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A diode-pumped simultaneous orthogonally polarized continuous-wave (cw) dual-wavelength Nd:LuVO, laser
based on the *Fy, — I, transition is experimentally demonstrated. A theoretical analysis has been introduced
to determine the threshold conditions for simultaneous orthogonally polarized dual-wavelength laser. Using a
polarization beam splitter included resonant cavity in the experiments, simultaneous orthogonal polarized
dual-wavelength Nd:LuVO, laser operation was realized at two close wavelengths near 1060-1070 nm. To our
knowledge, this is the first work of realizing simultaneous dual-wavelength Nd:LuVO, laser operation near

1060-1070 nm. © 2014 Optical Society of America
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1. INTRODUCTION

Simultaneous dual-wavelength laser from a single laser
medium is of fundamental scientific interest and has applica-
tions in various practical fields, such as holographic interfer-
ometry [1], medical treatment [2], lidar [3], nonlinear optical
mixer [4], and precision laser spectroscopy [5]. After Bethea
first introduced dual-wavelength Nd:YAG laser in 1987 [6],
dual-wavelength lasers based on Nd:YAG [7-11], Nd:YLF
[12], Nd:YVO, [13-17], Nd:GdVO, [18-22], Nd:LuVO, [23],
Nd:YAP [24,25], Nd:LuYSiO; [26], Nd:LuySiO; [27], and
Nd:Sc)2Y(gSi05 [28] have been reported. In the dual-
wavelength lasers, the dual-wavelength lasers with orthogonal
polarizations are new attractive devices for various applica-
tions, such as laser interferometry and precision metrology
[29,30], especially in precision measurement including the
precision measuring of length, displacement, angle, velocity,
pressure, magnetic field, and so on [31-34]. The laser media
are one of the most important parts of simultaneous dual-
wavelength solid-state lasers. Nd-doped laser crystals, be-
cause of their high gains and the good thermal and mechanical
properties, are by far the most important laser media. Vana-
date crystals have become one category of the most important
host materials for the Nd ion, which provides the most effi-
cient laser media. Nd-doped vanadate crystals possessing
many sharp fluorescent lines, especially in the *Fs, — 41y
transition, are natural candidates to realize the dual-wave-
length solid-state lasers. A well-known representative is
Nd:YVO,, which has been widely used both in research and
commercial devices. Another vanadate crystal, Nd:GdVO,,
which was confirmed to be superior to Nd:YVO, in thermal
properties, was also investigated extensively. Yet another
member from the vanadate family, Nd:LuVO,, has attracted
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much attention because it has larger absorption and emission
cross sections than Nd:YVO, and Nd:GdVO, [35].

Recently, Nd:YVO, and Nd:GdVO, lasers based on the
4F3/5 — U111 transition have been demonstrated for achieving
dual-wavelength emission with orthogonal polarizations, in
which two a-cut YVO,/Nd:YVO, crystals with their ¢ axis
orthogonally [17] or a polarization beam splitter (PBS) [20]
was employed. Figure 1 displays the room-temperature polar-
ized fluorescence spectrum of the Nd:LuVO, crystal for the
4F55 — 11112 laser transition. As shown in Fig. 1, the emission
lines of Nd:LuVO, are typically near 1060-1070 nm. The
strongest emission line of Nd:LuVO, is typically 1066 nm in
z-polarization (£//c). Comparing with this line, the emission
lines of 1062, 1065, and 1068 nm in s-polarization (ELc) are
medium strong. However, because the gain of 1066 nm in
z-polarization (emission cross section ¢ = 146 x 10720 cm?)
is almost 5 times higher than that of 1062 nm
(6 =254x102cm?), 1066 nm (6 =20 x 1072 cm?), and
1068 nm (6 =364x102cm?) in o-polarization, the
o-polarization emission is normally depressed by the
z-polarization emission of 1066 nm if no specific measure is
applied to control the gain competition in the laser cavity.
It is also seen that the emission spectra of Nd:LuVO, crystals
in the range of 1080-1090 nm display comparable radiation
strengths in z- and o- polarizations. More recently, a dual-
wavelength Nd:LuVO, laser with orthogonal polarizations in
the range of 1080-1090 nm has been experimentally demon-
strated [23]. However, to our knowledge, no work on the
simultaneous  orthogonally polarized dual-wavelength
Nd:LuVO, laser operation near 1060-1070 nm has been re-
ported. The main reason is that dual-wavelength operation
with the same laser medium is rather difficult because of
the strong gain competition between the two polarizations.

