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We have grown high-quality LuAG:Yb®* crystals with 0.75, 3.8, 10, 12, 15, 20, and 50 at. % concentrations by
the vertical Bridgman method. With low-temperature spectroscopy the Stark sublevel structure of the 2F,
ground state and the ?F, excited state has been determined. With room-temperature spectroscopy, the emis-
sion cross section was found to be 3 X 1072° cm?2, being 1.5 times the YAG:Yb3* emission cross section. The
luminescence quantum efficiency was measured in samples with different Yb?* concentrations. Its value was
found to be 90% for 3.8 and 10 at. %, 84% for 20 at. %, and 70% for 50 at. % Yb3*. The laser-emission tunability
under diode pumping was found to extend from 1045 up to 1095 nm in a 12 at. % sample with 3.15 mm

thickness. © 2006 Optical Society of America
OCIS codes: 140.3380, 140.3480, 140.0140.

1. INTRODUCTION

The first lasing LuAG:Yb?* crystal was reported in mid-
1970’s under Xe lamp pumping. This laser operated at 77
K with an output wavelength of 1.0294 um and with a
typical laser threshold of 1 J . Then lasing was demon-
strated under 970 nm laser-diode pumping,2 and a thor-
ough study of the temperature dependence of the laser ef-
ficiency was performed.3 Nowadays, the pump sources are
high-power InGaAs laser diodes emitting around 980 nm.
Their advantage is to reduce the quantum defect and then
the thermal loading of the crystal during laser operation.
High-power cw applications are possible, all the more so
that no upconversion or excited-state absorption losses
can occur with Yb%*, contrary to Nd3+.

Lu3Al;045 (LuAG) belongs to the rare-earth garnet
family (space group Ohlo-I a3d) with lattice spacing
11.906 A* 11.907-11.923 A° The linear thermal-
expansion coefficient of LuAG is (8.8+0.3) 107 (290-1275
K), and the refractive index is 1.8424 (A=0.589 ,um).6 An-
other interesting property of garnets for lasing is their
good thermal conductivity: 10.7 Wm™'K-! for
Y5A1;015(YAG), 8 Wm K- for Gd3Gas012(GGG),” and
8 Wm 1 K-! for LuAG.®

In the majority of cases, oxide laser crystals are grown
by melt techniques, including the vertical Bridgman
method.? There are minimal chemical heterogeneities in
crystals grown by this method, mainly owing to low tem-
perature gradients that can be attained in this geometry
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and absence of rotation; furthermore, this method pro-
vides for the possibility to grow several crystals in one
run, which is important to obtain concentration series un-
der similar growth conditions. The melting point of LUAG
is 2060 C; the hardness (Moh’s value) is 8.5.

This paper is devoted to the growth of LuAG:Yb3*
single crystal by the vertical Bridgman method and to the
study of its room- and low-temperature spectroscopic
properties, including the measurements of the lumines-
cence quantum yield. Lasing properties, including ther-
mal loading and laser tunability, are also studied under
the end-diode pumping configuration at 970 nm.

2. CRYSTAL GROWTH AND
CHARACTERIZATION

LuAG:Yb3* single crystals were grown by the vertical
Bridgman method using 99.99% pure starting oxides of
Luy03,Yby0O3, and Al,O3, and molybdenum crucibles. To
eliminate second-phase precipitation and to provide for
single-phase garnet crystals, the melt compositions were
selected with account of octahedral site occupancy by
small rare-earth ions.® Single crystals of LuAG:Yb were
grown from melts with Yb concentrations equal to 0.71,
3.8, 10, 12, 15, 20, and 50 at.% with respect to Lu. To sup-
press the faceting effect and to provide for high-quality
material, most of the crystals were grown along the (001)
direction using seed crystals cut from undoped LuAG. The
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Fig. 1. Room-temperature absorption spectrum of LuAG:Yb?*.

