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A diode-end-pumped quasi-three-level orthogonally polarized continuous-wave (cw) dual-wavelength Nd:LiYF,4
(Nd:YLF) laser that generates simultaneous laser at the wavelengths 903 nm and 908 nm was demonstrated.
Two types of cavity configurations were studied to support the stable dual-wavelength operation of the laser. A
polarization beam splitter (PBS) was placed in the first type of cavity to split the beams polarizing in two
orthogonal directions. At an absorbed pump power of 21.4 W, the cw output power obtained at 903 nm in m-

polarization and 908 nm in o-polarization is 0.43 W and 3.31 W, respectively. Furthermore, in order to balance
the gain-to-loss, an uncoated glass plane was inserted in the second type of cavity. By adjusting the inclination
of the glass plane relative to the optical axis of the resonator, we realized the stable simultaneous dual-
wavelength operation. The cw output powers of 1.82 W at 903 nm and of 2.92 W at 908 nm were obtained.

1. Introduction

In recent years, dual-wavelength laser is a hotter research topic
internationally. It is used extensively in interference rainbow holograph
[1], fine laser spectrum [2], differential absorption radar [3], nonlinear
frequency conversion [4], laser medicine and so on [5]. All solid-state
dual-wavelength lasers are more and more important, because its
structure is impact and can be miniaturized, and it is able to supply
more output power, and can cover wider band. Because Neodymium
ion doped laser crystal has high-gain, good thermal and mechanical
properties, it is now the most important gain media of all solid-state
dual-wavelength lasers. Nd** doped laser crystal has three main
transition lines: and “Fs /2—>4113/2.
Currently there are mainly two types of all solid-state dual-wavelength
lasers. The first type is dual-wavelength laser with bigger wavelength
spacing, the lasing wavelengths of which are mainly from the two of
three transition lines of Neodymium-doped laser crystal. Because the
wavelength spacing of dual-wavelength laser is bigger, we can ration-
ally design the membrane system of output coupling system of
resonator to balance the gain and loss of dual wavelengths, so that to
satisfy the threshold condition of simultaneous oscillation of dual
wavelengths [6]. By using this method of optimizing membrane system
of output coupling system and combining the simple two-mirror linear

*Fa/0—os0,  *Fsjo—"11)0,

cavity structure, dual-wavelength laser output with bigger wavelength
spacing has been realized in Nd:YAG [7-9], Nd:YVO, [10,11],
Nd:GdVO, [12-14] and Nd:YAO3 [15,16] laser. This method relies
on the membrane system of output system, while it's very difficult for
practical film coating to reach the theoretical expectation. Some uses
complex cavity to oscillate dual wavelengths in their respective
independent sub-cavities, and changes the intracavity power density
and mode-matching condition by adjusting cavity lengths, so that to
balance gain and loss of dual wavelengths and realize simultaneous
dual-wavelength operation [10,17]. But when separating dual wave-
lengths, film coating technique is also needed for beam splitter. The
second type is dual-wavelength laser with smaller wavelength spacing.
Dual-wavelength operation of this type of laser is resulted by the
splitting of stark levels of a transition line of Nd-doped laser crystal.
Since the wavelength interval is very small ( < 10 nm), utilizing current
coating technique for separation is very difficult. Actually, even if the
coating parameters can reach the pre-calculated theoretical values,
simultaneously dual-wavelength oscillation is difficult to obtain be-
cause of the uncertain other parameters of the laser. So far there are
mainly two approaches to make this kind of dual-wavelength laser. The
first approach is to insert some element inside the cavity and use the
element's different characteristics for dual wavelengths to balance their
gain-to-loss. For example, H. H. Yu et al. inserted Gr:YAG crystal inside
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the cavity, and utilized its different absorption characteristics for
different wavelengths to obtain the gain-to-loss balance of dual
wavelengths. With this approach, they realized 1052 nm, 1064 nm
and 1061 nm, 1059 nm dual-wavelength outputs in Nd:YAG [18] and
Nd:CNGG [19] lasers respectively. With the same method, H.T. Huang
et al. inserted V:YAG crystal inside the cavity, which helps realizing
932.9 nm and 936.5 nm dual-wavelength output in Nd:GGG [20] laser
respectively. We inserted Lyot filter inside the cavity, and realized
884 nm and 885 nm dual-wavelength output in 885 nm qusi-three-
level Nd:YAG laser by adjusting the free spectral range of Lyot filter
[21]. Moreover, in some Nd-doped laser crystals, the emission cross
sections of the two transition wavelengths from some Stark energy level
splits are close. Thus, in realizing one transition wavelength operation
caused by a Stark split, if we don't take any measures, the other
wavelength would also oscillate [22—-26]. Beams of dual wavelengths
with small interval realized by the method above always have the same
polarization. The second method is using polarization beam splitter or
F-P etalon with a tilt angle to separate the two wavelength beams with
orthogonal polarizations and keep them oscillating in their own
cavities. Then the membrane system of each cavity's output mirror is
designed to balance gain-to-loss of dual wavelengths, so that the
thresholds of dual wavelengths can be equalized [27-31]. This kind
of small interval orthogonal polarization dual-wavelength laser beam
can realize coherent THz with 0.1-3 Hz frequency range [32], which
has a great potential application in THz imaging, THz remote sensing
[33], THz spectroscopy [34,35], laser interferometer [36] and precision
metrology [37].

