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The detailed mathematical models for the evolution of light pulses in RF-excited CO2 waveguide lasers are derived.

Explicit expressions for the pulse characteristics in RF-excited COg waveguide lasers are obtained. The effects of losses

and unsaturated gain on output power are calculated.
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1. Introduction

Due to their interesting physical and chemical pa-
rameters, COq lasers have become widely utilized in
scientific and industrial applications. However, many
of the processes for determining the dynamic transi-
tions between vibrational energy levels of molecules
of the gas mixture CO3—Ns—He are still not fully
understood.[!2| For instance, there are many factors
that may cause a decrease in the output power, such as
nonsystematical electrical discharge and dissociation
of CO3 to CO molecules.[¥] The degree of dissociation
could reach 80%—90% according to experimental data,
particularly in sealed systems.[*! Letalick et al made
a theoretical analysis for the kinetic processes of a
Q-switched CO, laser.[5] They considered mainly the
processes of rotational relaxation but neglected some
processes such as dissociation of COs, electron colli-
sion excitation and energy-transfer of some vibrational

levels.[®]

In addition to the dissociation phenomena, many
reactions in the gas mixture could produce different
molecular gases such as NO3, Og, N3O, NO, CO;’,
CO,,..., etc.

In previous studies of the output power COg
lasers, there are several models describing the dy-
namic emission of COq laser: i.e. four-, five- and six-

[7—9]

temperature models. The purpose of the present

work is to develop new analytic models for the laser

output including a time-dependent pump rate and

spontaneous relaxation.

These solutions are reduced to the simplest pos-
sible mathematical forms and then applied to specific

laser systems.
2.Theoretical analysis

There are various ways to approach the problem
of light propagation in CO; laser systems, and the de-
tails depend on the type of approximations that can
be made. In the majority of practical applications the
coherence time is short compared with any other time
of interest and the behaviour is governed by famil-
iar rate equations.'®) Thus the coupled pair of rate
equations governing the frequency-dependent popula-
tion densities of the upper and lower laser states in a

medium with inhomogeneous broadening is [11]
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Here s; (y,2,t) and s2 (y, 2,t) are space- and time-
dependent pumping rates, y, = 2(v; — vp)/Awvy is a
frequency parameter normalized in units of the ho-
mogeneous linewidth. Awy, I(y,, 2,t) is the average
spectral density at the frequency y;, and the signifi-
cance of the Einstein A and B coefficients is apparent.
If the lower state decays quickly compared with the
pulse length, it follows from Eqs.(1) and (2) that the

inversion density n = ny — ny is governed by
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In a CO;3 laser medium, the growth of intensity
is proportional to the population inversion, and the

governing equation is
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where ¥, is the group velocity. The cavity losses
are lumped into the parameter v.=(2ly-InR; R5)/T,
where v represents distributed losses, [ is the ampli-
fier length, T is the round trip time (T' = 2L/c), L
is the cavity length, c is the velocity of light, and R;
and Rq are the mirror reflectivities.

Then Eqgs.(3) and (4) can be integrated over the

frequency to obtain the following expressions:
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intensity (spontaneous emission input); Iy = 77, 77 is

saturation parameter s = , and I is the noise

the noise parameter 7 = hv;Avy/2A, where A is the
mode area and the homogeneous pressure-broadened
linewidth of the transition at a temperature of 300K
for 10P20 line (A=10.6pum) of CO laser is given in
Ref.[12]: Avy, = 7.58 x 10%(vco, +0.73%N, + 0.691.) -
P, where v,, is the partial fraction of gas z, and P is
the pressure in Pa.

