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Abstract: The performance of laser-diode end-pumped
Yb:LuAG microchip lasers has been investigated at ambient
temperature without active cooling of the gain media. Effi-
cient laser oscillation of Yb:LuAG crystals with different thick-
ness and output couplings was achieved at 1030 and 1047 nm
with slope efficiencies of 72 and 54%, correspondingly. The
thermal population distribution at the terminated laser level of
Yb:LuAG crystal plays an important role in the laser perfor-
mance. The effects of the thickness of Yb:LuAG crystal and the
transmission of output couplers on the laser oscillating wave-
length and central wavelength shift were investigated by taking
account into the reabsorption loss at lasing wavelength and in-
tracavity laser intensity.

0.5

0.4

Pih, abs, W

t=1.2mm t=2.0 mm
1030 nm 1030 nm
fffff 1047 nm  ------ 1047 nm
0 T T T
0 5 10 15 20
Toc, %

Calculated absorbed pump power thresholds of Yb:LuAG mi-
crochip lasers as a function of the transmission of the output
coupler (75.) for different thickness of Yb:LuAG crystal

© 2010 by Astro Ltd.
Published exclusively by WILEY-VCH Verlag GmbH & Co. KGaA

Laser-diode pumped efficient Yb:LUAG microchip lasers
oscillating at 1030 and 1047 nm

J. Dong, \'* K. Ueda, ? and A.A. Kaminskii >

! Department of Electronics Engineering, School of Information Science and Technology, Xiamen University, Xiamen 361005, China
2 Institute for Laser Science, University of Electro-Communications, 1-5-1 Chogugaoka, Chofu, Tokyo 182-8585, Japan
3 Institute of Crystallography, Russian Academy of Sciences, Moscow 119333, Russia

Received: 10 June 2010, Revised: 14 June 2010, Accepted: 17 June 2010

Published online: 20 July 2010

Key words: Yb:LuAG crystal; microchip laser; wavelength shift

1. Introduction

Ytterbium doped laser materials have been intensely inves-
tigated for developing high power laser-diode pump solid-
state lasers, tunable lasers and femtosecond lasers around
1 pm [1-3]. Yb:YAG as crystals and polycrystalline ce-
ramics are one of the dominant laser gain media used
for solid-state lasers [4—7] owing to the excellent optical,
thermal, chemical and mechanical properties [8]. Yb:YAG
crystals have been used as gain medium to obtain high av-
erage output power short-pulse generation in laser-diode
pumped regenerative amplifier [9]. And circular modes se-
lection in Yb:YAG laser has been demonstrated by using

intracavity lens with spherical aberration [10]. Efficient
high peak power passively Q-switched Yb:YAG lasers
with Cr**:YAG or semiconductor saturable absorber mir-
ror (SESAM) as saturable absorber have been demon-
strated [11-13]. Also actively Q-switched Yb:YAG lasers
have been demonstrated [14].

Another interest in Yb:YAG lasers is that the fre-
quency doubled wavelength of 515 nm matches the high-
est power line of Ar-ion lasers, thereby leading to the pos-
sibility of an all solid-state replacement [15]. Frequency
doubling could be realized either placing appropriate non-
linear crystals inside or outside of the resonator. Intra-
cavity frequency doubling is a well-developed way to

* Corresponding author: e-mail: jdong@xmu.edu.cn

(© 2010 by Astro Ltd.
Published exclusively by WILEY-VCH Verlag GmbH & Co. KGaA



Laser Phys. Lett. 7, No. 10 (2010)

Laser Physics
Letters 727

convert fundamental wavelength of laser-diode pumped
Yb:YAG lasers to green light in the continuous-wave op-
eration with different frequency doubling nonlinear crys-
tals [16—18]. The high peak power generation in passively
Q-switched Yb:YAG lasers provide another advantage to
construct simple and robust extracavity frequency dou-
bling laser sources, and efficient 515 nm frequency dou-
bling green light has been demonstrated in passively Q-
switched Yb:YAG/Cr*+:YAG microchip laser [19]. The
temperature dependent and Yb doping concentration de-
pendent optical properties and laser performance have
been investigated systematically in Yb:YAG crystals and
ceramics recently [20], the results show that better laser
performance can be achieved with highly doped Yb:YAG
ceramics other than Yb:YAG crystals. Because the thermal
and optical properties of Yb:YAG crystal have been im-
proved dramatically at low temperature [21,22], therefore
laser performance of Yb:YAG materials can be improved
dramatically at cryogenic temperature. Efficient laser per-
formance of cryogenically-cooled Yb: YAG lasers has been
demonstrated [23-25].