Research on 900 nm Nd>* doped solid state laser operating at
quasi-three level is an important part in all solid state laser research
field. The laser at this waveband can be extensively applied in laser
remote sensing, laser satellite work, laser communication, etc.
Moreover, after the intra-cavity or extra-cavity frequency doubling,
the blue laser from it has very extensive application and promising
future in high intensity storage, ultra-short pulse, digital video
technology, spectrum technology, laser medicine, large screen laser
displays, marine military application and underwater resource detec-
tion, etc.

Among the various Nd®*-doped crystals, Nd:YLF is one of the most
widely studied laser crystals in the literature. It is a crystal that brings
some interesting attributes to solid state lasers, such as weak negative
thermal lensing and different laser wavelengths. Nd:YLF is a naturally
birefringent crystal which overwhelms any thermally-induced birefrin-
gence, guarantying a polarized laser emission. As we know, there exist
three transitions: 4F3/2—>4111/2, 4F3/2—>4113/2 and 4F3/2—>419/2 in Nd3+.
For four-level Nd:YLF laser corresponds to 4F3/2—>4IH/2 and 4F3/
2—>4113/2 transitions. In 4F3/2—>4In/2 transition, when gain is max-
imum, 1047 nm mn-polarization emission is output [38,39]. After
applying measures of frequency selection, 1053 nm o-polarization
emission can be obtained [40,41]. In *F3/»—*I;3/- transition, single
wavelength output of 1321 nm [42,43] or 1313 nm [44,45] around
1.3 um has been reported. The quasi-three level emission spectral line
of Nd:YLF laser is corresponding to *Fs—*Ig/» transition. The
transition of the *Fs, level to the ground state delivers laser emissions
at 903 nm for m-polarization and 908 nm for o-polarization (see Fig. 1).
Because of the Stark energy split of Nd:YLF crystal field, the ground
state is split into five fine structures. At room temperature, the particle
population of Zs energy is about 3.4% of total number of particles,
while for 946 nm quasi-three level Nd:YAG, the particle population of
Zs energy is about 0.74% of total number of particles [46]. So the
threshold of quasi-three level Nd:YLF laser is higher than that of quasi-
three level Nd:YAG laser. Moreover, in quasi-three level laser, the
reabsorption of lower level is very evident, which increases the
difficulty of laser generation. 903 nm [47] or 908 nm [48,49] single
wavelength output has already been demonstrated, but (1047 nm and
1053 nm), (1321 nm and 1313 nm) or (903 nm and 908 nm) dual-
wavelength simultaneous output has never been reported so far.
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Fig. 1. Nd:YLF energy level scheme at 300 K with the main pump and emission
transitions.

In this work, we will present our recent results of exploring a dual-
wavelength Nd:YLF laser. By separating the orthogonally polarized
beams with a PBS, the dual-wavelength Nd:YLF laser operation was
realized at two wavelengths of 903 nm and 908 nm. At an absorbed
pump power of 21.7 W, the output powers of 0.36 W at 903 nm and of
2.75 W at 908 nm are simultaneously obtained. Moreover, an uncoated
glass plane was inserted in the laser cavity. By adjusting the inclination
of the glass plane, we realized the stable simultaneous output power
obtained at 903 nm and 908 nm is 1.55 W and 2.28 W, respectively.

2. Experiment and analysis

In order to obtain an orthogonally polarized dual-wavelength laser
beam, we designed the first type of cavity configuration as shown in
Fig. 2. The optical pumping was done by using fiber-coupled (diameter
of 200 pm and numerical aperture NA=0.22) diode lasers from
Coherent Co., USA. The 806 nm emitting diode outputted 30 W of
pump power with an emission bandwidth of 2.5 nm (FWHM defini-
tion). The coupling optics consists of two identical plano-convex lenses
with focal lengths of 15 mm used to re-image the pump beam into the
laser crystal at a ratio of 1:1. The coupling efficiency is 95%. The laser
crystal is a 1.0 at% Nd>* doped, 3 mmx3 mmx5 mm Nd:YLF wrapped
with indium foil and mounted at a TEC (thermal electronic cooled)
copper block, and the temperature is maintained at 20 °C. The whole
cavity is also cooled by TEC. Both sides of the laser crystal were coated
for high transmission (HT) from 900 to 910 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 mm was used
as the input coupler, which was coated for high reflectivity (HR) at 903
and 908 nm and HT at 806 nm, and HT at 1047, 1053, 1313 and
1321 nm to suppress the strong parasitical oscillation at these transi-
tions. The plane mirror, M2, was used as the output coupler for n-
polarized. The concave mirror, M3, was used as the output coupler for
o-polarized.

