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Abstract: We report the first laser oscillation on Yby s:(LugsYs);Al,
ceramics at room temperature. At 1030 nm we measured a maximum output
power of 7.3 W with a corresponding slope efficiency of 55.4% by using an
output coupler with a transmission of T = 39.2%. The spectroscopic
properties are compared with those of the two parent garnets Yb:YAG and
Yb:LuAG. To the best of our knowledge these are the first measurements
reported in literature achieved with this new host.
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1. Introduction

The interest on Yb doped solid state materials has steadily grown over the last decade. This
success is due to the presence of several interesting features that make them suitable for high
power and high efficiency laser devices [1,2]. The large availability of hosts for Yb’*
provides a broad variability in the spectroscopic, optical and thermomechanical properties,
with the possibility of finely tuning the choice of the material according to the specific
application needs. The availability of new hosts is further widened by the development of
transparent polycrystalline ceramics. The ceramic fabrication methods usually require lower
processing temperatures than crystal growth techniques, providing a more convenient
approach for the fabrication of materials with high melting point such as sesquioxides and
some garnets [3,4]. Moreover ceramics are better suited than single crystals for the fabrication
and structuring of large gain elements for high power applications [5,6], and at least in some
cases they exhibit a higher mechanical resistance [7].

In this paper we report on the fabrication, the spectroscopic properties and the laser
performance of Yb-doped mixed garnet ceramics, namely Ybg s5:(LugsY¢s5);AlsO1, (hereafter
Yb:LuYAG). To the best of our knowledge, this is the first time that laser emission is
demonstrated for Yb-doped LuYAG ceramics.

The use of these Lu and Y garnets as laser hosts was firstly proposed by Kuwano et al.
[8]. There are several motivations for their use as laser hosts, in relation to its “parent® garnets
(i.e. YAG and in particular LuAG): the disordered crystal structure resulting from the mixing
of the two composition could induce a spectral broadening and/or a spectral shift of the
absorption and the emission band of several dopants, providing a broader tuning range or
emission wavelengths well suited for specific applications; the melting point of the LuYAG is
lower than LuAG by several tens of K, resulting in an easier crystal growth; the preparation
of LuYAG in comparison with LuAG requires a smaller amount of high purity Lu,O; powder,
which is very expensive. On the other hand LuYAG has a high thermal conductivity [8],
similar to LuAG, which should be almost unaffected by Yb doping, providing an advantage
over YAG at high doping levels. The first spectroscopic characterization of Yb:LuYAG
crystal was carried out by Cheng et al. [9], and the only demonstration of laser operation (in
mode-locking regime) was reported by Wang ef al. [10]. Single crystal LuYAG was also used
as laser host for other dopants, such as Tm [11], Er [12] and Nd [13].
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2. Material fabrication and spectroscopic characterization

The Yb:LuYAG ceramic samples were prepared using high purity a-Al,O3;, Lu,0;, Y,0;,
Yb,0; powders as starting materials. Tetracthoxysilane (TEOS) and MgO were used as
sintering aids. Powder batches were ball milled in a corundum bottle for 10 h with 10 mm
diameter Al,O; balls in ethanol. After ball milling, the slurry was dried, uniaxially pressed
into 20 mm diameter pellets at 20 MPa, and then cold isostatically pressed at 200 MPa.
Sintering was conducted at 1850 °C for 30 h in a tungsten mesh-heated vacuum furnace under
5 x 107 Pa vacuum during holding. After sintering, the specimens were annealed at 1500°C
for 10 h in air to remove the oxygen vacancies. The resulting samples have a diameter of
about 16 mm and a thickness of about 4 mm, and were then cut to a thickness of 1.4 mm and
carefully polished for the laser tests. The transmission spectrum (Fig. 1(a)) was recorded at
room temperature with a Shimadzu spectrometer 3101PC. The residual scattering losses in
the near infrared are around 1%, corresponding to a scattering coefficient of about 0.15 cm™.

The microstructure of the fracture surface of the ceramics was observed by field emission
scanning electron microscopy (FESEM, SU8220, Hitachi, Japan). It can be seen (Fig. 1(b))
that the grain boundaries are clean and there are almost no pores and secondary phase at grain
boundaries or inner grains.

The lifetime of the upper laser level was measured using the so-called pinhole method
[14] with an experimental set-up described in [15], to avoid radiation trapping effects. On the
15at.% doped sample the lifetime was 873 pus, whereas on another sample with 5az.% doping
it resulted 935 ps. The fluorescence spectrum was excited with a semiconductor laser emitting
at 936 nm, using a 90° excitation-detection geometry on the sample edge to minimize the
reabsorption effects, and acquired with a grating spectrometer equipped with a CCD array
(spectral resolution 1.5 nm). Pulsed excitation and delayed synchronous detection were used
to reject the pump signal.
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Fig. 1. (a): Transmission spectrum; (b): FESEM image of the sample fracture surface.
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Fig. 2. (a): Absorption coefficient in the blue-UV; (b): Absorption and emission cross section
spectra (o, and o, respectively) of the Yb** 4f-4f transition.
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The emission cross section spectrum was calculated with the B-t method [16], using the
lifetime value of 935 ps for the calculation. The reciprocity method was not used to infer the
emission cross section spectrum because the energy levels of Yb in LuYAG are not known
with sufficient accuracy. Figure 2 shows the absorption coefficient of the sample in the blue-
UV (a) and the resulting absorption and emission cross section spectra (b).