Although Yb:YAG laser materials have been widely
used in solid-state lasers, the measured peak effective
emission cross section for Yb:YAG is relatively modest
compared to other hosts [26,27]. Therefore, investigation
of other ytterbium doped laser crystals with good optical,
thermal properties is still an interesting topic in the solid-
state laser fields, and a similarly robust host material with
more favorable emission cross section is desired for laser
applications. Among more than 230 oxide and fluoride
laser host-crystalline materials, the lutetium compounds
(at present about 30 species) are of special interest [28].
In particular, as substitution of yttrium by lutetium ions
in several structures, the lutetium compounds are prefer-
able for trivalent lanthanide lasants (Ln3T). For exam-
ple, the tetragonal Ln3+:LiLuF, laser crystals are con-
gruently melted, while the isostructural Ln3*:LiYF, flu-
orides are incongruently melted laser crystals [29, 30]. In
the case of Ln3+-d0ped laser orthorhombic YAIO3 [31]
and LuAlOg [32], the later is more stable during grow-
ing process due to advantages related phase diagrams.
For Nd?*-doped Y3Al;0;5 and Lu3Al50,, laser garnets,
the latter offers more suitable properties for laser action
due to relatively small Stark splitting of the metastable
% Fy 5 state of lasant ions [33]. In the case of Ln**-doped
Y203 and LusOg single crystals, the latter have not poly-
morphic transition, where the Yb3*:Luy03 sesquioxide
offers record broad tunable lasing spectral range for yt-
terbium crystals [34]. From historical point of view, the
first laser lutetium crystals were LuzAl;0;2, LuAlOs,
and LusScyAl;015 doped with several Ln®t ions (see,
e.g. [35-38]). It is asserted that lutetium laser crystals
are special chapter in modern material science. At now
the Yb3*:LuzAl50:5 (Yb:LuAG) crystal becomes one of
the important laser materials for developing laser-diode
(LD) pumped solid-state lasers [8,39] because it has large
emission peak cross-section compared to that for Yb: YAG
crystal [39]. Yb:LuAG also has comparable mechanical

properties such as high thermal conductivity to that of
Yb:YAG crystal [40]. The other interesting characteris-
tics of Yb:LuAG crystal is that it has very strong ab-
sorption at 968 nm wavelength, which is higher than that
at 940 nm, therefore, high quantum efficiency can be
achieved by using 968-nm LD as pumping source. Op-
tical properties of Yb:LuAG and LD pumped Yb:LuAG
was reported at room temperature [39]. And thorough in-
vestigation of temperature dependent laser performance of
Yb:LuAG crystal under 970 nm LD pumping was per-
formed [41]. More recently, crystal growth, spectroscopic
and laser properties of Yb:LuAG crystals doped with var-
ious Yb concentrations were investigated [40]. The results
show that Yb:LuAG crystal with large emission cross sec-
tion will be more suitable for ultrashort pulse generation.
Efficient passively Q-switched Yb:LuAG microchip lasers
with over 40% slope efficiency have been demonstrated,
laser pulses with pulse width of 610 ps have been ob-
tained [42]. Continuous-wave tunable laser operating from
1033-1079 nm and passively mode-locked laser operation
with pulse width of 7.63 ps have been reported in laser-
diode pump Yb:LuAG lasers [43]. However, even with
optimum output coupling of 15% transmission, slope effi-
ciency of only 42.7% was achieved with respective of the
absorbed pump power for continuous-wave (CW) opera-
tion. The performance of Yb:LuAG lasers still has space
to be improved. Microchip laser is one of the efficient
configurations to realize efficient laser performance at am-
bient temperature. For certain Yb doping concentration,
the thickness of Yb:LuAG crystal, the output coupling
are two factors governing the laser performance. How-
ever, up to now, there is no reports about the effect of the
thickness of Yb:LuAG crystal and output coupling on the
Yb:LuAG microchip lasers without active cooling of the
gain medium at ambient temperature.

