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A multi-wavelength mid-IR laser consisting of 3.05pm, 4.25pum, and 5.47 ym
BaGa,Se,(BGSe)optical parametric oscillators (OPOs) switched by DKDP electro-
optic switches with one 10 Hz/7.6 ns pumping wave is demonstrated. Maximum
energies at 3.05 pm, 4.25 pm, and 5.47 pm are 1.35mJ, 1.03 mJ, and 0.56 mJ,
respectively, corresponding to optical-to-optical conversion efficiencies of 9.4%,
7.6%,and 4.2%. To the best of our knowledge, this study is the first of generation of
three mid-IR wavelength lasers using electro-optic switches. Furthermore, this
study provides a viable solution for a high-energy or high-power, compact, or
even portable multi-wavelength mid-IR laser device that employs a single
pumping wave.

KEYWORDS

mid-IR lasers, nonlinear optics materials, nonlinear optics, BaGa,Se; crystal, parametric
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1 Introduction

The mid-IR lasers are highly transparent in the atmosphere and possess absorption peaks
that overlap with many atoms and molecules, making them suitable for various applications
such as spectroscopy, remote sensing, medical treatment, communication, industry, scientific
research, etc. [1-10]. In certain situations, a mid-IR laser with a multi wavelengths will be
needed, such as for remote sensing detection of different harmful gases, layered processing of
multilayer organic matter, and so forth [11, 12]. A multi-wavelength mid-infrared laser source
is necessary in these situations. There are not many reports on this laser source, though. The
primary focus of this study is on this kind of laser source.

There are many approaches to achieving mid-IR lasers, such as chemistry lasers, free
electron lasers, quantum cascade lasers, gas lasers, solid state lasers, fiber lasers, non-linear
optical frequency conversion of optical parametric oscillator (OPO) and optical parametric
amplifier (OPA), and so on [13-17]. Among them, OPO is a relatively easy method to obtain
high energy, high power, and high beam quality, along with a relatively compact and wide
tuning range [18-24]. However, its wavelength coverage has been limited by the availability
of suitable non-linear optical crystals. Furthermore, for mid-IR outputs, long-wavelength
pumping waves are usually required to fulfil phase matching conditions. Currently, many
non-linear optical (NLO) crystals (oxide and non-oxide) have been investigated for the mid-
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FIGURE 1
Type-I phase matching curve of OPO by 1064 nm pumping in
BGSe.

IR region [7]. BGSe crystal is one of the most promising NLO
crystal for mid-IR laser generation. It has a wide band gap
(2.64¢eV) and a wide transparency spectrum (0.47-18 um)
[8-10]. The BGSe has been extensively used in OPO operation
in the mid-IR region, pumped by economical ~1 um laser sources
[14-19]. Feng Yang et al. presented three high pulse energy BGSe
OPOs pumped by a 1064 nm laser; the maximum pulse energy at
3.9 um is 0.83 mJ with a 9.1 mJ pumping wave, the maximum
pulse energy at 3.0 um is 1.0 mJ, and the maximum pulse energy
at 5.0 um is 0.3 mJ with an 8.2 mJ pumping wave; the optical
efficiency are 12.2% at 3.0 um, 9.1% at 3.9 pm, 3.75% at 5.0 um,
and in their experiment which the three mid-IR laser OPOs are
independent [22], they need to manually to change the pumping
wave to get the three mid-IR waves, which is not benefit to
compact or even portable mid-IR laser source. Wen-Tao Xu et al.
used the same BGSe OPO pumped by a 1064 nm laser source and
achieved the maximum pulse energy at 4.11 pm of 2.56 mJ with
the pumping pulse energy of 61.6 mJ; correspondingly, the
optical efficiency is 4.2% at 4.11 um, and the mid-IR laser is
tuned between 3.12 um and 5.16 pm. And in Wen-Tao Xu’s
experiment, as the mid-IR waves are tuned with the same
NLO crystal and the same optical lens, in particular the
crystal cutting angle is fixed, which is not conducive to the
improvement of conversion efficiency for all the signal and
idle waves in the long tuning ranges [23].

