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In this paper, output characteristics of single-longitudinal-mode Ho: YLF ring laser are firstly investigated in
double corner cubes configuration. Single-longitudinal-mode laser output is realized by a faraday rotator and a
half-wave plate, and an F-P etalon is inserted into the cavity to realize wavelength tuning. The principle of
unidirectional operation of the Ho: YLF ring laser with double corner cubes is firstly analyzed with the method of
optic matrix and transition matrix. A highest single-longitudinal-mode power of 733 mW at 2065.68 nm is

achieved and the slope efficiency is 12%. The tunable range is about 238 GHz and M? factor is 1.21. The results
show that the single-longitudinal-mode Ho: YLF ring cavity with double corner cubes is a potential way to
improve the misalignment sensitivity.

1. Introduction

2pum solid state lasers operating in the eye-safe waveband have
many important applications [1-5], including high-resolution spectro-
scopy [6], medicine, laser remote sensing, laser lidar or wavelength
conversion to 3-12um [7-8]. In many military applications, 2pum
single-longitudinal-mode (SLM) lasers with stable operation, anti-in-
terference ability and small volume are urgently required. Especially for
2 um differential absorption lidar (DIAL) for atmospheric H,O and CO,
monitoring [9-16], tunable seed laser with high power, and high mis-
alignment sensitivity can improve the locking probability of the injec-
tion locked laser. In 2017, our group reported a tunable SLM Ho: YLF
ring laser based on Faraday effect [17]. Output power at 2051.65 nm
achieved 528 mW with four-mirror bow-tie ring cavity structure.
Highest power of 1.5 W was obtained by master oscillator power am-
plifier technique. In order to further enhance the misalignment sensi-
tivity of the SLM Ho: YLF ring laser, corner cube prism is used as re-
sonator mirrors on account of the reflection characteristic of spatial
orientation [18-19]. A mass of investigations on solid-state lasers with
single corner cube have been tried to improve the anti-misalignment
sensitivity. In 2000, Wu et al. demonstrated a corner cube laser based
on a Nd: YAG crystal [20]. A nonplanar ring oscillator was used to
generate 100 mW single-frequency operation. In 2010, Ma et al. re-
ported a pulsed Ce: Nd: YAG laser with a corner cube and Cr**: YAG
was used as a Q-switching element [21]. The results show that the laser
has excellent average pulse energy stability and divergence angle sta-
bility under varied environment temperature. In 2013, Cheng et al.

* Corresponding author.
E-mail address: juyoulun2015@163.com (Y. Ju).

https://doi.org/10.1016/j.infrared.2018.06.034

Received 13 May 2018; Received in revised form 29 June 2018; Accepted 29 June 2018
Available online 30 June 2018

1350-4495/ © 2018 Elsevier B.V. All rights reserved.

reported a six Nd: YAG solid state laser coherent combination with a
corner cube [22]. Combining output energy of 15.3 J was obtained with
the combining efficiency of 95.6%. In 2016, our group reported a SLM
Ho: YAG laser with a corner cube cavity [23]. Up to 478 mW SLM
power was obtained by the method of intracavity etalons and the slope
efficiency was 7.9%. As we know, this is the first report on 2.06 pm SLM
Ho: YLF ring laser with double corner cubes.

In this letter, we demonstrate a novel SLM Ho: YLF ring laser with
double corner cubes. The ring laser with double corner cube has the
advantage of high anti-misalignment sensitivity and small volume. Ho:
YLF crystal is more suitable for the cavity with double corner cubes
than isotropic crystals for its birefringence property [24-27]. The
principle of unidirectional operation of the Ho: YLF ring laser with
double corner cubes is firstly analyzed with the method of optic matrix
and transition matrix. The highest SLM power of 733mW at
2065.68 nm is obtained by eliminating the spatial hole-burning effect
and the slope efficiency is 12%. Output wavelength can be tuned from
2063.81 nm to 2067.20 nm by inserting a Fabry-Perot etalon and it
contains the absorption line center of CO, (2064.41 nm) [28], which
makes it possible to be used in DIAL for the measurement of CO,
concentration [29]. The results demonstrate that the SLM Ho: YLF ring
laser with double corner cubes configuration is an effective way to
improve the misalignment sensitivity.

2. Experimental setup

The experimental setup is schematically depicted in Fig. 1. The
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Fig. 1. Experimental setup of the SLM Ho: YLF ring laser with double corner
cubes.

1940 nm Tm-doped fiber laser used for pump light is focused into an a-
cut Ho: YLF crystal with spot radius of 250 um. The gain medium of Ho:
YLF is controlled at 13 °C by a TEC cooler with dopant concentrations of
0.5% and a dimension of 4 X 4 x 20 mm?, and the end faces are coated
with high transmission at laser wavelength and pump wavelength.
TFP1, TFP2 and TFP3 are both polarizer with high transmission for
2.05 um p-polarized light and high reflectivity for 2.05 um s-polarized
light and 1.94 um pump light. Polarizer TFP2 and TFP3 can be used
respectively for pump light injecting and dumping, and polarizer TFP1
is the output mirror of the high spectral purity SLM lasing. The two
plane convex lenses (f = 240 mm) are inserted into the resonator with
the length of about 704 mm to compensate the negative lens effect of
the Ho: YLF crystal. The incident planes of two corner cube prisms are
high transmission at laser wavelength and pump wavelength and the
reflected surfaces are both uncoated. Each of the six surface sequences
will produce different output polarization which is due to the phase
offsets between the six reflected paths. Output coupler transmittance
can be changed through rotating half-wave plate. Faraday rotator with
a polarization rotation angle of 45° is used to achieve SLM operation. A
uncoated F-P etalon with the thickness of 0.3 mm is used to tune fre-
quency.