In this paper, the efficient laser performance of
Yb:LuAG microchip lasers at ambient temperature was
presented. The effects of thickness of Yb:LuAG crystal
and output couplings on the performance of Yb:LuAG mi-
crochip lasers were investigated and the performance of
Yb:LuAG microchip laser indicated that better laser per-
formance can be realized by choosing suitable thickness
in this gain medium and output coupling transmission. We
demonstrated that microchip laser can oscillate efficiently
at 1030 and 1047 nm by using 5 at.% Yb:LuAG crys-
tal. The laser properties become worse with the thickness
of Yb:LuAG crystal owing to enhanced reabsorption with
thickness of Yb:LuAG crystal and the strong thermal pop-
ulation distribution.

2. Optical properties of Yb:LuAG crystal

The Yb:LuAG crystal used in the experiments was grown
by traditional Czochralski (CZ) method, with a Yb3*-ion
doping concentration of 5 at.%. The crystal was grown
along the (111) axis direction. The absorption and emis-
sion spectra of Yb:LuAG crystal were measured at room
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Figure 1 (online color at www.lphys.org) Absorption spectrum
of Yb:LuAG crystal doped with 5 at.% Yb®*-ions at room tem-
perature, the absorption spectrum of Yb:YAG doped with 5 at.%
Yb3T-ions is also plotted for comparison
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Figure 2 (online color at www.lphys.org) Emission spectrum of
Yb:LuAG crystal doped with 5 at.% Yb>*-ions at room temper-
ature. The emission spectrum of Yb:YAG crystal is shown for
comparison

temperature. A Yb:YAG crystal doped with 5 at.% Yb
was also used to compare the optical properties with
those of Yb:LuAG crystal. The absorption spectra of
Yb:LuAG and Yb:YAG crystals are shown in Fig. 1.
There are four absorption peaks centered at 916.0, 939.5,
968.0, and 1030.0 nm, respectively, which are similar to
those of Yb:YAG crystal. 916.0, 939.5, and 968.0 nm
are suitable for laser-diode pumping. However, there are
some differences between Yb:LuAG and Yb:YAG crys-
tals. There is a doublet absorption peak centered at 935.5
and 939.5 nm, respectively, and it looks like a top-flat pro-

file with 4 nm width. The peak absorption wavelength
centered at 939.5 nm is about 1.5 nm blue-shift com-
paring to that for Yb:YAG crystal. The absorption band-
width (FWHM) of Yb:LuAG crystal centered at 939.5 nm
was measured to be 22.5 nm, which is about 1.3 times
wider than that for Yb:YAG crystals [44]. Therefore, the
Yb:LuAG crystal is more suitable for 940-nm laser-diode
pumping owing to the broader band absorption features.
The absorption coefficient at 939.5 nm is 6 cm~!. The
absorption at 968 nm of Yb:LuAG crystal is higher than
that of Yb:YAG crystal, which is more suitable for 968 nm
laser-diode pumping. Fig. 2 shows the room temperature
emission spectra of Yb:LuAG crystal containing 5 at.%
of ytterbium activators. The emission spectra of Yb:LuAG
crystal is similar to that of Yb:YAG single crystals. Two
main emission peaks are centered at 1030.25 nm and
1046.00 nm, the effective emission intensity at 1030.25 nm
is about 4.3 times of that at 1046.00 nm. The emission
bandwidth centered at 1030.25 nm (~ 8.4 nm) is the same
as that of Yb:YAG crystal. The emission shift to longer
wavelength of Yb:LuAG crystal is caused by the weaken-
ing of crystal field by the substitution of the Al>* ion by
larger Lu®" ions [45]. The fluorescence lifetime was mea-
sured to be 1.1 ms owing to the radiative trapping effect in
the lifetime measurement for ytterbium doped materials,
which is longer than that of Yb:YAG crystals (~ 0.951 ms
[460).

