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We report what we believe to be the first radiation-balanced fiber amplifier—a device that provides optical gain 
while experiencing no temperature rise. The gain medium is a silica fiber with a 21-µm-diameter core highly 
doped with Yb3+ (2.52 wt.%) and co-doped with 2.00 wt.% Al to reduce concentration quenching. The amplifier is 
core-pumped with 1040-nm light to create anti-Stokes fluorescence (ASF) cooling and gain in the core at 1064 nm. 
Using a custom slow-light FBG sensor with mK resolution, temperature measurements are performed at multiple 
locations along the amplifier fiber. A 4.35-m fiber pumped with 2.62 W produced 17 dB of gain while the average 
fiber temperature remained slightly below room temperature. This advancement is a fundamental step toward 
the creation of ultra-stable lasers necessary to many applications, especially low-noise sensing and high-precision 
metrology. 
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Since the first rare-earth-doped fiber laser was fabricated using 

modified chemical vapor deposition (MCVD) in 1985 [1], 
tremendous advancements have been made in fiber laser 
technology. Fiber lasers now produce coherent emission ranging 
from the UV to the mid-IR, in continuous-wave, Q-switched, and 
mode-locked outputs. They can exhibit extremely stable single-
frequency emission with linewidths as narrow as a few kilohertz [2], 
and they can be scaled up to 10 kW in a single-mode output [3], 
making them the brightest humanmade light sources. One of the 
main challenges limiting further power scaling and improvements 
in temporal and spatial quality is the internal heat introduced by the 
laser’s quantum defect. The quantum defect is the energy difference 
between the pump and laser photons, and it is converted into heat 
through nonradiative relaxation. In Yb3+, which has one of the 
smallest quantum defects, this energy difference is only 4% to 8% 
of the pump photon energy [4]. Yet this is enough that even a 
relatively low power 1-W Yb-doped laser can experience several 
degrees of heating [5]. Temperature variations induce instabilities 
in the laser frequency, which cause linewidth broadening and an 
increase in frequency noise [6]. In high-power lasers, they also limit 
the output power through transverse mode instability [7]. In the 
most extreme case, heating will fracture or melt the fiber. 

Currently, thermal effects are mitigated by either water cooling 
or thermoelectric cooling. While these solutions are comparatively 
energy efficient, water-cooled systems are prone to leaking, add 
significant bulk to the laser, and induce vibrations that degrade the 
spectral and spatial beam quality. Thermo-electric coolers are 
generally vibration-free, but they tend to cool the fiber 
asymmetrically, which creates undesirable thermal gradients. 
Optical parametric oscillators and amplifiers are also a viable 

solution, as they do not exhibit a quantum defect, but they represent 
a small minority of all lasers and amplifiers.  

First proposed in 1999, heat mitigation through anti-Stokes 
fluorescence (ASF) cooling has emerged as a promising potential 
solution [8,9]. Cooling is induced when a gain medium is optically or 
electronically pumped at an energy lower than the average energy 
of the radially escaping fluorescence [10] (calculated from the 
emission spectrum). Energy is extracted in three main steps. First, 
the pump excites electrons from a higher sub-level of the ground 
manifold of the laser ion to a low-lying sub-level of the upper 
manifold. The Maxwell-Boltzmann law stipulates that the electrons 

must be distributed exponentially within all levels of the upper manifold. 

Therefore, the low-lying electrons then acquire energy from the host’s 

phonon bath and redistribute themselves to higher sub-levels until 
this distribution is satisfied. Finally, this extra energy (as well as the 
pump energy) is carried out of the sample when the electrons relax 
radiatively to the ground manifold and emit fluorescence with a 
higher average photon energy then the pump. This fluorescence 
escapes radially from the gain medium. ASF cooling is closely 
related to a number of common techniques used to cool atoms with 
a laser, which rely on the absorption and re-emission of light to alter 
the momentum of an atom. ASF cooling adds minimal bulk to the 
laser, and no moving parts. It eliminates harmful vibrations, 
prolongs the lifetime of the laser, and minimizes maintenance time 
and cost. One of the main downsides is that it requires a pump with 
a longer wavelength. This decreases the pump absorption strength 
and, to compensate, increases the required fiber length. Also, the 
efficiency of ASF cooling is relatively low, so higher pump powers 
are required.  