The thermal conductivity in undoped LuYAG is quite constant at about 7.5 W/mK for Lu
concentration in the range from 25at.% to 75at.% [8], which is lower than both undoped
YAG and LuAG (13 W/mK and 10 W/mK respectively [8]) owing to the enhanced scattering
of phonons due to microscopic strains introduced in the mixed crystal lattice. On the other
hand it should be scarcely affected by the Yb doping, because of the similar atomic mass of
Lu and YD (see Gaume et al. [17]). The cation sites density was calculated by the lattice
constant reported in [8]. These parameters are summarized in Table 1.

Table 1. Spectroscopic, structural and thermal properties of Ybys:(Lugs5Y.5);Als012

Parameter Value Parameter Value

Peak absorption cross sect. (cm®) | 7.5x107' (939.5 nm) Upper level lifetime 935 us

Peak emission cross sect. (cm®) 2.8x10° (1030.4 nm) | Refractive index 1.821 (1014 nm) [8]
FWHM of the emission peak 6.8 nm Thermal conductivity,

Cation sites density (cm™) 1.403x10% (from [8]) undoped 7.5 Wi(mK) [8]

3. Laser tests

The laser set up used to test the laser behavior of the ceramic sample is schematically shown
in Fig. 3. The sample (C) is longitudinally pumped by a laser diode emitting at 936 nm
coupled to a 200 um fiber (numerical aperture 0.22), delivering up to 21 W, whose tip is
reimaged on the sample by a pair of achromatic doublets, resulting in an almost Gaussian
intensity distribution (radius 150 pm at 1/¢°). The resonator is constituted by the End Mirror
(EM) which is flat with a dichroic coating (high transmission at 936 nm, high reflectivity
above 1000 nm), by the Folding Mirror (FM, curvature radius 100 mm) and by the flat Output
Coupler (OC). The distance between FM and OC is 220 mm, and the total resonator length is
around 276 mm.
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Fig. 3. Laser cavity layout. The inset shows the ceramic sample (thickness 1.4 mm, & 16 mm).

The sample shown in Fig. 3 is soldered on one face with Indium on a copper heat sink
(with a central hole with 3 mm diameter to let the beam pass through), water-cooled at 19°C,
and it is pumped either in quasi-Continuous Wave (QCW, duty factor 20%, repetition rate 10
Hz) or in CW. The sample has no anti-reflection coating, consequently to minimize the
impact of the Fresnel losses at the interface, the reflections were carefully realigned back on
the cavity axis. The pump power not absorbed by the sample is transmitted by FM, collected
by the lens L and measured by the power meter M2, allowing to determine the absorbed
pump power by the sample and then the actual laser efficiency during the laser action. The
unsaturated absorption of the ceramic is 80% (in QCW) and 82% (in CW). The output power
is measured by the meter M1. The tunable laser cavity is obtained by replacing the OC by a
gold coated grating (1800 grooves/mm) set at the Littrow’s angle, using the zero order for the
output coupling. The zero-order diffraction efficiency at 1030 nm is around 6% [18].

Figure 4(a) reports the output power as a function of the absorbed pump power (Pys)
obtained by using several OC with different transmission (from Toc~2% to Toc~58%); the
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slope efficiencies are reported in Fig. 4(b). The highest output power (P, = 7.3 W) and slope
efficiency (ns = 55.4%) are obtained with T = 39.2%. However, remarkable results (P, > 6.1
W, slope efficiency near to or exceeding 50%) are achieved for all OCs having a transmission
higher than 11%. Figure 4(c) shows the output power under CW pumping, with a OC with
Toc = 11.8%. The decrease of the laser output power as well as the slope efficiency (Pyy =
0.95 W with n; = 18.3%) in comparison with the data obtained in QCW, indicates the
occurrence of thermal effects. The laser threshold (~1.4 W) remain constant for all OCs, both
under CW and QCW pumping. In free running the laser emitted on a single line at 1030 nm,
with a linewidth of about 1.4 nm FWHM, with all OCs, both in CW and QCW. The M? beam
quality factor in CW at a pump power of 5.7 W was 2.10 along the cavity folding plane, and
1.76 in the perpendicular direction, owing to the cavity astigmatism. The far field beam
profile in CW is shown in the inset of Fig. 4(c).

