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Abstract

We report on the direct comparison of single-crystal and ceramic Yb3+:Lu203 gain media with respect to emission spectra,
fluorescence lifetime, depolarization, and laser performance in a continuous-wave thin-disk laser oscillator. The most effi-
cient laser operation was achieved with a single-crystal disk in multimode operation with a slope efficiency of 72.1% and an
average output power of 997 W. At the same temperature level, a ceramic disk delivered 861 W with a slope efficiency of
68.6%. In fundamental-mode operation, the highest average power of 360 W and highest optical efficiency of 41.3% were
obtained with a ceramic disk. For the single-crystal disk, the fundamental-mode output power was limited to 113 W at an

optical efficiency of 29%, potentially due to stress within the crystal.

1 Introduction

The sesquioxide crystal Yb**:Lu,O; is a gain medium with
excellent potential for thin-disk lasers operating at high aver-
age powers. Efficient pumping is possible thanks to its nar-
row but high absorption peak with an absorption cross-sec-
tion of 6,,,=3.1-1072° cm? at a wavelength of 976 nm [1].
The quantum defect amounts to only 5.6% with a laser emis-
sion centered at 1034 nm [2]. In addition to the low heat
generation, the thermal conductivity of Yb:Lu,0; amounts
to 12 W/mK, which is almost twice the value of the heat
conductivity of the well-established laser crystal Yb:YAG
(both at the same Yb-ion density of 8:10%° cm™3) [1]. Addi-
tionally, Yb:Lu,O; exhibits a comparatively broad emission
bandwidth of 13 nm full width at half maximum (FWHM)
[3] which is especially interesting for mode-locking to obtain
pulse durations in the order of 100 fs and below.
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Yet, the high melting point of 2450 °C [2] is a challenge
for the growth of Yb:Lu,Oj single crystals. Thus, the avail-
ability of high-quality single crystals with sizes exceeding
about 10 mm is very limited. Larger laser-grade Yb:Lu,0;
samples can be produced by means of ceramic manufactur-
ing techniques as shown in [4], where the sintering tem-
peratures are significantly lower with maximum at 1700 °C.

When comparing the record thin-disk laser results for
ceramic and single crystalline Yb:Lu,O3, the highest over-
all slope efficiency of 85% was attained with a single crystal
together with an output power of 301 W [1]. The highest
slope efficiency achieved with a ceramic Yb:Lu,O; disk was
74% with a maximum output power of 16 W [5]. The highest
ever-published output power of 1.19 kW from a Yb:Lu,0,
laser so far was achieved with a ceramic disk and the slope
efficiency amounted to 65% [6]. The highest output power
published for a single-crystal Yb:Lu,0O5 disk is 670 W and
the corresponding slope was 80% [7]. These cited publi-
cations are all devoted to either the ceramic or the single-
crystal disks which impedes a detailed comparison.

We, therefore, report on a comparative study of single-
crystal and poly-crystalline ceramic Yb:Lu,0O; gain media
with regard to their emission spectra, fluorescence lifetime,
depolarization, and laser performance in a continuous- wave
(cw) multimode (MM) and fundamental transverse-mode
(FM) thin-disk oscillator.
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2 Disk characterization
2.1 Materials

Three different Yb**-doped Lu,0; disks were investi-
gated—a 3 at.% Yb:Lu,0; single-crystal disk (referred
to as “SC 3%” in the following), a 4 at.%- and a 5 at.%
Yb:Lu,0; poly-crystalline ceramic disk (referred to as
“PC 4%” and “PC 5%”, respectively). Photographs of
the three samples are shown in Fig. 1. The disk SC 3%
was grown using the heat-exchanger method at the ILP
Hamburg [8] and was polished to a thickness of 115 pum.
The two ceramic samples were fabricated by the Jiangsu
Normal University in Xuzhou, using a combination of
vacuum sintering and hot isostatic pressing of high-purity
powders, similar to the approach described in [4]. The
thickness of the disk PC 4% was 125 pm and that of disk
PC 5% was 100 um. The grain size of the ceramics ranged
from 5 pm to 40 um and both samples were free of pores.
All three disks had a diameter of 11 mm and were anti-
reflection (AR) coated at their front face and highly reflec-
tive (HR) at their rear face for both the pump and the laser
wavelengths. Each disk was glued on a water-cooled dia-
mond heat sink for efficient heat removal.

