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Tunable mid-infrared and far-infrared laser output was demonstrated based on BaGaySe; crystals and an optical para-
metric oscillator (OPO). With a 1.06 pm Nd: YAG laser and a double-pass singly resonant OPO cavity, a laser energy output
of 2.2 mJ at 10 um was obtained. By tuning the angle and temperature, a tunable laser output covering the wavelength range
from 6 um to 17 pm was obtained with a tuning precision better than 3 nm. The corresponding optical-to-optical conver-
sion efficiency was 2.8%, and the slope efficiency was 4.4%. The damage effect of the output laser on detectors was also
investigated, and point damage to the detector occurred at an output energy of 16.4 pJ. The laser system has the advantages
of miniaturization, a wide tuning range, high energy and high tuning resolution. Its broadband laser characteristics make it

highly valuable for applications in atmospheric detection, infrared spectroscopy and electro-optical countermeasures.
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1. Introduction

Lasers, characterized by high coherence, brightness and
directionality, have found increasingly widespread applica-
tions in scientific research, industrial production and military
fields.[!! Mid-infrared (MIR) lasers in particular are in high
demand for applications in electro-optical countermeasures,
environmental monitoring, medical treatment and molecular
spectroscopy due to their unique wavelength tunability. [>3)

There are two main methods for generating MIR lasers:
direct laser generation and nonlinear frequency conversion.
Although direct laser generation can produce MIR output, the
output wavelength and beam quality are often limited by the
intrinsic properties of the lasing medium, resulting in a nar-
row tunable range that cannot cover a broad MIR spectrum. !
Therefore, we adopted the nonlinear frequency conversion
method for generating MIR lasers to achieve a wide tunable
laser output.

Among nonlinear frequency conversion methods, the
method based on an optical parametric oscillator (OPO) that
incorporates a resonant cavity shows significantly higher in-
tracavity intensity and conversion efficiency compared with
other methods. This method offers unique advantages in
generating high-power MIR broadband lasers,!! character-
ized as fully solid state and widely tunable, making it of

significant research interest. Nonlinear crystals are key to
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this technology.!) Among MIR nonlinear crystals, BaGasSe;
(BGSe) stands out due to its large nonlinear coefficient (dy; =
24.3 pm-V~!), broad transmission range (0.47-18 pm) and
high damage threshold (557 MW-cm~2).!”] The combination
of BGSe crystals and OPO technology for generating MIR
broadband lasers offers many advantages, such as wide tuning,
full solid-state operation, high beam quality and high conver-
sion efficiency, making it an important research area in MIR
laser generation. [®]

Yao et al. first synthesized BaGasSe; crystals in 2010,
and achieved optical parametric amplification in 2013, with

%101 When the pump light

an output wavelength of 3—5 pm.[
had a single-pulse energy of 9.1 mJ, an idler light output of
830 pJ at 3.9 um was obtained, with a peak power of 27 MW.
In 2016, Kostyukova et al. first demonstrated a BGSe OPO
with an idler wavelength range of 2.7-17 um.!'!l In 2019,
Kang et al. achieved a high-conversion-efficiency BGSe OPO
using a double-pass pumped singly resonant OPO (DSRO)
cavity.["?) With a pump energy of 13.5 mJ, an idler light out-
put of 1.03 mJ at 4.25 pum was obtained, corresponding to an
optical-to-optical conversion efficiency of 7.6% and a slope ef-
ficiency of 12%. In 2021, Bian et al. designed a BGSe OPO
based on temperature tuning. By adjusting the temperature
from 30 °C to 140 °C, a laser output in the wavelength range
of 3.637-3.989 um was achieved with a tuning precision of
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3.2 nm-°C~1.1131 Tn 2024, Liu ef al. designed a high-peak-
power, wide-tunable-range long-wave infrared OPO based on
BGSe crystals.!!"*! Pumped by a 1.06 um Nd:YAG laser, it
achieved a peak power of 0.15 MW at 9.8 um with a pulse
width of 5.0 ns. At 11.0 pm, a high beam quality was ob-
tained with M} = 4.1 and M} = 3.3. By rotating the BGSe
crystal, a wide tuning range of 6.7-13.9 um was realized. In
2025, Hu et al. used a 2.1 pm laser to pump a BGSe OPO, ob-
taining femtosecond laser output in the 7-15 um wavelength
range and an energy of 52 pJ at 9.7 um. 3]

Although previous research has demonstrated generation
of laser output in the MIR range using BGSe OPOs, the char-
acterization of output energy and tuning precision in the far-
infrared (FIR) range needs to be improved. Our work ad-
dresses this gap by achieving high-energy, wide-band and
high-precision laser output in the FIR range using a 1064 nm

a) D1 T D2
I ( _\| P1

m
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pump source and BGSe crystals, covering the wavelength
range from 6 pm to 17 pm with a single-pulse energy of 2.2 mJ
at 10.2 pm and temperature tuning precision better than 3 nm.

