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A crystalline-orientation self-selected linearly polarized Yb:Y;Al;04,

microchip laser

Jun Dong,? Akira Shirakawa, and Ken-ichi Ueda

Institute for Laser Science, University of Electro-Communications, 1-5-1 Chofugaoka,

Chofu, Tokyo 182-8585, Japan

(Received 2 June 2008; accepted 20 August 2008; published online 9 September 2008)

Crystalline-orientation and pump dependent polarization states of Yb:Y3;Al;0,, microchip lasers
were observed experimentally. Linear polarization was observed at six crystalline orientations in the
(111) plane relative to the beam propagation direction along the [111] crystalline axis of
Yb:Y;Al50,, crystal. The extinction ratio of the linear polarization decreases and the laser tends to
oscillate at random polarization state at high pump power levels. Linear polarization states of
Yb:Y;AlsO, microchip laser was selected by the anisotropic spectroscopic properties of the
Yb3**-ion in cubic Y;Al;0,, crystal. The random polarization oscillation at high pump power was
caused by the strong thermal-induced birefringence and depolarization. © 2008 American Institute

of Physics. [DOIL: 10.1063/1.2980423]

Well-polarized laser sources have various applications in
optical systems, such as nonlinear frequency conversion,
polarization-coupled laser beam combining, interferometers,
semiconductor optical amplifiers, and optical modulators,
which have polarization-dependent properties. Polarized
solid-state lasers are usually achieved by using polarization-
dependent anisotropic laser crystals (e.g., Nd:vanadate® or
Nd:yttrium lithium fluoride®) or intracavity polarizing ele-
ments such as a Brewster’s window, with linearly polarized
longitudinal pumping or using polarized feedback and so on.
Rare-earth ion doped Y;AlsO;, [yttrium aluminum garnet
(YAG)] lasers have been extensively exploited for many ap-
plications because the YAG host has excellent thermal,
chemical, and mechanical prope:rties.4 Recently, Yb:YAG has
been demonstrated to be a promising candidate for high-
power laser-diode pumped solid-state lasers.” In Yb:YAG
crystal, Yb** substitutes Y3* on the dodecahedronal sites,
which are not cubic, it is D, symmetry. There are six crys-
tallographically equivalent but orientation inequivalent sites
in the Yb:YAG crystal. The Yb** ions should show well-
polarized spectra in the local symmetry axes; however, the
overall symmetry of the garnets is cubic, giving rise to com-
pletely unpolarized spectra for the Yb:YAG crystal. The
crystal-field investigation for Tb:YAG,6 Eu:YAG,7 and Er,
Yb:YAG (Ref. 8) crystals by site-selective polarized spec-
troscopy and polarization dependence of the site-selectively
excited fluorescence of Ho:YAG (Ref. 9) shows that the sym-
metry of rare-earth ions in D, site is lowered, it was sug-
gested that it is lowered to the trigonal system, space group
R3." Also, orientation dependent saturation absorption of
Cr**:YAG crystal has been observed under different high
intensity light at 1.064 ,um.” Although there are some re-
ports on polarization states of single-mode Nd:YAG lasers,
the Nd:YAG crystal is assumed to be optically pumped lon-
gitudinally with a laser of specified polarization.]2 The an-
isotropic (100)-cut Nd:YAG crystal was used as gain me-
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dium to obtain polarized mode oscillation recently.13 The
commonly commercial available Nd:YAG or Yb:YAG crys-
tals are usually grown along the [111] direction. The propa-
gation of YAG lasers is along the [111] direction, and the
polarized states of these lasers are usually achieved by adopt-
ing external forces such as stress and temperature. Until now,
there have been no reports on crystalline orientation selected
polarized lasers from cubic YAG doped with rare-earth ions
when the light propagates along the [111] crystal growth
axis. We now present the first experimental demonstration of
a linearly polarized continuous-wave microchip laser based
on cubic Yb:YAG crystal selected by the crystalline orienta-
tions in the (111) plane when the light propagates along the
[111] direction. The effect of pump power induced birefrin-
gence and depolarization on the crystalline orientation se-
lected linearly polarized states of continuous-wave Yb:YAG
microchip lasers was addressed.

A schematic diagram of experimental setup for
crystalline-orientation selected polarization states of micro-
chip Yb:YAG lasers is shown in Fig. 1. 1-mm-thick plane-
parallel Yb:YAG single crystal plates (Cy,=10, 15, and
20 at. %) were used as gain media. Yb:YAG crystals were
grown by Czochralski method along the [111] direction. One
surface of the Yb:YAG plate perpendicular to the [111] crys-
talline axis is antireflection coated at 940 nm and high reflec-
tion coated at 1030 nm to act as a cavity mirror of the laser.
The other surface of the Yb:YAG is antireflection coated at
1030 nm to reduce the cavity loss. Plane-parallel mirrors
were used as output couplers with different transmissions
(T,.) of 5% and 10% at 1.03 um. The Yb:YAG crystal and

940 nm
laser diode

FIG. 1. (Color online) Schematic diagram for measurement of polarization
of continuous-wave Yb:YAG microchip laser. M1 and M2 are the focus
lenses, OC, is the output coupler, and ¢ is crystal rotation angle.

