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Abstract

We demonstrated a high-power long-wave infrared laser based on a polarization beam coupling technique. An average
output power at 8.3 um of 7.0 W was achieved at a maximum available pump power of 107.6 W, corresponding to an
optical-to-optical conversion of 6.5%. The coupling efficiency of the polarization coupling system was calculated to
be approximately 97.2%. With idler single resonance operation, a good beam quality factor of ~1.8 combined with an
output wavelength of 8.3 um was obtained at the maximum output power.
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1. Introduction

High-power long-wave infrared laser sources, operating
most prominently in the region 8-12 pm transparency
window of the atmosphere, are currently of great interest
in a variety of remote-sensing, lidar, medical surgery,
defense and civilian applications and fundamental scientific
researcht> 21, These lasers are the key components in direc-
tive systems for countermeasures against infrared sensors.
They can also be used to identify the ‘molecular fingerprint’,
which could supply scientific genetic classification for plant
germplasm®3].

Since zinc germanium phosphide (ZnGeP,, ZGP) has
a high nonlinear optical coefficient desf = 75 pm/V and
an optical transmission range of 2-12 uml*!, ZGP-based
optical parametric oscillators (OPOs) and optical parametric
amplifiers (OPAs) pumped by 2 wm pulsed lasers are the
most attractive 8—12 wm sources. Zinc germanium phos-
phide, offering excellent optical, mechanical and thermal
properties, is also commercially available at present. In
a general way, the OPO cavity configuration consists of
a plane—plane cavity (standing-wave oscillator)>~71, a V-
shaped three-mirror ring resonator'®! and a four-mirror ring
resonator (traveling-wave cavity)®~'!). The OPO consists of
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two operating modes: single resonance (SRO) and double
resonance (DRO). Single resonance means that only one
kind of parametric light oscillates in the cavity. By definition,
DRO means that the signal and idler lights oscillate in the
cavity.

The most challenging component of the system is the
efficient 2 wm pulsed laser. Both bulk Ho lasers and Ho fiber
lasers allowing Q-switched operation with high pulse ener-
gies can be suitable for pumping a ZGP OPO or OPAI!>-14,
The second challenge is to reduce the effect of the feedback
from the OPO or the OPA into the pump laser and the
risk of the damage to the mirror or medium coating and
the nonlinear medium. An efficient 2 pm pump source was
reported in our previous work!'>!. In order to generate high
output power, besides the pump source, some novel solutions
must be used to avoid optical damage of the ZGP crystal of
the order of 1-2 J/cm?. Our goal in this work is to address
the above matter. We divided the nanosecond pulsed Ho laser
into two parts with different polarization states. One of the
two beams with a slightly higher energy was used to pump
a four-mirror ring OPO and a cascaded OPA and the other
one to pump a linear OPO. The two beams passed through
a thin polarization plate and formed an integrated laser. This
is a realistic solution for improving the output energy of a
long-wave laser without any damage. This application can
be extended to other high-power lasers.

In this paper, we demonstrated a high-power long-
wave infrared laser based on a polarization beam coupling
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technique. An average output power of 7.0 W was achieved
at a maximum available pump power of 107.6 W, corre-
sponding to an optical-to-optical conversion of 6.5%. This
is a feasible method to increase the output power of long-
wave infrared lasers without any damage.

2. Working principle

Zinc germanium phosphide was selected for the long-wave
laser in our experiment because of its excellent physical
properties. The absorption coefficient of the ZGP crystal
(School of Chemical Engineering & Technology, HIT) at
2.09 pm was measured to be 0.03 cm~!. The Sellmeier
equations of the ZGP crystal (4 in pm, 1.5pm < 1 <
12 pm, T = 293 K) are as follows!!0l:
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According to Equation (1), the indexes of refraction at
the principal axis, n, = 3.1451 and n. = 3.1852, were
calculated for 2.09 wm. The difference of the two indexes
is about 0.04, caused by birefringence, which introduces a
walk-off effect in the nonlinear crystal.