The absorption cross-section spectrum of Yb:LuAG
crystal was calculated by using the absorption spec-
trum of Yb:LuAG and the concentration of Yb3*-ion
in the Yb:LuAG crystal. The effective emission cross-
section spectrum was estimated by using the Fuchtbauer-
Ladenburg (F-L) formula and measured fluorescence life-
time of the Yb:LuAG crystal. Therefore, the gain cross-
section of the Yb:LuAG crystal was determined from
the absorption and emission cross-section spectra of
Yb:LuAG crystal under different population inversion ra-
tio, 3= Na/Ny, Ns is the inversion population and Nj is
the total population of Yb3-ions in Yb:LuAG crystal. The
gain cross-section spectra of Yb:LuAG can be expressed
as 04(A) =P (A) = (1-8)oe(A). oc(X) and o4(\) are
the emission and absorption cross-section of the Yb:LuAG
crystal, respectively. Fig. 3 shows the gain cross-section,
04(A), of Yb:LuAG crystal for different values of popula-
tion inversion ratio, 5. The absorption cross-section spec-
trum was obtained when (8 was set to 0; and the emission
cross-section spectrum was obtained when § was set to
1. Absorption cross-section peaks are located near 935.5
and 939.5 nm, with a value of 0.73x 10729 ¢m2, and emis-
sion cross-section peak is located near 1030.25 nm, with
a value of ~2.8x1072° ¢cm?, which is higher than that of
Yb:YAG crystal (about 2.3x 10720 cm?) [22]. It is worth
noting that there is another absorption peak near 968 nm,
which is also useful for optical pumping for realizing high
quantum efficiency laser operation. We also note that the
emission spectrum extends up to nearly 1150 nm, which
is promising for the development of new broadly tunable
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Figure 3 (online color at www.Iphys.org) Gain cross-section,
og(A) of Yb:LuAG crystal for different values of population in-
version ratio, 3= Na/No. 64(A\) =0 (A) —=(1=B)oa(N). ge(X)
and o,(\) are the emission and absorption cross-section of
Yb:LuAG crystal, respectively. Absorption cross-section spec-
trum was obtained when (3 was set to 0; emission cross-section
spectrum was obtained when (3 was set to 1
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Figure 4 (online color at www.Iphys.org) Schematic diagram of
laser-diode pumped Yb:LuAG microchip lasers

laser sources, as well as for the design of femtosecond os-
cillators or amplifiers.

3. Laser experiments

The laser experiment was carried out with plane-parallel,
1.2- and 2.0-mm-thick LuAG crystal plates doped with
5 at.% Yb>* ions as gain media. The cross-section of
the gain medium is 6x6 mm?. The schematic diagram
of experimental setup is shown in Fig. 4. One surface of
these plates is anti-reflection-coated at 940 nm and highly
reflecting at 1030 nm to act as a cavity mirror of the
laser. The other surface is anti-reflection-coated at lasing
of 1030 nm to reduce the cavity loss. Four plane-parallel
mirrors were used as output couplers with different trans-
missions (7,.) of 5, 10, 15, and 20% at 1.03 pm. The over-
all cavity length was the thickness of the gain crystal. The
mechanically contacted Yb:LuAG crystal and output cou-
pler were held between two copper blocks with an aperture
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Figure 5 (online color at www.lphys.org) Output power of
Yb:LuAG microchip lasers as a function of the absorbed pump
power with different thickness and output couplings. The solid
lines show the linear fitting of experimental data

of 3 mm in diameter. A high power fiber-coupled 940 nm
LD with a core diameter of 100 ym and numerical aper-
ture of 0.22 was used as the pump source. Two lenses with
8-mm focal length were used to focus the pump beam on
the Yb:LuAG crystal rear surface and to produce a pump
light footprint in the crystal of about 100 um in diameter.
About 95% of the total pumping power is incident on the
Yb:LuAG crystal plate after the coupling optics. The mi-
crochip lasers operated at room temperature without active
cooling of the active element. The spectral composition of
these lasers was analyzed with an optical spectrum ana-
lyzer (ANDO AQ6137).

