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Low-threshold and highly efficient continuous-wave laser performance of Yb:Y;Als0;, (Yb:YAG)
single crystal grown by a temperature gradient technique (TGT) was achieved at room temperature.
The laser can be operated at 1030 and 1049 nm by varying the transmission of the output coupler.
Slope efficiencies of 57% and 68% at 1049 and 1030 nm, respectively, were achieved for 10 at. %
Yb:YAG sample in continuous-wave laser-diode pumping. The effect of pump power on the laser
emission spectrum of both wavelengths is addressed. The near-diffraction-limited beam quality for
different laser cavities was achieved. The excellent laser performance indicates that TGT-grown
Yb:YAG crystals have very good optical quality and can be potentially used in high-power

solid-state lasers. © 2006 American Institute of Physics. [DOL: 10.1063/1.2197933]

Laser-diode-pumped solid-state lasers have attracted a
great attention for applications in military, machining, sur-
gery, and so on. The investigation of Yb** doped materials
has gained a lot of attention because Yb** lasers have several
advantages over Nd** doped materials, such as the absence
of the cross relaxation, upconversion and excited-state ab-
sorption, and easy growth of high concentration crystals.1
Yttrium aluminum garnet (Y3Al;0,, or YAG) is an attractive
laser host material because of its excellent thermal, chemical,
and mechanical properties. Yb: YAG crystal has been a prom-
ising candidate for high-power laser-diode-pumped solid-
state lasers.”™ Owing to the congruent melting properties,
commercially available Yb:YAG single crystals are usually
grown by Czochralski (Cz) method in inert (N,) or oxidizing
atmosphere (N,+2 vol % O,). However, there are some
shortcomings to grow Yb:YAG crystal by using Cz method.
There are defects such as cores and light-scattering particles
in Yb:YAG crystals grown by Cz method.’ Although the
cores can be reduced by annealing after growth, the cores
cannot be eliminated, the available area of Yb:YAG crystal
will be limited by the core. The weight loss of the iridium
crucible cannot be avoided during Cz growing process, es-
pecially in oxidizing atmosphere. These factors limit the
growth of large-size, high-quality Yb:YAG crystals. High-
optical-quality, large-size Yb:YAG crystals are needed for
high-power solid-state lasers, therefore, growth of high-
quality, large-size Yb:YAG crystals is a very important factor
to realize high-power lasers. We have successfully grown
high-optical-quality, large-size sapphire crystaxl,6 Nd**: YAG
crystal,7 and Ti:sapphire crystal8 by using temperature gradi-
ent technique (TGT). Because flat or slightly convex solid-
liquid interface can be easily maintained in the suitable and
stable temperature field by temperature gradient technique,
large-size, high-optical-quality Yb:YAG crystals without
cores and scattering particles can be easily obtained by using
molybdenum crucible. A 3 in. in diameter Yb:YAG crystal
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doped with 5 at. % Yb was successfully grown by TGT.
Although a concentration gradient along the growth axis ex-
ists, which is larger than those grown by Cz method, the
cores and secondary particles are eliminated. Moreover, the
distribution along the radius of the crystal boule is nearly
unity. To improve the crystal quality and the laser perfor-
mance, 3 in. diameter Yb:YAG crystal doped with 10 at. %
YD has been successfully grown using TGT. In this letter, we
report highly efficient laser performance of laser-diode-
pumped TGT-grown Yb:YAG lasers at 1030 and 1049 nm.
The slope efficiency is as high as 68% and the optical-to-
optical efficiency is over 51%, even when the laser is work-
ing at room temperature without water-cooling system, just
using the conduction cooling through the copper sample
holder. The results show that the TGT-grown Yb:YAG crys-
tals have excellent optical quality, the loss of the crystals is
very small. Large-size, high-quality Yb:YAG crystals grown
by TGT will be potential laser materials for high-power
solid-state lasers. The laser characteristics (output power and
laser spectrum) under different output couplings are investi-
gated as a function of the pump power.