Since the heat extracted per electron is the small energy 
difference between the pump and fluorescence photons, ASF 



cooling extracts relatively small amounts of energy per unit volume 

[10]. Therefore, any number of extraneous exothermic effects can 
either partially negate or overwhelm the cooling. The most 
common mechanisms are residual absorption of pump or 
fluorescence photons by impurities in the gain medium [11], and 
concentration quenching [12]. To achieve useful ASF cooling, it is 
paramount to select a combination of rare-earth ion and host 
composition that minimizes these two deleterious effects, especially 
the latter. Until recently, this limitation restricted ASF cooling to 
exotic crystals or fluorides with low quenching and absorptive loss, 
and experiments were often performed in a vacuum to minimize 
the heat load from air convection. The only two ASF-cooled 
radiation-balanced lasers reported to date used highly doped 
Yb:YLF crystals [9,13]. In [9], a 3x120 mm rod was pumped at 
1030 nm to simultaneously induce lasing at 1050 nm and ASF 
cooling. Since the extracted heat is proportional to the optically 
excited doped area, which is relatively large in a bulk laser, the 
extracted heat was significant, and the laser was able to output 
80 W while maintaining zero average temperature change along 
the crystal. Since then, several theoretical papers have presented 
models for radiation-balanced operation in semiconductor [14] and 
fiber [15-17] lasers, and in fiber amplifiers [18,19], but none of these 
devices have been demonstrated experimentally. For fiber devices, 
this is partly due to the limited heat that can be removed from a fiber 
because of the small volume of the doped core [20]. Also, until 
recently, cooling in fibers had been primarily limited to fluorides 

[21-23], the only fiber host known to offer both high quenching-free 
rare-earth concentrations and low residual absorptive loss. Given 
the overwhelmingly commercial dominance of silica in fiber lasers 
and amplifiers, it was paramount to achieve cooling in this host. 

Toward the end of 2019, this situation changed drastically with 
breakthrough work that demonstrated the first cooling of a Yb-
doped silica fiber [24] and of a Yb-doped fiber preform [25]. A few 
months later, significantly more cooling was reported in a silica 
fiber with an improved composition [26], and in a silica preform 
placed in vacuum [27]. Temperature changes as large as -70 mK 
were measured in the fiber at atmospheric pressure [26], and up 
to -6 K was measured in the preform [27]. The work of [25-27] 
demonstrated that silica fibers with the right composition and 
fabrication method can be cooled with efficiencies close to those of 
fluoride fibers [23].  

Capitalizing on this innovation, we report here the first internally 
cooled fiber amplifier. The main objective of this work is to 
demonstrate that the seemingly small amount of cooling exhibited 
in fibers is sufficient to negate the heating induced by significant 
amplification of a seed signal. This work proves that it is possible to 
observe simultaneous cooling and amplification in a core-pumped 
Yb-doped fiber, ultimately resulting in the first fiber device that 
demonstrates gain without heating. In addition, it does so in a silica 

fiber, the workhorse of fiber lasers and amplifiers, an accomplishment 

that opens the door to a wealth of new internally cooled fiber devices. 
In the limit of negligible absorptive loss, the maximum heat that 

can be extracted per unit length from a fiber doped with a two-level 
laser ion is quantified by [20]: 
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where N0 is the ion concentration, a is the radius of the doped core, 
τrad is the radiative lifetime of the ions, hvp is the energy of the pump 

photon, h<vf > is the average energy of the fluorescence photons, 
and 𝜎𝑝

𝑎 and 𝜎𝑝
𝑒 are the pump absorption and emission cross-

sections of the ions. The lifetime τ(N0) is the total concentration-
dependent upper-state lifetime, including quenching-induced 
relaxation. It depends on the degree of concentration quenching 
according to [12]: 
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where τ0 is the total lifetime at sufficiently low Yb concentrations, 
and Nc is the critical concentration. In silica, the upper laser state of 
Yb3+ is almost purely radiative and τ0 is essentially equal to the 
radiative lifetime τrad. The fiber cools when the term in parenthesis 
in (1) is negative. This occurs when the pump photon energy is 
lower than the average energy of the fluorescence photons and 
quenching is negligible (τ(N0) ≈ τrad). From (1), maximum ASF 
cooling is achieved with a large doped area, a short radiative 
lifetime, and a large energy difference between the pump and the 
fluorescence photons. There is also an optimum Yb concentration 
due to two competing effects – increasing N0 increasing the number 
of heat engines (greater cooling), but it also decreases τ(N0) (see 
(2)) (less cooling). Since the optimum Yb concentration increases 
with Nc, for significant cooling it is paramount to develop glass with 
compositions and thermal histories that result in high Nc values. 