4. Results and discussion

The output power of Yb:LuAG microchip lasers as a func-
tion of the absorbed pump power for different output cou-
plings and different thicknesses of Yb:LuAG crystals is
shown in Fig. 5. The absorbed pump power thresholds of
2.0-mm-thick microchip lasers are 0.33, 0.38, 0.47, and
0.49 W for T, =5, 10, 15, and 20%, respectively. The ab-
sorbed pump power thresholds of 1.2-mm-thick microchip
lasers are 0.14, 0.15, 0.18, and 0.20 W for T,. =5, 10, 15,
and 20%, respectively, which are lower than those for 2.0-
mm-thick Yb:LuAG lasers. The output power increases
linearly with the absorbed pump power when the pump
power is well above the pump power threshold for 2.0-
mm-thick Yb:LuAG plate, which is the nature of quasi-
three-level operating scheme, the high efficiency can be
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Figure 6 (online color at www.lphys.org) Optical-to-optical ef-
ficiency of Yb:LuAG crystal microchip laser as a function of ab-
sorbed pump power with different thickness of Yb:LuAG crystal
and transmissions of the output coupler

achieved by using high pump power intensity. The slope
efficiencies are 54, 50, 47, and 42% for T,.=5, 10, 15
and 20%, respectively. The maximum output power of
1.84 W was measured for 7T,.=5% when the absorbed
pump power was 4.0 W, the corresponding optical-to-
optical efficiency was about 46%. The output power de-
creases with increase of the transmission of output cou-
plers. And there is a tendency of decreasing the slope effi-
ciency for T,. > 10%, which is caused by the thermal ef-
fect induced by the temperature rise owing to the heat gen-
erated by the absorbed pump power at high pump power
level for 1030 nm oscillations. The performance of 1.2-
mm-thick microchip laser is better than that of 2.0-mm-
thick Yb:LuAG plate (as shown in Fig. 5). The output
power increases linearly with absorbed pump power for
Toc=5, 10, 15, and 20% although the output power in-
creases slowly with absorbed pump power when the ab-
sorbed pump power is higher than 1.7 W. The slope ef-
ficiencies were measured to be 68, 72, 65, and 68% for
Toe.=5, 10, 15, and 20%, then changed to 57, 54, 49,
and 37% when the absorbed pump power is higher than
1.7 W. Maximum output power of 1.63 W was measured
for T},. = 10% when the absorbed pump power was 2.8 W,
the corresponding optical-to-optical efficiency is 58%. The
performance (slope efficiency and optical-to-optical effi-
ciency with respective to the absorbed pump power) of
5 at.% Yb:LuAG microchip lasers are better than those
obtained in 10 at.% Yb:LuAG laser with optimum output
coupling of 15% transmission [43].

Fig. 6 shows the optical efficiency of Yb:LuAG mi-
crochip laser as a function of the absorbed pump power
for different thicknesses of Yb:LuAG crystal. The optical
efficiency increases with the absorbed pump power and
tends to be saturated when the absorbed pump power is
higher than 2.5 W for 2.0-mm-thick Yb:LuAG microchip
lasers. However, there is a maximum optical efficiency of
1.2-mm-thick Yb:LuAG lasers for all the output couplings
(as shown in Fig. 6). The optical-to-optical efficiency de-
creases with a further increase of the pump power ow-
ing to the thermal effect in the gain medium. Maximum
optical efficiency of 63.8% was achieved at the absorbed
pump power of 1.5 W for 1.2-mm-thick Yb:LuAG crys-
tal; Maximum optical efficiency of 46.6% was measured
at the absorbed pump power of 3.6 W for 2.0-mm-thick
Yb:LuAG crystal. The decrease of the optical efficiency
with the thickness of Yb:LuAG crystal was caused by re-
absorption loss with the thickness of Yb:LuAG crystal.

