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A compacted size high power CO, laser has been developed using an acousto-optically (AO) Q-switch.
Performance characteristics have been investigated as a function of output mirror transmittance. The
theory of six-temperature model for CO, lasers has firstly been utilized to analyze the dynamical
process in the AO Q-switched CO, laser. This theory perfectly explains the behavior of energy transfer
between different molecules in laser gain medium, and describes the shape of pulse laser. The
calculated pulse waveforms are in good agreement with the experimental result. Both the experimental
and theoretical results present that the optimal value of output mirror transmittance is 39%. Under this
condition, the measured peak power is 4750 W and pulsed width is 160 ns, which is consistent with the
calculations. Six-temperature model is a perfect theory for CO, laser kinetics, which will lay a
theoretical foundation for the laser optimum design.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The compacted CO, laser with short pulse duration (FWHM),
high peak power and high repetition has great potential applica-
tions, such as echo-splitting radar, laser cutting, laser-matter
interaction, laser spectroscopy, etc. [1-5]. However, the pulse
waveform needs to be known for those applications usually,
especially for the tail phenomenon of CO, laser. Hence, how to
describe the details of waveform is a key research subject.

Pulsed discharge and Q-switch are two main technical methods to
realize pulse output with repetitions. High-power TEA CO, laser
utilize pulsed discharge to pump high-pressure working gas
(30-100 kPa) [6]. The population of upper laser levels accumulates
and the gain exceeds the resonance threshold immediately after pulse
discharge, and then a giant pulse is emitted whose peak power is up
to MW. With the increase of the repetition rate, the temperature of
working gas and the decay rate of upper laser rise quickly, which will
limit the laser generation and thus the repetition rate of TEA CO, laser
is limited to several hundreds of Hz [7]. The working pressure of
compact CO, laser is low usually (1-20 kPa) and the working gas
temperature is easy to limit in a reasonable range under continuous
work. This laser usually utilizes Q-switch to realize pulse output,
whose repetition rate is affected by the performance of Q-switch, so
its repetition rate can reach to several tens of kHz.

In fact, currently compacted CO, laser is usually implemented
with pulsed output by electro-optically Q-switch and mechanically
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Q-switch [8,9]. However there are a few research reports about
using AO Q-switched method to realize the pulsed output of
compacted CO, laser presently. The experiment results of the
compacted CO, laser with short pulse duration and high repetition
have been reported by our group and this CO, laser utilized
resonator inserted with acousto-optical modulator (AOM) to realize
Q-switched laser output [10]. The theoretical analysis has been
given using the Q-switched pulsed laser rate equations. But the
pulsed waveform calculated by the rate equations cannot explain
the tail phenomenon. Therefore, the theory of six-temperature
model was introduced firstly to analyze dynamical process of AO
Q-switched CO, laser in this paper [11]. This theory has been
utilized to analyze dynamics of TEA CO, laser and describe the
waveforms of pulse laser successfully [12]. The six-temperature
model more perfectly explains the behavior of energy transfer
between different molecules in the laser gain medium, and analyzes
the influence of gas temperature on output laser. However the rate
equations can only explain the particle population transfer between
up and down energy level. Therefore the six-temperature model will
give a more correct analysis than the rate equations.

The six-temperature model includes many parameters, such as
the transmittance of output mirror, the resonator length, the gas
ratio, etc. Our laboratory has manufactured a group of ZnSe
output mirrors with different transmittances. Performance char-
acteristics have been investigated as a function of output mirror
transmittance with an AO Q-switch. Therefore the parameter of
transmittance was investigated with six-temperature model in
this paper when the other parameters kept invariability. Then the
numerical calculations were given for six-temperature model at
different transmittances of output mirror. The six-temperature
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Fig. 1. Schematic energy-level diagram for N,-CO,-CO system.

model is presented in the second section. The calculated and
experimental results are both analyzed in the third section.

2. The six-temperature model for acousto-optically
Q-switched CO, laser

Based on the theory of five-temperature model of the dynamics
for CO, laser [11], the dissociating influence of CO, to CO
molecules on laser output is concerned. Thus the equivalent
vibrational temperature of the CO molecules is taken as a variable
quantity of the differential equations for this model. Then the
differential equations include six variable quantity of temperature.

