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We present the performance of a laser prototype based on 1% at. Yb : Lu2O3 ceramic, longitudinally pumped in quasi-CW regime
at 968 nm. A slope efficiency of 49% with respect to the absorbed pump power was obtained for laser operation at 1032.5 nm. We
studied the effects on the laser oscillation due to the reinjection of the residual pump. The thermal behavior of the sample was
investigated by means of numerical simulations, accounting for the different thermal load resulting from spontaneous and laser
emission. Finally, we report the measured level of the Amplified Spontaneous Emission, which is found to be less than 0.1 mW.

1. Introduction

Since their appearance on the scene, polycrystalline transpar-
ent materials of cubic structure doped [1–4] with rare earths
as Nd3+ [5–7] and Yb3+ [8–10], are found to be appealing
as laser gain materials showing all their potentiality in term
of shortness of the pulse [11–13], average power level and
beam quality. In consequence of that, in the past years many
efforts have been made to improve and refine the techniques
of fabrication paving the way to a new class of diode-pumped
solid-state lasers. In fact, the excellent goals achieved in
different host materials [14–19] testify that lasers based on
ceramic materials exhibit performances comparable with the
corresponding single crystals.

The reasons underlying these successful results are multi-
ple and closely related to both the optical and the physical
properties of the host ceramics. The host material plays a cru-
cial role to reach an efficient laser action. In fact, it modi-
fies the intrinsic properties of doping ions as the lifetime of
the states involved in the laser action as well as the Stark level
structure and the absorption and emission cross-sections.
Moreover, it determines by its own thermal properties the
thermal dissipation of the whole gain medium, and then
the magnitude of the thermal gradients due to the pumping
process, which induces stress and strain inside the lasing
sample determining a modification of the refractive index.

The undesirable consequences are the depolarization and
degradation of the laser beam quality, the change of the
resonator stability condition, and an increase of losses. It
has been demonstrated that ceramics show better thermome-
chanical properties [20, 21]; indeed, they withstand higher
thermo-mechanical stresses with respect to the crystals.
The lower temperatures of sintering have allowed, for in-
stance, the growth of good optical quality sesquioxides as
Y2O3, Sc2O3 and Lu2O3, which are very hard to grow as
single crystals because of their high melting points (above
2400◦C), which does not allow the use of conventional meth-
ods as the Czochralski process but rather sophisticate tech-
nique as the heat exchanger or Bridgman methods [22].
Moreover, ceramics can sustain high levels of doping with a
uniform dopant distribution preserving a good optical qual-
ity (Yb : YAG samples with concentration higher than 15%
are commercially available). Finally, they can be easily cod-
oped or fabricated with a gradient of concentration, which
permits a more uniform distribution of the heat load during
the pumping process.

To focus on Lu2O3[23], this is quite interesting for two
main reasons. First, it has a high undoped thermal conduc-
tivity, (i.e., K = 12.2 W/mK measured at 50◦C, according to
Griebner et al. [24], K = 14.3 W/mK at room temperature
according to Novoselov et al. [25]). Secondly, its thermal
conductivity is only slightly affected by the level of doping. In
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general, K decreases when the lattice is doped because of the
different atomic weight of dopand ion and the substituted
host cation. The phonons, which are mainly responsible in
Lu2O3 of the heat transportation, are basically scattered at
the mass defect with the consequence of an unavoidable
reduction of the thermal conductivity, which is further
enhanced by increasing the concentration of dopants. In the
case of 2.7% at. Yb : Lu2O3 crystal the thermal conductivity
was measured finding a slight reduction to 10.8 W/mK
because Yb3+ has an atomic weight quite similar to Lu3+.