© 2008 American Institute of Physics
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FIG. 2. (Color online) (a) Linear polarization of continuous-wave Yb:YAG
microchip laser as a function of polarizer angle for six different rotation
angles along the [111] direction of Yb:YAG crystal. (b) Polarization states as
a function of polarizer angle for the rotation angles of Yb:YAG along the
[111] direction except from the six angles in Fig. 2(a). The symbols show
the experimental data, and the solid lines show the sine fitting.

output coupler were held together with a copper holder,
which can be rotated around the axis of laser propagation
direction. The Yb:YAG sample is rotated counterclockwise.
A fiber-coupled 940 nm laser-diode with a core diameter of
100 um and numerical aperture of 0.22 was used as the
pump source. Two lenses of 8 mm (M1) and 12 mm (M2)
focal length were used to focus the pump beam on the crystal
rear surface and to produce a pump light footprint in the
crystal of about 120 um in diameter. The Yb:YAG laser was
operated at room temperature without active cooling of the
active element. The polarization states of these microchip
lasers were determined by using a Glan—-Thomson prism and
a power meter.

To fully understand the nature of orientation inequivalent
Yb** ions in crystallographically equivalent cubic YAG
crystals on the polarization states of Yb:YAG microchip la-
sers, the polarization state of the pump beam used in the
experiment is instantaneously random polarization. There-
fore, the effect of linearly polarized pump light on the polar-
ization states of Yb:YAG microchip lasers was eliminated.
The crystalline-orientation selected polarization states of
Yb:YAG microchip lasers were obtained by measuring the
output power after the polarizer. Linear polarization states of
Yb:YAG microchip lasers were observed when the absorbed
pump power intensity was lower than 45 kW/cm?. Figure 2
shows the normalized transmission of Yb:YAG microchip
lasers after polarizer as a function of polarizer angle for dif-
ferent rotation angles of Yb:YAG crystals along the [111]
direction when the absorbed pump power intensity was
20 kW/cm?. Six orientations in the (111) plane, which are
perpendicular to the laser emitting direction [111] exhibit
“perfect” linear polarization (extinction ratio >100) of the
continuous-wave output power of Yb:YAG microchip lasers,
as shown in Fig. 2(a). 0° indicates the first position that has
perfect linear polarization when the Yb:YAG sample was
rotated anticlockwise. Then the sample was continuously ro-
tated along the same direction, and there are another five
positions (30°, 120°, 150°, 240°, and 270° away from the
first linearly polarized position) exhibiting linear polariza-
tion. A total of six positions exhibiting perfect linear polar-
ization were found. When the rotating angle was set between
any two of these six positions, although Yb:YAG continuous-
wave microchip lasers still exhibit the linear polarization in
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FIG. 3. (Color online) Output power (1049 nm oscillation for 7,.=5% and
1030 nm oscillation for 7,,=10%) and ratio of the horizontal polarized
component to the total output power P,/ P, as a function of the absorbed
pump power.

some degrees, the variation of the output power does not
show clearly perfect linear polarization, some examples are
shown in Fig. 2(b). Figure 3 shows the output power and the
ratio of the horizontal polarized component to the total out-
put power of six crystalline-orientation selected polarized la-
sers as a function of the absorbed pump power. Best laser
performance at 1030 and 1049 nm was achieved with
10 at. % Yb:YAG crystal for different output couplings.14
Maximum output power of 4.6 W was measured for T,
=10% when the absorbed pump power was 6.2 W. The slope
efficiency is about 85% and optical-to-optical efficiency is
about 74%. The laser polarization states of continuous-wave
Yb:YAG microchip lasers were strongly affected by the ab-
sorbed pump power. The laser exhibits a linear polarization
state at low absorbed pump power, and the extinction ratio of
linear polarization decreases with increase of the absorbed
pump power intensity (between 30 and 45 kW/cm?). The
laser oscillates with random polarization states at higher
pump power intensity (>45 kW/cm?).
Crystalline-orientation self-selected polarization states of
Yb:YAG microchip lasers at low pump power levels are
caused by the threefold local symmetry of dodecahedral co-
ordinated Yb?* ions in cubic YAG crystal. Figure 4(a) shows
the six possible orientations of cubic YAG doped with Yb**
lasants and their relationship to the axes XYZ of the unit cell,
preferable for linear polarization oscillation. The local axes
x; are parallel to the cubic axes of the unit cell, while the axis
y; and z; are parallel to the face diagonals. There are three
local sites in Yb:YAG crystal. Each site includes two orien-

