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This paper presents a miniaturized mechanically Q-switched pulsed CO; laser with wavelength automatic tuning,
which could be used in unmanned airborne lidar system. A three-mirror cavity structure with real focus in the
cavity is designed to provide a stable resonator, which has short beam transit time for mechanically Q-switched
laser. The matching relationship between the beam in the resonant cavity and the aperture of the optical chopper
is experimentally studied, the CO, laser pulse output with good waveform is obtained, and the wavelength

automatic tuning is realized. The CO; laser produces a maximum output peak power of 3.7 kW at 10.59 pm for
pulse width of 350 ns, corresponding beam quality M? of 1.75, and the laser weight is about 18 kg.

1. Introduction

CO;, laser has the advantages of high output power, good spectral
purity and easy pulse modulation. It plays an important role in the fields
of ultra-precision optical material processing, laser etching, EUV
lithography and strong-field physics regime [1-5]. And the tunable CO,
laser has gained widespread attention in the differential absorption lidar
(DIAL), which primarily due to its rich spectral lines covering absorption
peaks of various gases [6-10].

A DIAL probes the atmosphere with pulsed laser radiation at two
closely spaced wavelengths, one coinciding with an absorption line of
the trace gas and the other in the wing of this absorption line. The dif-
ference in intensity of the return signals can be used to deduce the
concentration of the constituent of interest. In order to avoid the influ-
ence of atmospheric jitter, the laser needs to be tuned quickly. A rapidly
tunable pulsed CO- laser based on two oppositely placed acoustic-optic
modulator was reported in [6], where two wavelengths emitted from
different oscillation paths with time interval of 1 ms. A mobile lidar
system consisting of two pulsed TEA CO; lasers for detecting chemical
warfare agents was reported in [7], which system volume was 7 m x 2.5
m x 3 m, and the detection distance was about 1 km. In [8], a CW
tunable CO, laser DIAL system has been developed, and the back-
scattered returns were measured from a retroreflector array target with
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distance of 0.1 km. In [9], a helicopter-borne lidar based on pulse-
periodic mini-TEA CO; laser was demonstrated, that volume was 500
mm x 600 mm x 700 mm, and the detection distance was about 1 km
with electric power consumption of 1 kW.

When DIAL system is used for detecting chemical warfare agents, a
little carelessness will cause fatal injury to the operator [10]. The un-
manned airborne DIAL system avoids the direct contact between
personnel and the environment, which is one of the best methods for
remote detection of toxic gases [11,12]. At present, due to lack of
miniaturized high peak power tunable pulsed CO; laser with low power
consumption, there is no report of CO5 laser DIAL system applicable to
unmanned airborne environment.

In this paper, a miniaturized pulsed CO;, laser with wavelength
automatic tuning was demonstrated. By inserting an optical chopper
into the three-mirror cavity, the mechanically Q-switched CO2 laser was
presented with maximum peak power of 6.6 kW under non wavelength
tuning regime. Under grating tuning regime, 37 lines was obtained at the
range of 9.2 ym —10.71 pm, with corresponding peak power of 3.7 kW at
10.59 pm. The laser weight was about 18 kg with maximum electric
power consumption of 145 W.
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2. Resonator design for mechanical Q-switching

Intracavity Q-value modulation is an effective way to realize CO5
laser pulse output. Both acousto-optic [13] and electro-optic [14] Q-
switched CO, laser have good pulse modulation effect. The acousto-
optic modulator has higher electric power consumption, and the
electro-optic modulator need higher driving voltage. These shortcom-
ings limit their application in complex environments. Mechanically Q-
switched CO;, laser using optical chopper, which has low electric power
consumption and no heat dissipation, is required. So, mechanical Q-
switching looks very attractive for miniaturized pulsed CO3 lasers.