typical boule size was 15 mm in diameter and 60 mm in
length. Owing to a small size difference between Yb and
Lu ions, the distribution coefficient of Yb in LuAG is close
to unity, so the concentration of Yb in the melt and the
crystal is about the same. The rare-earth ions normally
fill the dodecahedral lattice sites, but a small amount of
Lu and Yb may also enter the octahedral lattice sites; dis-
tribution of the rare earth over different crystallographic
sites can be represented as {Lus_,Yb,}
X[Aly_,_,Lu,Yb,]Al30¢9, where the z value increases with
the Yb/Lu ratio in the melt, while the (y+z) value is be-
tween 0.01 and 0.05. Estimations based on site occupancy
data’ give the following values for the octahedral concen-
tration of Yb: ~0.25% in LuAG:Yb (50%) and ~0.001% in
LuAG:Yb (10%). At such low concentrations, the
octahedral-coordinated Yb may reveal itself in absorption
or emission spectra only as weak satellite lines, which
however have not been identified in the studied crystals.

The color of as-grown LuAG:Yb crystals was green-to-
blue (depending on crystal composition) owing to two wide
absorption bands in the visible range, which are associ-
ated with Yb%* centers stable at 300 K;lo the tail of the
longer-wavelength absorption band extends to 1 um and
may introduce optical losses. Occurrence of Yb%* states is
favored by slightly reducing the atmosphere under which
the crystal growth has been processed. To remove the
color by stimulating Yb%*— Yb3* valence transitions, the
obtained crystals were annealed at 1200 C in air. Discol-
oration occurring because of an exchange of oxygen be-
tween the surrounding gaseous environment and the
crystal could be traced as a function of time by the move-
ment of the boundary separating the crystal portions with
different oxidation states of ytterbium, i.e., Yb3*; and
Yb?* plus Yb?*. The time of annealing required for com-
plete discoloration, which is dependent on the crystal size
but also on the as-grown concentration of Yb?*, was opti-
mized to produce clear crystals with no residual absorp-
tion.

Optical methods were applied for the assessment of
quality and the selection of crystal portions free of occa-
sional defects, introducing light refraction or scattering,
that were used for fabrication of elements of spectroscopic
and laser quality.
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3. SPECTROSCOPIC PROPERTIES

A. Spectroscopy

The absorption spectra of different Yb®* concentration
samples were recorded with a Perkin—Elmer spectropho-
tometer. The absorbance is linear with Yb content; only
very small differences can be seen in the different spectra.
The room-temperature absorption cross section is shown
in Fig. 1. The main peak with 2 nm FWHM corresponds to
the “zero line” at 969.6 nm, but high absorption exists
also near 940 nm. These two wavelengths are convenient
for laser-diode pumping. At this point it should be noted
that the absorption cross section around 970 nm obtained
with Yb:LuAG (1 X 10729 is higher than that correspond-
ing to Yb:YAG (0.7 % 10720),! ensuring a more efficient
pump absorption.

The emission spectrum I(\) was recorded with a
nitrogen-cooled North Coast germanium cell under near
infrared excitation at 940 nm, through a Raman shifter,
with a Quantel Datachrome dye laser pumped with a
frequency-doubled pulsed YAG:Nd Quantel laser. The
room-temperature emission cross section o, is shown in
Fig. 2. It was established with the formula

NI(N)
o.,(\) = ) (1)

877C Tpgqt f I(N)dN

where 7,4 is the radiative fluorescence lifetime equal to
the fluorescence lifetime obtained from extrapolation at
zero Yb content of the lifetimes of the different samples
(see below, next paragraph). In practice we have chosen
the lowest concentrated sample (1.01 ms for the 0.75%
sample), as in this case self-trapping effects are mini-
mized. In Eq. (1) n=1.82 is the LuAG refractive index of
refraction. Interestingly, we have found that the o, peak
value 3Xx1072°cm? is higher than YAG:Yb3+:2.03
X 10720 ¢m2, 311 meaning that LuAG:Yb is more suitable
for short-pulse extraction.

The fluorescence lifetime was measured with a digital
Lecroy oscilloscope for different Yb®* concentrations un-
der 10 ns pulsed excitation. It increased first with an in-
creasing concentration owing to reabsorption of emitted
light; this is the self-trapping effect,'? which has also been
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Fig. 2. Room-temperature emission spectrum of LuAG:Yb3*.
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Table 1. Fluorescence Lifetime versus Yb3*
Content in LUAG

Yb?* Content (%) 0.75 3.8 10 15 20 50
Lifetime (ms) 1.01 1169 1.317 0.83 0.525 0.208
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Fig. 3. Low-temperature emission spectrum of LuAG:Yb?*.

observed in such other garnets as YAG:Yb3* and
GGG:Yb3+.21® Then the lifetime decreased owing prob-
ably to nonradiative losses towards traps. The losses are
quantitatively studied in Subsection 4.B. The measured
lifetimes for different Yb3+ samples are gathered in Table
1.