© 2014 Optical Society of America
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Fig. 1. Room-temperature polarized emission spectra for the
4F3/5 — 11,12 laser transition in the Nd:LuVO, crystals [35].

However, such a dual-wavelength laser would be especially
valuable as a compact and strong laser source to generate
the terahertz emission because the frequency difference [36]
between two polarizations is about 0.5 THz. Coherent tera-
hertz waves, traditionally defined in the frequency range of
0.1-3 THz, have great potential for terahertz imaging, sensing,
and terahertz spectroscopy applications [37-39].

In this paper, we will present our recent results of exploring
a simultaneous dual-wavelength Nd:LuVO, laser. The condi-
tion of gain-to-loss balance for achieving the orthogonally po-
larized dual-wavelength operation was theoretically analyzed.
By separating the orthogonal polarized beams with a PBS and
then controlling the cavity loss of z-polarization, simultaneous
dual-wavelength Nd:LuVO, laser operation was experimen-
tally realized at two close wavelengths near 1060-1070 nm.

2. EXPERIMENTAL SETUP AND
THEORETICAL ANALYSIS

The experimental setup used is described in Fig. 2. The optical
pumping was done by using fiber-coupled (diameter of 400 pm
and numerical aperture NA = 0.22) diode lasers from Coher-
ent Co., USA. The 809 nm emitting diode output 20 W of pump
power with an emission bandwidth of 2.0 nm (FWHM defini-
tion). 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%. The gain medium was a 0.5 at. %
Nd:LuVOy crystal with a length of 5 mm cut along the a axis.
The Nd:LuVO, crystal was wrapped with indium foil and
mounted at a thermal electronic cooled (TEC) copper block,
and the temperature was maintained at 20°C. The whole cav-
ity was also cooled by TEC. Both sides of the Nd:LuVO, were

Laser diode A
rn—polarization

——1 M3

Coupling lenses " Glass plane

Nd:LuVO4

o-polarization

Etalon
M1 PBS M2

Fig. 2. Experimental setup for the diode-pumped orthogonally polar-
ized dual-wavelength Nd:LuVO, laser.
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coated for high transmission (HT) from 1060 to 1070 nm.
A PBS was placed in the cavity to split the beams polarizing
in two orthogonal directions. The concave mirror, M1, with a
radius of curvature —100 cm was used as the input coupler,
which was coated for high reflectivity from 1060 to 1070 nm
and HT at 809 nm. The plane mirror, M2, was used as the out-
put coupler for the mode with horizontal polarization. Another
plane mirror, M3, was used as the output coupler for the mode
with vertical polarization. To select the lasing wavelength, we
inserted a 25 pm etalon into the s-polarized emission cavity.

The dual-wavelength resonator characteristics, i.e., the gain
and the loss for each transition, were selected to give similar
pump thresholds at both lasing wavelengths. In previous
works dual-wavelength emission was obtained by employing
linear resonators with two or three mirrors [13]; the ratio be-
tween the sizes of the two laser beams inside the laser crystal
was adjusted by changing the resonator’s length and mirrors
with special coatings for both wavelengths in order to achieve
the same threshold condition. For a diode-end-pumped solid-
state four-level laser, the threshold condition for each transi-
tion can be written as [21,40]

In(1/R;) + L; ﬂ'hvpa)]% .
}ﬂhi = 5 5 1=
2nifioit 1 -exp(-2w; /)

1,2, €9)

where R; is the reflectivity of the output mirror, L; is the
round-trip cavity excess losses at the corresponding transition
wavelength, #; is the quantum efficiency, f; is the population
number in the Stark components of the upper laser levels,
hv, is the pump photon energy, o; is the emission cross
section, 7 is the fluorescence lifetime, ), is the pump beam
waist in the active medium, w; the laser beam waist. Here,
1 =1, 2 represents the two wavelengths of c-polarization
and z-polarization, respectively.

