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ABSTRACT

The Yb>":YAG crystal has been one of the most widely used active media in the solid-state lasers of high power, mainly thanks to its excel-
lent thermal, mechanical, and optical properties. Thermal effect due to heat deposition in the active medium, however, greatly deteriorates
the beam quality of the laser output and sets a limit on its maximum power available. Although the cooling proposal of anti-Stokes fluores-
cence can help realize the heat-free high-power lasers with good beam quality, so-called radiation-balanced lasers, there is no substantial
advancement in the optical cooling of Yb>":YAG crystals since its latest experimental report with a temperature drop of about 9 K. Here we
demonstrate experimentally a remarkable temperature drop of about 80 K in a 3% Yb*"-doped YAG single crystal pumped by a fiber laser at
1030 nm. Further analysis predicts that the cooling limit of the titled crystal can reach as low as 180 K from the room temperature. Our work
therefore reveals a key pathway to facilitate the optical refrigeration of the Yb>*:YAG crystal down to the thermoelectric cooling limit, thus

offering a unique entry point to practical radiation-balanced lasers.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047086

Optical cooling of solids via anti-Stokes fluorescence was initially
proposed by P. Pringsheim in 1929" and later demonstrated experi-
mentally by Epstein et al in 1995.” Since then, extensive advances
have been made in the Yb*>"-, Tm>*-, Er’*-, and Ho’*-doped bulky
crystals and glasses,” ' as well as in the nano-crystals and semicon-
ductors.'” ** Anti-Stokes fluorescence cooling can be employed to
develop vibration-free cryogenic optical coolers,””*’ and it is even
expected to solve the problem of thermal deposition in the gain
medium of solid-state lasers.”**” Solid-state lasers with high output
power and good beam quality are highly desirable in industry and sci-
ence fields, whose gain media are mainly crystals or glasses doped with
lanthanide or transition metal ions.”® * Due to its excellent properties,
such as high thermal conductivity and physical hardness, as well as
large absorption bandwidth and low values of intrinsic non-radiative
losses for diode pumpers,33’34 Yb* . YAG (Yttrium aluminum garnet,
Y;Al;0,,) crystal has been one of the most widely used active media
in both optical coolers and solid-state lasers.”**”***

Thermal deposition can cause thermal gradient inside the gain
medium and result in unwanted thermal effects during laser operation,
which not only affects the laser coherence, polarization, and stability
but also hinders the production of high laser power."' ™’ Various

methods have been developed to deal with this fundamental problem,
however, even with advanced thermal management schemes, the
residual thermal effect still deteriorates the beam quality and ulti-
mately limits the high-power production.””** Bowman first proposed
that the heat deposited in the laser gain medium can be taken away by
the fluorescent radiation and thus realize the heat-free-state laser oper-
ation, which he nominated as radiation-balanced lasers (RBLs) or
athermal lasers.”*° Recently, Yang et al. demonstrated an RBL in an
intracavity-pumped Yb**:YAG crystal disk and introduced a roadmap
for developing disk RBLs of kilowatt power with high beam quality
and minimal adverse thermal degradation.”"” According to the theo-
retical model of laser cooling, the Yb*":YAG crystal can be further
cooled to ~138K.”*® However, no further experiments have been
carried out ever since.

In this work, we cooled the 3% Yb*>":YAG crystal and obtained a
temperature drop of about 80 K utilizing a 1030 nm CW fiber laser of
36 W. Exploiting the experimental parameters such as external quan-
tum efficiency, background absorption coefficient, and mean fluores-
cence wavelength, we further obtain the cooling window of the 3%
Yb*>"-doped YAG crystal via the four-energy-level model, and predict
that the minimum available temperature of the titled crystal can reach
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as low as 180 K without further purification. Compared to the temper-
ature drop of about 9 K reported in the latest experimental works, **°
our results reveal a key pathway to facilitate the optical cooling of the
Yb’*:YAG crystal down to the thermoelectric cooling limit, thus offer-
ing a unique entry point to practical RBLs.