Low-temperature absorption and emission spectra
were recorded with samples located inside a liquid-helium
flux cryostat; they are shown in Figs. 3 and 4. The room-
temperature absorption at 969.6 nm is larger than that
observed in the same wavelength at low temperature. We
have no clear explanation for that; we can notice that
these results do not agree with those reported in Ref. 3 for
YAG:Yb but are in agreement with the GGG:Yb case.'* In-
spection of the different peaks and comparison with
YAG:Yb3*!® Rand GGG:Yb3+!* Stark energy levels dia-
gram lead to the sublevels energy positions in LuAG:Yb?*
gathered in Table 2.

B. Luminescence Quantum Efficiency

The fluorescence quantum efficiency (¢ defined as the ra-
tio of the number of radiative de-excitations to the total
number of de-excitations from an energy state in a given
laser system) is one of the most important parameters
used to optimize the performance of a solid-state laser.'®
The heat delivered to the laser medium after the pumping
process (optical or electric) is strongly determined by the
value of the metastable state quantum efficiency. Crystals
with low quantum efficiencies have higher nonradiative
decay probabilities and show larger thermal loading rates
than samples with high quantum efficiencies. This factor
is of particular relevance for Yb%* lasers, since these la-
sers operate in a quasi-three-level scheme so that pump
power at threshold increases linearly with the nonvanish-
ing population of the terminal laser level. This population
increases continuously with the crystal temperature.!” As
the laser threshold depends strongly on the crystal tem-
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perature, the pump-to-laser conversion efficiency in
diode-pumped Yb®* lasers has been found to decrease
drastically when the crystal temperature is increased.'®
The local temperature, the temperature in the pumping
volume, is proportional to the fraction of pump power de-
livered to the crystal lattice as heat, and this fraction is
determined by the particular value of the quantum effi-
ciency of the metastable state.?

Up to now, the quantum efficiency of ion-doped crystals
has been measured by photoacoustic and photothermal
methods.?®?! These methods provide good results but re-
quire relatively complicated experimental setups. An es-
timation of the quantum efficiency can be also obtained
from the knowledge of both radiative (7z) and fluores-
cence (7p) lifetimes, which are related by the following ex-
pression:

= @)

In rare-earth doped-laser crystals, the radiative life-
time is usually calculated by applying the so-called Judd—
Ofelt formalism.?? This method has provided excellent re-
sults when applied to Nd®*-doped crystals, but it cannot
be applied to the case of Yb®*-doped crystals, because of
the lack of absorption bands. For the particular case of
Yb3+-doped crystals, the radiative lifetime can be calcu-
lated from the analysis of absorption and emission cross
sections.?’ Unfortunately, the knowledge of the actual
value of fluorescence lifetime of Yb%* ions is a complicated
task, as time-decay curves of Yb3* ions are usually af-
fected by the self-absorption effect.'”® Thus alternative
methods are required to obtain a direct and error-free
measurement of Yb%* quantum efficiency. In this work we
will take advantage of a the multiwavelength photother-
mal method,? consisting of the measurement of the
pump-induced crystal heating for different pump wave-
lengths, to determine the fluorescence quantum efficiency
of Yb?* jons in LuAG crystals as a function of ion concen-
tration.