From Eq. (1), the ratio of laser thresholds y for two
wavelengths of z-polarization and o-polarization can be ex-
pressed as

y = Py p _ In(1/Ry) + Ly nyf101 1 - exp(—ZwJ%/w%)
Py1  In(1/Ry) 4 Ly n2f 205 1 — exp(-20% /03)

@

For obtaining a dual-wavelength operation, needs to be in-
troduced to reach the condition of y > 1. For example, for
achieving the orthogonally polarized laser at 1068 and
1066 nm, with Eq. (2) and the parameters in the experiment:
m =y, f1 =046, fo =054, L; = Ly = 0.01, @, ~ 200 pm,
o R 0y ~ 100 pm, o; =36.2x 10X em?, and oy = 146 x
102° cm?, the condition of y > 1 would be fulfilled for R, value
of 94.2% at 1068 nm; the corresponding reflectivity R, at
1066 nm should be <73.5%. The value of L; was measured
by the Findlay—-Clay method [41].

3. RESULTS AND DISCUSSION

First of all, the experiment on single-wavelength Nd:LuVO, la-
ser operation was performed. The output couplers, M2 and
M3, have the transmissions of 5.8% near 1060-1070 nm and
10% around 1066 nm, respectively. Figure 3 presents the
dependence of the output power on the incident pump power
for the single-wavelength Nd:LuVO, laser. At 1066 nm a maxi-
mum power of 9.1 W was obtained with the pump power of
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Fig. 3. Output power versus the incident pump power for single-
wavelength operation.

17.6 W. The pump threshold and the slope efficiency were
2.3 W and 64.6%, respectively. Because the pump beam quality
isbad (M2 ~ 400), in order to get good spatial overlap between
pump and laser modes, the ratio of pump and laser beam
diameters must be bigger, which leads to a relatively high
threshold. We found that the present laser output is linearly
polarized along the z-direction. The 1060-1070 nm transition
in the s-polarized direction was suppressed completely due to
strong gain competition with the 1066 nm transition in the
nm-polarized direction. To avoid gain competition in the
n-polarized direction, the cw o-polarized laser operation with-
out the M3 was performed. When the incident pump power
was increased to about 4.1 W, the laser oscillation was ob-
tained only at 1068 nm. The maximum output power at
1068 nm of 3.7 W was obtained with a slope efficiency of
29.1%. Laser emission at wavelengths other than 1068 nm
can be achieved by rotating the etalon. Thus, lasing oscillation
has been demonstrated at 1062 and 1065 nm without line com-
petition. The measured output power varied from 2.5 W at
1062 nm to 1.4 W at 1065 nm. As can be seen from Fig. 3,
the thresholds of 1062 and 1065 nm are higher than that of
1068 nm. It is because the emission cross section of
1068 nm is higher than that of both 1062 and 1065 nm.

In order to realize the operation of simultaneous dual-
wavelength laser, the cw Nd:LuVO, laser operation with the
two polarized directions was demonstrated and analyzed.
According to Eq. (2), if we assumed that the reflectivity for
1068 nm emission was 94.2%, the reflectivity for 1066 nm emis-
sion must be 73.5% to satisfy the simultaneous oscillation con-
dition (i.e., y = 1) in Nd:LuVO, laser at 1068 and 1066 nm. The
experimental value of reflectivity at 1068 nm and the corre-
sponding value of reflectivity at 1066 nm are 94.2% and
72.8%, respectively. Figure 4 shows results on the simultane-
ous dual-wavelength emission at 1068 and 1066 nm. The laser
threshold was 4.5 W. At an incident pump power of 17.6 W, the
maximum output power was 2.8 W at 1068 nm and 3.4 W at
1066 nm. A total output power of 6.2 W was achieved with
optical conversion efficiency of 35.2%. The stability testing
is carried out by monitoring the output powers of each wave-
length with a Field-Master-GS powermeter at 10 Hz. The fluc-
tuations for 1068 and 1066 nm lights at the pump power of
17.6 W are about 2.1% and 2.8% in 4 h, respectively. The M2
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values for 1068 and 1066 nm lights at the pump power of
17.6 W were found to be around 1.14 and 1.19, respectively.
Using the LABRAM-UV spectrum analyzer to scan the
Nd:LuVO, dual-wavelength laser and dealing with the data
with software, the spectrum of the dual-wavelength laser at
the pump power of 17.6 W is shown in the inset of Fig. 4.
The central wavelengths are 1068.0 and 1065.9 nm, with the
spectral linewidths (FWHM) of 0.31 and 0.42 nm, respectively.