In Fig. 1, we present a schematic diagram of the set of
processes of electron collision excitation for CO,, N,, and CO
molecules, all kinds of energy transfer among molecules, and
excited emission and spontaneous emission. The distribution of
vibrational energy in different vibrational modes can be described
by the following equations [11,12]:
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where nco, and ny, are the number density of CO, and N,
molecules per unit volume, respectively, and n.(t) is the number

density of electrons per unit volume. T; is the equivalent vibra-
tional temperature of the CO, symmetrical stretching mode. T is
the equivalent vibrational temperature of the CO, bending mode.
Ts is the equivalent vibrational temperature of the CO, asym-
metric mode. T, is the equivalent vibrational temperature of
the N, molecules. Ts is the equivalent vibrational temperature
of the CO molecules. Eqs. (1)-(3) describe the variation in
the stored energy in unit volume (erg/cm?) as a function of time
in CO, symmetrical, bending, and asymmetrical modes. Eq. (4)
expresses the time evolution of the stored energy density in unit
volume for N, molecules. Eq. (5) expresses the time evolution of
the stored energy density in unit volume for CO molecules, which
are dissociated by CO, molecules. f is the non-dissociated fraction
of CO, molecules. For simplicity f is considered as a constant in
this paper (in general f is a function of time, electrical field
intensity and electron number density).

By taking the sum of Eqgs. (1)-(5) in the steady state, the
following equation, which describes the time evolution of the
stored energy density in gas mixture CO,-N,-He-CO will be
obtained:
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where the total gas kinetic energy Ej per unit volume is
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where nco=(1-f) nco, is the number density of CO molecules per
unit volume.

Taking into consideration the stimulated emission, sponta-
neous emission, and losses in the cavity yields the equation that
describes the time evolution of the cavity light intensity
dl,, Iy, ANWI,

=——L+chvg|——2 +ngo1 P()S 8
dat T +chvo p Moot ) ()]
where c is the light velocity, h is Planck constant, 7. is the photon
life time in the cavity

2L
" c(InRy +2 x InRy)

Tc= 9
where R; is the reflection coefficient of rear mirror, R, is the
reflection coefficient of the output mirror, L is the resonator
length. The expressions of W and S in Eq. (8) are

2’F
= 47T2U0A1/L’Esp (]O)
s 22 Aw (11
T mAty T Avg

where / is the laser wavelength, vg is the laser frequency, A, is
the laser transition line width, Avy is the laser natural line width,
Tsp IS the spontaneous emission rate, A is the cross section of
the laser beam, F=I/L is the filling factor, and [ is the length of
gain media.

When the Q-switch is closed, the loss in the cavity is so high
that there is no laser output and the laser intensity in the cavity is
nearly zero. So the Egs. (1)-(5) is equal to zero. In the five
equations mentioned above, E; (the energy per unit volume
stored in the CO, symmetrical stretching mode), E, (the energy
per unit volume stored in the CO, bending mode), E5 (the energy
per unit volume stored in the CO, asymmetrical modes), E4
(the energy per unit volume stored in the N, molecules), and Es
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(the energy per unit volume stored in the CO molecules) are
defined respectively by Ty, T, T3, T4, and Ts. A computer program
processed in MATLAB is used to solve the five nonlinear equa-
tions. The five temperatures and an estimated ambient tempera-
ture are the initial values of the laser after the Q-switch is opened.

After the Q-switch is opened, the transmittance of output
mirror is t. Therefore the population number of upper levels falls
sharp; the laser oscillates rapidly in a short time, and then
engenders a giant pulse output. The mathematical model of
Q-switched CO, laser consists of seven differential expressions,
which are dE,/dt, dE,/dt, dEs/dt, dE4/dt, dEs/dt, dEy/dt, and dlvo/dt,
respectively. The variables in these expressions are Ty, Ty, T3, T,
Ts, T, and Ivg.There is six temperature variables in the differential
expressions, therefore it is called six-temperature model.

The specific expressions of the seven coupled differential
equations are represented by Eqs. (1)-(6) and (8). Based on the
Runge-Kutta theory, the seven variables (Ty, T, T3, T4, Ts, T, and
Ivg) can be obtained through solving the differential equations.
The laser output power can be obtained from Ivg

17R270{
1-R,
where o is the loss coefficient of output mirror. Note: for

simplicity we consider o as a constant (in general o« depends on
thickness, coating and substrate material of the output mirror).

