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1. Introduction

The applications of the all-solid-state single-longitudinal-mode
laser aimed at a 1.6 pm eye-safe waveband are mainly focused on
the coherent Doppler wind LIDAR!~*!, coherent imaging sys-
tems!®, and so on. Recently, many methods have been used
to achieve the 1.6 pm single-longitudinal-mode (SLM) lasers
with Er:'YAG crystal, such as the twisted-mode cavity!”!, the
non-planar ring oscillator (NPRO)'®), the unidirectional opera-
tion of the ring cavity”*], and the intracavity Fabry—Perot eta-
lons*'”), Among them, adopting the Faraday effect to obtain the
SLM laser is the most effective and convenient.

In the applications of wind LIDAR, it is necessary to avoid the
absorption peak of the gases for increasing the propagation dis-
tances. However, the main emission wavelength (1645 nm) of
the Er:YAG crystal locates at the absorption peak of the CH,,
which greatly limits the detection range in the atmosphere. In
comparison, another emission wavelength (1617 nm) is far away
from the atmospheric absorption lines and more suitable for the
wind LIDAR. In 2014, Deng et al. reported a 78.5 mW,
1617.6 nm Er:YAG SLM laser with three inserted etalons
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We demonstrate a high power, Er:LuAG single-longitudinal-mode laser in an anti-misaligned resonator. Based on the
Faraday effect, a 1.61 W single-longitudinal-mode (SLM) laser is obtained with the double corner-cube-retroreflector
(CCR) structure, and the tunable wavelength is 1649.2-1650.3 nm. Additionally, we investigate the anti-misalignment char-
acteristics when the CCR moves and rotates along the optical axis. Furthermore, by utilizing the Er:.LuAG amplifier, the
maximum 2.32 W single-longitudinal-mode laser at 1649.6 nm is achieved. The beam quality factors M of the 2.32 W
Er:LUAG single-longitudinal-mode laser are 1.23 and 1.25 along the horizontal (x) and vertical (y) directions, respectively.

Keywords: Er:LUAG single-longitudinal-mode laser: Faraday effect; MOPA system; double corner-cube-retroreflector

pumped by a laser diode!'"). In 2015, Yao et al. demonstrated
the 130 mW SLM laser at 1617.2 nm based on the twisted-mode
technique!”’. However, it is more difficult to generate the
1617 nm laser because the population inversion needed to form
1617 nm is more than for 1645 nm. In general, the 1645 nm laser
is more inclined to oscillate and depletes the population inver-
sion, thus suppressing the generation of 1617 nm laser.

