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We report a diode-pumped continuous wave (cw) orthogonally polarized dual-wavelength laser at 1339
and 1341 nm with a single b-cut Nd:YAlO3 (Nd:YAP) crystal. By adjusting the tilt angle of the uncoated
glass plate inserted in the laser cavity, we can control the cavity losses of two polarized directions. The
output wavelengths are 1339 nm in a-axis polarization and 1341 nm in c-axis polarization, respectively,
which are orthogonal to each other. At an incident pump power of 17.3W, the cw output power obtained at
1339 and 1341 nm is 1.6 and 2.3 W, respectively. Furthermore, intracavity sum-frequency mixing at 1339
and 1341 nmwas then realized in a KTiOPO4 (KTP) crystal to reach the red range. To our knowledge, this
is the first work realizing an orthogonally polarized dual-wavelength Nd:YAP laser based on the 4F3∕2−
4I13∕2 transition. Such a dual-wavelength laser would be especially valuable as a compact laser source to
generate terahertz emission because the frequency difference between 1339 and 1341 nm is about
0.9 THz. © 2014 Optical Society of America
OCIS codes: (140.3410) Laser resonators; (140.3580) Lasers, solid-state.
http://dx.doi.org/10.1364/AO.53.005141

1. Introduction

Orthogonally polarized dual-wavelength lasers are
new attractive devices for various applications, such
as laser interferometry and precisionmetrology [1,2],
especially for precise measurements of length, dis-
placements, angle, velocity, pressure, magnetic field,
and so on [3–6]. The laser media are among the most
important parts of orthogonally polarized dual-
wavelength lasers. Many laser crystals, optically, are
biaxial and anisotropic, such as Nd-doped vanadates,
Nd:YLiF4, Nd:KG�WO4�2, and Nd:YAP. Anisotropic
laser crystals have many remarkable advantages

over isotropic ones. The gain coefficient, polarization,
and wavelength of stimulated emission can be varied
with the crystallographic orientation of anisotropic
laser crystals, which provides the capability for opti-
mizing particular performance characteristics.
Among the various Nd-doped crystals, Nd:YAP crys-
tal is an important candidate for orthogonally polar-
ized dual-wavelength lasers. This is because Nd:YAP
crystal not only possesses high thermal conductivity
and an excellent optomechanical coefficient but also
has a large stimulated emission cross section [7].
Moreover, the large natural birefringence of Nd:
YAP may overcome the limitations on fundamental
mode operation and depolarization losses caused
by thermally induced stress birefringence and bifo-
cusing at high average powers [8]. Recently, Nd:YAP,
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Nd:GdVO4, and Nd:LuVO4 lasers based on the
4F3∕2−

4I11∕2 transition have been demonstrated for
achieving dual-wavelength emission with orthogonal
polarizations, in which a polarization beam splitter
(PBS) [9,10] or an intracavity etalon [11] was
employed. Such an orthogonally polarized dual-
wavelength laser with a smaller separation would
be especially valuable as a compact and strong laser
source to generate terahertz emission because the
frequency difference [12] between two polarizations
is about 0.9 THz. Coherent THz waves, traditionally
defined in the frequency range of 0.1–3 THz, have
great potential for THz imaging, sensing, and THz
spectroscopy applications [13–15]. The diagram of
energy levels of Nd3� in Nd:YAP crystal is shown
in Fig. 1 [16]. The wavelength of the strongest line
comes from the 4F3∕2−

4I11∕2 transition. The 4F3∕2−
4I13∕2 transition has two intense overlapped stark
transitions: R1–X1 at 1339 nm and R2–X3 at
1341 nm. The stimulated emission cross sections
vary with polarization in the anisotropic Nd:YAP
crystal [17]. In 2012, we reported a diode-pumped cw
orthogonally polarized dual-wavelength Nd:YAP la-
ser at 1064.5 and 1079.5 nm with a PBS [9]. In this
work, we will present our recent results of exploring
a dual-wavelength Nd:YAP laser. By adjusting the
tilt angle of an uncoated glass plate inserted in
the laser cavity, we can control the cavity losses of
two polarized directions. We experimentally accom-
plish a cw dual-wavelength Nd:YAP laser with
orthogonal a- and c-axis polarizations at 1339 and
1341 nm, respectively. At an incident pump power
of 17.3 W, cw output powers of 1.6 Wat 1339 nm and
of 2.3 W at 1341 nm are simultaneously obtained.
Furthermore, intracavity sum-frequency mixing at
1339 and 1341 nmwas then realized in a KTP crystal
to reach the red range. We obtained a maximum cw
output power of 558 mW at 670 nm.