2. Experiments

To achieve laser output in the 6-17 um band, a laser ex-
perimental system was constructed as shown in Fig. 1. A ma-
ture 1.064 pm Nd:YAG laser (SL800) was used as the pump
source, with a pulse width of 13 ns, a repetition rate of 1 Hz
and a beam diameter of 8 mm. Two pinhole apertures, D1 and
D2, were used to adjust the light in the system, where D1 was
for adjusting the telescope system and D2 for the OPO sys-
tem. In order to reduce the spot radius of the pump source
from 4 mm to 2 mm, a telescope system (T) composed of a
combination of convex and concave lenses, was employed.

M2 Qe

Fig. 1. Experimental device: (a) schematic diagram and (b) picture of the physical OPO.

In selection of the OPO cavity, a simple and highly ef-
ficient DSRO cavity was considered, composed of a nonlin-
ear crystal and two OPO cavity mirrors, M1 and M2, at the
two ends of the cavity. Mirror M1 has high transmission
(T > 90%) at 1.06 um, high reflection (R > 85%) at 1.13—
1.36 um and high transmission (T > 80%) at 5-17 um. Mirror
M2 has high reflection (R > 98%) at 1.06 um, high reflection
(R >90%) at 1.13—1.36 um and high transmission (7" > 80%)
at 5-17 um. When the pump light passes through the OPO
cavity, the mirrors reflect the generated signal light and the
pump light back into the optical path while outputting the de-
sired idler light and forming the DSRO cavity. The BGSe crys-
tal in the cavity has dimensions of 10 mmx 10 mmx40 mm
(with a light path length of 40 mm) and a cutting angle of
(42.5°, 0°). It was polished to achieve high transmittance for
the signal light (1.13-1.36 um), the pump light (1.06 wm) and
the idler light (5-17 um). The optical isolator, composed of
a polarizer (P), a Faraday rotator (FR) and a 45° rotator (R1),
was designed to prevent the reflecting laser from entering the
pump source and causing damage.

A 90° rotator (R2) was placed between the optical isola-
tor and the OPO system because the pump light is horizontally
polarized before entering the OPO. After passing through the
rotator, the angle of the crystal can be changed by rotating the
crystal horizontally on the rotation stage, otherwise it would be
necessary to rotate the crystal vertically for wavelength tuning,
which is difficult to achieve and prone to crystal slippage.

Figure 1(b) shows a physical picture of the optical res-

onator, in which the BGSe crystal was placed in an electric
rotation platform with an embedded groove. The angle of the
crystal can be tuned by remotely controlling the rotation plat-
form via a computer. Temperature tuning of the crystal can
be achieved by adding a temperature-controlled furnace. The
OPO cavity mirrors were mounted on adjustment stands (Zolix
OMHS25-BS), which were fixed on the optical platform with
3D-printed connectors. Compared with ordinary 3D mirror
adjustment stands, these stands occupy a shorter length in the
optical path, thus forming a short-cavity OPO system (with a
cavity length of 55 mm). This device reduces the pump thresh-
old of the BGSe crystal while increasing the conversion effi-
ciency of the pump light to the idler light.

A Ge plate was placed behind the OPO to absorb all laser
light below 1.7 pum, filtering out the remaining pump and sig-
nal light that passes through the OPO system and improving
the accuracy of the experimental data. A grating spectrom-
eter (GRA; Zolix Omni 300) was placed after the Ge plate
for spectral analysis, and the transmission wavelength of the
spectrometer can be adjusted via a computer. A photoelec-
tric detector (DEC; DEC-M204) was placed at the output port
of the spectrometer and connected to an oscilloscope (OSC;
DS0X3024T). The wavelength measurement section consists
of a GRA, a computer, a MIR detector (DEC) and an OSC. The
transmission wavelength of the spectrometer was controlled
by the computer. The output wavelength of the idler light can
be determined by observing the OSC waveform and the trans-
mission wavelength of the spectrometer.