In fact, when y > 1, that is to say Py > Py,1, the dual-
wavelength oscillation can be also obtained, but the laser will
first emit the radiation at the weaker line at 1068 nm and then
emit the radiation at the stronger line at 1066 nm under a
higher pump power. In order to reach the condition of
y > 1, an uncoated glass plate with a thickness of 0.3 mm
was inserted in the z-polarized emission cavity. In our experi-
ment, the ¢ axis of Nd:LuVO, crystal is set to be placed in the
vertical direction, which the plane of incidence is in the hori-
zontal direction. As a result, the n-polarized wave is
perpendicular to the plane of incidence, corresponding to
the s wave. Thus, the reflectivity of the z-polarized emission
caused by the Fresnel reflection for the s wave can be given
by [42]

| sin®; - 6, |? sin(0; - 6,) [*
RO:) = sin(@; + 6,) + [1 | sin(®; +6,) :|
sin(6; - 6,) |2
@ 09| @

where 0; is the inclined angle of the glass plane (equal to the
incident angle of light), 6, is the refractional angle of light, and
sin ; = n sin 6;, n = 1.5 is the refractive index of the glass.
Therefore, the round-trip reflection loss of the z-polarized
emission can be written as

L(0;) = R(6;) + [1 - R(0;)IR(0;). )

With Egs. (2)-(4) and the parameters in the experiment, the
ratio of laser thresholds y and the round-trip reflection loss of
the z-polarized emission L(6;) are calculated as a function of
incident angle 6;, as shown in Fig. 5.
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We adjusted the incident angle 6; to around 10°, the ratio of
laser thresholds for 1066 and 1068 nm, y = 1.4. Figure 6 shows
results on the dual-wavelength emission at 1068 and 1066 nm.
As can be seen from Fig. 6, when y was increased to 1.4, the
threshold of lasing at 1068 nm decreased to 4.1 W and the out-
put power increased monotonically up to 3.5 W for 17.6 W of
pump power. The 1066 nm laser emission started to oscillate
at an increased threshold of 5.2 W and reached a maximum
output power of 1.7 W at 13 W of pump power, with a strong
decrease beyond this pump power. The reason is that in the
gain competition between 1068 and 1066 nm lines, with the
increasing y value, the loss of the 1066 nm line increases,
which leads to the gain at 1068 nm exceeding that at 1066 nm
around 13 W of pump power, thus the output power of
1066 nm decreases and that of 1068 nm increases beyond
13 W of pump power. The beam qualities of the laser beams
were observed at different pump powers. The M2 factor of
1066 nm emission is estimated to be approximately 1.12 near
threshold, and then increases to 2.53 at pump power greater
than 17.6 W. On the other hand, the 1068 nm emission main-
tains the beam quality factor M? less than 1.17 over the full
range of pump powers.
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Fig. 6. Dependence of the relative output powers at 1068 and
1066 nm on the incident pump power (y = 1.4).
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We rotated the etalon, and adjusted the incident angle 6; to
around 10° i.e., the ratio of laser thresholds for 1066 and
1062 nm, y = 1. Simultaneous laser emission at 1066 and
1062 nm was obtained. Figure 7 shows results on simultane-
ous dual-wavelength emission at 1062 and 1066 nm. The dual-
wavelength laser threshold was 6.7 W. At an incident pump
power of 17.6 W, the output power at 1062 nm decreased
to 1.3 W and the output power at 1066 nm increased to
1.9 W. A total output power of 3.2 W was achieved with optical
conversion efficiency of 18.2%. It can be seen in Fig. 7 that the
output powers of both wavelengths linearly increased as the
pump power increased. We believe that the competitive inter-
action between two wavelengths is due to the gain-to-loss
balances. The fluctuations for 1062 and 1066 nm lights at the
pump power of 17.6 W are about 2.4% and 3.3%, respectively.
The spectrum of the dual-wavelength laser at the pump power
of 17.6 W is shown in the inset of Fig. 8. The central wave-
lengths are 1062.4 and 1065.9 nm, with the optical spectral
linewidths of 0.38 and 0.35 nm, respectively.