To solve this problem, using the Er:LuAG crystal is more
advantageous than using the Er:YAG. The main emission peak
of Er:.LuAG laser is around 1650 nm, and its absorption of CH,
is lower than that of the Er:YAG. Moreover, LuAG has more
favorable physical characteristics, such as better thermal con-
ductivity and a higher melting point. More importantly, the
Er:.LuAG crystal has a relatively larger emission cross section
at 1.6 pm (0.87 X 1072° cm? for Er:LuAG vs. 0.55 X 10720 cm?
for Er:-YAG) and absorption cross section around 1.5 pm than
the Er:-YAG (2.2 X 1072° cm? for Er:LuAG vs. 1.22 X 1072° cm?
for Er:YAG). Therefore, the Er:LuAG has excellent applica-
tion prospects in the Doppler LIDAR owing to the above advan-
tages. So far, relatively few results have been reported on the
Er:.LuAG lasers, mainly focusing on continuous-wave (CW),
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Q-switched!>'*, and SLM operation. For the SLM operation,  blue dotted line shows the path of the unabsorbed remaining
the maximum output power was achieved in Ref. [15]. In 2015,  pump laser.
Dai et al. first reported a 1650.2 nm Er:LuAG SLM laser with The Er:-LuAG SLM oscillator, with a total length of approxi-
intracavity etalons. At the pump power of 9.18 W, the maximum  mately 800 mm, is composed of CCR1 and CCR2 (with a diam-
SLM power was only 153 mW, corresponding to a slope effi-  eter of 40 mm and height of 35 mm), an Er:LuAG gain medium,
ciency of 4.3%"°), two output mirrors, P1 and P2 (polarizers), the Faraday rotator
In addition, improving the stability of the high-power SLM  (a ferromagnetic crystal, which is surrounded by strong perma-
laser in poor environments is also essential. Over the past years, =~ nent magnets with a rotation angle of 45° independent of the
the retroreflectors (including the corner-cube-retroreflectorand ~ input angle), a /4 plate, a plano-convex lens 3, and a Fabry-
the cat-eye optical arrangement) have been widely reported due ~ Perot etalon. To improve the anti-misalignment of the Er:LuAG
to its anti-misalignment characteristics!*¢72%. Compared to the SLM oscillator, the double CCRs have been introduced to ensure
cat-eye arrangement, the corner-cube-retroreflector (CCR) has  that the oscillating optical path will not change significantly
geometrically simple optical devices with fascinating optical ~ when the CCR rotates or moves laterally®. The Er:LuAG
properties for the ring cavity. Therefore, it is necessary to ~ SLM oscillator is pumped by a homemade Er/Yb fiber laser,
establish an Er:-LuAG SLM laser in the CCR cavity to realize ~ which has a total power of 50 W with a beam quality of about
the optimum anti-misalignment performances in engineering  1.3. Figure 2 shows the wavelength of the Er/Yb fiber laser and
applications. the absorption cross section of the Er:LuAG crystal together!"*].
In this paper, the maximum 2.32 W SLM Er:LuAG laser is It is obvious that the central wavelength of the pump laser is
obtained at 1649.6 nm by using the master-oscillator power- 1531.96 nm, close to the absorption peak of the Er:LuAG crystal.
amplifier (MOPA) system, which is 15 times the reported Additionally, we have also measured the absorptivity of the
SLM power at present. The Er:LuAG oscillator, based on the = Er:LuAG crystal under the different pump powers (the inset
Faraday effect, realizes the SLM operation. We obtain an SLM  of Fig. 2), and the results show that the single-pass absorptivity
Er:LuAG laser with a 1.61 W maximum power, wavelength tun- is 57.5% when the pump power increases to 27.3 W. The pump
ing range of about 1.1 nm, and a slope efficiency of 15.18%. In  light is shaped by the fl and f2 lenses (10 mm and 200 mm,
addition, combined with the double CCR structures, the anti-  respectively) and reflected by M1. It is then focused to the center
misalignment features of the ring cavity have been further = of the Er:LuAG crystal with a waist radius of 460 pm. The 0.5%
improved. The SLM power is then further increased with the  (atomic fraction) doped Er:LuAG crystal with a length of 50 mm
MOPA system. At the seed power of 1.61 W, the SLM power  and a cross-sectional dimension of 1.7 mm X 5.5 mm is selected
at 1649.6 nm has reached 2.32 W via the amplifier. Reducing  as the gain medium, which is installed in a water-cooled copper
the injected power to 295 mW, achieves a maximum gain of  radiator at a temperature of 288 K. The P1 and P2 polarizers are
2.56 dB. In addition, under the SLM power of 2.32 W, M? factors ~ both coated with highly reflective films for pumping light and
of 1.23 and 1.25 in the horizontal (x) and vertical (y) directions ~ pumping the 1.6 pm vertically polarized laser, which is highly
are measured with a 90/10 knife-edge method""". transmissive for the 1.6 pm horizontally polarized laser. In addi-
tion, P1 and P2 can also be used as the output mirrors of the
cavity. To realize the SLM laser, the combination of the

2. Experimental Setup

The high-power, tunable Er:LuAG laser is mainly composed of 30 P AE——— 12
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Fig. 2. Absorption cross section of the Er:LUAG crystal and the wavelength of
Fig.1. Schematic diagram of the Er:LuAG SLM oscillator and the MOPA system. the pump laser. Inset: the absorptivity of the Er:LUAG crystal under different
FR, Faraday rotator; F-P, Fabry-Perot etalon. pump powers.
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Faraday rotator and the 1/4 plate makes the ring cavity operate
unidirectionally, eliminating the spatial hole-burning effect.
Additionally, an 3 lens with a focal length of 160 mm is placed
in the symmetric position of the Er:LuAG crystal for improving
the stability of the resonator. Finally, the SLM laser wavelength
can be tuned by an uncoated 0.05 mm Fabry-Perot etalon.
The ABCD matrix has been used to analyze the stability of the
Er:LuAG SLM oscillator with the double CCR structures®’). In
Fig. 3, the values of (A + D)/2 of the Er:LuAG SLM resonator and
the oscillating spots under the different thermal focal lengths of
the Er:LuAG have been calculated. As shown in Fig. 3(a), the
resonator is stable when the thermal focal length is less than
190 mm. In Fig. 3(b), under the Er:LuAG thermal focal length
of 140 mm, 160 mm, and 180 mm, the oscillating beam radii of
the components in the double CCRs resonator have been simu-
lated. The beam radius at the center of the Er:LuAG crystal is
about 0.45 mm under the thermal focal length of 160 mm, which
matches with the pump spot (460 pm). The beam radius of the
Faraday rotator is approximately 0.30 mm, and the beam radius
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Fig. 3. (a) Value of (4 + D)/2 versus the thermal focal length of the Er:LuAG
crystal. (b) Oscillating spot in the double CCRs Er:LuAG oscillator under differ-
ent thermal focal lengths.
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of the compensating f3 lens is about 0.46 mm at the 160 mm
thermal focal length.