014210-2
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In this experiment, to achieve wide-band laser output it is
necessary to perform angle tuning on the crystal based on its
nonlinear characteristics. The crystal was placed on an electric
rotation platform and the angle of the BGSe crystal was tuned
by adjusting the rotation stage via a computer. At the same
time, a Thorlabs ES111C energy meter was used to measure
the output energy of the laser device at normal incidence (with
the end face normal and the incident light at 0°) and at other

angles.
3. Methods
BGSe crystals obey the Sellmeier equation at room tem-
perature; this was revised by Kato in 2023 as follows:[!6]
0.26375 608.63
2
= 6.72431
& 27001048 T A7 756,87
0.26816 682.97
2
= 6.86603
"y T AT 004250 T AZ=78178° (1)
0.32681 731.86
2
=17.16709
" T 22 0.06973 T AZ_790.16’
0.901 < A < 13.703,

where ny, n, and n, represent the refractive indices of the crys-
tal along the x, y, z principal axes, respectively, and A is the
wavelength of the laser.

As BGSe is a biaxial crystal, two angles (0, ¢) are used
to denote the direction of the light beam, where 0 is the angle
between the light beam and the z-axis and ¢ is the angle be-
tween the plane formed by the light beam and the z-axis and
the x-axis.

The phase mismatch can be given by

nép nés n?‘
Ak=2m| 221 2)
A A A

When Ak = 0, phase matching is achieved. The phase match-
ing curve at ¢ = 0° for BGSe crystals under type I phase
matching is shown in Fig. 2

Angle tuning curve of BGSe (type-I)

16

— Theoretical data

A (pm)

40 45 50 55 60
()
Fig. 2. Phase matching curve of BGSe (¢ = 0°).

From Fig. 2 it can be seen that by controlling the electric
rotation platform with a computer to adjust the 8 angle of the
crystal, the laser output covering the MIR and FIR bands can
theoretically be obtained.

Studies have shown that the refractive index of the crystal
is also affected by temperature. Kato er al. measured the fun-
damental wavelength at which the crystal achieved maximum
second-harmonic efficiency at different temperatures and pro-
vided the Sellmeier equation for the crystal under the influence

of temperature!!”!

dn, (6.0868 12.6368 10.5624
= - 1.
a7 ( 3 ot + 9583)
x 1072 (°C7),
dn, (63935 13.1762 10.8950
Y _ - 2.4
T ( 3 Tt 124079 3
x 1072 (°C7),
dn, (63141 13.0790 10.8486
= - 2.0758
a7 ( P FE R R )
x 1073 (°C71).

Therefore, by tuning the temperature and angle, it is theoret-
ically possible to achieve laser output covering the MIR and
FIR spectral regions. In this paper, we used a 1.06 um laser as
the pump source to excite a BGSe crystal with a cutting angle
of (42.5°, 0°). When the phase-matching conditions were sat-
isfied, stable laser output in the 6-17 wm band was achieved by
tuning the temperature and angle. This scheme is theoretically
consistent with the nonlinear characteristics of the crystal and
is highly feasible.

4. Results and discussion
4.1. BGSe OPO laser output characteristics

To achieve high-energy laser output, the beam expander
(T) was removed from the experimental setup and pump light
with a spot radius of 4 mm was directly used to excite the
BGSe crystal. Power scaling is straightforwardly achieved by
using a stronger pump in BGSe with an available large aper-
ture size. To measure the output characteristics of the BGSe
OPO, the pump voltage on the pump source was changed un-
der normal incidence conditions and the relationship between
the idler light energy and the corresponding pump energy was
obtained, as shown in Fig. 3. It should be pointed out that the
values for idler light energy in Fig. 3 came from the measured
data after considering a Ge plate transmittance of 56% in the
corresponding wavelength range.

2.2 — Fitting curve

2.0{ * Experimental data
1.8
1.6
1.4
1.2
1.0
0.8

Idler energy (mJ)

45 50 55 60 65 70 75 80
Pump energy (mJ)

Fig. 3. Laser output characteristic (without a beam expander).
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The results show that the device can output a maximum
idler light energy of 2.20 mJ with a slope efficiency of 4.4%
and an optical-to-optical conversion efficiency of 2.8%.

~ Idler light
Pump light

Fig. 4. Temporal profile of the pump wave and idler wave.

