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Abstract. A comprehensive experimental and theoretical 
study of the optimization of a continuous-wave radio- 
frequency (rf) excited CO2 waveguide laser is presented. 
The numerical simulation includes the modelling of the 
gas-discharge plasma parameters like the plasma impe- 
dance and energy deposition, the laser kinetics and finally 
the influence of the resonator feedback on the lasing 
process. Along with this theoretical study, an extensive 
experimental research program enabled us to optimize the 
laser performance of the CO2 waveguide laser. As a result, 
a total output power of 42 W and a specific output power 
of 1.1 W/cm were obtained. 

PACS" 42.55; 52.00; 34.80; 52.80 

In the last ten years it was shown in many works that the 
most efficient way for excitation of a small-bore gas laser 
is the use of a radio-frequency (rl) field to create the 
electrical discharge in the laser gas mixture. The best 
known example is the waveguide CO2 laser (see, for 
example, the reviews [1-3]) with a transverse capacitively 
coupled rf excited discharge plasma as the active medium. 
It appears that this technique has the potential for a fur- 
ther development, particularly when one uses an active 
medium with non-traditional geometries as, for example, 
a slab, coaxial, or a multichannel device. However, the 
understanding of the properties of such discharges is only 
poor. This is the case even for the relatively well-investi- 
gated CO2 lasers. 

Advantages of rf excitation of CO2 lasers compared to 
the DC excitation mode has been clearly demonstrated in 
the past. In [4,5], an output power of 0.83 W/cm 
has been reported which is more than two times higher 
than for the same single-channel geometry with dc 
excitation. Other publications showed rf results which 
were comparable to or slightly higher than those obtained 
with dc excitation (~0.5W/cm). However, the prob- 
lem of the reproducibility of the laser performance espe- 

cially with respect to the specific output power is still 
not solved, 

This very practical question stimulated the research in 
the field. A lot of modelling and numerical simulations 
have been done together with extensive experimental 
studies. All previous investigations which have been car- 
ried out in this field generally deal with one or more 
particular features of the waveguide CO2 laser. For 
example, in the paper of Ledig and Schr6der [6], the 
influence of the excitation frequency on the perfor- 
mance of the laser is investigated. In the work of 
Grudszus and M/irz [7], the electron energy distribu- 
tion function has been studied as a function of the 
gas composition. Wester and Seiwert [8] analysed the 
voltage current dependency while Parazzoli and Chien 
[9] considered the laser parameters on the basis of a 
simplified approximation for the discharge properties. 
Recent work [10] deals with the similarity and scaling 
laws for CO2 lasers with rf excitation. All these and also 
many other contributions are important for a better 
understanding of the mechanisms of the rf excited 
waveguide laser. Nevertheless, a complete model starting 
from the elementary microscopic processes of the mole- 
cular kinetics which also describes the macroscopic 
laser parameters which have a practical importance like 
the plasma impedance and the laser output power is 
still not available. This was the motivation for the 
present work. 

In this paper, we first will present a microscopic model 
describing the physical processes in a transverse rf 
discharge as well as an investigation of the spatial 
structure of such a discharge. Next, we will include in 
this model the influence of the feedback in the laser res- 
onator. Then, we will calculate some macroscopic 
electrical plasma parameters like, for example, the dis- 
charge impedance and compare these values with the 
measured ones. These data are essential for the opti- 
mization of the electrical energy input by optimal match- 
ing of the power supply and the plasma impedance. In 
the last part, we will compare the model predictions with 
measured values of the output power of an rf excited 
waveguide CO2 laser. 
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1 Numerical model for simulation of the electro-physical 
plasma parameters 

Consider an rf field which is applied to two electrodes 
separated at a distance l (Fig. 1). The electrode surfaces are 
assumed to be equipotential. 

constant k (N is the neutral particle density), while the 
ion-ion and electron-ion recombination rates are given 
by 7r n ' p =  fin,pnnF/p and e , p =  ] ~ e , p t , / e n p .  The weighting 
over the gas components is undetermined. 