In our study, a multi-wavelength mid-IR laser of 3.05 um,
4.25 um, and 5.47 BGSe OPOs switched by DKDP electro optic
switches with one 10 Hz/7.6 ns pumping is demonstrated. The
maximum energies at 3.05 pm, 4.25 um, and 5.47 um are 1.35 mJ,
1.03mJ, and 0.56m]J, optical-to-optical
conversion efficiencies of 9.4%, 7.6%, and 4.2%, respectively. By

corresponding  to

the method of our study, it provides a viable solution for a high-
energy or high-power, compact, or even portable multi-wavelength
mid-IR laser source that employs a single pumping wave. And any
waves in the range of the OPO’s can be achieved by appropriate
crystal cutting.
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2 Phase matching and experimental
setup

The BGSe crystal belongs to the monoclinic system (m-point
group), and it is a biaxial crystal. The Type-I phase matching
conditions (0 — e + e) for the BGSe crystal are calculated in the
x-z plane, the phase matching curve of OPO by 1064 nm pumping in
BGSe is shown in Figure 1. As it is shown, when the matching angle
is cut at 49°, 53°, or 59°, the BGSe OPO can output an idle wave of
5.5 um, 4.2 um, or 3.0 pm. And in our experiment, the three angles
are 48.5°, 53.2°, and 59.4°, respectively.

The pumping wave is a 808 nm diode side pumped Q-switched
Nd:YAG pulse laser with a repetition frequency of 10 Hz. It is a
plane-plane cavity; M1 is a highly reflective (HR) mirror coated at
1064 nm; a polarizer (P1) and a quarter-wave plate (QWP) are used
to choose the line-polarized light for passing through the Pockels cell
PC1; and M2 is a partially reflective (PR) mirror coated at 1064 nm
with a transparency efficiency of 50%. The cavity length of the
pumping wave is as short as possible, at 200 mm.

The experimental configuration is shown in Figure 2. It is
composed of the pumping wave, the three OPO cavities, and the
trigger pulse generator.

The pumping wave is initially reflected by a 45° plane HR mirror,
which is coated at 1064 nm (R > 99.5%), and subsequently
transmitted through a half-wave plate (HWP) and then passed
through a Pockels cell PC2. By using the PC2 and the polarizer
P2, the pumping pulse is switched among the OPO cavity-1, cavity-
2, and cavity-3. The pumping pulse is switched between the OPO
cavities two and three using the Pockels cell PC3 and the polarizer
P3. The three half-wave plates before the three OPO cavities are
employed to get the appropriate polarized direction to make the
three BGSe OPOs set at o-ee type-I phase matching.

The BGSe OPO cavity consisted of a pair of flat mirrors and a
BGSe crystal. For the 3 um mid-IR laser in the OPO cavity-1, the
input mirror M5 is antireflection (AR) coated at 1064 nm on the
input surface, high-reflection (HR) coated at 2.4 um-3.3 um, and
high-transmission (HT) coated at 1064 nm on the output surface.
To increase the utilisation of the pump energy (and thus improve
conversion efficiency), the output coupler M6 is high-reflection
coated at 1064 nm (R > 99%), achieving about 20% transmission
in the range of 2.4 um-3.3 pum for idle waves to obtain a high output
energy. The BGSel with dimensions of 8 mm® x 8 mm® x 10 mm’
and AR-coatings on both surfaces, is cut in the x-z plane at 0 = 59.4
and ¢ = 0" for o-ee type-I phase matching, set parallel to the y-axis
with an 8 mm edge. For the 4 pm mid-IR laser in the OPO cavity-2,
the M7 is also AR coated at 1064 nm on the input surface, HR coated
at 3.8 um-4.7 um, and HT coated at 1064 nm on the output surface.
The output coupler M8 is HR coated at 1064 nm (R > 99%), and 20%
transmission coated in the range of 3.8 um-4.7 um. The BGSe2, also
with dimensions of 8 mm® x 8 mm® x 10 mm® and AR-coatings on
both surfaces, is cut in the x-z plane at 6 = 53.2° and ¢ = 0 for o-ee
type-I phase matching and set parallel to the y-axis with an 8 mm
edge. And for the 5 pm mid-IR laser in the OPO cavity-3, the M9 is
also AR coated at 1064 nm on the input surface, HR coated at
5.0 um-6.5 um, and AR coated at 1064 nm on the output surface.
The output coupler M10 is HR coated at 1064 nm (R > 99%) and
20% transmission coated in the range of 5.0 um-6.5 um. The BGSe3,
also with dimensions of 8 mm’ x 8 mm® x 10 mm® and AR-coatings
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FIGURE 2
The experimental configuration of the multi-wavelength mid-IR BGSe OPO, A, is pumping wave, A, (M =1, 2, 3) is signal wave, \i, (m =1, 2, 3) isidle
wave.
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FIGURE 3

