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Abstract We report on thermal conductivity analysis and
thin disk laser power scaling of Yb:Luy0O3, Yb:Sc,0O3, and
Yb:LuScO3. Using a volume Bragg-grating stabilized pump
diode we have obtained cw output powers up to 301 W with
optical-to-optical efficiencies of up to 73%. In mode-locked
operation of an Yb:LuyOs thin disk laser 141 W of average
output power with 738 fs pulses and an optical-to-optical
efficiency of 40% were achieved.

1 Introduction

Currently multi-kilowatt continuous-wave (cw) thin disk
lasers based on the gain material Yb:YAG have become
commercially successful thanks to their high efficiency and
good beam quality. For example in welding applications in
the automotive industry these lasers allowed for narrow and
deep weld seams (similar to electron beam welding) and for
highly productive remote processing [1].

Yb-doped sesquioxides have been recognized as a po-
tentially more efficient gain material than Yb:YAG [2-4].
A high mechanical strength in combination with excellent
thermal properties and high absorption cross sections make
them ideally suited for the thin disk laser geometry [5]. They
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are also very suitable for high average power femtosecond
ultrafast sources due to their larger emission bandwidths
in comparison to Yb:YAG [6, 7]. However, the growth of
sesquioxide crystals with their high melting points around
2400°C is challenging (see Table 1) which results in a
poor crystal quality and optical-to-optical efficiency of less
than 50% in previous experiments [8, 9]. During the last
years these difficulties have been overcome with the heat
exchanger method (HEM) for the growth of high quality,
large scale sesquioxide crystals [10]. These improved Yb-
doped sesquioxides achieved higher efficiencies than any
other gain material in the thin disk laser geometry: first
continuous-wave (cw) and mode-locked thin disk laser ex-
periments were based on Yb:Lu;O3 (Yb:LuO) as the gain
material, followed by the successful cw-laser operation with
Yb:Scr03 (Yb:ScO) crystals, [11-13]. More recently, the
disordered LuScO3 (LuScO) [14] was successfully intro-
duced as a host material for the Yb-ion [15]. The broad
spectra resulting from the disordered lattice has supported
the shortest pulses in a mode-locked thin disk oscillator with
227 fs duration so far [16].

In this work we present the results on power scaling of
Yb-doped sesquioxide thin disk based on high quality HEM-
grown Yb:LuO, Yb:ScO, and Yb:LuScO crystals. With all
three materials, the cw output power could be increased by
nearly an order of magnitude to more than 250 W and the
cw mode-locked average output power to more than 140 W,
which have been to the best of our knowledge the highest av-
erage power from any cw and cw mode-locked sesquioxide
laser reported so far.

2 Thermal conductivity

In most host materials the thermal conductivity of the laser
crystal drops significantly if the doping concentration of the
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Table 1 Relevant spectroscopic and thermal properties at room temperature of the different Yb-doped sesquioxides in comparison to Yb:YAG [3,

9, 29]

Properties Unit LuScO3 Scr O3 LurO3 YAG

Thermal conductivity undoped W/(mK) 3.6 17.3 12.6 11
doped?® 3.5 7 12 7

Cation density (for 1 at.%) 1020 ¢m—3 3.10 3.36 2.85 1.38

Pump wavelength nm 975.7 975.1 976.0 940

Absorption cross section 10720 cm? 33 4.4 3.1 0.83

Absorption bandwidth (FWHM) nm 2.4 2.1 2.9 12.5

Melting temperature °C 2370 2430 2450 1940

aThe considered doping concentration is 8 - 1020 cm~—3, which is a reasonable value for use in thin disk lasers

active ion is increased (see Table 1). This effect is caused 20 " o - & YO: e a

. . . . . 273" 273"
by the different atomic weights of the substituted cation 18 r Sc0: --- * YAG: - .

and the doping ion. In insulators like YAG or the sesquiox-
ides where heat transport takes place mainly by propagat-
ing phonons, these phonons are scattered at the mass de-
fects leading to decreasing thermal conductivity with in-
creasing doping level [17]. Due to the larger mass dif-
ference (myp = 173.5 g/mol) this decrease is strongest
in Yb:ScO (mgc. = 44.96 g/mol) and weakest in Yb:LuO
(mpy = 174.97 g/mol) [18].

