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In this Letter, we demonstrate the anisotropy of laser emission in disordered Nd:ScYSiO5 (Nd:SYSO) crystals
cut along the optical indicatrix axes. High-powered lasers with different oscillation wavelengths and polariza-
tions are realized by using different oriented crystals as gain media. ForY -cut crystals, the dual-wavelength laser
vibration direction is found to be along theX axis and a maximum output power of 9.43W is obtained, giving an
optical-to-optical conversion efficiency of 48.8% and a slope efficiency of 51.3%. For X- and Z -cut crystals, 1075
and 1078 nm lasers operating orthogonally polarize oscillate with total output powers of 7.07 and 8.43 W,
respectively. The experimental results reveal that the intrinsic anisotropy for the monoclinic disordered laser
crystals could make laser design flexible and controllable.
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Diode-pumped solid-state lasers can find wide applications
inmany fields such as military, scientific research, laser mi-
crosurgery, and optical communication[1–3]. Because of the
gain competition, only one wavelength (or line) can nor-
mally be obtained from the laser systems, despite several
laser transitions being present in the laser crystals.
Recently, the development of laser radar, spectral analysis,
and THz technology accelerated the research of simultane-
ous dual-wavelength lasers[4–6]. Nd:YVO4, Nd:GdVO4, and
Nd:LuVO4 lasers have been demonstrated to achieve si-
multaneous dual-wavelength laser emissions in which an
additional birefringent element or second laser crystal
was employed[7–10]. Many disordered crystals are also used
as multiwavelength laser materials such as Nd:CNGG[11],
Nd:GYSGG[12], Tm:LuAG[13], Yb:KLW[14], Yb-Tm:KLW[15],
Nd:LYSO[16], and Tm:LYSO[17]. Multiple types of the sub-
stitutional sites in this crystal provide a strong inhomo-
geneous lattice field for rare earth ions, which results in
large ground-state splitting and broad emission spectra.
Therefore, it is helpful to obtain multiwavelength and
ultrafast laser operations.
Among these disordered crystals, monoclinic silicate

crystals have attracted a lot in the dual-wavelength laser
research area due to several advantaged factors. One
factor is that anisotropy of the crystal structure in the
monoclinic crystal leads to anisotropy of the laser charac-
teristics. The other is that the silicate crystals possess good
crystal growth habits and excellent physical and chemical
properties. A novel crystal, Nd:ScYSiO5 (Nd:SYSO), was
grown by the Shanghai Institute of Ceramics with the
Czochralski method along the crystallographic b axis.

The presence of multitype sites in the crystal provides a
strong inhomogeneous lattice field, which leads to a large
ground-state split and broadened emission spectra. Hence,
the multiwavelength operation in a cw and Q-switched
Nd:SYSO laser was reported[18]. The passively mode-lock-
ing of Nd:SYSO crystal was realized with a semiconductor
saturable absorber mirror (SESAM)[19]. Of all the previous
results, the optical propagation direction along the crys-
tallographic b axis and the total output power is just
on the watt class level.

Here, the anisotropy of laser operations along different
orientations of the Nd:SYSO crystals was demonstrated
and well explained by the fluorescence emission spectra.
For X- and Z -cut crystals, 7.07 and 8.43 W dual-
wavelength laser operations both at 1075 and 1078 nm
were obtained, respectively. The polarization states were
both found to be orthogonally polarized. With Y -cut crys-
tals, the laser polarization state was along theX axis and a
maximum dual-wavelength output power of 9.43 W was
achieved at an absorbed pump power of 19.32 W, corre-
sponding to an optical-to-optical conversion efficiency
of 48.8%.

A compact concave-plano cavity was employed, as
shown in Fig. 1. The pump source was a fiber-coupled laser
diode (LIMO70-F200-DL808-FP-A) emitting at 808 nm
with a radius of 200 μm and a numerical aperture (NA)
of 0.22. The pump beam was coupled into the laser crys-
tals with a coupling system and the waist radius was about
200 μm. The laser cavity was made up of an input mirror
M1, a Nd:SYSO crystal, and an endmirror M2. The overall
cavity length was 15 mm. M1 was a plano-concave mirror
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with a curvature radius of 250 mm. The plane was anti-
reflection coated at 808 nm (AR, R < 0.2%); the concave
face was coated for high transmission at 808 nm (HT,
T > 95%) and high-reflection (HR, R > 99.8%) coated
at 1000–1110 nm. The output coupler M2 was coated with
partial transmission (Toc ¼ 5%, 10%, and 40% were avail-
able) at 1060–1080 nm. The Nd:SYSO crystals cut along
the X , Y , and Z optical indicatrix axes were used as the
laser medium. All crystal samples were processed in di-
mension of 3 × 3 × 8 ðmmÞ, and both of the end faces were
uncoated. The crystals were wrapped with indium foil and
mounted in a copper block cooled by water at a temper-
ature of 20°C. A polarization-dependent beam splitter
(Thorlabs, CM1-PBS25-1064-HP) was used to measure
the polarization direction of the Nd:SYSO lasers. The
average output power was measured by a power meter
(Coherent, Field-Max II), and the laser spectra were
recorded by an optical analyzer (0.5 nm spectral resolu-
tions, Avantes, AcaSpec-3648-NIR256-2.2).
As a biaxial crystal, the Nd:SYSO have three optical in-