Due to the slow mechanical rotation speed of the optical chopper, the
optical resonator needs to be specially designed to match the beam in the
cavity and the optical aperture of the chopper. Malov reported a 4-
mirror folded cavity to transform the beam in the cavity to match the
optical chopper, and realized high repetition rate pulsed CO, laser
output [15]. The 4-mirror folded cavity is relatively complex, which
brings great difficulties to laser installation and miniaturization. In this
paper, a three-mirror linear cavity structure with real focus in the cavity
is proposed, which is composed of rear mirror, focusing lens and output
coupler. The optical layout is shown in Fig. 1. The curvature radius of
the spherical rear mirror is R, and the focal length of the focusing lens is
f. The spherical center of the rear mirror coincides with the focal length
of the focusing lens (L1 = R + f). The real focus in the cavity is properly
used by the optical chopper to effectively compress the response time of
mechanical Q-switching. The output coupler could be a plane ZnSe lens
or a plane grating, which distance from the focusing lens is L.

The stability of three mirror cavity is analyzed by ABCD matrix
method. The transfer matrix of light in the resonant cavity is given by the
product of the unit transfer matrix.

e o) &

The transfer matrix of light after n round trips in the resonant cavity
is Mn. According to laser principle and matrix theory, the stability
condition of laser resonator can be written as [16]:

(0.5A4 + 0.5D)*<1 2

Numerical simulation of the resonator stability condition was
implemented. The length L, is determined by the length of gain region.
In this paper, the real length of the gain region is 900 mm. The calcu-
lation results of cavity stability under different combination parameters
of rear mirror and focusing lens are shown in Fig. 2. Rx-Fy represents
that the curvature radius of the rear mirror is x mm and the focal length
of the focus lens is y mm. Considering miniaturization, we keep the total
cavity length unchanged. Under different combination conditions, the
resonator is stable when x + y = L. However, with the increase of R and
shortening of f, the variable range of the resonator length corresponding
to the stable region decreases gradually, and the anti-interference of the
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Fig. 2. Stability under different resonator parameters.

resonator gradually deteriorates. Considering that an optical chopper
should be inserted, R cannot decrease indefinitely. In this design, we
used the values of R24-F43, whose variable range of cavity length in the
stable region increases by 63% compared with R33-F34. The insensi-
tivity of the resonator to the length enriches the choice of laser shell
materials. For example, aluminum alloy with low-density could be used
to replace indium steel with low linear expansion coefficient, which
provides a theoretical basis for the lightweight design of the laser.

3. Experimental setup

€8]

Ity 9o %]

The volume, weight and power consumption are fully considered in
the design of the tunable pulsed CO; laser. The experimental setup is
shown in Fig. 3, which is composed of three modules: wavelength tun-
ing, laser gain and pulse modulation. The wavelength tuning module
included a blazing grating and an electric turntable. The grating was a
metal plane grating which has good thermal stability and high damage
threshold. The scribed line of the grating was 100 L / mm, and the blaze
angle was 28.71°, corresponding blaze wavelength was 9.6 pm. The
grating adopted a working mode of first-order oscillation and zero order
output, with first-order diffraction efficiency of about 80%. The grating
and reflector 1 formed an angle reflector with an included angle of 60°.
The angle reflector was mounted on a miniaturized and high-precision
electric turntable. According to angle reflector principle, the trans-
mission direction of CO laser remains unchanged during wavelength
tuning, which is convenient for lidar application. The Minimum incre-
mental motion of the electric turntable was 0.001°, the Bi-directional
(clockwise and counterclockwise directional) repeatability was
+0.005°, and the maximum speed was 20°/s.
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Fig. 1. A three-mirror linear cavity structure for mechanical Q-switching.
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Fig. 3. Schematic experimental diagram of the tunable pulsed CO laser.

The laser gain module adopted RF excitation mode with Z-shaped
ceramic folding structure, which provides convenience for miniaturi-
zation design. The working voltage of the RF laser was 48 V DC, the
modulation frequency was controlled by external trigger signal, and the
adjustment range of RF excitation duty cycle was 1%—99%. The folding
laser gain region adopted a plane mirror to turn the optical path, which
does not affect the stability of the laser resonator.