Motivated by further power scaling the dependence of
the thermal conductivity on the doping concentration was
investigated by applying the temperature-wave analysis
method [19]. For that goal a “mobile 1” device for ther-
mal diffusivity measurements from ai-Phase (Japan) has
been used to examine a number of undoped and Yb-doped
sesquioxide samples with doping concentrations between
0% and 100% with respect to the cation sites. All samples
had a thickness of roughly 0.5 mm. The thermal conduc-
tivity was finally calculated by multiplication with the heat
capacity and the density of the different materials. Consid-
ering these results as well as values from the literature [3]
a theoretical model due to Klemens [17, 20] was applied
to describe the progression of the thermal conductivity in
dependence of the Yb-concentration. In this model the de-
crease of the thermal conductivity is attributed to phonon
scattering at the doping ions which are treated as point de-
fects. With the temperature T the resulting fit function is

x-T e(c)
- arctan ,
e(c) x-T

k() =K (c)

where «(c) describes the thermal conductivity in depen-
dence of the doping concentration ¢, and

km(c) = (1 —c)-Kko+c- K100

the arithmetic average of the thermal conductivity of the un-
doped and 100%-doped crystal. £(c) a term describing the
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Fig. 1 Measured (symbols) and fitted (lines) thermal conductivity of
the different Yb:sesquioxides and Yb:YAG for Yb-concentrations be-
tween 0 and 15 - 102 ¢cm™3 (corresponding to Yb(10.9 at.%):YAG,
Yb(5.3 at.%):LuO, Yb(4.5 at.%)ScO, and Yb(5.6 at.%)YO)

phonon scattering due to mass defects, which can be directly
calculated from the ionic masses of the Yb-ion and substi-
tuted cation by

X L 2
S(C)ZZM

Y WithMZZC,‘M,'.
i

i

The parameter y, representing the product of different in-
trinsic constants, e.g. phonon velocity and lattice modes, is
used as the only fit parameter. Details on this method can be
found in [17, 21].

Figure 1 presents the results of the measurements and the
fit in the doping range relevant for laser experiments. For
all materials a good agreement between the measured and
calculated values is observed over the whole doping range.
Due to the reasons discussed above, the strongest decrease
in thermal conductivity is found in Yb:ScO, for which a drop
from 17.3 W/(m K) in the undoped host to about 7 W /(m K)
at an Yb-density of 8 - 102 ¢cm™3 (~2.4 at.% YD) can be
seen. Starting from about 14 W/(mK) and 11 W/(mK)
a similar decrease can be observed for Yb:Y,03 (Yb:YO)
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and Yb:YAG, respectively, leading to comparable values of
7 W/(mK) at an Yb-density of 8 - 1020 cm™3. In contrast
to Yb:ScO, Yb:YO, and Yb:YAG the thermal conductivity
of Yb:LuO is only slightly reduced from 12.6 W/(mK) to
12 W/(m K) at the same Yb-concentration, which can be at-
tributed to the very small mass difference between the Lu
and Yb-ion of only 1.1%. Due to the high intrinsic dis-
tortion of the lattice in the disordered LuScO a relatively
low thermal conductivity of 3.6 W/(mK) has been mea-
sured. As expected, increasing the Yb-doping concentration
to 8- 10%° cm™3 only slightly decreases the thermal conduc-
tivity to 3.5 W/(m K).

In conclusion, due to an efficient heat removal from the
active media, the very high thermal conductivity of Yb:LuO
at high doping levels leads to significant advantages for
power scaling purposes. Nevertheless, it should be noted that
also Yb:ScO and Yb:YO show excellent thermal properties
being at least comparable to those of Yb:YAG.