As shown in Figure 1, phase-matching curves of ZGP were
calculated by using the refractive index ellipsoid equation
for a uniaxial crystal combined with energy conservation
(1/4, = 1/4; + 1/4;) and momentum conservation equa-
tions (Ak = 0)!'7]. In the 2.09 um pump laser for type-
I phase matching, when the idler wavelength is 8000 nm,
the phase-matching angle is 51.2°, corresponding to a sig-
nal of wavelength 2846 nm. When the idler wavelength is
8300 nm, the phase-matching angle is 51.0°, which corre-
sponds to a signal of wavelength 2832 nm. In the 2.09 pm
pump laser for type-II phase matching, when the idler
wavelength is 8000 nm, the phase-matching angle is 65.0°,
corresponding to a signal of wavelength 2835 nm. When the
idler wavelength is 8300 nm, the phase-matching angle is
63.9°, which corresponds to a signal of wavelength 2807 nm.
From a tuning of 8000 nm to 8300 nm, the angle of type
I needed to be rotated only 0.2°, while the type-II angle is
rotated up to 1.1°. Obviously, the type-I phase matching has
greater tuning sensitivity than the type-II one.

Figure 2 shows the schematic diagram of the setup of a far-
infrared laser with the polarization beam coupling technique.
The system consists of one rectangular ring resonator OPO
(as shown in Figure 2(b)) cascaded with an OPA (as shown
in Figure 2(c)), a linear plane—plane cavity OPO (as shown
in Figure 2(a)) and a pulsed laser as the only pump source.
The pulsed Ho laser (average output power of 107.6 W, pulse
width of 30 ns and pulse repetition rate of 18 kHz) was
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Figure 1. ZGP crystal angular tuning curves for type-I and type-II phase
matching.

divided into two parts with different polarizations, which
is the critical factor of the coupling technique, by a half-
transmission and half-reflection plane mirror M1 (exactly
44.3% reflectivity and 55.7% transmission at 2.09 pm).

The linear resonator consists of two flat mirrors M7 (coat-
ing with high transmittance at 2.09 wm and high reflectivity
at 8.0-8.4 wm) and M8 (coating with 27% transmittance at
8.0-8.4 um). In order to improve the beam quality of the
long-wave laser, SRO was used in the linear OPO resonator.
The flat mirrors M9 and M10 have high transmittance at
8.0-8.4 wm and high reflectivity at 2.8 wm and 2.09 m, re-
spectively. In this end-pumped or longitudinal pump scheme,
the pump beam and the parametric laser propagate in the
same direction. The angle of incidence on the cavity mirrors
(M7 and M8) was approximately 3°. An aperture was used to
avoid the pump laser feedback from the input mirror and the
end face of the nonlinear material, as shown in Figure 2(a).
The physical length of the linear cavity was 30 mm. The
ZGP2 crystal was located at the center of the resonator.

Figure 2(b) shows a typical four-mirror rectangular cavity,
consisting of four plane mirrors and a nonlinear medium.
The primary characteristic of this structure is that the pump-
ing beam and the parametric light always propagate in the
same direction, suppressing the standing-wave effect and
spatial hole-burning effect in the resonator effectively. The
stability of the ring cavity is good; even though the focal
length of the thermal focal lens changes dramatically, the
resonant cavity can still be in a stable region. Especially
under the condition of high-power pump, the ring cavity still
has high stability. In addition, the greater physical length of
the ring cavity results in good beam quality. In our experi-
ment, the ring OPO cavity includes four plane 45° mirrors.
The third mirror M3 was coated for high transmittance at
2.09 wm and high reflectivity at 8.0-8.4 wm. The last mirror
M4 was an output coupler coated for 27% transmission
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Figure 2. Schematic diagram of the far-infrared laser system: (a) linear OPO resonator; (b) ring OPO cavity; (c) OPA system.

at 8.0-8.4 wm. The flat 45° mirror M5, coated for high
transmittance at the signal and the idler and high reflectivity
at the pump laser, was used to separate the signal and the
idler from the residual pump laser. The physical length of
the ring cavity was 102 mm. The ZGP1 crystal was located
at the middle of mirrors M3 and M4.