We rotated the etalon, and adjusted the incident angle 6; to
around 30° i.e., the ratio of laser thresholds for 1066 and
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Fig. 8. Dependence of the relative output powers at 1062 and
1066 nm on the incident pump power (y = 1.1).
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1062 nm, y = 1.1. The laser first emits the radiation at the
weaker line at 1062 nm. Figure 8 shows results on the dual-
wavelength emission at 1062 and 1066 nm. As can be seen
from Fig. 8, when y = 1.1, the threshold of lasing at 1062 nm
was 6.2 W and the output power increased monotonically up
to 1.7 W for 17.6 W of pump power. On the other hand, the
1066 nm laser emission started to oscillate at an increased
threshold of 7.1 W and reached a maximum output power
of 1.6 W at 15.2 W of pump power, with a decrease beyond
this pump power.

We adjusted the incident angle 6; to around 0°, the ratio of
laser thresholds for 1066 and 1062 nm, y = 0.95. The laser first
emits the radiation at the stronger line at 1066 nm. The thresh-
old of lasing at 1066 nm decreased to 5.4 W and the output
power increased linearly up to 7.3 W for 17.6 W of pump
power. The output powers at each lasing wavelength versus
incident power are given in Fig. 9. The 1062 nm laser emission
started to oscillate at an increased threshold of 15.6 W and
reached a maximum output power of 0.6 W at 17.6 W of pump
power. According to the experimental results, as the incident
pump power was increased, the 1062 nm transition was not
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suppressed completely by the 1066 nm transition, but the
two wavelength lasing competed with each other.

We rotated the etalon again, and adjusted the incident angle
6; to around 40°, i.e., the ratio of laser thresholds for 1066 and
10656 nm, y = 1. Simultaneous laser emission at 1065 and
1066 nm was also obtained. The output powers at each lasing
wavelength versus incident power are given in Fig. 10. The
dual-wavelength laser threshold was 8.2 W. At an incident
pump power of 17.6 W, the maximum output power was
0.8 W at 1065 nm and 1.7 W at 1066 nm. A total output power
of 2.5 W was achieved with optical conversion efficiency of
14.2%. The spectrum of the dual-wavelength laser at the pump
power of 17.6 W is shown in the inset of Fig. 10. The central
wavelengths are 1065.1 and 1065.9 nm, with the optical spec-
tral linewidths of 0.46 and 0.34 nm, respectively.

4. CONCLUSION

A diode-end-pumped dual-wavelength Nd:LuVO, laser with
orthogonal polarizations in the range of 1060-1070 nm has
been experimentally demonstrated. At 17.6 W of incident
pump power, the stable cw simultaneous output power ob-
tained at 1066 and 1068 nm was 3.4 and 2.8 W, respectively.
An uncoated glass plane was placed in the z-polarized emis-
sion cavity to control the loss of the strong emission, and an
etalon was inserted into the o-polarized emission cavity to
select the lasing wavelength of the weak emission. We have
theoretically analyzed the condition of gain-to-loss balance
for achieving the cw simultaneous dual-wavelength operation.
The orthogonally polarized dual-wavelength laser emission
was also realized at 1062 and 1066 nm as well as at 1065
and 1066 nm. We believed that the method to control the cav-
ity 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 YVO,, GAVO,, YLiF,, or YAlOs, for dual-
wavelength output.
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