High-purity Yb’>"-doped YAG crystals investigated here were
grown by using the Czochralski method.”” YAG is one of the synthetic
crystalline materials of the garnet group, which has a cubic yttrium
aluminum oxide phase. Figure 1(a) describes the absorption and emis-
sion spectra of the 3% Yb>*:YAG crystal at 300 K. The red dash line
and the blue shaded region denote the mean fluorescence wavelength
/4(300K) = 1011.6nm and the cooling tail at 300K, respectively.
When the Yb> ions are doped in the YAG host, the %F,, and °Fs),
levels of the Yb>* ions will be split into four and three Stark sublevels,
respectively, since the point symmetry of the host is getting lower than
the cubic one.”” The inset in Fig. 1(a) shows the energy levels of the
ground-state F,,, and the excited state 2Fs/, with seven Stark mani-
folds (E1-E7). The ground state Yb>" ions doped in YAG crystal are
pumped to the excited state by absorbing photons of wavelength /,.
After thermalization via phonon absorption from the host, the excited
Yb*>" ions decay spontaneously to the ground state emitting fluores-
cence photons. The energy difference between the excitation and aver-
age fluorescence photons is on the order of a few kT.”’

The cooling efficiency of the rare-earth-ion doped glass/crystal
can be expressed as:”' 7, = 1 — 1, aps %", where n,, = n,W,/(n.W,
+W,,) and g, = o, /(o + 0p) are the external quantum and the
absorption efficiency, respectively. Here 7, is the fluorescence extrac-
tion efficiency, while W, and W, indicate the radiation and non-
radiation recombination rates, respectively. In addition, o, and o
represent the resonance and background absorption coefficients, respec-
tively. For the Yb’'-doped system with an energy gap of about
10000 cm ™" between the ground and excited states, 77,7 > 98% is
required for achieving net cooling’>* Efficient laser cooling generally
requires i,uqc < E, /8, with E,, being the energy gap of the ion quantum
states involved in the laser cooling process and 71,y the phonon energy
of the host material. Fortunately, the maximum phonon energy Ai,q of
Yb**:YAG crystal is only about 700 cm™ ' and meet such a criterion.”

The emission fluorescence spectra of the 3% Yb*":YAG crystal
sample pumped by the CW laser of 1 mW at 914 nm were measured
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at temperatures of 80 K-300 K with an interval of 10K by utilizing the
thermostat (Janis VPF-100). Figure 1(b) selectively shows a few of the
measured fluorescence spectra, indicating two peaks appearing at
1030 nm and 1048 nm larger than the mean fluorescence wavelength /.
Here, /s can be obtained from the emission fluoresce spectra according
to the formula Ay = [AS(2, T)dJ/ [ S(A, T)d’, where S(2, T) is the
temperature-dependent emission spectrum of the sample. The inset in
Fig. 1(b) shows the linear dependence of 4 on the temperature of the
sample measured in the experiment as 2; = 1031.2 — 0.066 x T (nm).

The schematic diagram of the experiment is shown in Fig. 2(a).
The Yb®>"-doped YAG crystal sample with dimensions of 2 x 2
x 5mm’ was placed inside a vacuum chamber of pressure about
1 x 10™*Pa and irradiated by a fiber laser (PreciLasers YFL-1020-50)
beam with a varying wavelength from 1010 nm to 1080 nm. The front
and rear surfaces of the sample were highly polished and cut at
Brewster angles. The maximum laser power incident onto the crystal
was measured to be 36 W at 1030 nm. The sample was placed on two
fibers of diameter 100 um, which were further supported by two pairs
of steel rods. The windows of the vacuum chamber were anti-
reflection coated in the wavelength range from 980 nm to 1080 nm.
The fluorescence was collected by a multimode fiber of diameter
600 um and transported to a spectrometer (Ocean Optics: Maya
2000Pro). The temperature of the crystal was measured by the method
of non-contact DLT.”" The temperature of the sample got stabilized
after about 10 min of laser irradiation, indicating t the cooling power
of the crystal sample balances with the heat load from the environ-
ment. The convective heat load from the residual gas in the high vac-
uum chamber and the heat load from contact with the fibers can be
ignored. The radiative heat load mainly comes from the blackbody
radiation of the environment.

A laser-induced thermal modulation spectroscopy (LITMoS) test
measurement of the 3% Yb”"-doped YAG crystal at the room temper-
ature with the tunable fiber laser has also been performed. The corre-
sponding experimental data and fitting line are shown in Fig. 2(b).
The best fit to data, 7e;=0992 and oy=15x10 *cm ' are
obtained. Figure 2(c) illustrates the absorption spectra of the 3%
Yb*>":YAG crystal with a temperature interval of 50 K, which were cal-
culated by the reciprocity method™ from the fluorescence spectra
shown in Fig. 1(b). Absorption peaks at the wavelength of 1030 nm
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FIG. 1. (a) Absorption spectra (blue line) and emission spectra (red line) of 3% Yb**-doped in YAG crystal at the temperature of 300 K, where the dash line and the blue
shaded region denote the mean fluorescence wavelength and the cooling tail, respectively. The inset indicates the anti-Stokes fluorescence cooling process in the Yb>":YAG
crystal. (b) Temperature-dependent fluorescence spectra of Yb®*:YAG crystal normalized by integrated value at 100 K; the inset shows temperature dependence of the mean
fluorescence wavelength along with an approximate linear fit in the temperature range of 100 K-300 K.
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FIG. 2. (a) Experimental schematics of the single-pass optical cooling setup. (b) LITMoS test result for 3%Yb®*:YAG crystal. (c) Temperature-dependent absorption spectra of
3% Yb>*:YAG crystal with an interval of 50 K. (d) The temperature dependence of the 3% Yb**-doped YAG crystal on the pump power of the laser at 1030 and 1048 nm,