Among the rare earths, in the last decade the research has
been focused on Yb ion because it has a simple electronic
energy scheme consisting of only two manifolds, that is,
2F5/2 and 2F7/2. The relatively small quantum defect results
in a small fraction of pump power deposited as heat in
the gain medium, which permits the use of Yb in those
applications were high-intense pump power is required. Due
to the high absorption cross section centered at around
978 nm (almost close to the zero line), Yb can be efficiently
pumped by commercial diode lasers, while its broad emission
band permits a wide range of tunability and generates pulses
with a short duration in various operation regimes. Finally,
Yb ion is less prone to show parasitic decay paths that deplete
the population of the upper state of the laser transition such
as nonradiative decay paths or upconversion processes.

Basically, to obtain good laser performances gain media
with appropriate level of doping are carefully chosen (gen-
erally above 3% at.). However, samples activated with low
concentration of dopants are strategic in the totality of
amplifier systems because the amplification of high energy
pulses has to be reached avoiding the amplification of the
spontaneous emission.

This paper reports the laser performance achieved by a
prototype of laser based on low-doped 1% at. Yb : Lu2O3

ceramic. The sample is longitudinally pumped with two
different schemes, that is, with and without the reinjection
of the residual pump emerging from the lasing medium, at
968 nm in quasi-Continuous Wave. A comparison of data
obtained in both pumping schemes allowed us to study the
effect of the recycled pump beam on the laser performance.
Good results are achieved with both pumping schemes
either when the sample emits at 1032 nm or at 1078 nm. In
particular, the maximum output power is measured when
the reinjection of the residual pump is active, that is, 1.8 W
at 1032 nm. Conversely, the highest slope efficiency of 49%
is obtained at the same laser wavelength when the residual
pump is switched off.

The thermal behavior of the sample is studied by calcu-
lating the expected temperature distribution with numerical
simulations, which show the impact of the pump beam
reinjection and the lasing wavelength on the sample. Finally,
we measured the level of the ASE.

2. Experimental Setup

The V-shaped laser cavity is schematically shown in Figure 1.
The pump source is a laser-diode delivering up to 20 W at
968 nm coupled to a 100 μm fibre with numerical aperture

OC
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doublets

Figure 1: Laser cavity. EM: end-mirror (flat); FM: folding mirror
(ROC 100 mm); SM: spherical mirror; OC: output coupler (flat);
C: denotes the gain material.

of 0.15. The intensity distribution of the pump in the focal
plane is almost Gaussian with a spot radius of 67 μm at
1/e2. The sample, which was grown by Baikowski Japan Co.
Ltd, is pumped in quasi-Continuous Wave (Duty Factor of
20%) with the repetition rate of 10 Hz, through the cavity
End-Mirror (EM) by a pair of achromatic doublets with a
magnification of 1 : 1. EM is a flat mirror with a dichroic
coating with high transmission around the pump wavelength
and high reflectivity for wavelengths longer than 1000 nm.
The A/R coated ceramic sample has a doping level of 1% at.
with a thickness of 3 mm. It is soldered with Indium on a
copper heat sink, which is water-cooled at 18◦C.

The Folding-Mirror (FM) has a curvature radius of
100 mm, and it features a high transmission at 968 nm. The
Spherical Mirror (SM) placed in the rear side of the FM,
concentric with respect to the focus of the pump beam,
is used to collect and reinject into the sample the residual
pump beam passing through the FM. This increases the
overall absorption of the incident pump power by about
7.9%. The absorption of the pump power when the SM is
blocked is measured to be 18.2%. Although the absorption
cross sections at 968 nm is low, that is, σabs (968 nm) =
0.27× 10−20 cm2, it is relatively insensitive to the variation of
the pump wavelength, which is kept constant at the different
pumping powers by changing the cooling temperature of the
laserdiode. This arrangement reduces the requirement of a
tight stabilization of the pump emission wavelength over a
wide range of laser-diode input, as required by the narrow
width of the absorption peak (3 nm FWHM in Lu2O3 [11])
and the pump beam (above 5 nm FWHM).