3. Discussions and Results

First, we investigated the output characteristics of the Er:LuAG
oscillator in the multi-longitudinal-mode (without the Faraday
rotator). In this condition, the Er:LuAG oscillator outputs light
from polarizers P1 and P2, which is vertically polarized in both
directions. The total output power of the Er:LuAG oscillator
increases linearly as the pump power increases, as shown in
Fig. 4. The pump threshold is 22.4 W, and the maximum output
power is 5.24 W at the pump power of 42.5 W with a slope effi-
ciency of 20.07%. The laser is multimode (Fig. 4 inset), tested
through a scanning Fabry-Perot interferometer with a free spec-
tral range (FSR) of 1.5 GHz.

Then, by inserting the Faraday rotator into the cavity, the res-
onator can operate unidirectionally by adjusting the angle of the
A/4 plate in Fig. 1. The resonator has been changed to a travel-
ing-wave cavity, eliminating the spatial hole burning effect by
adding the isolation device and thus realizing the SLM
operation.

As shown in Fig. 5(a), the maximum 1.61 W SLM laser at the
pump power of 27.3 W has been obtained, corresponding to the
slope efficiency of 15.18%. Furthermore, the maximum SLM
power is limited by the Faraday rotator’s damage threshold
(92.3 W/cm?). In addition, the unabsorbed remaining pump
laser by the Er:LuAG crystal is used to pump the Er:LuAG
amplifier, as shown in Fig. 1. In Fig. 5(b), the laser operates at
the SLM measured by the Fabry-Perot interferometer (with
an FSR of 1.5 GHz and a fineness of 1500), and the linewidth
of the SLM Er:LuAG laser is less than 10.95 MHz according
to the correspondence between the laser frequency and the scan-
ning time. The wavelength of the SLM laser is 1649.6 nm,
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Fig. 4. Output power of the Er:LuUAG oscillator without the Faraday rotator.
Inset: Fabry-Perot spectrum.
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Fig. 5. Output characteristics of the Er:LuAG SLM oscillator. (a) The output
power. (b) The output wavelength and the Fabry-Perot spectrum.

measured by the wavelength meter (Bristol 721A). In addition,
the output laser is vertically polarized, as measured by the
Glan prism.

Then, adopting a high-precision translation table fixed on the
CCR2, we investigated the effects of moving (perpendicular and
parallel to the CCR line directions) and rotating the CCR2 on the
SLM power. Figure 6(a) indicates that with the increasing lateral
displacements (perpendicular to the CCR direction), the resona-
tor still has SLM laser output, despite a decrease in power. When
the lateral displacement exceeds 0.1 mm, the output power has
decreased to 50%. The above results indicate that the double
CCRs resonator can offset the effect of the lateral displacement
on the output power to some extent. In addition, the influence of
the CCR horizontal displacements (parallel to the CCR direc-
tion) on the Er:LuAG SLM power has also been measured exper-
imentally. By moving the CCR2, as shown in Fig. 6(b), the SLM
power has been reduced to zero at a maximum translation dis-
tance of 5.5 mm. In addition, the effect of rotating the CCR2
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along the axis on the power of the Er:-LuAG SLM laser has also
been analyzed. When the maximum rotation angle is 9°, as
shown in Fig. 6(c), the power has reduced to 0. The above exper-
imental results indicate that the SLM power is not sensitive to
the changes in the movement distances and rotation angles of
the CCR2. As a result, the double CCRs structure is useful for
improving the stability of the Er:-LuAG SLM laser, and the
anti-misalignment abilities of the Er:LuAG laser can also be
greatly improved by employing the double CCRs.