respectively.

and 1048 nm correspond to resonant transitions of E3-E5 and E4-E5,
respectively, as shown in Fig. 1(a). As one can obtain from both the
absorption [Fig. 2(c)] and fluorescence [Fig. 1(b)] spectra, there are
two peaks appearing at 1030 nm and 1048 nm that are suitable for
achieving optimal cooling effect, which can be further supported by
our following experimental and simulation results. Figure 2(d) shows
the dependence of the temperature of the 3% Yb*"-doped YAG crystal
sample on the laser power when pumped at a wavelength of 1030 nm
(red line) and 1048 nm (blue line), respectively. The overall cooling
effect was found to be the best when the sample was pumped at a
wavelength of 1030 nm, at which both the absorption and the fluores-
cence emission of the crystal sample have a local maximum intensity.
When the temperature of the crystal sample gets stabilized, the cooling
power of the sample Pt = Ppump (1 - exp[—ocl})nc equals the radia-
tive heat load of the blackbody radiation from the environment
Pra = opA (T — T*)/(1 + y).” And the conductive heat load
from the supporting fiber with a diameter of 100 um held by four alu-
minum posts of 1.5mm diameter Py = Cf(Tr — T). Here, Ppump is
the pump laser power, o and 1 are the absorption coefficient and the
length of the crystal, oy is the Stefan-Boltzmann constant, T, and T
are the temperatures of the environment and the crystal sample,
respectively, and y = (1 — &.)&;A,/¢e.A, with A and ¢ being the corre-
sponding surface and the thermal emissivity. The subscripts s and e
denote the sample and the environment (vacuum chamber), respec-
tively. Here, Cy ~ 34.8 uW /K is adopted. In Fig. 2(d), the solid lines

are fitted according to equation of Pyp; = Prag+Peot. The parameters
Hext Of 0992 and o, of 1.5%x 10 *cm™" for both wavelengths are
employed in the fitting process of the LITMoS test. With
Ppump =36 W at 1030 nm, the sample was optically cooled down to
the temperature of 218.9K in our experiment. With the calculated
absorption power of about 3.41 W and the cooling power Py of
14.1 mW, the cooling efficiency was found to be about —0.4%. An
extrapolation of the fitting curve at 1030 nm indicates that the lowest
temperature of this crystal can approach below 200 K.

The dependence of the cooling effect of the sample on the pump
laser wavelength in the cooling tail was also investigated and the corre-
sponding results are shown by the solid shots in Fig. 3, which implies
that the best cooling effect was obtained at the pump laser wavelength
of 1030 nm. As mentioned above, the sample has an absorption peak
at 1030 nm in the cooling tail corresponding to the resonance transi-
tion from E3 to E5. When the sample was pumped at a wavelength
larger than 1030 nm, the energy difference between the pump laser
photon and the average fluorescence photon became larger such that
more heat could be carried away. However, due to the rapid decline in
absorption, the real cooling effect is even worse than that at 1030 nm.

The relationship between the cooling effect and the pump laser
wavelength could be delineated clearly from the so-called “cooling
window,” which characterizes the refrigeration capabilities of the crys-
tal pumped at different laser wavelengths and temperatures.”’ We cal-
culated the cooling window of the 3% Yb**-doped YAG crystal with
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FIG. 3. The cooling window of the 3% Yb®*-doped YAG crystal, which describes the dependence of the cooling efficiency on the crystal temperature and the pump laser wave-
length. The blue and red reglons denote cooling and heating, respectively. (a) The global minimum achievable temperature of the sample (pumped at 1030 nm) is calculated to
be 180K (o, =1.5x 10~ om‘1) The blue solid circles with an error bar represent the final temperature of the crystal after irradiated by the pump laser of about ~36 W at dif-

ferent wavelengths. (b) The global minimum achievable temperature of the sample with the o, = 1.5 x 10~°