Equation (5) is a linear first-order differential
equation with nonconstant coefficients. The solution

of such equations is well known and the result is given
by [13]
t
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The inversion at t = —oo has been assumed to be zero.
Substituting Eq.(7) in Eq.(6), we obtain
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As a first check on the practical applicability of Eq.(8),
one may consider the determination of the unsatu-
rated gain. The single most important pumping func-

tion in practice is the z-independent exponential,

1
S(z,t) :Soexp< - a_7'3)’ (0<t<tg);

=0, (t <0). (9)
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Equation (8) is the basic working equation for homo-
geneously broadened lasers. After some basic algebra,
one obtains
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where the gain is represented by the coefficient g. =
2lhv;sSyT
1703’ and 73 is the relaxation time associated
with the transfer of energy between the symmetric
mode of Ny and the asymmetric mode of CO5. In

the limit 73 — 0 Eq.(10) can be simplified to
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where h is the Planck constant, s is the saturation
¢ ¢ d 7y is the rel
arameter, s = —————— and 7 is the relax-
P ’ 4m2hvd o Avy’ 2

ation time of the bending mode of CO,, obtained as
a function of pressure and temperature. The general

formula is
7;; = [Nco,kijco, + Nn,kijN, + Naekijuel

and the kinetic rate constants, the k;;, used in this

work are listed in Table 1.

K

Table 1. Kinetic rate constants at T=300°K.

COo Ny He
T43 0 6x10713 0
T3 5.0x10~15 1.6x10~15 1.1x10°15
T20 6.0x10-15 1.0x10~15 1.0x1013
T2 4.5%x10~11 0 0
Tio
2No data : set at 4.5 12¢9.

The equation in the mathematical approach was
solved numerically, since the derivative at any instant
of time predicts the intensity at a later time according
to I(t + At) = I(t) + (dI/dt)At. This approach has
been used to describe the process of dynamic emis-

sion in the electro-optically Q-switched laser, and the

result is shown in Fig.1. It is evident that the stim-
ulated emission takes the form of a short pulse when

the gain g. exceeds the loss ~..
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Fig.1. Output power characteristics of the CO2 laser

for 1:1:3 gas mixture of CO2:Na:He as a function of

initial unsaturated gain.

The laser output power as a function of losses
for a 1:1:3 gas mixture of CO5:Na:He, with the gain
ge=2%10%"1 and the loss coefficient y.=1.4x108s"!
is plotted in Fig.2. It shows that the output power
is reduced with the decrease of the losses, and the
tail of the pulse changes accordingly. With increasing
pumping (larger g.) the output pulse becomes higher
and narrower as observed in practice. Also, the de-
lay between the discharge and the pulse maximum is

reduced as the gain is increased.
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Fig.2. Output power of the COgq laser as a function of loss.
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The intensity within the cavity builds up rapidly
after switching (within a short transit time) with a si-
multaneous decrease in the inversion, so that a portion
of the CQOy, vibrational energy is transformed into pho-
ton energy. This happens because the transfer from
N5 to COs is not fast enough to maintain the inver-
sion at its original level. The gain consequently satu-
rates (decreases) to below threshold and the intensity
begins to decrease at a rate not greater than the pas-
sive cavity decay rate. If the replenishing rate for the
upper-level CO; is not great enough, then the inten-
sity decreases to a value at which the loss of upper-
level CO; via stimulated emission becomes relatively
slow. Concurrently the inversion begins to rebuild,
and when the threshold is reached, the intensity again
increases, and the process repeats. If the replenish-

ment rate for the upper-level CO, is sufficiently fast,

then no minimum is observed, and the pulse shape af-
ter the peak is a monotonic decay to the steady value

set by this rate.
3. Discussion

A straightforward mathematical formalism has
been developed for analysing the properties of prac-
tical gain-switched laser oscillators.

The effects of loss on peak power are profound.
These features are explained as follows: as losses in-
crease, the gain cannot reach its primary peak value,
hence the power is reduced. To reach its new peak
value in the presence of the same level of losses, the
gain needs more time, i.e. the pulse is delayed, which
means that the pulse takes a longer time to build up
from noise. The trailing edge of the gain is affected

also by the losses, hence the pulse is compressed.
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