Finally, we explored the tuning range measuring the output power at several wavelengths.
It ranges from 1001 nm to 1054 nm (Fig. 4(d)), with a measured linewidth of 0.6 nm FWHM
(limited by the spectrometer resolution); the peak output power is slightly above 1.8 W.
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Fig. 4. (a): QCW laser output power versus the absorbed pump power; (b): Values of the slope
efficiency for the various OC transmissions; (c): CW laser output power versus the absorbed
pump power; the inset shows the far field beam intensity distribution at a pump power of 5.7
W; (d): Tuning range under QCW at 936 nm with an input pump power of 21.75 W.

4. Discussion

The solid-state reactive sintering method used in the preparation of the sample resulted in a
very transparent material with small internal scattering losses. The absorption and emission
cross section spectra have an intermediate shape between the parent garnets Yb:YAG and
Yb:LuAG. The main absorption peak at 939.5 nm is slightly blue shifted with respect to YAG
(941 nm, see Brenier ef al. [19]) and similar to LuAG, but it does not feature the slight
splitting that can be seen in LuAG [19]. The peak value of the absorption cross section
(7.5x107%'cm?) is nearer to LuAG (7.2x107*'cm’) than to YAG (8.2x107*'cm?) [20]. The
emission cross section spectrum has a main peak around 1030 nm, with a peak value
(2.8x107%cm’) which again is more similar to that of LuAG (3.0x10’cm’® in [19],
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2.59x107°cm? in [20]) than to YAG (2.14x102°cm? [20]). The emission spectrum also shows
a secondary peak at about 1047 nm (value about 3.6x107*'cm?), more evident than the
corresponding feature in Yb:LuAG, and similar to that shown by Yb:YAG. The measured
values of emission cross section are much higher than those reported in [9] on crystalline
Yb:LuYAG. The reason for this discrepancy is not yet understood.

In near ultraviolet region, the edge of the Yb*" Charge Transfer Transition (CTT) can be
seen at about 237 nm as well as the absorption shoulder at about 262 nm, ascribed to the Tb>*
impurity (4f=5d LS transition) coming from the raw Lu,O; powder following [21].

The value of the upper level lifetime (935 s on the 5% doped sample) is slightly shorter
than in the parent compositions (951 ps for Yb:YAG, see Kuhn er al. [22], 985 ps for
Yb:LuYAG [20]); the shorter lifetime (873 ns) measured on the 15% doped sample suggests
the occurrence of concentration quenching effects.

The laser slope efficiency levels obtained in the QCW laser test were quite high, near or
exceeding 50% for several output couplers. This indicates that the optical quality of the
ceramic sample is good. Using the Caird analysis [23], from the slope efficiencies reported in
Fig. 4 we evaluated that the round-trip nonsaturable internal cavity loss is 4.8%. This value is
slightly higher than that expected from the sample scattering losses (around 2% over a round
trip, see Section 1), and it is probably affected also by residual losses due to Fresnel reflection
at the uncoated sample interfaces. Concerning with the CW pumping, the laser efficiency was
lower due to the occurrence of thermal effects, less important under QCW operation. In
particular, in Yb:LuAG and Yb:YAG the increase in the temperature decreases the emission
cross section and increases the ground level absorption (Koerner et al. [24]) reducing the laser
extraction. Similar thermal effects should affect Yb:LuYAG as well, because of the similar
energy level structure. Besides, the occurrence of thermal lens effects cannot be neglected.

The tuning range, see Fig. 4(d), was slightly broader than 10az.% doped Yb:LuAG [4],
due to the presence of the secondary emission peak at 1047 nm, and slightly narrower than
10at.% doped Yb:YAG [18], obtained using similar tuning methods.

5. Conclusions

We have characterized the spectroscopic properties and the laser emission of an Yb:LuYAG
ceramics, manufactured by solid-state reactive sintering. To our knowledge, this is the first
demonstration of laser emission from a ceramic with this composition.

The spectroscopic properties of the mixed garnet are intermediate between those of the
parent compositions Yb:YAG and Yb:LuAG. Owing to the high optical quality, laser slope
efficiencies were quite high, exceeding 50%. With a similar set-up and pumping conditions
we recently obtained a maximum slope efficiency of 54% from a 10az.% Yb-doped YAG
ceramic [18], about 60% with a 10az.% doped LuAG ceramics [4] and 54% from a 15at.%
Yb-doped LuAG crystal [25]. Wang et al. [10] obtained a slope efficiency of 61% with an 8%
doped Yb:Lu;5Y,s5Als0y, crystal. The slope efficiency levels here reported for Yb:LuYAG
ceramics compares well with these previous results.

Considering the generation and amplification of short laser pulses, the spectral width of
the main emission peak at 1030 nm could sustain a pulse duration as short as about 170 fs.

We notice here that in our previous characterization of highly doped Yb:YAG and
Yb:LuAG ceramics, high inversion population levels triggered a nonlinear loss mechanism
leading to a sudden decrease of the laser efficiency [25, 26]. In the sample under test we did
not observe such a behaviour, despite the similar excitation density levels and thermal
conditions. We will further investigate on this subject.
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