The experiment was carried out with a plane-parallel,
I-mm-thick Yb:YAG crystal doped with 10 at. % Yb as a
gain medium. The experimental setup is shown in Fig. 1.
One surface of the Yb:YAG crystal 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 of the Yb:YAG is anti-
reflection-coated at 1030 nm to reduce the cavity loss and

Optical coupling Yb:YAG

system Output coupler

3-W laser diode

AR@940nm HR@940 nm
HR@1.03 ym AR@1.03 um

FIG. 1. Schematic diagram of laser-diode-pumped Yb:YAG laser.
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FIG. 2. (Color online) Output power as a function of the absorbed pump
power for different transmissions of the output coupler. (a) Plano-concave
cavity, the solid line is the linear fitting for 7,.=2%; (b) monolithic micro-
chip Yb:YAG laser for T,.=5% and 10%, respectively.

total reflection at 940 nm to increase the absorbed pump
power. Four concave mirrors were used as output couplers.
All concave mirrors had the same radius of curvature of
70 mm but different transmissions of 2%, 5%, 8%, and 12%
at 1.03 um. The overall cavity length was about 35 mm. A
3 W fiber-coupled 940 nm laser diode with a core diameter
of 100 um and numerical aperture of 0.15 was used as the
pump source. Two lenses of 8 mm focal length were used to
focus the pump beam on the crystal rear surface and to pro-
duce a pump light footprint in the crystal of about 100 wm in
diameter. About 92% of the total pumping power is incident
on the Yb:YAG crystal after the coupling optics. The
Yb:YAG laser was operated at room temperature without ac-
tive cooling of the active element.

The laser output power of plano-concave cavity as a
function of the absorbed pump power for different output
couplers is shown in Fig. 2(a). The absorbed pump power
threshold increases from 90 to 240 mW when increasing the
transmission of the output coupler (T,.) from 2% to 12%.
The maximum output power was achieved with 7,.=2%.
Output power of 940 mW was achieved when the absorbed
pump power was 1865 mW, and the slope efficiency was
about 57%. The measured slope efficiencies are 48%, 51%,
and 57.5% for T.,.=5%, 8%, and 12%, respectively. For
To.=2%, the laser automatically oscillates at 1049 nm be-
cause of the lower reabsorption loss around the weak emis-
sion peak of 1049 nm for Yb:YAG crystal. The lasers oscil-
late at 1030 nm when the transmission of the output coupler
is 5% or higher. The round-trip cavity loss L was estimated
to be less than 5% from the measured values of the pump
power threshold for different transmission of the output cou-
plers according to the formula,'® —In R=2KP4—L, where R
is the reflectivity of the output coupler, Py, is the pump
power threshold, and K is the pumping coefficient defined as
the product of all the coefficients that lead to the population
of the upper laser state.

We also tested the laser performance of the microchip
Yb:YAG crystal grown by TGT by applying the direct coat-
ing on both sides of the crystal. A 1-mm-thick Yb:YAG crys-
tal was polished to a plane-parallel geometry as a laser reso-
nator. The planar rear surface is coated for high transmission
at 940 nm and total reflection at 1030 nm. The planar front
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FIG. 3. Laser spectra of Yb:YAG laser under different pump power levels
for (a) T,.=2% and (b) T,.=8%.