The trigger pulse sequences for PC1, PC2, and PC3.

on both surfaces, is cut in the x-z plane at § = 48.5" and ¢ = 0" for 0-ee
type-I phase matching, set parallel to the y-axis with an 8 mm edge.
For separating the idle and signal waves, three CaF, prisms with a 30°
angle without coating are used near the three output-coupling
mirrors of M6, M8, and M10.

The pumping wave is switched among the three BGSe OPOs by
the trigger pulses of S1, S2, and S3 generated by a trigger pulse
generator operated at a pulse repetition frequency of 10 Hz. The
trigger pulse generator which is composed by a synchronizer and a
digital signal generator. The trigger pulse sequences for PC1, PC2,
and PC3 are shown in Figure 3. The trigger level-1 for Sl is all the
way up, the gate width of the trigger level-2 for S2 is 250 ns, and the

Frontiers in Physics

level is high-low-low; the gate of the trigger level-3 for S3 is the same
250 ns, and the level is low-high-low. The PC1, PC2, and PC3 are all
DKDP crystals, the clear aperture is 10 mm x 10 mm, and the
driving half-wave voltage is 3.4 kV, which is flat topping square with
the rise time % 10 ns.

3 Result and discussion

The measured temporal pulse shape and spatial distribution of the
pumping wave are shown in Figure 4. The beam diameter and the pulse
duration of the pumping wave are 2.6 mm and 7.6 ns, respectively.
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FIGURE 4
The measured temporal pulse shape and spatial distribution of the pumping wave. (A) The spatial distribution of the pumping wave, (B) The temporal
pulse shape of the pumping wave
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FIGURE 5
The spectrum for the three signal waves. (A) The spectrum for the signal wave of 1635 nm, (B) The spectrum for the signal wave of 1419 nm, (C) The
spectrum for the signal wave of 1321 nm, (D) The spectrums for the three signal waves

As it is shown in Figure 3, when the pumping wave is injected ~ OPO cavity-2, the signal wave 1419 nm, and the idle wave 4.25 um
into the OPO cavity-1, the signal wave 1635 nm, and the idle wave  can be achieved; when the pumping wave is injected into the OPO
3.05 um can be achieved; when the pumping wave is injected into the ~ cavity-3, the signal wave 1321 nm, and the idle wave 5.47 um can be
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FIGURE 6

The output pulse energies for three idle waves. (A) The output pulse energy of idle wave 3.05 um versus the pulse energy of pump wave 1064 nm, (B)
The output pulse energy of idle wave 4.25 pm versus the pulse energy of pump wave 1064 nm, (C) The output pulse energy of idle wave 5.47 um versus
the pulse energy of pump wave 1064 nm, (D) The output pulse energy of the three idle waves versus the pulse energy of pump wave 1064 nm.

achieved. Due to the lack of conditions for direct measurement of
the idle wave spectrum in our laboratory, estimation is done by
measuring the spectrum of the signal wave. And the spectrum of the
signal waves is monitored by an optical spectrum analyser. The three
signal waves are measured behind prisms 1, 2, and 3. As shown in
Figures 5A,B,C, the spectra of the three signal waves are 1635 nm,
1419 nm, and 1321 nm, respectively. According to the OPO
momentum conservation condition (1/A, = 1/A; + 1/\;), with the
measured pump wavelength A, being 1064 nm and the signal
wavelengths A being 1635 nm, 1419 nm, and 1321 nm, in this
case the idle wavelengths \; are calculated to be 3.05pm,
4.25 um, and 5.47 um, respectively. The spectrums for the three
signal waves are shown in Figure 5D.