2.2 Emission spectra

The emission spectra were measured by exciting the disks
with a cw diode laser with a spectrum centered at a wave-
length of 976.5 nm and a spectral width of 0.4 nm FWHM.
The diode laser was focused on the disks with a spot size
of 5.5 mm under an angle of 32° and a power density of
21 W/cm?. The emission spectra were recorded by a spec-
trometer covering the wavelength range between 900 and
1100 nm, coupled with a multimode fiber facing under an
angle of 0° toward the disks.

The peak-normalized emission spectra shown in Fig. 2
exhibit no significant difference between the three sam-
ples. The emission peaks of all the three samples are cen-
tered at a wavelength of 1033 nm.

@

Fig.1 Yb:Lu,Oj; thin disks glued on diamond heat sinks: a disk SC
3%, b disk PC 4%, ¢ disk PC 5%
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Fig.2 Peak-normalized cw emission spectra of the three Yb:Lu,0;
samples recorded during excitation at a wavelength of 976.5 nm

2.3 Fluorescence lifetime

The fluorescence lifetime was measured immediately after
turning off the excitation (falltime <5 us) using a spectral
filter (transmission wavelength 1020 nm-1040 nm) and an
ultrafast photodiode (falltime < 50 ps). The resulting decay
curves are shown in Fig. 3.

The fluorescence lifetimes were measured to amount to
988 ps for disk SC 3%, 914 ps for disk PC 4%, and 903 ps
for disk PC 5%. The lifetime measured for the single crystal
SC 3% is close to the value of 975 us previously reported
for single-crystal Yb:Lu,O; [8]. The lifetimes of the ceramic
samples are about 8% shorter than the one of the single-
crystal sample but significantly longer than the values pre-
viously reported for Yb:Lu,O; ceramics, of 750 us [5] and
710 ps [9]. This indicates an improved purity of the present
ceramic samples.

Nevertheless, the shortened lifetimes of both ceramics in
comparison to the single-crystal sample indicate the pres-
ence of quenching of the dopant’s upper states and para-
sitic processes within the ceramic samples. The shortened
lifetimes may be associated with higher losses during laser
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Fig.3 Measured fluorescence decay and exponential fits (black
dashed): a decay during the first 5 ms after turning off the excitation.
b Excerpt showing the first 2 ms
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operation which is consistent with higher resonator losses
measured for the ceramics, as will be shown in Sect. 3.1
(see Fig. 6).

2.4 Depolarization images

To assess the presence of stress [10] within the otherwise
isotropic material [3], the depolarization of the disks was
measured by illuminating the samples at normal incidence
with a Nd:YAG laser beam with a power of 44 mW at a
wavelength of 1064 nm in a crossed-polarizers arrangement
as depicted in Fig. 4a. The signal of the camera was cali-
brated with the two polarizers set to a parallel orientation
(100% transmittance) and using a highly reflective mirror
and a calibrated attenuation filter to replace the Yb:Lu,O5
disk.

The depolarization images of the three different disks are
shown in Fig. 4b, ¢, and d. For each sample, four images
were taken with the disks rotated by 0°, 45°, 90°, and 135°
around the z-axis, with respect to an arbitrarily chosen ini-
tial angle of 0°. The white arrows in Fig. 4b—d represent
the orientation of the input polarization, and the red-dashed
arrows show the relative orientation of the disks with respect
to their initial orientation.

The highest average amount of depolarization of 0.081%
was observed for the disk SC 3%. The lowest average depo-
larization of 0.013% was found for the disk PC 4%. The one
of the disk PC 5% was measured to be 0.03%.

The spatial distribution of the depolarization observed
in the cross-sectional area of the disk PC 5% is typical for
a radially symmetric stress distribution [11] and may be the
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Fig.5 Setup for MM operation: Yb:Lu,O; disk (green) mounted on
a water-cooled diamond heat sink, multi-pass pump module, and
V-shaped laser cavity. For the sake of clarity, the drawing of the
pump module does neither show all optical components nor the indi-
vidual bam paths. Power meters (PM) are depicted in blue
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Fig.6 Caird analysis of the Yb:Lu,O; disks in continuous-wave mul-
timode operation. The linear fits are applied to the data points without
a bracket
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result of an inhomogeneous pressure distribution during
sintering.

The dependence of the depolarization on the orientation
of the disk exhibited by the sample SC 3% indicates a corre-
spondingly asymmetric distribution of the stress in the single
crystal, which may be caused by asymmetric crystallization
conditions during the growth.

Disk PC 4% shows a uniform distribution of depolari-
zation. Hence, this disk is the most suitable one for laser
operation where polarization preservation is of importance.