surface serving as output coupler is coated for 5% and 10%
transmissions at 1030 nm and total reflection at 940 nm. The
absorbed pump power thresholds are 150 and 230 mW for
To.=5% and 10%, respectively. The lasers oscillate at
1030 nm, the output power as a function of the absorbed
pump power for microchip laser is shown in Fig. 2(b). The
output power increases linearly with the absorbed pump
power when the pump power is well above the pump power
threshold, which is the nature of quasi-three-level system,
the high efficiency can be achieved by using high pump
power intensity. The maximum pump power intensity is es-
timated to be 25.5 kW/cm? by using the pump beam diam-
eter of 100 um. Under this high pump power intensity, the
optical-to-optical efficiency is as high as 51% for T,,.=10%.
The slope efficiencies of the two microchip lasers are 52.3%
and 68% for T,.=5% and 10%. The slope efficiency of 68%
of laser-diode-pumped Yb:YAG laser is the highest effi-
ciency achieved even at room temperature just cooling the
Yb:YAG sample by air. The increase of the efficiency of
microchip laser comparing to the plano-concave laser con-
figurations is attributed to the decrease of the intracavity loss
by direct coating on the both sides of the crystal.

The laser output beam profile was monitored using a
charge coupled device camera both in the near field and the
far field of the output coupler. The output laser transverse
intensity profile was close to fundamental transverse electro-
magnetic mode in all the pump power range. The near-
diffraction-limited beam quality M? of less than 1.1 for mi-
crochip laser and less than 1.5 for plano-concave cavity was
achieved.

The Yb:YAG laser spectrum was analyzed by using an
ANDO AQ6317 optical spectrum analyzer. The laser spec-
trum of these lasers indicates that several longitudinal modes
oscillate simultaneously (around 1049 nm when T, is 2%
and around 1030 nm when T, is 5%, 8%, and 12%, respec-
tively). For T,.=2%, six longitudinal modes oscillate when
the pump power is just above threshold, while seven or eight
longitudinal modes oscillate with further increase of the
pump power, as shown in Fig. 3(a). For T,.=8%, the number
of oscillating longitudinal modes was found to increase from
two, just above threshold, to six at higher pump power, as
shown in Fig. 3(b). The separation of each longitudinal mode
under different pump power was about 0.29 nm. The separa-
tion of the longitudinal modes in a laser cavity was given
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bylO AN=N?/2L,, where L, is the optical length of the reso-
nator. Mode selection in this plano-concave cavity multi-
mode laser is mainly determined by the gain medium used in
the experiment. For 1-mm-thick Yb:YAG planar-parallel
gain medium studied here, AN was calculated to be
0.2915 nm with the laser wavelength of 1030 nm, which was
in good agreement with the experimental data. The linewidth
at each mode was measured to be less than 0.02 nm, i.e., the
resolution limit of the instrument. The central wavelength
(1049 nm) of the output power does not change with the
absorbed pump power for 7,.=2%, however, the laser emis-
sion wavelength (around 1030 nm) shifts to the longer wave-
length with the absorbed pump power when T,. is 5% or
higher. The redshift of the laser wavelength around 1030 nm
is caused by the emission spectrum of Yb:YAG shifts to
longer wavelength with the increase of the te:mperature11 due
to more heat generated inside the gain medium with the
pump power. Therefore, 1030 nm Yb:YAG laser oscillates at
longer wavelength because the maximum gain shifts to the
longer wavelength with the increase of the temperature in-
side the gain medium. For 1049 nm oscillation, although the
emission wavelength of Yb:YAG crystal at 1049 nm shifts to
longer wavelength with temperature, the emission spectrum
around 1049 nm is flatter than that around 1030 nm. The
effect of the temperature on the gain at 1049 nm is smaller
than that at 1030 nm, therefore, the laser spectrum at
1049 nm is nearly independent on the pump power. The
more longitudinal-mode oscillation at 1049 nm comparing to
those at 1030 nm at the same pump power level also dem-
onstrates that the broader and flatter emission spectrum cen-
tered at 1049 nm is more suitable for multi-longitudinal-
mode oscillation compared to that at 1030 nm due to the
spatial hole burning effect.