A schematic energy-level structure of Yb®* ions in
LuAG crystals is illustrated in Fig. 5, together with the
relevant transitions involved in the quantum efficiency
determination. After optical excitation from the ground
state (*F) to the excited state (*F,,), a nonradiative re-
laxation takes place down to the emitting sub-Stark level
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Fig. 4. Low-temperature absorption spectrum of LuAG:Yb3*.
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Table 2. Splitting of the Yb%* Levels in Garnet

Hosts
%F,,, Sublevel 2F,, Sublevel
Energies Barycenter Energies Barycenter

Host (ecm™) (em™1) (cm™) (ecm™)
LuAG 0 600 635 499 10330 10645 10625

762 10900
YAG 0 581 619 497 10327 10634 10629

786 10927
GGG 0 462 540 414 10309 10582 10567

657 10811

of the 2F ., manifold Then, from the ?Fj, level, radiative
and nonradiative transitions to the ground state, includ-
ing transfers toward traps (not clearly identified at this
step) take place with probabilities equal to ¢ and 1- ¢, re-
spectively. After the de-excitation, a final internal ther-
malization among the Stark sublevels of the ground state
occurs. In the schematic diagram of Fig. 5 we have con-
sidered that all the radiative relaxations lead to the emis-
sion of a photon with a fixed wavelength equal to Ay taken
as the average fluorescence wavelength calculated from
the room-temperature emission spectrum. In our particu-
lar case, we have obtained Ap=~1020 nm; this value has
been calculated from the room-temperature emission
spectrum and has been found to be almost independent of
the Yb®* concentration. Following the excitation—de-
excitation scheme of Fig. 5, the heat released to the
sample comes from the internal relaxations at the upper
and lower levels as well as from the nonradiative contri-
bution. The steady value of the increase in crystal tem-
perature, AT, which is proportional to the heat trans-
ferred to the sample, can be written as a function of pump
wavelength as?

107 107
AT kN(N\p) )\——E1+¢ E1—}\— +(1-¢E,;
D F
107 107
=kN(\) )\_p_(ﬁ)\_F , 3)

where N(\,) is the number of excited ions per unit time, «
is a constant that depends on geometrical conditions and
on the thermocouple—crystal contact, and \, is the excita-
tion wavelength (in nanometer). The problem now is to
calculate the number of excited ions per unit time for the
different pump wavelengths used [N(\,)]. This number
can be calculated by dividing the absorbed pump power by

the energy of the pump photons.? Therefore we can state
N()\p) = aPabs()\P)}\P’ (4)

where « is a constant independent on pump wavelength
and P,s(\p) is the absorbed pump power. As we will see,
the evaluation of the constant « is no longer necessary for
the determination of quantum efficiency. Now, substitut-
ing Eq. (4) in Eq. (3) we obtain

ATs(\p)

Ap
P abs()\P) A

= aK107|: 1- qs—] ) (5)

F
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Equation (5) indicates that if the ratio
[AT (Np)l/[Paps(Np)] is measured for different pump
wavelengths, the value of the fluorescence quantum effi-
ciency can be obtained by simply fiting the data to a linear
relationship. Following this method we do not need any
reference sample or any comparison with data obtained
from the diluted samples. Additionally, the quantum effi-
ciency for each particular sample has been calculated by
comparing crystal thermal loading obtained under differ-
ent pump wavelengths, so that we are only considering
the change in the nonradiative decays caused by changes
in the pumped level. In this way possible effects caused by
self-trapping are minimized, and the values obtained for
quantum efficiency can be considered, in a first-order ap-
proximation, quite close to the intrinsic values.

We have then performed this kind of measurement to
determine the dependence of fluorescence quantum effi-
ciency on the Yb3* concentration in LuAG crystals. For
this purpose, the Yb3*: LuAG crystals were placed in a Te-
flon holder, and a cromel-alumel thermocouple was me-
chanically attached to the sample. The beam from a tun-
able (900-980 nm) argon-pumped Ti:sapphire laser was
focused into the sample by a single 15 cm focal length
lens. The pump beam followed a Gaussian distribution,
and its waist diameter at the input crystal face was set to
2 mm. Pump power was kept equal to 700 mW for all the
pump wavelengths used in this work. The voltage pro-
vided by the cromel-alumel thermocouple was measured
by a digital nanovoltmeter. Temperature accuracy was be-
low 1°C. The time employed for each temperature mea-
surement was 3 min, this being quite larger than the time
required for the sample to reach a steady temperature
(typically below 1 min), and for each temperature mea-
surement we wait close to 1 min. Additionally, a cali-
brated Si detector was placed behind the output crystal
face, so that the pump power reaching this detector for
each wavelength was recorded with and without the

2
F,, ¢

Pump

‘F.

7/2
v .