2. Experiment and Result Analysis

The experimental setup used is described in Fig. 2(a).
The optical pumping was done by using fiber-coupled
(diameter of 400 μm and numerical aperture
NA � 0.22) diode lasers from Coherent Co., USA.
The 803 nm emitting diode produced 20 W of pump

power with an emission bandwidth of 2.5 nm
(FWHM definition). The coupling optics consists of
two identical plano–convex lenses with focal lengths
of 15 mm used to reimage the pump beam into the
laser crystal at a ratio of 1∶1. The coupling efficiency
is 95%. A b-axis 1.0 at. % Nd3�-doped Nd:YAP crystal
with dimensions of 8 mm in length and 3 mm in
diameter was used as the laser rod. For our pump
beam, the absorption coefficient was measured to
α � 7.2 cm−1. This corresponds to an overall absorp-
tion of 99.7%. The measurements were done at room
temperature. The Nd:YAP crystal was wrapped with
indium foil and mounted on a thermoelectric cooled
(TEC) copper block, and the temperature was main-
tained at 20°C. The whole cavity was also cooled by
TEC. Both sides of the laser crystal were coated for
high transmission (HT) at 1339 and 1341 nm. The
input mirror was a 100 cm radius-of-curvature con-
cave mirror with antireflection coating at 803 nm on
the entrance face and with high reflectance (HR)
coating near 1340 nm and HT coating at 803 nm
on the second surface. The output coupler was a flat
mirror with transmission of 5.3% near 1340 nm and
HT from 1060 to 1080 nm for suppressing the strong-
est line coming from the 4F3∕2−

4 I11∕2 transition. An
uncoated glass plate with a thickness of 0.3 mm was
placed in the cavity. The cavity length was approxi-
mately 20 mm.

First of all, we investigate the Nd:YAP laser output
performance without the glass plate. For 4F3∕2−
4I13∕2 transition of the b-axis laser rod, the gain is
greatest for 1341 nm with the polarization of the
c-axis direction and greatest for 1339 nm with the
polarization of the a-axis direction. Because the gain
of the c-axis polarized laser is much greater than that
of the a-axis polarized laser without polarization-
selective optics, the oscillation in the laser cavity is
always obtained with the c-axis polarized laser.
Many experiments have shown that Nd:YAP crystal
was an excellent laser material for operation at
1.3 μm [18–20]. Figure 3 presents the dependence
of the output power on the incident pump power
for the single-wavelength Nd:YAP laser at 1341 nm.
The pump threshold is 3.2 W. The maximum output
power reaches 5.6 W at 17.3 W of incident pump
power. The corresponding optical conversion effi-
ciency is 32.4% with a slope efficiency of approxi-
mately 42.2%. The measured optical spectrum atFig. 1. Energy structure of a Nd:YAP crystal.

Fig. 2. Experimental setups for (a) orthogonally polarized
dual-wavelength Nd:YAP laser at 1341 and 1339 nm and (b) their
sum-frequency mixing.
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the maximum output power is depicted in the inset of
Fig. 3. The beam quality factor M2 is 1.12, as mea-
sured by the knife-edge technique [21], which shows
that the laser output at 1341 nm is operating at
the TEM00 mode. The spectral linewidth (FWHM)
is about 0.4 nm with the central wavelength at
1341.4 nm. Note that the present laser output is lin-
early polarized along the c-axis direction.

Usually, simultaneous dual-wavelength operation
with the same laser medium in the same cavity is
rather difficult because of strong gain competition
between the two wavelengths. The oscillation condi-
tion of the simultaneous multiple-wavelength laser
has been derived and used to analyze the possibility
of simultaneous dual-wavelength lasers in various
neodymium host crystals [22–31]. This research
about Nd:YAP 1.3 μm lasers just focused on single
wavelength. To the best of our knowledge, the study
of 1.3 μm orthogonally polarized dual-wavelength
Nd:YAP lasers has scarcely been reported to date.
According to the threshold condition of the diode-
end-pumped solid-state four-level laser [32,33], the
ratio of laser thresholds γ for two wavelengths of
c-axis polarization and a axis polarization can be
expressed as