3 Experimental laser setup

The laser experiments were performed with different 150 um
to 400 um thick Yb:LuO, Yb:ScO, and Yb:LuScO disks
with Yb-doping concentrations between 2 at.% and 5 at.%
corresponding to concentrations between 5.8 - 102 ¢cm™3
and 1.5 - 102! cm™3, respectively. The crystal diameter was
5 mm for the Yb:LuO samples and 6.5 mm for the Yb:ScO
as well as Yb:LuScO samples. Each disk was soldered onto
a water-cooled metal heat sink. As pump source, a volume
Bragg-grating (VBG) stabilized [22] pump diode from DI-
LAS Diodenlaser GmbH with about 400 W of output power
[23] was used. This diode was developed to match the zero-
phonon-line absorption of Yb:LuO at 976 nm, showing only
a very low wavelength shift with output power and temper-
ature due to the VBG-stabilization. Hence, with its central
emission wavelength of 976.2 nm, it did not perfectly match
the absorption of the other two examined materials, which
show an optimum absorption at slightly shorter wavelengths
(see Fig. 2). Nevertheless the fraction of absorbed pump
power in all examined crystals is well above 95% for all
output coupler transmissions and the corresponding inver-
sion levels in the applied thin disk laser pump module with
24 pump light passes through the gain medium. At the max-
imum pump current the diode generates more than 410 W
of output power within a FWHM bandwidth of less than
0.6 nm.

In all experiments a simple I-type resonator was formed
by the backside of the disk, which was HR-coated for the
spectral range of pump- and laser wavelengths, and the out-
put coupling mirror with 500 mm radius of curvature. For
output coupling mirrors with transmissions between 1.2%
and 4.2% for the laser wavelength have been used. The short

6
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Fig. 2 Absorption cross sections at the zero-phonon-line for the three
different Yb-doped sesquioxide materials in comparison to the diode
emission spectrum at a diode output power of 100 W. The 0.6 nm
broad emission peak of the VBG-stabilized diode perfectly fits into
the absorption peak of Yb:LuO
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Fig. 3 Laser characteristics of a 250 um Yb(2 at.%):LuO disk for dif-
ferent pump spot diameters and the experimentally verified optimum
outcoupling rate of 2.7%. Due to the comparably small disk diameter
of only 5 mm the disk could not be pumped with the largest available
pump spot diameter of 4 mm

resonator length between 75 mm and 90 mm led to multi-
mode operation. This enabled highest efficiencies and sim-
ple alignment, allowing for a reliable comparison of the dif-
ferent materials. By changing the lens in the pump collima-
tion optics, the pump spot diameter could be varied between
1.9 mm, 2.6 mm, and 4 mm.

4 CW results and discussion

Figure 3 shows the best results obtained with Yb:LuO disks
at a pump spot diameter of 2.6 mm for the optimum out-
coupling rate of T oy = 2.7%. In this case the largest ad-
justable pump spot size of 4 mm could not be used, because
the available Yb:LuO disks were limited by the small disk
diameter of 5 mm and possible damage in the edge regions,
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Fig. 4 Laser characteristics of a 200 um Yb(2.4 at.%):ScO disk for
different pump spot diameters and the experimentally verified optimum
outcoupling rate of 1.2%

which were for technical reasons not soldered to the heat
sink. The 250-pum thick disk with an Yb-doping concentra-
tion of 2 at.% generates 301 W of output power at a cen-
ter wavelength of 1034 nm under 413 W of incident pump
power, which corresponds to an optical-to-optical efficiency
of 73%. At pump powers of more than 370 W, correspond-
ing to a pump power density of 7 kW /cm?, a slight decrease
in efficiency can be seen, which is probably caused by a ther-
mal rollover. It has to be noted that this disk was mounted
with an indium-tin solder onto a copper heat sink, whereas
commercial thin disk lasers at these power levels are often
glued to diamond heat sinks or at least mounted with the
more suitable gold-tin solder [24]. Decreasing the pump spot
diameter to 1.9 mm led to an even higher optical-to-optical
efficiency of 74% and a record high slope efficiency of 88%
(see Fig. 3).

In contrast to the Yb:LuO samples, the larger aperture
of the Yb:ScO and Yb:LuScO disks allowed for the largest
available pump spot diameter of 4 mm. Both materials
showed the best performance and slope efficiencies above
80% with an output coupler transmission of 1.2%, under-
lining the extremely low internal losses of the HEM-grown
crystals. With an Yb(2.4 at.%):ScO disk of 200 wm thick-
ness, maximum output powers of 264 W, 148 W, and 106 W
for 4.0 mm, 2.6 mm, and 1.9 mm pump spot diameter, re-
spectively, were measured with optical-to-optical efficien-
cies around 70% (see Fig. 4). The pump power was limited
to 380 W for this material because damage was observed
with other Yb:ScO samples at comparable pump power in-
tensities.