In the OPO, ZGP1 and ZGP2, with a dimension of 6 mm x
6 mm x 25 mm, were all cut for type-I phase matching (6 =
51.5° and ¢ = 0° relative to the optical axis). The ZGP3 cut
for type-II phase matching (6 = 68.4° and ¢ = 45° relative
to the optical axis) has a dimension of 6 mm x 6 mm x 24 mm.
In that case, the two parametric beams with two different
polarizations can be recombined into one beam by a thin
polarization plate.

Due to the walk-off effect in the nonlinear crystal, a beam
coincidence system was used to separate and overlap the
signal and the idler from the OPO before focusing into the
OPA crystal. The system consists of four plane 45° mirrors.
Two of them were the same as M3; the other two M6 mirrors
were coated for high reflectivity at 8.0-8.4 wm and high
transmittance at 2.6-2.8 um. The 8.3 um laser from the
OPA was separated by two dichroic mirrors M11 coated
for high reflectivity at 8.0-8.4 um and high transmittance
at 2.6-2.8 um and 4.0-4.3 pm. The pump beam diameter
for pumping the ZGP crystal was usually focused to be 0.6—
1.1 mm from the threshold to the maximum output. The
dimension of the pump beam diameter is not only to satisfy
the pump intensity of the OPO and OPA but also to avoid
coating damage and deep damage of the nonlinear crystal.

Obviously, the idler beam (wavelength above 8 wm) is our
parametric light target. For the OPO, the idler (extraordinary
light) and signal lasers (extraordinary light) are all different
from the pump laser (ordinary light) because of the type-I
phase matching. When the idler laser is used as the seed laser
and the signal laser as the pump beam, the ZGP3 crystal can
be anything but type-II phase matching since the idler laser
(seed laser of OPA, extraordinary light) and the signal laser
(pumping beam of the OPA, extraordinary light) propagate
along the same polarization, and the other parametric beam
travels in a different polarization direction (ordinary light).

Besides the OPA, another feasible method to increase
the output power or energy of a far-infrared laser is to
employ a polarization beam coupling technique since the
parametric beams are all polarized. Because of the low
coating damage threshold (~1 J/cm?) of nonlinear crystal
films and mirrors, the polarization coupling technique is
a possible solution to increase the output power of far-
infrared lasers. The most crucial factor in this system is the
coupling efficiency of the polarizer since the linewidth of
the far-infrared laser from the OPO is very large. Another
key factor is that the two different polarized lights must
be focused into the same spot size on the polarizer by a
focusing lens system. Apparently, the configuration of this
design is very large, which cannot be applied in a system of
compact and lightweight configuration. The flat mirror M12
is a polarization beam splitter plate. The parallel polarized
8.3 pm laser from the linear OPO resonator can pass through
the mirror M12 at a certain angle. However, the vertical
polarized 8.3 pwm laser from the OPA system can be reflected
from M12.

3. Results and discussion

In the above configuration, as shown in Figure 2(b), the
maximum output power at 8.3 wm was 3.5 W when pumped
with 59.9 W of 2.1 pm pump laser, corresponding to an
average 2.8 um laser output power of 14.4 W, as shown
in Figure 3. The conversion efficiency and slope efficiency
from 2.1 pm to 8.3 pwm were about 5.84% and 10.3%, and
those from 2.1 pm to 2.8 wm were approximately 24.0% and
41.5%, respectively. After passing through the separated and
recombined system (as shown in Figure 2(c)), the average
powers for 8.3 pwm and 2.8 pm lasers were 3.3 W and 9.6 W,
respectively. When they were focused into the ZGP3 crystal,
as shown in Figure 3, the average output power of the 8.3 pm
laser was increased to 4.7 W. No coating damage and crystal
damage were observed in the whole experiment. With no
increase in wavelength 2.1 pwm for the pump laser in the OPA
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Figure 3. Output performance of the ring OPO and cascaded OPA system.
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Figure 4. Output performance of the linear OPO.

system, the 8.3 wm laser was up to 42.4% from the output of
the OPO.