dicatrix axes with different refractive indexes. In its mono-
clinic structure, one of the optical indicatrix axes is
collinear with the two-fold axis of the crystal, i.e., the crys-
tallographic axis b. The other two optical indicatrix axes lie
in the (0,1,0) face (perpendicular to the crystallographic
axis b) at a specific angle with the crystallographic axes
a and c. The angles between the crystallographic axes
areβab ¼ 90°,βbc ¼ 90°, andβac ¼ 102.7°.Ab-cutNd:SYSO
crystal sample (1 mm thick) is used to measure, with an
XPT-6-type polarizing microscope, and the results have
shown in Fig. 2. The angle between one of the optical in-
dicatrix axis and the a axis is measured to be 24.5°, and
the angle between the other optical indicatrix axis and
the c axis is 11.8°. The definition of X , Y , and Z optical
indicatrix axes follows the principle of nX < nY < nZ .

With 0.8 at.% Nd3þ-doped SYSO crystals, we processed
X-, Y -, and Z -cut samples. The dimensions of the crystals
are 3 × 3 × 10 ðmmÞ (3 and 10 mm directions are all prin-
ciple axes) and 10 mm is the transmission direction. With
a JASCO V570 model UV/VIS/NIR spectrophotometer,
the absorption spectra were recorded at room tempera-
ture. As shown in Fig. 3, the absorption peak value around
800 nm for all the crystal samples is located at 809 nm, and
intensities are 0.698, 0.935, and 0.812 for X-cut, Y -cut,
and Z -cut, respectively.

Using the same crystal samples, we measured the polar-
ized fluorescence spectra by an Edinburgh FS920 High
Sensitive Fluorescence Spectrometer (<0.09 nm resolu-
tion, 1200 g/mm grating). The simulated emission cross
section was calculated with the formula expressed as

σemðλÞ ¼
λ4I ðλÞ

8πcn2τrad
R
I ðλÞdλ :

The polarized emission cross-section spectra are shown
in Fig. 4, and the peak information for 4F3∕2 →4 I11∕2 tran-
sitions around 1.08 μm are also listed in Table 1; the maxi-
mum emission peak both are located at 1077.3 nm for X
and Z polarization, while located at 1074.2 nm for Y
polarization. The different peak emission wavelengths
at different polarizations of the crystals suggest the poten-
tiality that different laser wavelengths may be realized by
using different oriented crystals as gain media.

Fig. 1. Schematic arrangement of the experimental laser setup.

Fig. 2. Relationships between the principal axes ðX ;Y ;ZÞ and
the crystallographic axes ða; b; cÞ: βaY ¼ 24.5° and βcZ ¼ 11.8°.

Fig. 3. Room temperature absorption spectra for theX-,Y -, and
Z -cut Nd:SYSO crystals.

Fig. 4. Polarized emission cross-section spectra for the X-, Y -,
and Z -cut Nd:SYSO crystals.
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We analyzed the dual-wavelength laser operation with
the Nd:SYSO crystal in the range of 1070–1080 nm. As
shown in Table 1, the Nd:SYSO crystal had the compa-
rable emission cross sections in X , Y , and Z polarizations
that were, respectively, near 1074.2 and 1077.3 nm. The
threshold condition for each wavelength in dual-
wavelength laser operation is given by[20]