the external quantum efficiency #e = 0.992 and background absorp-
tion coefficient oy, = 1.5 x 10~ *cm ™", which were obtained by fitting
the experimental data. As shown in Fig. 3(a), the cooling window indi-
cates that the crystal sample can be potentially cooled to a temperature
of about 180K at a pump wavelength of 1030 nm. If we further
improve the purity of the crystal and reduce the background absorp-
tion coefficient of the sample to o, = 1.5 x 10 >cm ™', then the global
minimum achievable temperature of the sample can reach 145K at
the pump wavelength of 1030 nm according to the cooing window in
Fig. 3(b). Therefore, it might be a good starting point to pump the
Yb**-doped YAG crystal at 1030nm when using it as the gain
medium of RBLs. Although the YAG crystal has a relatively high
refractive index (~1.83), which is not favorable for fluorescence pho-
tons to escape, this issue can still be resolved by appropriately shaping
the geometry of the YAG crystal such as a disk. We also notice that
the minimum achievable temperature of the Yb*>"-doped YAG crystal
is higher than that of the Yb®*-doped fluoride crystals,”” however, the
high thermal conductivity, ruggedness as well as the excellent gain
media performance make the Yb®>*-doped YAG crystal an attractive
material for wide use in the RBLs.

In previous studies, Epstein et al.”* realized a temperature drop
of ~8.9K in a 2.3% Yb>":YAG crystal placed in the vacuum chamber
of 1.33 x 10" Pa, with the absorbed pump power P, by the crystal
being about 1.8 W, the background absorption coefficient of the sam-
ple o, being 2.2 x 10 *cm™', and the mean emission florescence
wavelength J¢ being 995nm. In contrast, de Lima Filho et al.”™
reported a temperature drop of ~8.8 K in a 3% Yb’":YAG crystal of
1x1x10mm’ in air, with Py, being about 1.0W, o being
2.89x 10 *cm ™!, 7oy being 0.991 and ¢ being 1010nm. They
claimed that the discrepancies arise from the geometries of the sam-
ples, whose crystal is closed to having the optimum dimensions that is
derived from the simulation. Although reducing the cross section of
the sample implies smaller potential thermal load, smaller probability
of fluorescence re-absorption and lower achievable temperature, the
radius of the pump laser beam sets an upper limit of the sample’s cross
section since the amount of the absorbed pump power that cools the
sample is also limited. In our experiment, the temperature drop of
~80 K was achieved in the 3% Yb’*:YAG crystal of 2 x 2 x 5mm” in

(pumped at 1030 nm) is calculated to be about 145 K.

a vacuum environment of 1 x 10~ *Pa. The absorbed pump power has
been calculated to be about 34 W in our setup, with o, being
15%x 10 em ™, Hexe being 0.992 and /¢ being 1011.6 nm. While the
difference between the mean emission florescence wavelengths of the
two crystals is trivial, the dramatic temperature drop in our experi-
ment is mainly ascribed to the enhancement in the crystal quality (as
shown by the reduced value of «y,), the increase in the absorbed pump
power and the improvement in the heat load management. A more
recent work by Yang et al.” revealed that a RBL in a 5% Yb’>":YAG
crystal disk at the room temperature, with o, being 3 x 10 >cm ™",
Next being 0.996 and A¢ being 1019 nm. The authors aimed to build a
demo RBL in which the exothermic quantum defect balances with the
endothermic spontaneous emission such that the disk stabilizes at the
room temperature.

To conclude, we have experimentally explored the cooling poten-
tial of the Yb**-doped YAG crystal irradiated by a CW fiber laser.
With a laser power of 36 W at 1030 nm, a 3% Yb”"-doped YAG crys-
tal sample of volume 2 x 2 x 5mm?® was optically cooled from room
temperature down to 218.9 K with temperature drop of about 80K in
the vacuum environment. The cooling power of the sample was calcu-
lated to be about 14.1 mW with the corresponding cooling efficiency
being about 0.6%. Simulation based on our experimental results indi-
cates that the current 3% Yb>*-doped YAG sample can be potentially
cooled down to the thermoelectric cooling limit of 180 K. If the crystal
sample is further purified with the background absorption coefficient
reduced to o, =1.5x 10 >cm™, its achievable temperature can be
even reduced to about 145K when pumped at 1030 nm. Our work
here not only provides a solid evidence that laser cooling of Yb>":YAG
crystal could be a suitable method for developing practical RBLs of
high power, but also broadens our understanding about the metal ion-
doped crystals in an all-solid-state optical refrigeration application.
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