3 Laser experiments
3.1 Multimode operation

The three different Yb:Lu,O5 gain media were first operated
in a cw MM thin-disk oscillator, with the experimental setup
shown in Fig. 5. Each disk was mounted inside a multi-pass
pump module that allows for 24 passes of the pump light
through the crystal (12 reflections at the rear side of the
disk). The diameter of the pump spot on the disk was set to
5.5 mm. A spectrally stabilized fiber-coupled diode laser
with an output power of 2 kW and a 0.4 nm wide emission
spectrum (FWHM) centered at a wavelength of 976.5 nm
was used for pumping. The absorption of the pump light
after 24 passes through the disk was measured by inserting
a thin uncoated glass plate at an angle of 45° into the beam
path outside the pump module (see Fig. 5). The absorption
at each maximum pump power was 91% for disk SC 3% and
96.5% for disk PC 4% and PC 5%, respectively. The surface
temperature of the disk was recorded with a thermal camera.

The V-shaped MM cavity was formed by a concave
HR end mirror (radius of curvature RoC =3 m), the disks
(RoC=3.8 m) and a plane output coupler (OC). This cavity
generated a laser beam with a beam propagation factor of
M?=15. The wavelength of the laser emission was centered
at 1033 nm in all experiments.

First, the resonator losses are measured after Caird et al.
[12], by varying the transmission of the OCs and plotting the
inverse slope efficiency against the inverse transmission rate,
as shown in Fig. 6. A linear fit is applied to the data points
and its slope corresponds to the resonator losses. Losses due
to non-perfect coatings are estimated to be around 0.05% in
this cavity; hence, the measured resonator loss is mainly a
loss due to the Yb:Lu,O; disks.

The lowest resonator losses are measured for disk SC 3%
with 0.13%. For the ceramic disks, the resonator losses are
significantly higher with 0.48% for disk PC 4% and 0.53%
for disk PC 5%. This is consistent with the shortened life-
time of the ceramics which indicates parasitic loss processes.
Additionally, we suspect scattering at the grain boundaries
to contribute to the higher losses for the ceramics.
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Fig.8 Maximum surface temperature on the disks versus absorbed
power density. Linear interpolations (dashed lines) were fitted to the
data points. The inset exemplarily shows the thermal image of disk
PC 5%

Furthermore, the Caird analysis gives the OC transmis-
sion with the highest slope efficiency which is found to
be 3% for disk SC 3%, and 4% for the disks PC 4% and
PC 5%.

The high-power MM laser test was conducted with the
respective optimum OCs. The output powers and optical effi-
ciencies are shown in Fig. 7 as a function of the absorbed
pump power. The corresponding peak surface temperatures
on the laser disks during MM operation are shown in Fig. 8
as a function of the absorbed power density. To minimize the
risk of a thermally-induced damage, each disk was pumped
up to a maximum surface temperature of 100 °C (see Fig. 8).

The highest slope efficiency of 72.1% and the highest
output power of 997 W were obtained with the disk SC 3%.

An output power of 861 W with a slope efficiency of
68.6% was reached with the disk PC 4%. The disk PC 5%
delivered an output power of 729 W with a slope efficiency
of 66.9%.
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It is assumed that residual losses within the ceramic disks
are the main reason for the slightly reduced slope efficiencies
compared to disk SC 3%.

Yet it is to be noted, that all disks do not exploit the
maximum possible slope efficiency, which would only be
limited by the quantum defect, and hence amount to 94.5%.
Thus, there are still loss mechanisms that reduce the maxi-
mum achievable slope efficiency and that are not yet fully
understood.

The lowest temperature rise was observed with the disk
SC 3% with a slope of 12.4 K/(kW/cm?), followed by disk
PC 4% with a slope of 13.1 K/(kW/cm?) and disk PC 5%
with a slope of 14.4 K/(kW/cm?).

A correlation between the temperature rise and the laser
efficiency can be observed. Disk SC 3% showed the low-
est temperature rise and at the same time the highest slope
efficiency during MM laser operation. The lowest slope
efficiency and the highest temperature rise were found with
disk PC 5%. In fact, a lower efficiency in laser operation
means that a lower fraction of the absorbed pump power is
extracted out of the gain medium. Thus, more energy can be
converted into heat.

Also, the ceramics shortened lifetime and relatively high
resonator losses are consistent with their increased tempera-
ture rise, since both indicate the presence of non-radiative
transitions of excited ions which would also contribute to
the heating.