For a diode-pumped solid-state quasi-three-level laser, the thresh-
old condition for each transition wavelength in a cw simultaneous dual-
wavelength operation is given by [50]
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Fig. 2. The first type of cavity configuration for the diode-pumped Nd:YLF dual-
wavelength laser.
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where R; is the reflectivity of the output coupler, L; is resonator round-
trip residual losses at the corresponding transition wavelength, [ is the
length of the active medium, 1o; the quantum efficiency, f, is the
fraction of the 419/2 population that resides in the Stark component
used as the lower laser level, f3,; is the fraction of the *Fs /> population
that resides in the Stark component used as the upper laser level. 7; is
the fluorescence lifetime at the upper level, no; is the quantum
efficiency for the corresponding transition, o; the stimulated emission
cross section, Ny is the total dopant concentration, hv,, is the pump
photon energy, s;(r, z) is the normalized cavity mode intensity
distribution for the corresponding transition, and r,(r, z) is the
normalized pump intensity distribution in the active medium. Here
i=1, 2 represents the two wavelengths of 903 nm and 908 nm,
respectively. The ratio of laser thresholds for 903 nm and 908 nm
can be expressed as:

_ (/R + Ly + 203, Ny fiyor [ff510 21 (. 1o
lll(l/Rl) + Ll + 20’1[]‘;1]\]0 f['ﬂ(rz /[/sz(r, Z)rp(r, Z)du (2)

The basic parameters used in the experiment are o;=1.2x10~
2 em?, 0,=1.3x1072° em?, £,=0.13, fp1=0.44, f»,>=0.56, [=8 mm,
No=1.4x10%° cm?, L;=L,=0.005. The values of L; were measured by
the Findlay—Clay method [51]. With Eq. (2) and the parameters, if we
assumed that R; for 903 nm was 99.0%, R, for 908 nm must be 96.2%
to satisfy the dual-wavelength oscillation condition, i.e. f=1. The
measured reflectivities of the output mirrors are 99.4% and 96.2% at
903 nm and 908 nm respectively in our experiment.

Fig. 3 shows the output power at each lasing wavelength with
respect to the absorbed pump power at 806 nm. At an absorbed pump
power of 21.4 W, the cw output power obtained at 903 nm and 908 nm
is 0.43 W and 3.31 W, respectively. A total output power of 3.74 W for
the dual-wavelength was achieved with optical conversion efficiency of
17.5%. The threshold pump power is 7.2 W for 903 nm, and 10.3 W for
908 nm, respectively. Further analysis showed the reason why thresh-
olds are different was the feedback difference between the m-polariza-
tion and o-polarization, which was caused by the output coupler. In
fact, the experimental reflection of M2 (R»,=99.4%) is bigger than the
theoretical reflection of 99.0% derived by Eq. (2), which results > 1.
The result of B> 1 means that the laser will first emit the radiation at
the weaker line at 903 nm and then emit the radiation at 908 nm under
a higher pump power. It can be seen from Fig. 3 that the output power
of 908 nm line increases monotonically as the pump power increases.
On the other hand, the output power of 903 nm line first increases
linearly with the pump power, reaches its maximum power of 1.21 W at
the pump power of 17.2 W, and then descends monotonically. We
believe that the gain competition between 903 nm and 908 nm lines
leads to the output power of 903 nm decreases over 17.2 W of pump
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Fig. 3. Output powers versus the absorbed pump power for dual-wavelength operation.

Optics & Laser Technology 90 (2017) 185-189

Fiber-coupled
diode laser

Coupling 1
ou ing lenses Class

7 N&:YLF / |-| 903 an
/ H 908 nm
M1 M4

Fig. 4. The second type of cavity configuration for the diode-pumped Nd:YLF dual-
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power. The laser beams were observed at different pump powers. The
M? factor of 903 nm emission is estimated to be approximately 1.12
near threshold, and then increases to 2.32 at pump power greater than
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21.4 W. On the other hand, the 908 nm emission maintains the beam
quality factor M? less than 1.08 over the full range of pump powers.
The stability testing is carried out by monitoring the output powers of
each wavelength with a Field-Master-GS powermeter at 10 Hz. The
fluctuations for 908 nm and 903 nm lights at the pump power of
21.4 W are about 3.5% and 5.3% in 4 h, respectively.