Measured laser emitting spectra show that Yb:LuAG
microchip lasers oscillate at multilongitudinal modes. The
number of the longitudinal modes increases with ab-
sorbed pump power for all the cases (different thicknesses
of Yb:LuAG and different output couplings). For 1.2-
mm-thick Yb:LuAG microchip lasers, the lasers oscillate
around 1030 nm for different output couplings, and cen-
tral emitting wavelength shifts to longer wavelength with
absorbed pump power. For 2.0-mm-thick Yb:LuAG crys-
tal, laser oscillates around 1047 nm for 7,. = 5%, the cen-
tral wavelength shifts to longer wavelength with absorbed
pump power. The laser oscillates at 1030 nm for 7. =10,
15, and 20%. The oscillation wavelength difference be-
tween 1.2 and 2.0 mm thick Yb:LuAG microchip lasers for
T, =5% is attributed to the different laser thresholds. The
pump power threshold of quasi-three-level laser including
the reabsorption loss can be expressed [6,25]

hljpﬂ' (w12) + U}%) (L + Toc + QUflothotl)
dngTo

Py, = (D
where h is the Planck constant, v, is the frequency of
pump power, w, and wy, are the beam waist of pump
beam and laser beam, L is the intracavity loss including
the diffraction loss and scattering losses, o is the emission
cross-section of gain medium at lasing wavelength, 7 is the
fluorescence lifetime of gain medium, [ is the length of the
gain medium, fi,,, is the thermal population distribution
factor at terminated laser level, NV, is the total population
of Yb3* ions in gain medium, 7, =1-exp(—al), is the
absorption efficiency of pump power, « is the absorption
coefficient of gain medium at pump wavelength.

Based on the estimated cavity loss and the thresh-
old formula including the reabsorption loss at laser wave-
length for quasi-three-level system [47,48], the absorbed
pump power threshold at both laser wavelengths (1030 and
1047 nm) as a function of the transmission of the output
couplers is shown in Fig. 7. The pump power threshold
for both laser wavelengths increases with the transmission
of the output coupler, however the pump power threshold
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Figure 7 (online color at www.lphys.org) Calculated absorbed
pump power thresholds of Yb:LuAG microchip lasers as a func-
tion of the transmission of the output coupler (75.) for different
thickness of Yb:LuAG crystal

for 1047 nm increases faster than that for 1030 nm ow-
ing to the emission cross section at 1047 nm of Yb:LuAG
is only a quarter of that at 1030 nm. For 1.2-mm-thick
Yb:LuAG crystal, when the transmission of the output
coupler is smaller than 3%, the threshold at 1047 nm is
lower than that at 1030 nm because of the thermal dis-
tribution factor at 762 cm~! is less than half of that at
600 cm ™! for Yb:LuAG crystal. Therefore, under the same
laser cavity configuration, when the transmission of the
output coupler is greater than 3%, Yb:LuAG laser oscil-
lates at 1030 nm preferentially instead of 1047 nm. How-
ever, for 2.0-mm-thick Yb:LuAG crystal, the absorbed
pump power threshold at 1047 nm is lower than that at
1030 nm when T, is less than 5.5%, therefore, 2.0-mm-
thick Yb:LuAG microchip laser oscillated at 1047 nm
preferably for T,.=5%, and oscillated at 1030 nm for
Toe > 10%. The laser action around 1047 nm for 2.0-
mm-thick LuAG with lower transmission of output cou-
pler (T, =5%) is attributed to the thermal population dis-
tribution in its terminated laser level, the thermal popu-
lation of these levels is proportional to the thickness of
Yb:LuAG. These calculations are in good agreement with
the Yb:LuAG laser experimental results for different trans-
missions of the output couplers.