Figure 5 presents the results achieved with a 3 at.% doped
Yb:LuScO disk of 200 wm thickness. Despite its low ther-
mal conductivity mentioned previously in this work, a high
output power of 250 W was obtained at 365 W incident
pump power in a 4 mm pump spot, corresponding to a pump
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Fig. 5 Laser characteristics of a 200 pm Yb(3 at.%):LuScO disk for
different pump spot diameters and the experimentally verified opti-
mum outcoupling rate of 1.2%. During the experiments the crystal was
damaged, before data for a pump spot diameter of 1.9 mm could be
recorded

power density of 2.9 kW/cm?. The optical-to-optical effi-
ciency was 69%. For a pump spot diameter of 2.6 mm the
efficiency could be increased to slightly above 70%, but due
to the higher pump power density of 3.8 kW /cm? the crystal
was damaged at 204 W of pump power, which was probably
caused by mechanical stress due to grain boundaries in the
pump spot area as reported in [16]. For that reason, no result
with a 1.9 mm pump spot is presented in Fig. 5. The para-
meters of the laser setups which delivered the highest output
power for each material are summarized in Table 2.

5 Mode-locking results

With a 250-um thick Yb(2 at.%)LuO-disk, a semicon-
ductor saturable absorber mirror (SESAM) [25] (Fgy =
61 uJ/cmz, AR = 0.5%, non-saturable losses <0.1%),
and a set of 9 GTI-type dispersive mirrors (total GDD ~
—9900 fs?), mode-locking experiments were performed.
The pump spot was 2.6 mm in diameter and the output cou-
pler mirror had a transmission of 9%. We obtained stable
mode-locked operation with an average output power of
141 W and an optical-to-optical efficiency of 40.4% at a
repetition rate of 60 MHz. This has been to the best of our
knowledge the highest average output power reported from
a mode-locked laser oscillator. The ideal soliton pulses [26]
had a duration of 738 fs (FWHM) and an energy of 2.4 puJ.
A more detailed discussion of the experimental setup and
the achieved results is given in [27].

6 Conclusion and outlook

In conclusion, we have discussed the thermal properties
of Yb-doped sesquioxide crystals. Applying a theoretical
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Table 2 Comparison of the )

laser parameters for the Unit LuScO3 S5¢203 Lu203

maximum output power and the

corresponding results for each Laser wavelength nm 1041 1042 1034

of the three examined materials Outcoupling transmission % 1.2 1.2 2.7
Disk thickness um 200 200 250
Doping concentration %o 3 24 2
Pump spot diameter mm 4 4 2.6
Pump power W 365 380 413
Output power " 250 264 301
Optical-to-optical efficiency % 69 70 73
Slope efficiency % 81 80 85
Pump power density kW/cm? 2.9 3.0 7.8

model to measured values, the progression of the thermal 2. L. Fornasiero, E. Mix, V. Peters, K. Petermann, G. Huber, Cryst.

conductivity in dependence of the Yb-concentration was de-
scribed, documenting the great potential of these materials
as high power solid state lasers.

Using a VBG-stabilized pump diode we could demon-
strate power scaling of the sesquioxides Yb:LuO, Yb:ScO,
and their stoichiometric mixture Yb:LuScO. Output pow-
ers above 250 W could be obtained for all three materials
with more than 70% optical-to-optical efficiency. In partic-
ular, with Yb:LuO a record high slope efficiency of 88%
and 301 W of output power in multi-mode operation as well
as 141 W of average power with 40% optical-to-optical ef-
ficiency and 738 fs pulses in mode-locked operation were
realized. These results exceed previously achieved results
with Yb:YAG in terms of efficiency and output power [28],
demonstrating the potential for further scaling of the out-
put parameters of femtosecond thin disk lasers. Promising in
this respect is also the achieved power scaling of the mixed
crystal Yb:LuScO to 250 W at 69% optical-to-optical effi-
ciency. In initial mode-locking experiments with this mate-
rial, pulses as short as 227 fs were obtained, which are the
shortest pulses from any thin disk laser reported so far [16].

All materials appear promising for a further scaling of the
output power to the kW-level by applying disks with a larger
diameter mounted on state-of-the-art diamond heat sinks us-
ing volume Bragg-grating stabilized pump diodes.
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