The pulse modulation module was composed of a focusing lens, an
optical chopper and a rear mirror. The focus of the focusing mirror co-
incides with the spherical center of the rear mirror. The chopper was
located on the focal plane of the focusing lens, which can effectively
compress the transit time of the chopper on the beam and improve pulse
modulation characteristics of mechanically Q-switched laser. The
maximum speed of the optical chopper motor was 6000 rpm. We have
used chopper with 10 slits, which allowed us to obtain a maximum pulse
repetition frequency up to 1 kHz. The optical chopper used a phased-
locked loop (PLL) motor speed control design to accurately maintain
the chopping speed as well as the phase of a reference signal, and stable
frequency for reliable, long-term performance. Through the external
synchronization signal, the chopper frequency can be matched with the
excitation frequency of RF gain. The stable optical resonator system was
composed of rear mirror, focusing lens and grating, which should
improve the power stability of mechanically Q-switched CO, laser in
unmanned airborne environment.

4. Experimental results
Firstly, we investigated the mechanical Q-switching characteristics

of a RF excited CO; laser without wavelength tuning modular. A ZnSe
flat lens with reflectivity of 20% was used as the output coupler. The slit
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Fig. 4. The average output power of mechanically Q-switched CO, laser at
1 kHz.

width of the chopper has a significant impact on the modulation
response time. In this study, we have used slit width with 0.4 mm, 0.8
mm 1.2 mm, which allowed us to obtain beams transit time of 13.8 ps,
27.6, 41.4 ps respectively. The effective diameter of the chopper was 92
mm, and the linear velocity was 28.9 m/s at rotation speed of 6000 rpm
accordingly. A signal generator was used as the time synchronization
control device to realize the working frequency matching of RF laser and
optical chopper. The variation of average output power of mechanically
Q-switched CO; laser with RF excitation duty ratio at 1 kHz was shown
in Fig. 4.

As shown in Fig. 4, the average laser power of the mechanically Q-
switched CO; laser increases linearly at lower duty ratio. However,
when the duty ratio is greater than 60%, the average power begins to
decrease slightly with the increase of the duty ratio. The upper-level
lifetime of RF excited CO; laser is shorter than 1 ms, so more upper-
level particles cannot be accumulated at higher duty ratio at 1 kHz.
Meanwhile, with the increase of duty ratio, the thermal effect of air-
cooled RF laser gradually appears, and the thermal relaxation process
would lead to decrease of the average power. At the same RF duty ratio,
the average power increases significantly with the increase of the slit
width. The most obvious reason is that the insertion loss decreases
gradually with the increase of slit width. In addition, the slit width of the
chopper had a significantly effect on the laser pulse waveform. HgCdTe
photodetector was used to test the laser pulse waveform under different
slit widths, with results shown in Fig. 5.

Due to the same rotation speed of the chopper, the mechanically Q-
switched pulse has a similar steep front waveform at different slit
widths. The FWHM of laser pulse are about 330 ns, 350 ns and 390 ns at
slit width of 0.4 mm, 0.8 mm and 1.2 mm, respectively. As the slit width
increases, the tail of the laser pulse becomes more and more serious, and
a secondary peak occurs at slit width of 1.2 mm. The long tail attached to
pulse is a typical characteristic of slow response of CO; laser Q-switching
device, which would decrease the laser peak power. Considering the
average output power and pulse waveform of mechanically Q-switched
CO4, laser, silt width of 0.8 mm matches well with the focused beam in
the cavity, and the maximum pulse peak power of 6.6 kW was obtained
at 1 kHz. Fig. 5(D) shows the instability of pulse amplitude at maximum
average power. The mechanical vibration of the optical chopper during
high-speed rotation and the thermal relaxation process of RF excited
laser gain are the main factors causing pulse energy amplitude jitter.