1.2 Boundary conditions 

1.1 Initial equations 

The motion of the electrons and ions can be described by 
the continuity equations for the fluxes of the charged 
particles together with the electrostatic equation for the 
electric field: 

~ne,p,n ~ffe,p,n 
at q ~X -- 7e,p,n, 

3E 
m = _ __ Ox 4rce(np n. G). (1) 

Here, ne,p, n are the concentrations and Fe,p,n the flux 
densities for electrons, positive and negative ions, respec- 
tively, E is the electric field strength and e is the electron 
charge. The ~ e , p , n  s a r e  the particle source functions depen- 
dent on the plasma composition. 

The fluxes of charged particles are created by the 
electric field as well as by diffusion: 

~ n e , p , n  
/~e ,p ,n  = n e ,  p , n / ) e , p , n  - -  D e , p , n  ~ X  ' 

G,n  = - - # e , n  E ,  

Vp = #pE. (2) 

Here, /2e, p, n and De,p, n are  the mobility and diffusion 
coefficients and G, p, n the drift velocities of the correspond- 
ing particles. The structure of ~/e,p,n is defined by the 
balance equations for the elementary process rates: 

~e = °/i - -  ~a  -~- 7 d  - -  ~ r  e ' p ,  

?p = 7i - -  ~/r e ' p  --Trn'P,  

~ n  = ~/a - -  ~d  - -  ~ r  n ' p -  (3) 

Here, ?~ = k~Nno, ~a ~ k~Nne, 7a = kaNn,~ are the rates 
for ionization, attachment and detachment with a rate 
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Fig. 1. Schematic picture of the r.f. discharge gap with two elec- 
t rodes at a distance 1 

It is necessary to complete (1) with boundary conditions 
which depend on the field direction. At the electrode 
E(0, t) < 0 for x = 0 (instant cathode), we can write 

no(O, t)vo = ~v~(O, O, 

0cp(0, t) 
- -  - - 0 ,  

gx 

n,(0, t) = 0, (4) 

with ~ being the secondary electron emission coefficient. 
If E(0, t) > 0 (instant anode), we can write 

%(0, t) = 0, 

~co,~ _ 0.  (5) 
0x 

At the other electrode (x =/) ,  the boundary conditions are 
similar. According to the "oscillatory" scheme Ell] in 
a stationary regime both electrodes work as a cathode. 
That is why the combination of (4) and (5) is only impor- 
tant for the initial stage of the modelling process which 
describes the dynamics of the r.f. discharge development. 

The additional condition to the electrostatic equation 
in (1) is 
1 

E(x, t)dx = - U(t), (6) 
0 

where U is the interelectrode voltage. For the computer 
model, it is possible to use any U(t) but sometimes a har- 
monic U(t) will be used. This is in a good agreement with 
the experiments. 

1.3 Neutral particles densities and gas temperature 

The rate coefficients in (1) and (2) depend on the neutral 
particle density and gas temperature. The discharge 
plasma is essentially non-uniform and the power dissipa- 
tion may be significant, so it is necessary to take into 
account also the spatial density distribution due to heat- 
ing. Therefore, it is necessary to solve the heat conductiv- 
ity equation along with (1) and (2): 

d ( d r (x)~  
dx [2(T(x))] dx-x ] + 6(x)q(x) = 0, (7) 

where q(x) is the local electric power, 6 is the fraction of 
power which is converted to heat and 2 the heat conduct- 
ivity coefficient. Equation (7) is a stationary equation 
because the characteristic heating time is much longer 
than the electric field period zE. The spatially localized 
time-averaged electric power can be written as 

q(x) = <jo(x, t)E(x, t)>~. (8) 
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The known formula for 2 in a particular gas mixture with 
molar fractions x~ is 

1 
) ~ = ~  x ~ 2 ~ + ( 1 - 7  ~) , , (9) 

i= 1 Z i  = 1 X i /  )~i 

where the 2~s are the heat conductivity coefficients for the 
individual components and 7 ~ is the tabulated function for 
the lightest gas component. 

In the temperature region interesting for us, it is pos- 
sible to use a linear approximation for (9): 

2 ( r )  = 2o + k 0 r ,  (10) 

where ko is a constant of proportionality. 
The boundary condition is given by the equality of the 

gas temperature and the wall temperature Tw: 

T(0) = T ( 1 ) =  Tw. (1l) 

Taking into account (10) and (11), the solution of (7) is 

T ( x ) - 2 o [ ( @ k  + + T w ) 2 2 f ( x ) l l / 2 , + ~  

f(x) = 12Jo(12) - f ,  (12) - Ix f0(Y) - A  (~)3, (12) 

with 
x x 

Jo(X) = ~oF(x)d x, f~(2) = ~oxF(x)dx, (13) 
F(x) = cSq(x), 2 = x - 12, 12 = 1/2. 