γ � Pth;2

Pth;1
� ln�1∕R2� � L2

ln�1∕R1� � L1

η1f 1σ1
η2f 2σ2

1 − exp�−2ω2
p∕ω2

1�
1 − exp�−2ω2

p∕ω2
2�
;

(1)

where Ri is the reflectivity of the output mirror, Li is
the roundtrip cavity excess losses at the correspond-
ing transition wavelength, ηi is the quantum effi-
ciency, hνp is the pump photon energy, σi is the
emission cross section, τ is the fluorescence lifetime,
ωp is the pump beam waist in the active medium,
ωi is the laser beam waist, and f i is the fractional
thermal population in the Stark components of the
upper laser levels. The 1339 and 1341 nm emissions

originate from the first and second Stark components
(R1, R2, namely 11,542 and 11; 419 cm−1 [16], frac-
tional thermal population at the room temperatures
of f 1 � 0.36 and f 2 � 0.64) of the R1 and R2 lines of
the 4F3∕2 manifold, respectively. Here, i � 1 and 2
represents the two wavelengths of a- and c-axis
polarization, respectively. Since R1 ≈ R2, σ1 < σ2,
η1 ≈ η2, f 1 < f 2, and ω1 ≈ ω2, the ratio γ is less than
1 without introducing the deliberate difference for
losses L1 and L2. The result of γ < 1 indicates that
the laser will be dominated at 1341 nm. To obtain
orthogonally polarized dual-wavelength operation
at 1339 and 1341 nm, an appropriate difference for
losses L1 and L2 needs to be introduced to reach
the condition of γ ≥ 1. For achieving the difference
for losses L1 and L2, an uncoated glass plate was in-
serted into the laser cavity. In our experiment, the c
axis of Nd:YAP crystal is set to be placed in the ver-
tical direction, and the angle of inclination of the
glass plate is relative to the optical axis of the reso-
nator, where the plane of incidence is in the horizon-
tal direction. As a result, the c- and a-axis polarized
waves are perpendicular and parallel to the plane of
incidence, corresponding to the s and p waves,
respectively. The inclined angle of the glass plate
is equal to the incident angle of light. In terms of
incident angle θ, the losses caused by the Fresnel
reflection [34] for s and p waves are given in Fig. 4.
It can be seen in Fig. 4 that the overlapping curves
for the losses Ls and Lp are at the small incident
angle, and then gradually separate.

When the incident angle θ was adjusted around
25° and the incident pump power was increased to
about 5.2 W, the dual-wavelength laser at 1339 and
1341 nm started to oscillate simultaneously. Figure 5
shows results on simultaneous dual-wavelength
emission at 1339 and 1341 nm. At an incident pump
power of 17.3 W, the output powers of 1.6 W at
1339 nm and of 2.3 W and 1341 nm are simultane-
ously obtained. A total output power of 3.9 W was
achieved with optical conversion efficiency of 22.5%.
It can be seen in Fig. 5 that the output powers of both

Fig. 3. Output power versus the incident pump power for the
1341 nm emission. Inset: optical spectrum of the 1341 nm emission
at the maximum output power.

Fig. 4. Dependence of the losses for s and p waves on the incident
angle for dual-wavelength operation.
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wavelengths linearly increased as the pump power
increased. We believe that the competitive interac-
tion between two wavelengths is due to the gain-
to-loss balances. The fluctuations for 1339 and
1341 nm lasers at the pump power of 17.3 W are
about 4.4% and 3.8%, respectively. The spectrum of
the dual-wavelength laser at the pump power of
17.3 W is shown in Fig. 6. The central wavelengths
are 1339.2 and 1341.4 nm, with optical spectral line-
widths of 0.25 and 0.35 nm, respectively.

When the incident angle θ was adjusted around
35°, we found that the laser first emits radiation
at the weaker line at 1339 nm. Figure 7 shows results
for the dual-wavelength emission at 1339 and
1341 nm. As can be seen from Fig. 7, the threshold
of lasing at 1339 nm decreased to 6.2 W and the out-
put power increased monotonically up to 3.0 W for
17.3 W of pump power. The 1341 nm laser emission
started to oscillate at an increased threshold of 4.1 W
and reached a maximum output power of 1.6 at
13.2 Wof pump power, with a strong decrease beyond
this pump power. We believe that the gain competi-
tion between 1341 and 1339 nm lines leads to the
output power of 1341 nm decreasing over 13.2 W
of pump power.