Fig. 5. Schematic energy-level structure of Yb%* ions in LuAG.
The relevant transitions involved in the quantum-efficiency de-
termination are indicated by arrows.
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Fig. 6. Ratio between crystal-temperature increment and ab-
sorbed pump power as a function of pump wavelength obtained
from the 3.8 at.% doped Yb?*:LuAG sample.

Yb3*:LuAG crystal. From these measurements the ab-
sorbed pump power for each wavelength was calculated.
Finally, an additional thermocouple was used to measure
the sample chamber in order to calculate the increase in
crystal temperature. All the experiments carried out in
this work were performed in a sample chamber with con-
trolled temperature (x1°C). In addition, our experimental
setup was placed within a laminar flux system in such a
way that the thermal heating of the atmosphere sur-
rounding the sample was avoided. As a consequence we
can state that the temperature of the surrounding atmo-
sphere was kept constant during experiments. Finally, it
should be noted here that the measured crystal tempera-
ture was independent of the contact point between the
crystal and the thermocouple with an accuracy of 5%.

Figure 6 shows a typical result obtained with our ex-
perimental setup. The date displayed in this figure corre-
sponds to the 3.8 at.%-doped Yb?*:LuAG sample. As can
be appreciated, the [ATg(\p)]/[Pa,s(\p)] ratio decreases
linearly as the pump wavelength increases, in accordance
with Eq. (5). From the fit of the experimental data to a
linear behavior, the dashed curve in Fig. 6, the fluores-
cence quantum efficiency can be obtained (in this case ¢
=0.9+0.05). We have carried out similar measurements
for different Yb3* concentrations. The corresponding val-
ues obtained for the fluorescence quantum efficiency are
summarized in Fig. 7. As can be observed, quantum effi-
ciency is close to one for relatively low concentrated
samples (Yb3* concentration below =10 at%). For higher
concentrations the fluorescence quantum efficiency starts
to decrease, indicating the activation of luminescence
quenching probably related to energy migration among
Yb3* ions and the presence of luminescence killers. Such a
behavior was also encountered in YAG:Yb3+''13 but
much less pronounced in Ref. 11.

4. LASER PROPERTIES

In this section the performance of Yb3*-doped LuAG crys-
tals as a laser gain medium under a cw diode pumping is
studied. In Subsection 4.A we analyze the pump-induced
thermal loading of a gain Yb?*-doped LuAG laser crystal,
and these measurements have been used for an alterna-
tive estimation of the fluorescence quantum efficiency. In
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Subsection 4.B we explore the possibility of tunable laser
light generation around 1.06 um from diode-pumped
Yb3*-doped LuAG crystals.

For the characterization of Yb3*-doped LuAG crystals
as a laser gain medium we have used a double-pass quasi-
hemispherical cavity with a flat dichroic input mirror
(IM; R>99.9% at 1.06 um and T'=90% at 980 nm). The
output coupler (OC) was of 10 cm radius of curvature. Dif-
ferent OC transmittances (0.3 and 1%) were used. All of
the OCs were also of high reflectance (R>90%) at the
pump wavelength. End pumping was performed by a
50 um fiber-coupled 2 W laser diode (Unique-
ModeVDMS38) emitting at 970 nm. The fiber output was
first collimated and then focused by a single 3 cm focal
lens into the crystal. The pumping mode radius (wp) was
measured to be approximately 45 um. The cavity length
was 9.9 cm, leading to a laser beam waist w;, of about
56 um, so that a=w;/wp=1, as is required for optimum
pump and laser mode overlap.!” The Yb3+:LuAG crystal
was placed as close as possible to input mirror. Among all
the different Yb3* concentrated crystals available in this
work, optimum results were obtained for the 12 at.%
doped sample and 3.15 mm thickness (the faces were not
antireflection coated), so that all the results shown in this
section correspond to this particular sample. The opti-
mum performance obtained for the 12% doped sample ad-
hers the fact that laser performance is enhanced because
of the stronger pump absorption. If Yb3* concentration is
further increased, luminescence quenching takes place,
leading to a strong thermal loading that is well known to
deteriorate the laser performance of Yb3* doped laser
crystals. Lower-concentrated crystals suffer from lower
thermal loading, but they show a poor pump absorption.
At this concentration the fraction of absorbed pump
power was high enough to ensure efficient absorption of
pump radiation. Higher Yb?* concentrations have led to
deterioration in the observed laser performance. This can
be explained by considering that an increment in the Yb3*
concentration leads to higher self-absorption of laser ra-
diation around 1.07 um, causing a drastic increment in
the pump power at threshold, even preventing laser oscil-
lation for higher-concentrated satmples.17 Stable laser
generation was achieved with all the output mirrors used.

