DESCRIBED IN TEXT

spectra using the reciprocity method. Even though the energy
difference between the pump and laser is only 1.1 kT, the
minimum intensities required for radiation-balanced lasing
have very reasonable values in the range of several kW/cm.
Assuming a doping level of 310 cm the single-pass
saturated gain for 10 cm along the “” axis would be 1.86.
If the transverse dimensions of the beam are 11 cm ,
then the extracted laser power given by (21) should be 8.7
kW. The maximum power for this doping density would be
54 kW. In the absence of lasing, the fluorescence cooling
rate would be only 0.55%. In the absence of spontaneous
emission, the laser heat generation rate would be 2.4%. This
choice of transitions gives the highest characteristic power but
the optical efficiency as defined by (14) is only a modest
18.5%. The calculations for Yb : YKW are summarized in
Table I. Upper limits on the nonradiative rates are well
above multiphonon rates and should be obtainable in pure
crystals. Alternative pump transitions with larger values of

yield higher efficiencies but require somewhat
higher intensities.
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(a)

(b)

Fig. 4. (a) Room-temperature absorption and (b) fluorescence spectra from
Tm3+ : YLF with a doping density of 7�1019 cm�3: (a) � polarization and
(b) � polarization. The positions of the average fluorescence, pump, and laser
wavelengths discussed in the text are shown. Spectral data were extracted
from [14].

Another laser that could potentially operate in the radiation-
balanced mode is the 2.0-m thulium system. Although com-
monly pumped at 0.8 m using concentration-induced cross
relaxation, the thulium transition could be directly
pumped at 1.8 m and operated as a quasi-two-level laser. The
broad 2- m emission features and numerous Stark components
of this transition make Tm an attractive system for radiation-
balanced operation. As an example, consider Tm doped into
the common host yttrium lithium fluoride (Tm : YLF). The
spectroscopy of this material has been well characterized and
the room-temperature spectra are shown in Fig. 4 [12]–[14].
Upconversion decay rates for the level can be estimated
from previous measurements in higher concentrations crystals
[15]–[17]. For 1% atomic Tm doping, the upconversion rate
is projected to be below the maximum allowable nonradiative
rate of 3 10 Hz cm . Multiphonon quenching for 2-m
transitions is much more of an issue than at 1m. However,
estimates of the rate are less certain due to the difficulty
in determining the pure radiative decay lifetime. At room
temperature, Tm : YLF energy gap projections for multiphonon

decay rate are below 1 Hz [18], [19]. As shown in Fig. 4,
the average fluorescence for Tm : YLF occurs at 1821 nm.
Choosing a -polarized pump at 1879 nm and a-polarized
laser emission at 1913 nm gives an internal efficiency of 63%.
Computing cross sections from the absorption spectra as before
predicts minimum intensities of 5.5 kW/cmfor the pump and
13 kW/cm for the laser. Reabsorption of the fluorescence is
dominated by the polarization with an average absorption
length of 2 cm, assuming a thulium density of 1% atomic. If we
again assume a crystal with dimensions 11 10 cm , then the
saturated single-pass gain would be 14% and the output power
would be 1.3 kW. If larger aperture crystals were fabricated
using a fusion-bonding process, the characteristic maximum
average power for this material would be over 300 kW. This
would be about 3000 times higher power than the current
100-W state-of-the-art in 2m thulium laser systems [1].

Rare-earth-doped glasses were excluded from this pre-
liminary survey to avoid the complications of inhomoge-
neous broadening and impurity-induced nonradiative losses.
However, reports of optical cooling in Yb : ZBLANP glass
demonstrates that laser glasses should certainly be studied
in the future [6]. Indeed, because of their potential for low
scattering loss and large aperture, properly designed laser
glasses may be the ideal choice for radiation-balanced laser
systems. Future studies should also examine the erbium 1.5-

m and holmium 2.1-m transitions. Both of these transitions
have the potential to satisfy the radiation-balanced lasing
requirements.

VI. CONCLUSIONS

A new mode of laser operation is proposed which should
result in little or no heat generation within solid-state laser
materials. The technique utilizes balanced spontaneous and
stimulated emission within the laser medium. It is shown
that this radiation balance can be maintained for single-pass
amplification within collimated CW lasers. In the absence of
thermal beam distortions or damage, average power scaling is
shown to depend inversely on the optical depth of the solid-
state laser material. Gain and overall efficiency constraints
for the radiation-balanced laser system are also considered.
Analysis of well-characterized Yb and Tm lasers indicates
that scaling to the multi-kilowatt average power level with
excellent beam quality is feasible. Laser systems of this scale
and brightness would represent a major advance relative to
the current state-of-the-art.
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