Fig. 8 shows the typical laser emitting spectra of
Yb:LuAG microchip lasers for different output couplings
under maximum available absorbed pump power (e.g.
2.8 W for 1.2-mm-thick Yb:LuAG plate and 4.0 W for 2.0-
mm-thick Yb:LuAG plate). The separation of two close
longitudinal modes was about 0.25 nm for 1.2-mm-thick
Yb:LuAG lasers. The separation of two close longitudi-
nal modes was measured to be 0.15 nm for 2.0-mm-thick
Yb:LuAG microchip lasers. The different intensity of each
longitudinal modes shows there is strong mode hoping
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Figure 8 (online color at www.lphys.org) Laser spectra of
Yb:LuAG microchip lasers with different output couplings for
(a) — 1.2-mm-thick Yb:LuAG at P,,s =2.8 W and (b) — 2.0-mm-
thick Yb:LuAG at P,ps =4.0 W

and mode-competition between longitudinal modes. The
linewidth at each mode was measured to be less than
5.7 GHz, i.e. the resolution limit of used instrument. The
separation of the longitudinal modes in a laser cavity
was given by [49] A\ = A2/(2L,), where L. is the optical
length of the resonator. For 2.0-mm-thick planar-parallel
Yb:LuAG gain medium studied here, A\ was calculated to
be 0.152 and 0.153 nm with the laser wavelength of 1030
and 1047 nm, respectively, which were in good agreement
with the experimental data. For 1.2-mm-thick planepar-
allel Yb:LuAG gain medium, AX was calculated to be
0.26 nm with the laser wavelength of 1030 nm, which
were also in good agreement with the experimental data.
The dependence of central emitting wavelength of
Yb:LuAG microchip lasers on the intracavity intensity
based on the measured output power was shown in Fig. 9.
For 1.2-mm-thick Yb:LuAG crystal, the central wave-
length shifts to longer wavelength with intracavity inten-
sity for different output couplings. There is 4.45 nm shift
from 1030.02 to 1034.47 nm for 1.2-mm-thick Yb:LuAG
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Figure 9 (online color at www.lphys.org) Central wavelength
shift with intracavity intensity of microchip Yb:LuAG lasers

microchip laser with T,.=5%, the wavelength shift be-
comes less significant for the high transmission of the out-
put couplers (e.g. 2.00, 1.35, and 1.10 nm for 7T,. =10, 15,
and 20%, respectively). For 2.0-mm-thick Yb:LuAG crys-
tal, the central wavelength shifts from 1046.3 to 1047.6 nm
for T, =5% when the intracavity intensity of the lasers
increases from the threshold values to 470 kW/cm?. For
Toe > 10%, the laser oscillates around 1030 nm, the cen-
tral wavelength shifts to longer wavelength with intracav-
ity intensity, and becomes less significant with intracav-
ity intensity (e.g. 2.8, 2.4, and 1.1 nm for 7,.=10, 15,
and 20%, respectively). The causes of the central emit-
ting wavelength shift are the temperature dependent emis-
sion spectra of Yb:LuAG and the intracavity intensity. For
1030 nm oscillation, the thermal population distribution
and temperature dependent emission spectra of Yb:LuAG
crystal play important roles on the central wavelength
shift. However, for 1047 nm oscillation, the thermal pop-
ulation distribution at laser wavelength is weak compar-
ing that at 1030 nm, therefore, the central wavelength
shift of 1047 nm is smaller than that 1030 nm oscillation
even though the intracavity intensity is higher. The cen-
tral emitting wavelength shift observed in Yb:LuAG mi-
crochip lasers are in good agreement with those observed
in Yb:Y203 [50] and Yb:YAG [51] ceramic lasers.

5. Conclusions

In conclusions, the microchip laser performance have been
investigated by adopting Yb:LuAG crystals with different

thickness at ambient temperature without active cooling of
the gain media. Efficient laser performance of at 1030 and
1047 nm was achieved by using 5 at.% Yb:LuAG crystal,
the slope efficiency of 72 and 54% was achieved with re-
spect to the absorbed pump power for 1030 and 1047 nm
oscillations. The shift of the central wavelength of these
lasers is attributed to the intracavity intensity and temper-
ature dependent emission spectra of Yb:LuAG, the higher
the transmission of the output coupling, the shift of the
central wavelength is less. The laser performance becomes
worse with increase of the thickness of Yb:LuAG crystal
at ambient temperature because the thermal properties of
thick Yb:LuAG crystal are getting worse and reabsorption
loss is large. Optimization of Yb:LuAG microchip lasers
can be realized by adjusting the thickness of gain medium
at ambient temperature without active cooling of the gain
medium.
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