3. Results and Discussion

We measured the output power as a function of the
absorbed pump power by four OC mirrors with different
transmittance, that is, T = 2.1%, T = 5.5%, T = 6.7%, and
T = 11.8%. Moreover, two different pumping configurations
are employed, that is, with and without the recycling of
the pump radiation coming out from the sample. In the
former configuration (hereon named single pass) the pump
radiation reflected by the SM is blocked while in the latter
scheme (namely, double pass) the sample is longitudinally
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pumped also from the rear surface by the SM. A comparison
of the two sets of data allowed us to study the effect of the
recycled pump on the gain sample.

Some general considerations can be carried out from the
results concerning the wavelength of the laser emission, the
slope efficiency and the maximum output power.

To focus on the emission laser wavelength, the sample is
able to emit at 1032.5 nm and 1078 nm, which corresponds
to the transition between the lower energetic state of the
2F5/2 and the two higher energetic sublevels of the 2F7/2,
respectively. As clearly shown in Figure 2, this does not
depend on the pumping scheme but it is basically connected
to the transmittance of the OC coupling mirror and to the
reabsorption of the sample at the mentioned wavelengths.
Mirrors with low transmission require a smaller fraction of
inverted population to achieve the laser threshold, determin-
ing a shift in the peak of the actual gain spectrum toward
longer wavelengths. Moreover, the reabsorption at around
1078 nm is smaller than at shorter wavelength due to the
higher overlapping between the absorption and the emission
regions. Figure 2(a) shows the performance achieved by
employing an OC with a transmission of T = 2.1%. Output
coupler mirrors with higher transmittances, from 5.5% to
11.8%, push the laser emission at 1032.5 nm as shown in
Figures 2(b), 2(c), and 2(d) and allow reaching higher laser
output power. In particular, we measured the maximum
output power of 1.8 W with T = 11.8% when the residual
pump radiation is recycled, Figure 2(d).

Concerning the output powers and the corresponding
slope efficiencies, the results show a net dependence on
the pumping scheme. For instance, with T = 2.1%, in
double pass, we measured an output power of 1.5 W with
a corresponding slope efficiency 34% and a threshold of
0.65 W. In single pass, we observed a decrease of around 27%
of the output power, 1.2 W, and an increase of around 6% of
the slope efficiency, that is, η = 39%. The threshold is slightly
increased, 0.72 W. Similar results are found with the other
output couplers. With T = 11.8%, in double pass, the slope
efficiency is estimated to be η = 45% while it increases to
48% when the SM action is avoided. Conversely, it causes a
decrease of around 35% of the output power, from 1.8 W to
1.3 W. In all cases, the slope efficiency is estimated taking into
account all points for each curve. The deviation of the output
power from the theoretically expected straight line is easily
explained by the progressive saturation of the reabsorption
in the peripheral regions of the laser mode [26].

The enhancement of the output power observed when
the residual pump is recycled is addressed to the enhance-
ment of the absorption at 968 nm from the medium. As
reported above it increases from 18.2% (single pass) to 24%
(double pass). However, the optical quality of the reinjected
pump radiation is degraded due to several reasons, for
instance: the thermal lensing in the sample, the saturation
of the absorption on the beam axis, and the astigmatism
introduced by the tilted spherical surfaces of the FM.
Therefore, the size of the reinjected focal spot is slightly larger
than that of the first pass, resulting in a lower efficiency for
the contribution of the reinjected pump with respect to the
overall laser output.

4. Thermal Simulations

As stated above, Lu2O3 is an attractive host for high power
laser application because of its high thermal conductivity
which, in case of Yb doping, is only slightly sensitive to the
doping level.

In order to get insights on the thermal behavior of the
sample under test, we carried out a numerical simulation
to calculate the temperature distribution in the ceramic by
Finite Element Analysis (FEM), using the Partial Differential
Equation Toolbox implemented in MATLAB.

In particular we considered a sample with cylindrical
symmetry, with radius of 2.5 mm and length 3 mm. The
pump and the laser beam propagate along the symmetry
axis. The pump beam has a Gaussian profile, with radius in
the waist wP = 67μm and ZR = 0.87 mm in the material.
These values correspond to the actual parameters of the
pump beam in our experimental set up, as resulting from the
measurements carried out with a CCD camera for laser beam
diagnostics.