To observe the temporal correlation between the pump
and idler pulses, we recorded the residual pump light and the
idler light separately with two detectors; the result is shown in
Fig. 4. The yellow trace corresponds to the pump pulse while

Angle tuning curve of BGSe (type-I)

the green trace represents the idler. The idler pulse is slightly
delayed in time relative to the pump, and the full widths at
half maximum (FWHMSs) are 25 ns and 17 ns, respectively.
The broader spectral width of the pump pulse is attributed to
partial energy conversion into the idler.

4.2. Angle tuning and temperature tuning of BGSe

Angle tuning of the BGSe OPO is crucial for achieving
laser output covering the MIR and FIR spectral regions. The
angle between the normal to the BGSe crystal end faces and
the incident light was adjusted using an electric rotation stage,
and the output wavelengths at different angles were measured
to further investigate the nonlinear characteristics of the crys-
tal. The relationship between the output wavelength and the
incident angle is shown in Fig. 5(a). In this figure, the exper-
imental data (as shown by the scatter plot) are in good agree-
ment with the theoretical data (as indicated by the Sellmeier
equation of Kato).

18 . ° dats « —5.1° date
— Theoretical data (a) 100 7+g., ??zd N 2 (b) 100 — —5.1° fi:tsq curv. (C)
16 « Experimental data +0° fitting curve ’ & -
80 yd 80

—~ 14
Z12 x 60
< 10 >~ 40

8 20

6 0 1 ol " s

40 41 42 43 44 45 46 47 10220 10260 10300 10340 16500 16550 16600 16650
6(°) A (nm) A (nm)

Fig. 5. Angle tuning of BGSe: (a) tuning curve of BGSe; (b) spectrum at 10 pum. (c) spectrum at 16.5 pm.

Table 1. Angle tuning output results for BGSe crystal.

Rotation stage angle (°) @ (°)  Output wavelength of idler (nm)
5.1 40.465 16478-16650
-5 40.505 16164-16298
-4 40.904 13730-13840
-2 41.702 11444-11580
0 425 10216-10354
+2 43.298 9248-9362
+4 44.096 8504-8608
+6 44.894 7842-7956
+8 45.692 7312-7402
+10 46.49 6858-6916
+12 47.288 6434-6468
+13 47.687 62426274

The rotation stage changes by A6 = 2° each time. For
the type I matched BGSe crystal (42.5°, 0°), the refractive
index of the pump light in the crystal, calculated from its
Sellmeier equation, is n, = 2.507. Therefore, for each rota-
tion of the stage, the internal angle of the crystal changes by
A0' = AB /n, = 0.798°. The Gauss fitting spectra of the idler
are shown in Figs. 5(b) and 5(c). When the rotation stage an-
gles were 0° and —5.1°, we obtained laser output at wave-
lengths of 10 um and 16.5 um, respectively. The FWHMs of
the idler are 33 nm and 58 nm. By changing the rotation stage
angle of the BGSe crystal and simultaneously employing an

OSC and a grating spectrometer, we acquired the angle tuning
data of the idler. The specific angle tuning results are shown
in Table 1.

As can be seen from Table 1, the spectral width gradually
increases from the MIR to the FIR region. For an idler light
output above 10 pum, the corresponding output spectral range
is greater than 100 nm, which is considered broadband laser
output and is highly desirable for specific applications.

BGSe type-I temperature tuning

N * 80°C
161 °50°C
MR 430°C

2

g 121 *

E |

= 101 L

i
8 1 i "
oy
6.

41 42 43 44 45 46 47
6(%)
Fig. 6. Temperature tuning curve of BGSe.
To further investigate the nonlinear characteristics of the

crystal, the crystal was placed in a temperature-controlled fur-
nace and temperature tuning was achieved by setting different
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temperature gradients. The output wavelengths of the crystal
at different temperatures and angles 6 are shown in Fig. 6.

By tuning temperature, we achieved MIR and FIR laser
outputs covering the 6.2—-16.7 um band. As shown in Fig. 6,
the output wavelength gradually shifts towards the FIR region
as the temperature increases, which is in good agreement with
the theory. However, near 16 pm, the corresponding output
wavelength of the crystal could not be measured at some tem-
peratures. This is likely because the longer the output wave-

length, the higher the pump threshold. If the pump energy con-
tinuously increases, the OPO coating layer is prone to damage
(the damage threshold is approximately 20 MW-cm~2). The
wavelength tuning precision values at corresponding rotation
angles of —4°, —2°, 0°, +2°, +4°, +6°, +8°, +10°, +12°
and +13° are shown in Table 2. The tuning resolution is better
than 3 nm in the FIR band and better than 0.5 nm in the MIR
band.

Table 2. Temperature tuning output results for BGSe crystal.