Pout = —gln(Rz) x x I(t) x 1077 (12)

3. Calculated results and experimental analysis
3.1. Numerical calculation of six temperature model

The initial values of Q-switched CO, laser have been consid-
ered before the Q-switch is opened. Based on the measured
results of the laser and related values of the equation parameters,
which are shown in Table 1, the six-temperature model is used for
calculating the process of dynamical emission in the AO
Q-switched CO, laser. When the transmittance (t) of output
mirror is 18%, 25%, 32%, 39%, 46%, 53% separately, a computer
program processed in MATLAB is used to solve the differential
equations based on the Runge-Kutta theory. Fig. 2 shows the
variation of light intensity in the cavity with time. The light
intensity is reduced with increasing of the transmittance gradu-
ally. And when the increment of the transmittance is 7 percent,
the decrease in light intensity is almost 28 percent. Then the laser
pulse waveform is calculated by the Eq. (12) at different trans-
mittances as in Fig. 3, which shows that the influence of
transmittance on power is obvious. The laser output peak power
is a function of output mirror transmittance when other

Table 1
Parameters used in the calculations.

Parameter Numerical value Parameter Numerical value
vy/c? 1337 cm™! h 6.626 x 10~ %" erg s
vafc? 667 cm~! BCO," 04cm™!
v3/c? 2349 cm~! Top® 02s
vafct 2330 cm™! y) 10.6 um
vs/c© 2150 cm ™! c 2.998 x 10'°cm s !
X,° 5%x10"°cm®s~! Mco,© 7.3vi0 3¢
X5° 3x102cm®s~! Mco© 46x10"2g
X3P 8x10 °cm’®s~! My, © 46x10 %3¢
X4° 23x10"8cm?s™! MyeE 6.7x107%4¢g
Xs° 3x10 8cm®s~! k 138 x 10" Cerg K~!
od 0.01453%

@ See Ref. [13].

b See Ref. [12].

¢ See Ref. [11].

d See Ref. [14].
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Fig. 2. Light intensity in the laser cavity versus time at different transmittance.
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Fig. 3. Output power of the laser versus time at different transmittance.

conditions remain unchanged. The theoretical results show that
the peak power of the laser has a maximum following the variety
of transmittance, which lay a theoretical foundation for the
optimization of laser parameter.

3.2. Experimental device

The diagram of experimental device is shown in the Fig. 4. The
laser resonator adopts the half external cavity with direct current
discharge gain area, and the laser is output directly by the ZnSe
output mirror. The discharge tube is made by glass with water
cooled pipe, the inner diameter is 8 mm, the gain area length of
discharge tube is 0.8 m and the mixed gas pressure is 3.3 kPa. The
gas ratio is Xe:CO5:Ny:He=1:2.5:2.5:17.5. The curvature radius of
rear mirror is 3 m and its reflectivity is 98.5%.The Brewster window
is made by ZnSe material and the length of optical cavity resonator
is 1.2 m. The AO Q-switch is inserted between the output mirror and
the Brewster window (The AO medium of AOM used in our
experiment is Ge single crystal whose single pass transmittance is
90% for the wavelength 10.6 pm. Its center frequency is 40 MHz and
it uses Bragg diffraction vertical incident method. The first order
diffraction efficiency of polarized light is about 80% in horizontal
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Fig. 5. The fitting curve of peak power (a) and the pulse duration (b) versus the transmittance of output mirror.

direction and the optical aperture is 6 x 10 mm?). An iris is located
between the Brewster window and the AOM. The coated output
mirror is made by ZnSe material. The path of laser output will be
changed by the mirror first, just as showed in the Fig. 4, and then the
laser is divided into two paths by a beam splitter (a coated ZnSe
mirror whose transmittance is 30%). A path of laser is accepted by
the detector, and then the laser pulse waveform will be displayed by
the oscilloscope after enlarged by the amplifier. The other path of
laser is monitored by the power meter at the same time.