Based on the estimated cavity loss and the threshold for-
mula including the reabsm})tion loss at laser wavelength for
quasi-three-level system,1 3 the absorbed pump power
threshold at both laser wavelengths (1030 and 1049 nm) as a
function of the transmission of the output couplers is shown
in Fig. 4. The pump power threshold for both laser wave-
lengths increases with the transmission of the output coupler,
however, the pump power threshold for 1049 nm increases
faster than that for 1030 nm owing to the emission cross
section at 1049 nm of Yb:YAG is only one-sixth of that at
1030 nm. When the transmission of the output coupler is
smaller than 4.2%, the threshold at 1049 nm is lower than
that at 1030 nm because of the thermal distribution factor at
785 cm™! is less than half of that at 612 cm™ for Yb:YAG
crystal. Therefore, under the same laser cavity configuration,
when the transmission of the output coupler is smaller than
4.2%, Yb:YAG laser oscillates at 1049 nm preferentially in-
stead of 1030 nm. These calculations are in good agreement
with the Yb:YAG laser experimental results for different
transmissions of the output couplers.

In conclusion, efficient laser operation of laser-diode
end-pumped Yb:YAG crystals grown by TGT was demon-
strated both at 1030 and 1049 nm. The laser was operated at
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FIG. 4. Absorbed pump power threshold of Yb:YAG laser as a function of
the transmission of the output coupler for two-wavelength oscillation.

room temperature just cooling by the air. The slope effi-
ciency of as high as 68% and optical-to-optical efficiency of
over 51% was achieved for both wavelength operations. The
beam quality factor (M?) at full pump power range was mea-
sured to be less than 1.1. The laser oscillation wavelength
can be changed by varying the transmission of the output
coupler. A 1049 nm laser operation was automatically ob-
tained by using 2% transmission output coupler. The laser
wavelength around 1030 nm shifts to red with the increase of
the absorbed pump power, while the laser wavelength around
1049 nm does not change with the pump power. The laser
experiments show that Yb:YAG crystals grown by TGT have
very good optical quality and can be a very good material for
high-power laser performance at both 1030 and 1049 nm.
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Excellence (COE) program of Ministry of Education, Sci-
ence, Sports, and Culture of Japan.

'F. D. Patel, E. C. Honea, J. Speth, S. A. Payne, R. Hutcheson, and R.
Equall, IEEE J. Quantum Electron. 37, 135 (2001).

’C. Bibeau, R. J. Beach, S. C. Mitchell, M. A. Emanuel, J. Skidmore, C. A.
Ebbers, S. B. Sutton, and K. S. Jancaitis, IEEE J. Quantum Electron. 34,
2010 (1998).

3A. Giesen, H. Hugel, A. Voss, K. Wittig, U. Brauch, and H. Opower, Appl.
Phys. B: Lasers Opt. 58, 365 (1994).

‘T8, Rutherford, W. M. Tulloch, E. K. Gustafson, and R. L. Byer, IEEE J.
Quantum Electron. 36, 205 (2000).

3p, Yang, P. Deng, Z. Yin, and Y. Tian, J. Cryst. Growth 218, 87 (2000).
oy, Xu, Y. Zhou, G. Zhou, K. Xu, P. Deng, and J. Xu, J. Cryst. Growth 193,
123 (1998).

7. Dong, P. Deng, F. Gan, Y. Urata, R. Hua, S. Wada, and H. Tashiro, Opt.
Commun. 197, 413 (2001).

8J. Dong and P. Deng, J. Cryst. Growth 261, 514 (2004).

°G. Zhao, J. Si, X. Xu, J. Xu, H. Song, and Y. Zhou, J. Cryst. Growth 252,
355 (2003).

W. Kochner, Solid State Laser Engineering, 5th ed. (Springer, Berlin,
1999).

"y, Dong, M. Bass, Y. Mao, P. Deng, and F. Gan, J. Opt. Soc. Am. B 20,
1975 (2003).

2W. P. Risk, J. Opt. Soc. Am. B 5, 1412 (1988).

3T Y. Fan and R. L. Byer, IEEE J. Quantum Electron. 23, 605 (1987).

Downloaded 07 Feb 2013 to 210.34.4.245. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