The energy of the idle waves is monitored by an energy
calorimeter. The energies of the three idle waves output versus
the 1064 nm pump energy are shown in Figures 6A,B,C. As
depicted in Figure 6, the output idle energy increases with the
injected pump energy. As it is shown in Figure 6A, the threshold
pulse energy of the 3.05 pum wave is about 4 mJ, which corresponds
to the energy fluence of 0.075]/cm* and the peak intensity of
9.89 MW/cm’. As it is shown in Figure 6B, the threshold pulse
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energy of the 4.25 um wave is about 5 mJ, which corresponds to the
energy fluence of 0.094 J/cm? and the peak intensity of 14 MW/cm®.
And as it is shown in Figure 6C, the threshold pulse energy of the
5.47 um wave is about 2.88 mJ, which corresponds to the energy
fluence of 0.054 J/cm® and the peak intensity of 7.1 MW/cm®. The
maximum output energy of 1.35 mJ at 3.05 pum is obtained under the
pump energy of 14.4mJ, corresponding to an optical-optical
conversion efficiency of 9.4% from 1.064 um to 3.05 um, and the
slope conversion efficiency nl is about 13.1%, which is calculated
from the linear fitting curves. The maximum output energy of
1.03m] at 4.25um is obtained under the pump energy of
13.5 m]J, corresponding to an optical-optical conversion efficiency
of 7.6% from 1.064 um to 4.25pum, and the slope conversion
efficiency n2 is about 13.5%, which is calculated from the linear
fitting curves. And the maximum output energy of 0.54 m] at
547 um is obtained under the pump energy of 12.8m],
corresponding to an optical-optical conversion efficiency is 4.2%
from 1.064 pum to 5.47 um, and the slope conversion efficiency n3 is
about 6.9%, as calculated from the linear fitting curves. As shown in
Figure 6D, the slope conversion efficiencies of the three idle waves
are n1=n2>n3. This is primarily due to the not good condition of our
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The measured spatial distribution of the signal wave by an infrared photosensitive card. (A) The spatial distribution of the signal wave 1288 nm, (B)
The spatial distribution of the signal wave 1433 nm, (C) The spatial distribution of the signal wave 1655 nm.

BGSel crystal, for the coating of which has some performance
degradation.

As lack of appropriate response wavelength CCD in mid-IR
range in our experiment, so we do not measure the spatial
distributions of the three pairs of the signal and idle waves
directly. But, in order to roughly get the spatial distributions, we
record the spatial distributions of the three signal waves by an
infrared photosensitive card which can sensitive to the longest
wavelength of 1.7 um. And the record spatial distributions of the
three signal waves are shown in Figure 7.

4 Conclusion

In our study, we demonstrated a multi-wavelength mid-IR
laser of 3.05um, 4.25 pm, and 5.47 BGSe optical parametric
oscillators (OPO) switched by DKDP electro optics switches
with one 10 Hz/7.6 ns pumping wave. The maximum output
pulse energies of 3.05 um, 4.25 pm, and 5.47 ym are 1.35 m],
1.03 mJ, and 0.56 mJ pumped at 1.064 um with the pulse energies
of 14.4 mJ, 13.5 mJ, and 12.8 mJ, respectively. The corresponding
optical-to-optical conversion efficiencies are 9.4%, 7.6%, and
4.2% and the slope conversion efficiencies of the three idle
waves are 13.1%, 13.5%, and 6.9%, respectively. To the best of
our knowledge, this study is the first to adopt electro-optic
switches to generate three mid-IR wavelength lasers. As far as
we are aware, this is the first study for the BGSe crystal that has
produced three mid-IR wavelength lasers from a single pumping
source utilizing electro-optic switches, which offers a good
solution for high energy and compact multi-wavelength mid-
IR laser generation.
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