The AO Q-switch utilizes circulating water cooling system, so
the perimeter temperature of AO crystal is almost invariable. At the
meantime, some heat absorbed by the AO crystal cannot be
decayed immediately, especially at higher pulse repetition rate.
Therefore the center temperature of that is increasing immediately.
The temperature contrast between the perimeter and center
should induce a transversal thermal gradient distribution in the
inner crystal, which would change the refractive index profile. The
performance of Q-switch would deteriorate when the temperature
contrast is large enough, i.e. the laser cannot work with high
repetition rate. Besides, the absorption coefficient and deformation
of AO crystal will rise with the increase of temperature, which will
increase the intracavity laser loss and restrict the peak power. The
attenuation of peak power is crucial at high pulse repetition rate
(more than 10 kHz) due to the decrease of single pulse energy and
increase of pulse duration [10]. Therefore the performance of
Q-switch is a significant factor to influence laser output.

3.3. Experimental results analysis

In the experiment, under the working condition of the AO
Q-switch, the pulse repetition rate can be tuned from 1Hz
to 100 kHz. The voltage of the bipolar poles is 20 kV, and the
input power is 160 W. The relationships between the output
mirror transmittance and the peak power as well as pulse
duration are researched separately. The transmittances of
alternative output mirror are 18%, 25%, 32%, 39%, 46%, 53%
separately. At 5kHz pulse repetition rate, the average power
and pulse duration are measured for each mirror independently,
and then the peak power of laser is calculated. The quadratic
fitting curves of peak power and pulse duration versus the
transmittance of output mirror are shown in Fig. 5. The experi-
mental results agree well with that of the six-temperature model
theory. The transmittance of output mirror has a significant
influence on the peak power and pulse duration of AO Q-switched
CO, laser, and the optimal transmittance of output mirror is 39%
in the experiment.

Just as shown in Fig. 5, when the transmittance of output
mirror is 39%, the AO Q-switched CO, laser has the best output
performance. Under the optimal experiment condition, the
Q-switched pulsed laser was detected by a photovoltaic HgCdTe
detector with the model of PVM-10.6 made by ZIGO Company of
Holland, and the laser waveform could be monitored on a
TDS3052B digital storage oscilloscope with 500-MHz bandwidth.
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Fig. 7. The theoretical shape of the pulsed laser (a) calculated by rate equations and (b) calculated by six temperature model.

The shape of the pulsed laser is shown in Fig. 6, with a 160 ns
pulse duration and a 3 pus delay time. The average power was
1.14 W, which was measured by the power meter with the model
of LP-3C made by Bejing WuKe Photo Electricity Company. Thus
the output average power of this device was 3.8 W (splitting ratio
is 3:7), and the peak power of this laser is 4750 W. Considering
the open time of AO Q-switch, the establishing time of laser pulse
should be added the corrected value 0.85 ps [10]. Under those
conditions, the numerical calculations are shown in Fig. 7.

A conclusion can be drawn by comparing Fig. 6 with Fig. 7. The
measured results of peak power, pulse duration and establishing
time of laser pulse are in agreement with the theoretical calcula-
tions by rate equations as well as six-temperature model. The tail
phenomenon is obvious in the calculation by six-temperature
model, which is more consistent with the experimental result.
The comparison of theoretical calculations and experimental
results are shown in Table 2.

Table 2
The comparison of theoretical calculations and experimental results.

Comparing results Rate equations  Six temperature Experimental

model result
Pulse width/ns 200 166 160
Peak power/kW 4.15 4.7 4.75
Pulse delay Time/us 3.35 29 3
Tail phenomenon Not obvious Obvious Obvious

4. Conclusions

The CO, laser with high repetition, short pulse duration and
high peak power can be realized by optimizing parameter of
transmittance. Under the experimental condition, the quadratic
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fitting curves of pulse duration and peak power versus the
transmittance of output mirror were obtained independently.
The results are in good agreement with the theoretical calcula-
tions by six-temperature model. Both the theory and experi-
ment present that the optimal value of transmittance is 39% in
our works.

Both the rate equations and six-temperature model can
explain and analyze the AO Q-switched process of the compacted
CO, laser. However the six-temperature model more suitable
to simulate the waveform of pulsed laser, which obviously
explain the tail phenomenon. Therefore the six-temperature
model is more suitable to analyze the influence of laser para-
meters (the transmittance of output mirror, the resonator
length, the gas ratio, etc.) on output performance of laser,
especially gives the reasonable explanation for the tail phenom-
enon of CO, laser, which sometimes is very important for the
performance of TEA CO, laser. By choosing the suitable para-
meters of laser, a waveform with little tail or no tail would be
obtained based on the theory of six-temperature model, which
will give a reference to optimum design for AO Q-switched
CO, laser.
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