The above-mentioned methodology is well known (see, for 
example, [-12]) and is commonly used for temperature 
calculations in active laser media under dc excitation. 
It is also commonly accepted that the spatial structure of 
heat sources is close to a Bessel electron density profile 
with a typical g ~0.6-0.8 in the whole discharge. The 
above-mentioned value of c5 =0.8 was reduced with the 
value of the laser efficiency during the iterative procedure 
taking place between numeric sub-codes in charge of the 
temperature calculations and of the laser power calcu- 
lations (see below). In most cases not more than two 
iterations were necessary to get the accuracy for the tem- 
perature better than 1%. Taking into account the heat 
transfer to all four walls forming the discharge channel, 
the c~ values used in the one-dimensional equation (7) were 
reduced by the factor of two. A specific feature of rf 
excitation is the complicated spatial structure of the dis- 
charge. Keeping in mind this circumstance, we calculated 
the 6(x) and q(x) values using (1) together with (7). It was 
assumed that the fraction of the power stored in the ionic 
current goes into heating. The fraction of the power stored 
in the electronic current depends on the electron energy 
distribution function so the Boltzmann equation was used 
to estimate it. It was considered that the fraction of the 
power which went into the translational, rotational and 
vibrational degrees of freedom subsequently goes into 
heating except for the fraction of the laser radiation. The 
calculated spatial structure of the laser beam will be de- 
scribed in Sect. 2. It was also assumed that the fraction of 
the discharge power that went into the atomic and mo- 
lecular electronic states transforms into radiation and 
chemical processes so this fraction does not take part in 
heating. The neutral particle density was calculated as- 
suming an ideal gas behaviour (NT const.) because in 

most constructions of waveguide gas lasers, the volume of 
the discharge channel is small in comparison with the cold 
ballast gas volume. 

1.4 Rate coefficients for processes in which charged 
particles are involved 

The rate constants for the elementary processes with elec- 
trons involved were determined on the basis of the kinetic 
Boltzmann equation for the spherical symmetrical part of 
the electron energy distribution function [-13]. The ques- 
tion is to gather a reliable set of cross sections for interac- 
tions of electrons with atoms and molecules. These data 
[13] are commonly chosen as a result of a comparison of 
calculated and measured values of drift velocities, charac- 
teristic electronic energies, etc. at different values of the 
reduced electric field strength E/N. We used the electron- 
molecular cross-section data for N2 and He from [14], for 
C O  2 from [15], CO from [16], Xe from [17], 02  from 
[18] and O from [19]. 

To calculate the values of the electron energy distribu- 
tion function momentum for an oscillating electric field 
E = E exp(icot) at frequency co it is reasonable to consider 
two frequency limits [20]. If the effective frequency vu of 
the electron energy relaxation vu >> co then it is possible to 
use the results of a stationary solution of the Boltzmann 
equation and to average the results over the electric field 
period. In the case of Vm>>OO>>Vu (Vm is the effective fre- 
quency of the electron pulse relaxation), it is necessary to 
use the root mean square Eo/x/2 as an effective electric 
field value. 

In the intermediate case vu ~ co, it is necessary to solve 
the non-stationary kinetic equation. For our typical con- 
ditions with a gas mixture consisting of CO2: 
N2 :He = 1 : 1 : 3, a pressure of about 100Torr and a gas 
temperature T ~500°K, we estimated Vm ~2  X 10 I11/S 
and vu ~ 2  x 109 1/s. In this example, a variation of the 
electric field frequency from 60 to 500 MHz causes the 
co/Vu parameter to change from 0.2 to 1.6. It is useful to 
estimate the corresponding changes of the discharge and 
laser parameters from this changes of co/vu. 

It follows from the analysis of the numerical simula- 
tion that transport processes are indeed essential for the 
electron balance. To simplify the problem, we limit our- 
selves to the analysis of the positive glow and assume that 
the volumetric processes are the dominant ones. 