z
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FIG. 4. (Color online) The Yb3* substitution sites in the YAG matrix, the
crystal cell axes are denoted [100], [010], and [001]. (a) Crystalline-
orientation of the three inequivalent sites of the Yb** ion in the cubic YAG
relative to the axes XYZ of the cubit unit cell. The edges of the right paral-
lelepipeds indicate the orientation of the local twofold axes x;, y;, z; in the
order of growth length. The oy axis coincides with the crystal cell diagonal
[110]. In each site, the transition dipole moment, represented by an oblong,
is directed along the local oy axis. (b) The six polarization-preferable ori-
entations in the (111) plane.
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tations that are perpendicular to each other, such as [110] and
[112], [011] and [211], and [101] and [121]. All these ori-
entations are in the (111) plane and are perpendicular to the
[111] direction. The relative positions of these six orienta-
tions in the (111) plane are shown in Fig. 4(b). Under the
random polarization pumping, all sites are excited equally;
therefore, gain is the same for both cavity polarized lasing
modes. In the case of linearly polarized light, the lasing
gain is proportional to cos’(a,)n,+cos*(a, )n,+cos*(a.)n,,
where n; are the inversion population of the sites a, b, and c,
and «; are the angles of the local sites x; with regard to the
laser electric field E. The Yb:YAG microchip lasers oscillate
along the [111] direction. The laser electric field E must
therefore lie in a plane perpendicular to the [111] direction.
Assume for simplicity that the laser is oriented in such a way

that its eigenpolarizations are along [110] and [112] direc-
tions. For the [110] polarization, the gain is proportional to

(% nu+% nb), and for the [ 112] polarization, it is proportional
to (é na+é nb+% nc). The laser cavity polarization develops

first depending on the initial fluctuations in spontaneous

noise. In a case when the laser is polarized along [110] di-
rection, only populations of the sites a and b are depleted
during the laser oscillation. When the Yb:YAG crystal was
rotated anticlockwise, the combined gain for the linear polar-
ization provided from three sites was changed accordingly,
therefore, the laser cavity polarization was changed away for

[110] direction, Further rotating Yb:YAG crystal until the

laser cavity polarization along [112] direction, populations
from sites a, b, and ¢ contributed to the laser oscillation.
Similar arguments can be made for any orientation of the
cavity laser polarization modes with regard to the crystal

axes. These orientations (110) and (112) in the (111) plane
are preferable for polarized light propagation when the int-
racavity polarization is along these orientations, therefore,
crystalline-orientation selected linearly polarized laser was
observed in microchip lasers. When the crystal was rotated at
the positions between any two of these six specified orienta-
tions, two linearly polarized modes can get enough gain pro-
vided from three sites, two polarized modes oscillate un-
evenly and simultaneously, therefore, less perfect linearly
polarized light was observed in the experiments [as shown in
Fig. 2(b)]. At substantially higher absorbed pump powers,
the pump power induced photoelastic effect applied, perturb-
ing the cubic structure of the Yb:YAG crystal so that the
population inversion becomes less sensitive to the orienta-
tions of the crystal. Two polarized modes compete each other
and can obtain sufficient gain to oscillate simultaneously. It
has been shown in (111)-cut Nd:YAG crystal that depolariza-
tion cannot be minimized by rotating the gain crystal to par-
ticular angles.15 The depolarization is usually attributed to
the thermal stresses arising from the absorbed pump power
in the gain medium. We calculated the depolarization15 of
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our Yb:YAG microchip lasers as a function of the absorbed
pump power and found that the depolarization of Yb:YAG
microchip lasers increases with absorbed pump power.
Moreover, a slope of 0.0042/ W when the absorbed pump
power is over 3.5 W, is about three times higher than a slope
of 0.0015/ W when the absorbed power is below 3.5 W. The
strong depolarization at high pump power affect the polar-
ization states of Yb:YAG microchip lasers and lasers tend to
oscillate at random polarization states (as shown in Fig. 3).

In conclusion, crystalline-orientation and pump depen-
dent linear polarization states of laser-diode pumped
Yb:YAG microchip lasers were observed. Linear polarization
was observed at six crystalline orientations relative to the
beam propagation direction along the [111] crystalline
axis of Yb:YAG crystal at low pump power range
(<45 kW/cm?). The extinction ratio of the linear polariza-
tion decreases with increase of the pump power intensity and
lasers tend to be in random polarization states at high pump
power intensity. The crystalline-orientation selected polariza-
tion states of continuous-wave Yb:YAG microchip lasers
were attributed to the anisotropic symmetry of the Yb** ions
in cubic Yb:YAG crystal. The strong thermal birefringence
and depolarization at high pump power level limit the linear
polarization of Yb:YAG microchip lasers and the lasers os-
cillate at random polarization states.
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