Pth;i ¼
ln
�

1
Ri

�
þLi

2lηi

hνp
σiτi

1RRR
siðr; zÞrpðr; zÞdv

; i ¼ 1;2;

where Ri is the reflectivity, Li is the cavity round-trip loss,
l is the length of the gain medium, ηi is the quantum

efficiency, and σi and τi are the stimulated emission cross
section and the fluorescence lifetime at the upper level for
the corresponding transition wavelength, respectively.
Parameters of hνp, siðr; zÞ, and rpðr; zÞ are, respectively,
the pump photo energy, the normalized cavity mode in-
tensity distribution, and the normalized pump intensity
distribution in the laser cavity. Here, we suppose that
the experimental conditions and the resonator loss are
the same for all of the samples. Therefore, the stimulated
emission cross section σi was the key factor for the pump
threshold power in the laser experiment. The lasing had a
larger stimulated emission cross section that will oscillate
prior to the smaller one, while at high pump levels, the
dual-wavelength laser might operate simultaneously. In
the experiment, the laser wavelengths were located at
1075 and 1078 nm, respectively, which shifted to red with
the fluorescence spectrum. Figure 5 shows the relationship
between the dual-wavelength average output power and
the absorbed pump power, and the main dates are also
listed in Table 2. As shown in Table 2, the pump threshold
power for Y -cut (with sides parallel to the X and Z axis,
respectively) crystal was nearly the same as that for the
Z -cut (with sides parallel to the X and Y axis, respec-
tively) crystal. The reason was that, whether the Y -cut
or the Z -cut crystal, the prior oscillation laser wavelength
was 1078 nm (X polarization) with the same stimulated
emission cross-section value. For the X-cut (with sides
parallel to the Y and Z axis, respectively) crystal, the
maximum stimulated emission cross section of 10 ×
10−20 cm2 (1075 nm, Y polarization) was less than that
of the Y -cut and the Z -cut crystal. Therefore, the pump
threshold power of the X-cut crystal was higher than that
of the Y -cut and the Z -cut crystals.

During the laser experiment, incident LD pump powers
were all increased from 0 to 30.3 W, but the maximum
absorbed pump powers were 13.8, 19.3, and 15.9 W for
the X-, Y -, and Z -cut crystals, respectively. For the
X-cut crystal, the maximum dual-wavelength average
output power was 7.07 W, giving a slope efficiency of
53.6%. Under the absorbed pump power of 9.8 W, we

Table 1. Polarized Emission Cross Section for
4F3∕2 →4 I11∕2 Transition Around 1.08 μm

Peak
Wavelength
(nm)

X
Polarization
(10−20 cm2)

Y
Polarization
(10−20 cm2)

Z
Polarization
(10−20 cm2)

1074.2 9.98 10.00 9.25

1077.3 10.46 8.76 9.37

Fig. 5. Average output power with respect to the absorbed
pump power.

Table 2. Laser Performance of Nd:SYSO Crystals With Different Orientations

Transmittance
(%)

Crystal
Orientation

Pump
Threshold (W)

Max.
Output (W0)

Slope
Efficiency(%)

5 X 0.76 7.07 53.6

Y 0.43 9.43 51.3

Z 0.53 8.43 55.9

10 X 1.14 6.86 53.3

Y 0.55 9.30 51.3

Z 0.55 8.34 55.9

40 X 4.41 3.05 32.6

Y 2.69 5.35 33.3

Z 2.67 5.29 39.3
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measured the separated output power with the output
coupler of Toc ¼ 5%; the power for 1075 nm withY polari-
zation was 3.83 W, and that for 1078 nm with Z polariza-
tion was 0.54 W. So the individual component at 1075
or 1078 nm can be separated just by a simple beam split-
ter. With the output coupler of Toc ¼ 40%, the X-cut
Nd:SYSO laser was found to be single wavelength opera-
tion. It can be attributed to the smaller stimulated
emission cross section at 1078 nm in the cases of both
Y polarization and Z polarization and the larger transmit-
tance loss. The spectra of the output lasers at different
pump powers and output couplers were recorded in Fig. 6.
For the Y -cut crystal, a maximum dual-wavelength aver-
age output power of 9.43 W was obtained, corresponding
to an optical-to-optical conversion efficiency of 48.8%.
With the output coupler of Toc ¼ 5%, the X polarization
and Z polarization laser powers were 6.48 and 0.76 W,
respectively, under the absorbed pump power of 14 W.
The X polarization laser component was found to be
dual-wavelength simultaneous operation, with all three
different output couplers. This phenomenon can also be
explained by the contrast of the stimulated emission cross
section; both at 1075 and 1078 nm, the stimulated emis-
sion cross sections of X polarization were larger than that
of the Z polarization. For the Z -cut crystal, a maximum
output power of 8.43 W was achieved, giving a slope con-
version efficiency of 55.9%. As shown in Fig. 6, the Z -cut
Nd:SYSO laser also operated at dual wavelength and that
1078 nm with X polarization and 1075 nm with Y polari-
zation were found to have orthogonally polarized outputs.
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