1.0 T —

0.8} 4
06} % d
0.4t 4

0.2 4

0.0 L o
10 100

Yb** Concentration (at.%)

Fig. 7. Fluorescence quantum efficiency as a function of ytter-
bium concentration.
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The spectral distribution for laser radiation was mea-
sured with a 0.01 nm resolution fiber-coupled spectrom-
eter. The output laser power was monitored with a cali-
brated power meter. For thermal loading measurements a
chromel alumel thermocouple was mechanically attached
to the crystal so that its temperature was recorded. The
crystal was thermally isolated by means of a teflon holder.

A. Thermal Loading Measurements

Figure 8(a) shows the steady increment in crystal tem-
perature as a function of absorbed pump power when the
Yb3*+:LuAG crystal was placed in the laser cavity with a
1% output coupler. Two different linear regimes with dif-
ferent slopes are clearly observed. The drastic change in
AT versus P, takes place for an absorbed pump power
of 0.8 W, this being the laser threshold observed for this
output coupler transmittance [see Fig. 8(b), in which the
laser curve is displayed]. This clearly indicates that the
pump-induced thermal loading in the absence of stimu-
lated emission is different from the pump-induced ther-
mal loading in the presence of laser emission, as it has
been already published regarding other Yb®*-doped laser
crystals.?* Below threshold, the relationship between the
increment in crystal temperature and the absorbed pump
power is given by Eq. (5). In the presence of stimulated
emission we can assume, in a first-order approximation,
that all the electrons populating the lower-lying Stark
component of the metastable state are de-excited by
stimulated emission involving the emission of photons
with a wavelength equal to the laser wavelength (\p
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Fig. 8. (a) Steady increment in crystal temperature as a func-
tion of absorbed pump power obtained for a 12 at.% Yb?**:LuAG
laser crystal operating under diode pumping. (b) Laser power as
a function of absorbed pump power obtained from a 12 at.%
Yb3*: LuAG laser crystal operating under diode pumping. Output
mirror transmittance was 1 % in both cases.
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=1078 nm in the experimental conditions of Fig. 8). As a
consequence the increment in crystal temperature will be
given by24

A
AT 508 = o, 107Pabs( 1- —P) . ©)
AL
So that by comparing the slopes of the AT versus P
curves below and above laser threshold, the fluorescence
quantum efficiency can be obtained from a combination of
Egs. (5) and (6).

After analyzing the data of Fig. 8, we have obtained a
value of 0.82 for the fluorescence quantum efficiency. This
value is reasonably close to the value obtained from the
multiwavelength photothermal method described in Sec-
tion 3 (¢=0.88) for this Yb3* concentration, indicating
the validity of these two methods to determine the fluo-
rescence quantum efficiency. For the sake of comparison it
should be noted that intracavity thermal loading mea-
surements have been also used to determine the fluores-
cence quantum efficiency of other Yb%*-doped laser crys-
tals, such as Yb:YAB crystals.?* In this case pump-
induced thermal loading was measured by monitoring the
thermal lensing of the gain medium, and the obtained
value for the fluorescence quantum efficiency (0.88) was
also close to unity. In the absence of concentration
quenching, a high value for the fluorescence quantum ef-
ficiency in Yb%*-doped crystals was in fact expected be-
cause of the large energy gap (around 11000 cm™!) be-
tween the excited and ground states. This large energy
gap makes the number of phonons required for nonradia-
tive de-excitation to be large and, therefore, the nonradi-
ative probability to be small. The fact that quantum effi-
ciency of Yb3*:LuAG crystals remains close to unity for
moderate doping levels makes this material interesting
for high-power microchip lasers, since minimum thermal
effects are expected in crystals showing appreciable ab-
sorption coefficients for pump radiation.