As the best performance was obtained for the
orthogonally polarized dual-wavelength Nd:YAP la-
ser, we tried second-harmonic generation (SHG) at
1.3 μm. The cw intracavity frequency doubling of a la-
ser diode-pumped Nd:YAP laser operating in the
1.3 μm region has been reported [35]. To the best of
our knowledge, no research regarding intracavity
sum-frequency mixing of 1.3 μm orthogonally polar-
ized dual-wavelength Nd:YAP lasers has been re-
ported to date. To realize efficient sum-frequency
mixing, a V-folded cavity was designed, as shown in
Fig. 2(b). The optical pumping, the coupling optics,
the input mirror, and the laser crystal were the same
as the corresponding ones in the setup of the dual-
wavelength laser at 1341 and 1339 nm mentioned
above. The concave mirror M3 (Roc � −50 mm) is an
output coupler, which was HR coated near 1340 nm,
HT coated at 670 nm, and HT coated from 1060 to
1080 nm. The concave mirror M4 (Roc � −200 mm)
was HR coated at 1.3 μm and 670 nm. A KTP crystal
cut for type-II critical phasematching in the principal
plane XZ (θ � 58.9°, φ � 0° with deff � 2.84 pm∕V)
was chosen as the nonlinear crystal. The size of the
KTP crystal is 2 mm × 2 mm × 5 mm, and both
end facets of the KTP crystal are HT coated at
1.3 μm and 670 nm to reduce the reflection losses
in the cavity.

At the incident pump power of 17.3 W, we adjusted
the tilt angle of the glass plate; the experimental red
output power and the pump laser thresholds as a
function of the incident angle θ are obtained as
shown in Fig. 8. As can be seen from Fig. 8, the
red laser emission started oscillating at an incident
angle of 10° and reached a maximum output power of
558 mW at 30° of incident angle with an optical con-
version efficiency of 3.2%, with a strong decrease be-
yond this incident angle. We believe that the strong
loss of the 1341.4 nm line and the gain competition
between 1341 and 1339 nm lines leads to the output
power of 670 nm decreasing beyond 30° of incident
angle. With the incident angle θ increasing to around

Fig. 5. Dependence of the relative output powers at 1339 and
1341 nm on the incident pump power.

Fig. 6. Optical spectrum of dual-wavelength operation at the
maximum output power.

Fig. 7. Dependence of the relative dual-wavelength output
powers at 1339 and 1341 nm on the incident pump power.
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52°, the gain at 1339.2 nm exceeded far beyond that
at 1341.4 nm, and then the former will oscillate
instead of the latter. Thus, the red laser at 670 nm
cannot be obtained by sum-frequency mixing of both
orthogonally polarized lasers. At an output power of
558 mW, theM2 factors are 1.12 and 1.23 in the x and
y directions, respectively. The asymmetry of the M2

factor in two directions is the result of the walk-off
between the fundamental wave and the second in
the direction of the KTP. The fluctuation of the red
output power is about 3.5%. The measured optical
spectrum at the maximum output power is depicted
in the inset of Fig. 8. The spectral linewidth (FWHM)
is about 0.25 nm, with the central wavelength at
670.1 nm.

3. Conclusion

A diode-pumped cw orthogonally polarized dual-
wavelength laser at 1339 and 1341 nm has been ex-
perimentally demonstrated. An uncoated glass plate
was placed in the laser cavity to control the loss of
the strong emission. The output wavelengths are
1339 nm in a-axis polarization and 1341 nm in c-axis
polarization, respectively, which are orthogonal to
each other. At an incident pump power of 17.3 W,
the output power obtained at 1339 and 1341 nm is
1.6 and 2.3 W, respectively. After SHG, a cw red laser
was also demonstrated through sum-frequency mix-
ing at the two orthogonally polarized wavelengths.
The maximum output power of 558 mW at 670 nm
was achieved with type-II critical phase-matched
KTP crystal. We believe that the method to control
cavity loss to realize the simultaneous dual-
wavelength laser with orthogonal polarizations in
this paper can be extended to other polarization-
dependent solid-state lasers, such as those with host
materials of vanadates, YLiF4, or KG�WO4�2 for
orthogonally polarized dual-wavelength output.
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