The focus of the pump beam is set in the center of
the sample. The laser beam was assumed to be Gaussian,
with radius 60 μm @ 1/e2 and negligible diffraction along
the sample length. The sample is in contact with the heat
sink at 291 K on a ring with 1.0 mm < r < 2.5 mm on the
opposite side with respect to the incoming pump beam; the
thermal resistance of the Indium layer used for the welding
was accounted for (heat transfer coefficient 9×103 W/(m2K)
[26]). A small cooling due to natural air convection is
assumed to occur on the other sample sides (heat transfer
coefficient 10 W/(m2K) [27]).

The absorbed power density is calculated assuming an
exponential absorption of the pump beam in the sample,
with an absorption length α equal to the value with
unsaturated absorption. This is a reasonable approximation
when in lasing condition, because it results both from rate
equation models and from experimental measurements on
several Yb-doped materials [28–30] that the fast deexcitation
of the upper level due to the laser beam counteracts the
saturation of the absorption at the pump wavelength. The
resulting expression is

Wabs(r, z) = αIP(r, z)
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(1)

The term in curly brackets accounts for the contribution
of the first pass and second pass pump beam. The reinjection
efficiency of the pump beam is accounted for by the coeffi-
cient ρ. In the simulations we assumed ρ = 0.77, accounting
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Figure 2: Laser output power versus the absorbed pump power with and without the recycled pump radiation. The maximum input pump
power is 18.7 W at 968 nm corresponding to 4.86 W (with reinjection) and 3.4 W (without reinjection) of the absorbed pump power.

for the double pass Fresnel losses on the crystal surface
(transmission 0.902) and 5% losses on the other optics. The
local power dissipation in the sample depends on the local
balance between spontaneous decay rate (which is assumed
to occur at a wavelength λF = 1015.6 nm, correspond-
ing to the average of the fluorescence band, as calculated from
the data reported in [11]) and the stimulated emission at
the laser wavelength λL (see for instance Chénais et al. [28]).
In absence of other decay processes, the dissipated power
distribution is then given by

Wdis(r, z) =Wabs(r, z)
[

1− λP
λF

1
1 + R(r, z)

− λP
λL

R(r, z)
1 + R(r, z)

]
,

(2)

where R(r, z) is the ratio between the stimulated and the
spontaneous decay rate, given by

R(r, z) = λLτ
[
σe(λL)− σa(λL)

(
N1(r, z)
N2(r, z)

)]
IL(r, z)
hc

, (3)

where N1 and N2 are the population in the upper and lower
laser level, σe,a(λL) are the emission and absorption cross
sections at λL, IL is the laser intensity, τ is the upper level
lifetime. The ratio between N1 and N2 is given by

N1(r, z)
N2(r, z)

= (λLIL(r, z)σe(λL) + λPIP(r, z)σe(λP) + (hc/τ))
(λLIL(r, z)σa(λL) + λPIP(r, z)σa(λP))

.

(4)
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Table 1: Thermal and spectroscopic parameters used in the simula-
tions. The value of the thermal conductivity is interpolated from the
measurements reported in [25].

Parameter Value Reference

Thermal cond. (W/(mK)) 13.23 [25]

Spec. heat (J/(m3 K)) 2.69× 106 [31]

σe(968 nm) (m2) 0.175× 10−24 [11]

σe(1032.5 nm) (m2) 1.044× 10−24 [11]

σe(1078 nm) (m2) 0.30× 10−24 [11]

σa(968 nm) (m2) 0.31× 10−24 [11]

σa(1032.5 nm) (m2) 0.13× 10−24 [11]

σa(1078 nm) (m2) 0.006× 10−24 [11]

Absorption const. α (m−1) 67 —

Decay time τ (ms) 0.805 [32]

In this model, the intracavity circulating laser intensity
IL is determined from the experimental value of the output
power as reported in Figure 2. QCW pumping dynamics
at 10 Hz of repetition rate, 20% duty factor, was also
implemented in the model. The parameters used in the
simulation are resumed in the Table 1.