In addition, an uncoated Fabry-Perot etalon with a thickness
of 0.05 mm has been inserted into the resonator to adjust the
wavelength of the Er:LuAG SLM laser. The SLM wavelength
can be adjusted from 1649.2 nm to 1650.3 nm by changing
the angle of the Fabry-Perot etalon at the pump power of
27.3 W. The SLM powers under the different output wave-
lengths have been shown in Table 1. The maximum output
power is 1.61 W at the wavelength of 1649.6 nm, and the
minimum output power is 0.50 W at the wavelength of
1650.1 nm.

Table 1. The Relationship between the SLM Wavelength and the Qutput Power.

Wavelength (nm) Output Power (W)

1649.2 159
1649.4 1.09
1649.6 1.61
1650.1 0.50
1650.3 0.66

021401-4
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L. Er:LuAG Single-Pass Amplifier

To further increase the Er:LuAG SLM power, we designed a sin-
gle-pass laser amplifier at 1649.6 nm. The experimental diagram
of the SLM Er:LuAG MOPA laser is shown in Fig. 1. The size of
1.7 mm X 5.5 mm X 50 mm, 0.75% (atomic fraction) doped Er:
LuAGl1 crystal is used in the amplifier and installed in a
water-cooled copper microchannel radiator with a temperature
of 288 K. The Er:LuAG SLM laser and the residual pump light
are focused by the 5 lens (160 mm) and the f4 lens (80 mm) to
realize the spot matching. The beam radii are calculated to be
130 pm and 140 pm in the center of Er:LuAG-1, respectively.
M3 and M4 are both 45° plane mirrors coated for high reflectiv-
ity at 1.5 um and high transmission at 1.6 pm. M2 is a 1.6 pm
polarizer coated with s-polarized high reflectivity and p-polar-
ized high transmission. In addition, to compare the amplifier
gain at different injection powers, a half-wave plate is used to
adjust the power of the SLM oscillator. At a fixed total pump
power of 27.3 W, all the residual 1.5 pm laser has been injected
into the Er:LuAG-1. Then, the output power of the seed
light is gradually increased, controlled by the half-wave plate
in Fig. 1.

In Fig. 7, the amplified power and gain are shown as a func-
tion of the seed power. With the increase of the injected seed
power, the gain of the Er:LuAG amplifier decreases, and the out-
put power increases gradually. The output power is a maximum
of 2.32 W at the injected power of 1.61 W, corresponding to the
optical gain of 1.59 dB. The slope and the optical-to-optical effi-
ciencies are 23.2% and 8.5%, respectively. The slope efficiency
has been improved by 8% compared with the slope efficiency
of the Er:LuAG SLM oscillator. Additionally, when the injection
power is reduced to 295 mW, the output power is amplified to
532 mW, and the corresponding gain of 2.56 dB is obtained. The
laser still operates in the SLM, tested by scanning Fabry-Perot
interferometer at the amplification power of 2.32 W. As shown
in Fig. 8(a), the measured beam quality factors M? are 1.23 and
1.25 along the horizontal (x) and vertical (y) directions,
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Fig. 7. The gain and the amplified power versus the seed power.
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respectively. In Fig. 8(b), we have measured the power stability
within 30 minutes and calculated a 5.27% power instability.

5. Conclusions

In summary, we have built an SLM Er:LuAG laser with double
CCRs and the MOPA system. The Er:LuAG SLM oscillator
based on the Faraday effect achieves an output power of
1.61 W with a slope efficiency of 15.18%. The wavelength tun-
able range is 1649.2-1650.3 nm. Furthermore, by using the
residual (non-absorbed) pump power of the Er:LuAG SLM
oscillator, the single-pass amplifier obtains the maximum out-
put power of 2.32 W, corresponding to the total slope efficiency,
which has increased to 23.2%. Furthermore, the maximum gain
is 2.56 dB with the SLM output power of 295 mW. Experimental
results indicate that the unidirectional operation ring cavity
based on the Faraday effect in the double CCRs structure is
an effective way to produce the high-power, high-stability
1.6 pm Er:LuAG SLM laser.
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