With these considerations in mind, the amplifier was constructed 
with the best performing silica fiber reported in [26]. Its core 
(21-µm diameter) is co-doped with 2.0 wt.% Al to reduce 
concentration quenching [28], allowing the core to be highly doped 
with 2.52 wt.% Yb (1.93x1026 Yb ions/m3). From the fiber's 
measured emission spectrum, the mean fluorescence wavelength 
was found to be relatively low (1003.9 nm), corresponding to a 
large average energy difference between the fluorescence and the 
1040-nm pump photons (see (1)). The relatively short upper-state 
lifetime of the Yb ions (765 µs) is also beneficial to cooling. The 
preform was fabricated using MCVD, followed by drawing at about 
2000°C. With a numerical aperture of 0.13, the fiber is slightly 
multimoded (V = 8.4 at 1064 nm). These measured parameter 
values, along with the parameter values inferred from absorption 
and temperature measurements (see Supplemental Material), are 
summarized in Table 1. 

 
TABLE I 

YB-DOPED FIBER PARAMETERS 

Fiber Parameter                                                         Parameter value      

Yb3+ concentration (N0) 2.52 wt.% Yb 

Al- concentration (NAl) 2.00 wt.% Al 

Core diameter (2a) 21 µm 

Numerical aperture (NA) 0.13 

Radiative lifetime (rad) 765 μs 

Mean fluorescence wavelength (<λf>) 1003.9 nm 

Quenching lifetimeq) 38 ms 

Critical quenching concentration (Nc) 21.0 wt.% Yb 

Absorptive loss ba) 18 dB/km 

 



 

FIG. 1. Schematic of the experimental setup used to measure 
temperature changes induced in the Yb-doped silica fiber amplifier. 

The fiber was core-pumped at 1040-nm to create both cooling 
and gain at 1064 nm (Fig. 1). A 90/10 fiber splitter combined the 
pump with the 1064-nm seed. The splitter output that carried 90% 
of the pump power and 10% of the seed power was spliced to the 
input of the Yb-doped silica fiber. The other splitter output was used 
as a tap to measure the power launched into the fiber amplifier. At 
the amplifier output, a long-pass filter removed the residual pump 
power and passed the signal to a power meter. 

The induced temperature change was measured at seven 
locations along the Yb-doped fiber using a slow-light FBG sensor. 
Both the index and length of the FBG vary in response to a 
temperature change, inducing a spectral shift of ~10 pm/K (for a 
silica fiber) that is probed with a 1550-nm tunable laser locked to a 
resonance peak of the FBG (see [29] for further details). At each 
measurement location, a ~10-cm length of the Yb-doped fiber was 
stripped of its jacket to prevent reabsorption of the radially 
escaping ASF. The stripped section was placed in contact with the 
FBG (see Fig. 1) and a small amount of isopropanol was applied 
between the fibers to hold them together through capillary forces. 
When the Yb-doped fiber is pumped, its temperature changes and 
the two fibers quickly (a few seconds) reach thermal equilibrium 

[5]. 
Figure 2 shows an exemplary temperature measurement of the 

fiber amplifier. At time t = 0 s, the pump was abruptly turned on, 
causing the fiber to cool to ~130 mK below room temperature. 
After 15 s, the seed was also turned on, which induced a slight 
heating (~20 mK) to a new steady-state value ~110 mK below 
room temperature. The temperature change of the fiber 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. 

 

 

FIG. 2. Measured temporal trace of the temperature change in the Yb-
doped silica fiber as the 1040-nm pump (1.64 W) and 1064-nm seed 
(3 mW) are sequentially launched in the fiber core. 

The first cooled amplifier consisted of a 2.74-m section of Yb-
doped silica fiber core-pumped with 1.12 W at 1040 nm and seeded 
with 3 mW at 1064 nm. The temperature changes were measured 
to be negative at all seven locations (blue squares in Fig. 3) and the 
small-signal gain was 5.7 dB (11.7 mW of output power at 
1064 nm). At low pump powers (below saturation), the Yb ions are 
insufficiently excited, resulting in low ASF and low extracted heat. 
At large pump powers (well above saturation), excitation of the Yb 
ions is saturated and the cooling rate is maximum. While the pump 
power in excess of the saturation power contributes very little to 
cooling, it is still absorbed by impurities. The latter process is 
essentially unsaturable and increases heating in proportion to this 
additional pump power. These two opposing effects create an 
optimum pump power that maximizes the extracted heat per unit 
length. Simulations using a model of ASF cooling in a fiber [20] 
predict that the optimum pump power for this fiber is 510 mW. In 
this experiment, the input pump power was 1.12 W and the 
residual pump power at the output of the amplifier was only 
80.2 mW. It follows that (1) the negative temperature changes are 
smaller near both ends, where the pump power is either above (at 
the input) or below (at the output) this optimum value (510 mW), 
and (2) the lowest temperature is observed in the middle of the 
fiber, where the pump power is close to the optimum. 

 

 

FIG. 3. Average temperature change (n = 3) measured at seven locations 
along a 2.74-m silica fiber amplifier for three pump powers at 1040 nm 
and a 3-mW seed at 1064 nm. 