Because the laser output from the first type of cavity configuration
featured two beams, it is sometimes inconvenient for applicants though
the beams can be easily recombined using reflectors and PBS. To
improve this, the second type of cavity configuration featuring one
beam output was presented as shown in Fig. 4. The pump source, the
gain medium, the coupling lenses and the input mirror were the same
as the corresponding ones in the first type of cavity configuration
mentioned above. An uncoated glass plate with a thickness of 0.5 mm
was inserted in the cavity. The plane mirror, M4, was used as the
output coupler, which was coated with transmission of 2.3% from
900 nm to 910 nm. The cavity length was approximately 20 mm.

Since fp1 <fp2, 01 <02, Ri=R, and the two nearly close wave-
lengths in the same cavity, the ratio f is less than 1 without introducing
the deliberate difference for losses L; and L,. The result of f<1
indicates that the laser will be dominated at 908 nm because this
emission line has a lower threshold. For obtaining a dual-wavelength
simultaneous operation, an appropriate difference for losses L; and Lo
needs to be introduced to reach the condition of f=1. The single pass
losses caused by the Fresnel reflection for s and p waves can be given by

[52]
. 2 . 2 . 2
_ | sin(6; = 6) +l1- sin(0; — 0,) . sin(0, — 6,)
y sin(0; + 0,) sin(6; + 6;) sin(0; + 6;) 3)
2 2 2
_ |tan(6; = 6) +li- tan(6; — 0,) ) tan(6; — 6;)
P tan(6; + 6,) tan(6; + 0,) tan(d, + 6,) | (4)

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 sinf;=nsin6,,
n(=1.5) is the refractive index of the glass plane.

It can be seen in Fig. 5 that the overlapping curves for the single
pass losses Lg and L,, at the small incident angle, and then gradually
separate. In our experiment, the o-polarization of Nd:YLF crystal is set
to be placed in the parallel direction, and the angle of inclination of the
glass plane is relative to the optical axis of the resonator, which the
plane of incidence is in the horizontal direction. As a result, the o- and
mi-polarized waves are perpendicularly and parallel to the plane of
incidence, corresponding to the s and p waves respectively.
Substituting Egs. (3) and (4) into Eq. (2), the ratio of laser thresholds
B are calculated as a function of incident angle 6; and the result was
shown in Fig. 5. As shown in Fig. 5, the ratio of laser thresholds
increases with the incident angle 6;, reaches a maximum, and then falls
with further increase in the incident angle. In our experiment, we will
control the incident angle 6; to be approximately 25° to obtain a ratio of
p=1.

The output powers at each lasing wavelength versus absorbed pump
power are given in Fig. 6. It can be seen that the output powers of both
wavelengths monotonically increased as the pump power increased.
When the absorbed pump power was increased to about 8.2 W, the
dual-wavelength radiation was emitted. According to the experimental
results, as the absorbed pump power was increased, the 903 nm
transition was not suppressed by the 908 nm transition. The cw output
power obtained at 903 nm and 908 nm was 1.82W and 2.92W,
respectively. A total output power of 4.74 W for the dual-wavelength
was achieved at the absorbed pump power of 21.4 W with optical
conversion efficiency of 22.1%. The fluctuations for 908 nm and
903 nm lights at the pump power of 21.4 W are about 2.1% and
2.3% in 4 h, respectively. We also found that the fluctuations in the
output powers of each wavelength were substantially reduced. We
believe that the competitive interaction between two wavelengths is
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due to the gain-to-loss balances. The M? values for 903 nm and 908 nm
lights at the pump power of 21.4 W were found to be around 1.13 and
1.15, respectively. Using the LABRAM-UV spectrum analyzer to scan
the dual-wavelength laser and dealing with the data with software, the
spectrum of the dual-wavelength laser at the pump power of 21.4 W is
shown in Fig. 7. The central wavelengths are 902.76 nm and
907.95 nm, with the spectral line widths of 0.32 nm and 0.34 nm,
respectively.

3. Conclusion

In conclusion, the use of diode-end-pumped Nd:YLF crystal to
achieve the quasi-three-level orthogonally polarized dual-wavelength
Nd:YLF laser operation at 903 nm and 908 nm has been demonstrated
for the first time. Two types of cavity configuration are used to achieve
simultaneous emission of two orthogonally polarized wavelengths. A
PBS was placed in the first type of cavity to split the beams polarizing in
two orthogonal directions. At an absorbed pump power of 21.4 W, the
cw output power obtained at 903 nm and 908 nm is 0.43 W and
3.31 W, respectively. Furthermore, an uncoated glass plane was placed
in the second type of cavity, and further we have numerically analyzed
the condition of gain-to-loss balance via an uncoated glass plane for
achieving the orthogonally polarized dual-wavelength operation. The
stable cw output power obtained at 903 nm and 908 nm was 1.82 W
and 2.92 W, respectively.
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