B. Laser Output Tunability
One of the most interesting features of Yb?*-doped mate-
rials is that they present broad emission and absorption
bands owing to their characteristic strong electron—
phonon coupling.22 Broad absorption bands makes diode
pumping easy, since a fine stabilization of diode tempera-
ture (diode wavelength) is not necessary. On the other
hand, a broad emission band allows, in principle, a cer-
tain tunability in the laser wavelength by the inclusion of
intracavity elements for wavelength selection. This possi-
bility tunable laser light generation in the infrared is in-
teresting for a variety of applications, including high-
resolution spectroscopy. Furthermore, ultrashort pulse
generation by mode locking requires that the laser gain
extends over some wavelength range in such a way that
the broader this range is the narrower the laser pulse
that can be generated is.?> In this sense the study of the
tuning range of a given diode-pumped material could be
used as an estimation of the propriety of this material for
ultrashort pulse generation.

In this section we have studied the possibility of tun-
able laser light generation around 1.07 um from a diode-
pumped Yb:LuAG crystal. As in Section 4, we have used



682 J. Opt. Soc. Am. B/Vol. 23, No. 4/April 2006

the 12 at. % doped sample, but in this case the high-
reflecting mirror was used in order to minimize the laser
threshold. For wavelength selection a 2 mm tick birefrin-
gent filter (BF) was placed inside the cavity at Brewsted
angle. Figure 9 shows the spectral distribution of laser ra-
diation in the free-running mode (dashed curve) and
when the birefringence filter was placed inside the cavity
(solid curve). For these measurements the absorbed pump
power was set to 1.8 W, and for the case of the spectrum
corresponding to the free-running mode, it measured by
averaging the signal for 1 min in order to minimize the
effect of spectral instabilities. Owing to the broad emis-
sion band, the free-running spectrum has 3 nm FWHM.
When the birefringence filter included in the cavity, wave-
length selection takes place, and in this case FWHM is re-
duced down to 0.3 nm. It should be noted that the inclu-
sion of the birefringence filter in the laser cavity leads to
an increment in the intracavity losses and consequently
to a decrease in the output laser power (from 40 mW
down to 20 mW) Furthermore, by rotating the birefrin-
gence filter in its own plane, it was possible to tune the
output laser wavelength from 1045 nm up to 1090 nm.
Figure 10 shows the laser power as a function of the las-
ing wavelength for an absorbed pump power of 1.8 W.
Stable laser radiation was obtained from 1045 nm up to
1095 nm, so that a total detuning range of 50 nm was ob-
tained. This large detuning range is comparable with the
detuning ranges obtained for other Yb3*-doped laser crys-
tals, such as Y]o""':YAB,26 and indicates a broad gain
band, making Yb3*:LuAG crystals possible candidates for
ultrashort pulse generation.

5. CONCLUSION

We have grown high-quality LuAG: Yb3* crystals of differ-
ent concentrations with the vertical Bridgman method.
With low-temperature spectroscopy the Stark sublevel
structure of the 2F, ground state and the F;, excited
state has been determined. With room-temperature spec-
troscopy, the emission cross section was found to be
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Fig. 9. Spectral distribution of laser radiation in the free-
running mode (dashed curve) and when the birefringence filter
was placed inside the cavity (solid curve). Data correspond to the
12 at.% doped sample.
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Fig. 10. Infrared laser power as a function of laser wavelength
for an absorbed pump power of 1.8 W as obtained from the 12
at.% doped sample.

higher than YAG:Yb3*. The luminescence quantum effi-
ciency was measured in samples with different Yb®* con-
centrations; its value was found to be 90% for 10% Yb3*
and, generally speaking, reasonably high for concentra-
tions well suited for laser diode pumping in end-pump
configurations. The performance of the Yb:LuAG system
as a tunable laser gain medium under 970 nm diode
pumping has been also studied. In preliminary experi-
ments we have obtained a total tuning range of 50 nm,
this being comparable with the tuning ranges obtained
for other Yb-doped laser materials. Owing to its good ther-
mal conductivity, we can estimate that the LuAG:Yb®*
crystal is a promising laser crystal that could rival the
most widely used YAG:Yb?+.
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