When the launched pump power was increased to 1.38 W, the 
signal output increased to 26 mW (a gain of 9.1 dB). As expected, the 
negative temperature change (green asterisks in Fig. 3) at the fiber 
input was now smaller than in the first case (blue squares) because 
the input pump power was further above the 510-mW optimum. 
This increase in launched power also resulted in a higher pump 
power at the fiber output end (154 mW). Since this value was now 
closer to the optimum, the output end of the fiber experienced a 
larger negative temperature change. The trend continued when the 
pump power was further increased to 1.64 W (red crosses): cooling 
decreased near the input end and increased near the output end, 
where the residual pump power was now 247 mW. The signal 



amplification also increased, resulting in 11.4 dB of gain (44.6 mW 
of output power). 

Fig. 4 (a-c) plots the temperature data from Fig. 3 along with 
simulation results from the model of a radiation-balanced fiber 
laser described in [15], but with the cavity removed to simulate a 
fiber amplifier. For each temperature measurement, the standard 
deviation was calculated. The error bars in Fig. 4 represent the 
average of these values (±6 mK). All the fiber parameter values 
needed for these simulations were either measured or inferred 
from fits to independent cooling and absorption measurements 
(see Supplemental Material). Thanks to this comprehensive 
characterization, no fitting parameters were needed to generate the 
solid curves in Fig. 4. For each pump power, the measured 
temperatures agree well with simulations. From the model curves, 
the average temperature change is -107 mK for 1.12 W of input 
pump power, -105 mK for 1.38 W, and -93 mK for 1.64 W. The blue 
curve in Fig. 5 shows the simulated average temperature change as 
a function of input pump power. As expected, the cooling initially 
increases with pump power as more of the Yb ions are excited, but 
eventually plateaus and starts to decrease as the cooling saturates 
and the additional power induces more heating (around 1.1 W). 

To increase the gain, the pump power was increased to 2.62 W 
and the length of the amplifier was increased to 4.35 m, the 
calculated optimum for this power. This resulted in 16.9 dB of gain 
(146 mW of output power at 1064 nm) while the average 
temperature change remained negative (see Fig. 4d). The higher 
pump power resulted in a positive temperature change at the input 
end, but once the power was sufficiently attenuated (after 
~100 cm) the fiber cooled below room temperature for the 
remaining length. The solid curve in Fig. 4d is the temperature 
profile predicted by the amplifier model. It is in excellent agreement 
with the measured temperature changes. The average temperature 
of the amplifier was -24.4 mK. 

 

 

FIG. 4. Measured temperature change versus position along the fiber 
amplifier, and simulated dependencies using the model based on [15] 
for (a)-(c) a 2.74-m and (d) a 4.35-m amplifier fiber. 

The gain of the 2.74-m amplifier was measured and plotted as a 
function of input pump power (red points in Fig. 5). The error bars 
represent the measured standard deviation. The solid red curve 
was generated with the same model as above. The excellent fit 
confirms the accuracy of the model and of the measured and 
inferred parameter values for the Yb-doped silica fiber. 

 

 

FIG. 5 Measured (red points) and simulated (red curve) small-signal 
gain at 1064 nm for a 3-mW seed as a function of input pump power at 
1040 nm into a 2.74-m silica fiber amplifier, and the associated 
temperature change along the length of the amplifier as predicted by the 
model based on [15] (solid blue curve). 

This work reports the first radiation-balanced fiber amplifier, in 
a fiber made not of a fluoride glass, but of silica, a significantly more 
ubiquitous, yet challenging material due to its historically low 
threshold for concentration quenching. The fiber used in this work 
has an aluminosilicate composition tailored to be doped with as 
much as 2,500 ppm of Yb3+ while exhibiting negligible 
concentration quenching. The fiber was core-pumped at 1040-nm 
to cool the core while amplifying a 3-mW seed at 1064 nm. With 
2.62 W of launched pump power, the 4.35-m fiber amplifier 
produced 16.9 dB of small-signal gain while maintaining a negative 
average temperature of -24.4 mK below room temperature. To put 
this in perspective, the average temperature of a typical fiber 
amplifier pumped with 1 W at 976 nm is ~9 K above room 
temperature [5]. This work establishes that fiber technology is now 
capable, for the first time in history, to produce silica fibers with 
such chemical purity and low degree of quenching that they can be 
doped with unprecedented concentrations of ytterbium. In such a 
fiber, we showed that light can be coherently amplified with a gain 
approaching 20 dB and generate no net internal heating. This 
fundamental development is ushering silica fibers into a new era 
where it is possible to create fiber lasers and amplifiers with 
groundbreaking coherence and stability. 
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