In considering of the depolarization effect of double corner cubes
resonator, the following analysis mechanism of unidirectional opera-
tion of the Ho: YLF ring laser with double corner cubes is presented
with the method of optic matrix and transition matrix. Assuming that
the real edges of the two corner cube prisms exist cross angle « in the
plane of projection, and the light emitted by the Ho: YLF crystal is
horizontal polarization. Jones matrix in anticlockwise direction and
clockwise direction after a cycle can be respectively written as

Q/ = F-V(=a)-J-F-V (a)-D-J, ()-J-Ey, (€]

Q; = F-J-F-J,(180—6)-D-V (—a)-J-V (&t)-Eyp 2

where E;, = (1, 0) represents the matrix of horizontal polarization
light. V is rotation matrices, and F, means coordinate reflection. J is the
Jones matrix of corner cube prism [30]. D represents Jones matrix of
faraday rotator. J,, is Jones matrix of half-wave plate, and 6 is the angle
between the x axis and the fast axis of the half-wave plate.

There is no faraday rotator in the cavity for the Fig. 2(a). Both
polarizer TFP1 and TFP3 are output mirrors and the corresponding
equivalent output mirror transmission can be obtained by the Jones
matrix in anticlockwise direction and clockwise direction, respectively.
T = E}/(E} + E}) 3)
where E,and Eyare positive electric field amplitudes of output light in
the xand ydirections.
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When the cross angle is 0°, the equivalent transmission of polarizer
TFP1 and TFP3 keep all the same and therefore the Ho: YLF laser is
bidirectional operation. As shown in Fig. 2(b), when a faraday rotator
inserted into the cavity, the equivalent transmission of polarizer TFP1
and TFP3 can reach 20% and 100% respectively at some rotation an-
gles. Thus only anticlockwise direction laser can be produced by the
TFP1. Similarly, the equivalent transmission of polarizer TFP1 and
TFP3 can reach 100% and 20% respectively at some other rotation
angles. At this time, only clockwise direction laser can be produced. The
SLM Ho: YLF operation can be realized without the spatial hole-burning
effect. Fig. 3 shows the equivalent transmission of polarizer TFP1 and
TFP3 under different rotation angle of half-wave plate and cross angle
of two corner cube prisms. We can know that the equivalent trans-
mission of polarizer TFP1 and TFP3 varies periodically with the rota-
tion angle of half-wave plate. Even when the cross angle of two corner
cube prisms ranges from 0°-30°, the equivalent transmissions have
great difference at some rotation angles of half-wave plate, and uni-
directional operation also can be realized, as shown in Fig. 3(a) and (b).
The results show that the placement error of two corner cube prisms is
allowed in the experiment.

3. Experimental results and discussion

Output characteristics of the free-running Ho: YLF ring laser
(without a faraday rotator inserted) with double corner cubes is firstly
investigated. With the rotation of the half-wave plate, the output power
of the two directions is almost the same and the maximum total power
points are observed four times in a cycle which is in accordance with
the results in Fig. 2(b).

The detuning of the corner cube prism consisting of tilt angle and
translation distance is an important physical quantity that affects the
output power of the Ho:YLF ring laser. The tilt angle of the corner cube
prism is changed by an adjustable mirror mount and the vertex of the
corner cube prism will also move slightly with the change of tilt angle.
From Fig. 4(a), we can know that with the increase of the tilt angle, the
highest total power of 740 mW with the pump power of 9.8 W decreases
gradually. When the tilt angle is about 1.5°, output power drops by 6%.
Output power drops by 30% and the corresponding angle is about 11.8°.
The results show that the laser power is less sensitive to the change of
the tilt angle. The effect of translation distance of the corner cube prism
on the output power of the Ho:YLF ring laser is also measured experi-
mentally. A high precision translation stage is fixed to the corner cube
prism and the translation direction of corner cube prism is perpendi-
cular to the optical axis. As shown in Fig. 4(b), output power drops by
18% and the corresponding translation distance is about 0.2 mm. When
the translation distance is about 0.35 mm, output power drops by 80%.
The output power with slow decreasing is also observed when the tilt
angle of polarizer and two plane convex lenses are increasing from arc
second grade to degrees. The results show that the anti-misalignment
ability of Ho: YLF ring laser can be greatly improved by employing
double corner cubes.

When a faraday rotator and half-wave plate are inserted into the
cavity, unidirectional operation can be realized by rotating the half-
wave plate. Exactly as the numerical simulation, both polarizer TFP1
and TFP3 can act as output mirror of the unidirectional operation laser
at different rotation angle of the half-wave plate. Here, polarizer TFP1
was used as the output mirror and output laser was vertical polarization
measured by Glan prism. As shown in Fig. 5, the laser operated at
single-longitudinal-mode measured by the scanned Fabry-Perot inter-
ferometer with 1.5 GHz free spectral region (FSR) at 2065.71 nm. In the
inset of Fig. 5, the upper curve means the piezo actuator's driving
voltage and the lower lines represent the longitudinal mode of laser and
the laser is running on SLM. The laser could maintain single-long-
itudinal-mode operation without an etalon for the reason that the loss
difference between the two directions of propagation was big enough.

When an F-P etalon with the thickness of 0.3 mm inserted into the
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