Figure 3 shows the calculated temperature distribution
at the end of the 50th pump pulse, with pump reinjection
and laser oscillation occurring at 1032.5 nm. It can be seen
that the temperature increase with respect to the heat sink is
moderate, that is, only 3.5 K. The temperature peak is located
in correspondence of the pump beam focus. The reinjection
of the residual pump determines only a slight increase in the
temperature with respect to the configuration without pump
reinjection. This can be seen by comparing Figures 3 and
4, where the simulation is carried out for the configuration
without pump reinjection. The peak temperature results are
about 0.7 K lower than in the case of pump reinjection.
It can be also noticed that the temperature profile is less
symmetrical with respect to the focal plane of the pump
beam.

The value of the lasing wavelength and of the intracavity
circulating power can greatly affect the thermal load in the
sample, and then the temperature distribution. In particular,
an increase in the intracavity circulating power results in an
increased stimulated decay rate with respect to spontaneous
emission (see (3)). When the lasing wavelength λL is larger
than the average fluorescence wavelength λF (so that the
average energy defect between pump and emitted photon is
larger for laser photons than for fluorescence photons) this
results in an increased thermal load. The thermal load also
increases when the lasing wavelength is moved toward longer
wavelengths, because this increases the energy defect between
pump and laser photon.

Both the effects described above occur when the sample
operates with the output coupler having T = 2.1% (see
Figure 2), which for a given pump power increases the
intracavity circulating power and it pushes the emission
wavelength to 1078 nm. The calculated temperature distri-
bution for the maximum pump power is shown in Figure 5.
It appears that the peak temperature value is much higher
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Figure 3: Simulated temperature distribution after 50 pump pulses.
Peak incident pump power 18.7 W, output peak power 1.8 W,
T = 11.8%, emission wavelength 1032.5 nm. The heat sink and
the pump injection side are at Z = 0 mm. Pump reinjection is
implemented (reinjection efficiency ρ = 0.77). The value of the
temperature is the difference with respect to the heat sink.
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Figure 4: Simulated temperature distribution after 50 pump pulses.
Peak incident pump power 18.7 W, output peak power 1.8 W, T =
11.8%, and emission wavelength 1032.5 nm. The heat sink and the
pup injection side are at Z = 0 mm. Pump reinjection is suppressed
(reinjection efficiency ρ = 0). The value of the temperature is the
difference with respect to the heat sink.

than in the case of Figure 3 (same pump power, but lasing at
1032.5 nm with output coupler transmission T = 11.8%).

5. Conclusions

In this paper we have described the laser oscillation achieved
on Yb-doped Lu2O3 ceramic with a doping level of 1% at. in
quasi-CW pumping with a laser diode emitting at 968 nm.
We investigated its performances in two different pumping
configurations, that is, with and without the reinjection of
the residual pump coming out from the sample. Moreover,
we measured the levels of Amplified Spontaneous Emission
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Figure 5: Simulated temperature distribution after 50 pump pulses.
Peak incident pump power 18.7 W, output peak power 1.5 W, T =
2.1%, and emission wavelength 1078 nm. The heat sink and the pup
injection side are at Z = 0 mm. Pump reinjection is implemented
(reinjection efficiency ρ = 0.77). The value of the temperature is the
difference with respect to the heat sink.

present in the ceramic. The good results achieved in terms
of output power, slope efficiency, and threshold of the laser
action, suggest that Yb : Lu2O3 is an excellent laser medium
and, at the same time, low-doped Lu2O3 ceramic can be
useful for high energy amplification of broadband signals.
Finally, we have studied the thermal behavior of the sample
with numerical simulations accounting for the pump beam
and the laser action. According to the theoretical expectation,
in double pass pumping scheme the sample undergoes a
more severe temperature increase, which can contribute to
the observed reduction of the laser efficiency with respect to
the single pass pumping configuration.
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