We investigated the automatic wavelength tuning characteristics of
this mechanically Q switched CO- laser at slit width of 0.8 mm. Ac-
cording to grating equation, 2dsind = m4, incident angle 6 of any spectral
lines and the angular interval between lines could be calculated. For
example, incident angles of 10.59 pm and 10.61 pm lines are 31.976°
and 32.045° respectively, and the angle difference between them is
about 0.069°. Through theoretical calculation of the incident angle of
each spectral line and experimental correction, the corresponding rela-
tionship between the laser line and the rotation angle of the electric
turntable could be established. So, the automatic tuning of CO laser
lines could be realized by software control.

The output spectrum of the mechanically Q-switched pulsed CO,
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Fig. 5. Pulse waveform of mechanically Q-switched pulsed CO2 laser at different slit widths (A) 0.4 mm, (B) 0.8 mm, (C) 1.2 mm, (D) pulse train at 1 kHz with slit

width of 0.8 mm.
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Fig. 6. Output spectrum of mechanically Q-switched pulsed CO, laser.

laser was tested by CO; laser spectrum analyzer, and the results are
shown in Fig. 6. In range of 9.2-10.71 pm, 37 lines were measured, and
the maximum average power was 1.3 W at 10.59 pm. The corresponding
peak power was about 3.7 kW with pulse width of 350 ns. The automatic
tuning time of adjacent spectral lines was about 50 ms. It is noteworthy
that the average laser power decreases approximately linearly from 10p
branch to 9R branch. Two reasons may account for this. Firstly, COy
laser has relatively strong laser gain in 10p branch. Secondly, the laser
was integrated at the strongest line of 10.59 pm, and misalignment of the
resonator would be caused by rotation of the turntable, and would
gradually accumulate with the increase of rotation angle. By introducing
a closed-loop correction device to compensate the resonator
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Fig. 7. The measurement of M? factor of CO, laser.

misalignment during the rotating motion, it is expected to obtain more

Fig. 8. The photo of miniaturized pulsed CO, laser with wavelength auto-
matic tuning.
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CO4 laser spectral lines and improve laser power of the weak gain
spectral lines.

The M2 factor of this CO, laser at maximum output power was
estimated by a DataRay camera. A lens with focal length of 100 mm was
served to transform the output beam. The beam radius was recorded at
different positions along the beam propagation direction, as shown in
Fig. 7. The parametric of output beam was achieved by fitting the
measured data. As a result, the beam quality factor at the maximum
output power was hyperbolically fitted to be Mx?~1.65 and My>~1.74
along the horizontal and vertical directions respectively.

The miniaturized pulsed CO; laser with wavelength automatic tun-
ing was integrated in our lab, just as shown in Fig. 8. The bottom plate
was made of hollow aluminum alloy with thickness of 15 mm, which is
beneficial to improve the stability of the laser under unmanned airborne
environment. The integrated aluminum alloy support structure was
adopted, which provides stable and reliable support for optical ele-
ments. Overall dimension of the laser is 520 mm x 192 mm x 160 mm,
the weight is 18 kg, and the power consumption is 145 W. Outdoor
experiments showed that the laser can work properly in the unmanned
airborne environment.

5. Conclusions

In conclusion, this study presents an unmanned airborne miniatur-
ized pulsed CO5 laser with wavelength automatic tuning. The mechan-
ical Q-switching technology with fast chopper and the grating
wavelength tuning technology driven by electric turntable were intro-
duced. Without wavelength tuning modular, the mechanically Q-
switched CO; laser had maximum peak power of 6.6 kW at 1 kHz with
silt width of 0.8 mm, and the pulsed width was about 350 ns. With
grating tuning, 37 lines were obtained in the range of 9.2 pm-10.71 pm.
The maximum peak power was about 3.7 kW at 10.59 pm with a good
beam quality (Mx? ~ 1.65, My? ~ 1.74). This laser had presented a good
performance in the unmanned airborne environment.
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