Peak length at
Rotation stage angle (°) et wavecngth @

Peak wavelength at

Peak wavelength at Tuning resolution

30 °C (nm) 50 °C (nm) 80 °C (nm) (nm)

4 14544 15061 - 2.58
2 13083 13513 14213 2.26
0 11382 11676 12224 1.684
+2 10189 10414 10822 1.266
+4 9258 9450 9789 1.062
+6 8508 8601 8950 0.844
+8 7862 8006 8255 0.786
+10 7381 7457 7673 0.584
+12 6896 6962 7154 0.516
+13 6465 6529 6704 0.478

4.3. Characteristics of FIR laser damage

To investigate the damage characteristics of the 10 um
band laser output from the OPO under normal incidence con-
ditions, we placed a thermal imager (HIKVISION DS-TPH10-
3AUF) at the end of the optical path. The detector is an un-
cooled vanadium oxide microbolometer and the detector reso-
lution is 160 x 120.

To facilitate the observation of differences in imaging
quality, we set the temperature-controlled furnace to 50 °C
and placed it in the optical path. By observing the imaging
of the temperature-controlled furnace by the thermal imager
we assessed the effects of laser damage, as shown in Fig. 7(a).
To protect the back side of the detector we added a Ge plate to
prevent excessive incident energy.

mEEl i
HIKVISION

~26.8

~38.8

Fig. 7. Illustration of laser damage on the detector: (a) thermal imager
displaying images; (b) diagram of the laser damage effect.

When the pump voltage increased to the critical point, as
shown in Fig. 7(b), a bright spot appeared on the right side

of the screen, and after the laser was turned off a dark spot
appeared on the screen. This indicates that irreversible point
damage occurred on the thermal imager detector.

As shown in Fig. 8, based on the previously measured
data it can be inferred that the output energy corresponding
to this critical point is 29 pJ. However, since a Ge plate was
added at the output end, which has a transmittance of 56%
for this wavelength band, the actual laser energy reaching the
detector was 16.4 pJ.

180
160 4
140 1
1201
100 -
80 1
60 1
401
20

— Fitting curve
* Experimental data

Idler energy (uJ)

22 24 26 28 30 32
Pump energy (mlJ)

Fig. 8. BGSe OPO laser output characteristics (with beam expander).

From the experiment it can be seen that the 10 um laser
output from the OPO has a certain damaging effect on this type
of detector. By increasing the pump voltage, a higher output
energy can be obtained, which can make this laser suitable for
application to other laser countermeasure scenarios.

5. Conclusion

The signal and idler light wavelengths of the BGSe OPO
after temperature control are quite stable, and the theoretical
and experimental data are in good agreement. By tuning the
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angle of the BGSe crystal using an electric rotation stage, con-
tinuous wavelength variation was achieved, yielding MIR and
FIR laser output covering the 6-17 pm band with a maximum
single-pulse energy of 2.2 mJ. This represents broad wave-
length adjustment and high tuning resolution. Further tem-
perature tuning of the crystal using a temperature-controlled
furnace ultimately achieved laser output with a tuning pre-
cision better than 3 nm. The linear OPO-based optical sys-
tem is simple in structure and highly practical, offering refer-
ence significance for miniaturization and full solidification of
MIR and FIR lasers. The angle tuning operation of this sys-
tem is convenient, and the electric rotation stage controlled by
a computer is suitable for rapid angle tuning within a wide
tuning range. Meanwhile, we observed the damage effect of
the FIR laser output on the detector, achieving point damage
to the detector at 16.4 pJ. This further illustrates is applica-
tion scenarios and has certain reference significance for laser
countermeasures and other fields. In addition, we can increase
the laser repetition rate by tuning the frequency of the pump
light. Our present system delivers 1-10 Hz pulses. To date,
most reported BGSe-based laser sources have been operated
at repetition rates below 1 kHz.!'® The crystal’s thermal con-
ductivity (0.56-0.74 W-m~!-K~1) is the main limiting factor.
To achieve high repetition, a more advanced cooling device is
needed.!!!

Our laser solution based on a BGSe OPO can provide
some theoretical and experimental guidance and reference for
the design of miniaturized, applied MIR and FIR lasers with
good tunability. During our research on the nonlinear char-
acteristics of BGSe crystals we found that there is a theoreti-
cal possibility of achieving ultra-broadband laser output. As a
next step, we plan to design an ultra-broadband laser to cover
the entire MIR and FIR spectral regions.
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