3.2 Fundamental-mode operation

A sketch of the setup used for fundamental-mode opera-
tion is shown in Fig. 9. The cavity consisted of a plane OC,
the laser disk, two plane HR folding mirrors, and a concave
HR end mirror with a radius of curvature of 1 m. The same
output coupling as for the MM operation was used, i.e., 3%
for disk SC 3% and 4% for disk PC 4% and disk PC 5%. The
end mirror was placed on a linear stage to fine-tune the ratio
between the diameter of the laser mode and the diameter of
the pump spot by adapting the mirror’s axial position.

The output power and optical efficiency obtained in fun-
damental-mode operation are shown in Fig. 10 as a function
of the absorbed pump power.
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Fig.9 Setup for fundamental-mode operation. For the sake of clarity,
the drawing of the pump module does neither show all optical com-
ponents nor the individual bam paths
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Fig. 10 Output power (circles), linear fit (dashed line), and optical
efficiency (triangles) versus absorbed pump power in cw FM opera-
tion

The corresponding M? values are shown in Fig. 11 as
a function of the laser output power. With a nominal ratio
between the diameter of the fundamental mode and the
diameter of the pump spot of 0.8, the M? values were kept
below 1.2 across the entire power range for all three disks.

The highest output power of 360 W together with a slope
efficiency of 49.6%, an optical efficiency of 41.3%, and
M?=1.1 was achieved with disk PC 4%. An output power of
190 W and M?=1.1 was achieved with disk PC 5%, with a
slope efficiency of 41.6% and an optical efficiency of 32.4%.

For both ceramic disks, further power increase was lim-
ited due to thermal lensing, by reaching the stability limits
of the fundamental-mode resonator. The thermal lens was
measured during fundamental-mode operation by means
of a UV interferometer. It amounted to —89 mdpt/kW for
disk PC 5% and to —39 mpdt/kW for disk PC 4%. Conse-
quently, the power limitation of this cavity was reached at a
lower power with disk PC 5%. Note that the negative sign of
the thermal lenses arise from the fact that the cross-sectional
temperature distribution shows a dip in the center during
fundamental-mode operation due to the Gaussian-shaped
extraction. Together with a positive dn/dT and dl/dT [13],
this leads to a negative thermal lens in our case.
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Fig. 11 Beam propagation factor M? versus laser output power. The
insets show exemplary far-field intensity distributions of the output
beams generated using the three laser disks, each at maximum output
power
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Fig. 12 Photographs of the disk SC 3% during fundamental-mode
operation: a initial alignment. b Follow-up images recorded at 1 Hz
showing the motion of the mode. The laser operation collapsed in the
image on the bottom right, as can be seen due to the lack of the laser-
mode imprint

With the the single-crystal disk SC 3%, an output power
of 113 W, a slope efficiency of 43%, and an optical effi-
ciency of 29.0% were obtained at a M>=1.2. In contrast to
the ceramic disks, the power achieved with disk SC 3% was
limited by an unexpected instability of the mode and not by
the resonator instability as would be expected due to thermal
lensing at higher powers.

It was observed that the position of the laser mode was
subject to a lateral oscillation with respect to the pump spot
without any changes in the pump power or the alignment
of the setup. The higher the pump power, the stronger this
effect was, eventually leading to the collapse of the laser
operation.

Figure 12a shows a photograph of the aligned state of
disk SC 3% at its maximum output power in fundamental-
mode operation and Fig. 12b shows a sequence of follow-up
images recorded at 1 Hz.

It is worth mentioning that the eccentric alignment of the
pump spot with respect to the disk was chosen intentionally,
as the described effect was the weakest at this position.

It is assumed that this behavior is related to the relatively
strong and asymmetric stress-induced birefringence that was
observed during the measurement of the depolarization of
this disk, but further investigations will be required to clarify
this point.

4 Conclusion

In conclusion, it was found that the investigated ceramic and
single-crystal Yb:Lu,O; disks exhibit comparable spectro-
scopic properties, indicating a high purity of the ceramic
samples. The lower stress-induced birefringence was found
to be a significant advantage of ceramic Yb:Lu,0; disks. In
multimode laser operation, all disks delivered kilowatt-class
output powers with the highest slope efficiency of 72.1% for
the single-crystal and 68.8% for the ceramic disks. Residual

@ Springer

scattering losses in the ceramics are suspected to cause this
difference. In fundamental-mode laser operation, the ceram-
ics outperformed the single crystal with regard to the output
power, potentially due to the lower stress-induced depolariza-
tion in the ceramics.

Future work will be dedicated to investigate the suitability
of the Yb:Lu,0; ceramics for mode-locked thin-disk lasers.
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