In the above system, as shown in Figure 2(a), the maxi-
mum output powers for 8.3 wm and 2.8 pm from the linear
cavity were about 2.5 W and 6.3 W at a Ho incident pump
power of 47.7 W, respectively, as shown in Figure 4. The
optical-to-optical conversion efficiency and slope efficiency
from 2.09 wm to 8.3 pm of 5.24% and 6.8% were achieved,
which were slightly smaller than those in the ring OPO
cavity. The optical conversion efficiency and slope efficiency
from 2.09 wm to 2.8 um were about 13.2% and 17.9%,
which were much lower than those in the ring OPO cavity.
The reason for this is probably that the standing wave
(8.3 wm) in the linear OPO cavity limits the output of the
signal laser (2.8 pum).

After passing through or being reflected from the thin
polarizer, the coupling output power from the polarizer
was up to 7.0 W, as shown in Figure 5, corresponding to
a coupling efficiency of 97.2% with respect to the sum
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Figure 5. Output performance with the use of a thin polarized plate; inset
shows an oscilloscope profile at the maximum output power.
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Figure 6. Output spectrum of the far-infrared laser.

of 2.5 W and 4.7 W. The shortest pulse width was about
19.0 ns at a Ho incident pump power of 107.6 W, the typical
oscilloscope trace of which is shown in the inset of Figure 5.
Although the spectral linewidth of the far-infrared laser from
the OPO or the OPA was very large, the coupling efficiency
of the polarizer was not as low as expected. The above
excellent results proved that the polarization beam coupling
technique can be successfully employed in a high-power far-
infrared laser from the OPO or the OPA. No coating damage
was observed in the whole experiment, implying that it is an
efficient and dependable design.

The output spectrum of the 8.3 wm laser from the above
system, as shown in Figure 6, was measured by a 150 mm
WDG30-Z monochromator combined with a HgCdTe de-
tector. We have conducted spectrum measurements several
times, which takes 15 min each. All of them were observed



High-power long-wave infrared laser based on polarization beam coupling technique 5

1.0

0.9 1

Q@ Experimental data
M2~1.8 @8.3 pm

0.8 1
0.7 4
0.6 1

0.5

Beam radius (mm)

0.4 1

0.3+

0.2 T T T T T T T T T
290 300 310 320 330 340 350 360 370 380

Z (mm)

Figure 7. The beam quality of the far-infrared laser.

as the same profile, implying that the high-power system lies
in a stable operating region. The spectra range from 8283 nm
to 8336 nm and have two slightly different peaks at 8290 nm
and 8310 nm, which can be probably attributed to the small
difference in phase-matching angles of the two parts from
the polarization beam combined system.

To evaluate the beam quality of the 8.3 pm laser, by using
a ZnSe focal lens with a 200 mm focusing length, the beam
radius at the highest output power was measured by the
90/10 knife-edge technique. The propagation characteristics
of the 8.3 wm laser at the highest output power of 7.0 W
are shown in Figure 7. By fitting these experimental data
according to the Gaussian propagation equation, the quality
beam factor M? was about 1.8 at the output wavelength of
8.3 wm, which was smaller than 3.6 obtained by the signal
from a singly resonant oscillator!'3] and 2.7 from a doubly
resonant oscillator!'®!, This proves that the idler SRO can
really improve the beam quality compared with the previous
report.

4. Conclusion

In this paper, the scheme to increase output power is suitable
for long-wave infrared lasers since the signal beam of the
ring OPO is the ideal pumping source for a cascaded OPA
laser and the long-wave signal beam can reduce the quantum
loss of the OPA. If the two arms of the coupling system are
all ring OPOs and cascaded OPAs, the output power and
conversion efficiency from 2.1 wm to 8.3 wm of the system
will attain higher values. The high coupling efficiency proves
that a system with a thin polarization plate is a feasible
solution to increase the output power or energy of 8.3 pm.

Furthermore, the mid-infrared laser can achieve good output
performance without using the beam coupling technique due
to its high damage threshold and quantum efficiency.
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