Figure 2 shows the calculated values of the ionization 
constant ki and the attachment rate ka as a function of the 
E/N value for two limiting cases: co/v~ >> 1 and co/Vu << 1. If 
the electron detachment could be neglected, the E/N para- 
meter would be determined by the condition that the rates 
for attachment and ionization are equal (case a). For  the 
low-frequency and high-frequency limits this corresponds 
to points 1 and 2. The vertical lines give the E/N values 
which satisfy the above-mentioned equality. It follows 
from the theoretical estimates, however, that for the gas 
discharge conditions being of practical interest, the de- 
tachment rate is generally high and therefore the E/N 
value is completely determined by the value of the ioni- 
zation rate equal to the recombination rate of ki = ~epnp/N 
as can be seen in Fig. 2 (case b). The recombination 
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Fig. 2. The dependence of the ionization (K0 and at tachment (K.)  
rate constants on E/N. Dashed lines are for co/vu<<l, solid lines for 
(o/v.>> 1 (see also text) 
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Fig. 3. Efficiency of the discharge energy transfer into vibrational 
excitation of N2 and CO2(v3) molecules. Dashed lines are for o)/vu<< 1, 
solid lines for co/vu >> 1 

parameter is shown as a horizontal line in Fig. 2. The 
crossing points of this line and the curves ki in the points 1' 
and 2' correspond to the values of E/N at which the 
recombination mode of the discharge occurs for the high 
and low frequency limit, respectively. 

Figure 3 shows the dependency on the E/N value of the 
fraction of the discharge power which goes into the excita- 
tion of vibrational states of N2 and the anti-symmetrical 
CO2 (v3) mode for the low- and high-frequency limit. Cases 
(a) and (b) correspond to the situations in which 
the electrons disappear due to attachment and recombi- 
nation, respectively. Vertical lines correspond to values 
E/N at which the discharge is operating in various 
limiting cases as shown in Fig. 2. Horizontal lines indi- 
cate the efficiencies of the vibrational excitation that 
correspond to the given values of E/N. The transition 1 --+ 2 
corresponds to a change in excitation efficiency when the 
frequency limit changes from low to high. One can see that 
the change in efficiency when going from 
the high to the low frequency limit is relatively small 
both in the case of the attachment regime (a) of the dis- 
charge (transition 2 ~ 1) and in the recombination regime 
(b) of the discharge (2' -+ 1'). Similar conclusions were also 
deduced in [6]. Due to these considerations 
we restricted ourselves to calculations in the low- 
frequency limit. 
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Fig. 4, Dependencies of the electron drift velocities on E/N 
for different gas mixtures. (N2:CO2 :He:O2:CO:O:Xe l.' 1:1 : 
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Fig. 5. Dependency of the total ionization (k0 and attachment (ka) 
rates on E/N for different gas mixtures. (N2 : CO2 : He : 02 : CO : O : 
Xe 1.1:1:3:0:0:0:0; 2:1:I:3:0:0:0:0.25; 3:1:0.3:3:0.2:0.7: 
0.3:0) 

In Fig. 4, electron drift velocities are presented as 
a function of the normalized electric field parameter E/N 
for different gas mixtures. One can see that 5% of Xe added 
to a gas mixture practically does not change the drift 
velocity for E/N < 4 x 10 -16. At the same time, the addi- 
tion of these relatively small amounts of Xe substantially 
increases the ionization rate constant of the gas mixture for 
low values of E/N (Fig. 5). More substantial changes in drift 
velocities occur when the gas mixture is partially disso- 
ciated. In the mean time, the average attachment coefficient 
undergoes only small changes while the ionization rate 
constant decreases at low values E/N but increases for high 
values (Fig. 5). 

In Fig. 6, some data concerning the vibration excitation 
of molecular species that exist in a partially dissociated 
mixture are plotted. One can see that a substantial part of 
the electron energy goes into the excitation of CO2, CO 
and N2 molecules while vibrational excitation of 02  
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Fig. 6. Electron energy balance in a CO2 laser gas mixture. Vibra- 
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levels is relatively small and, therefore, will be neglected in 
our simulation model. 

In Table 1, the data as used in our model for the ionic 
part of the plasma and the reactions in which ions are 
involved [6, 21] are given. As our calculations show, the 
choice of a certain type of predominant ion (both positive 
or negative) does not critically influence neither the spatial 
structure of the discharge nor the electro-physical para- 
meters in the investigated regime. As a reference, we were 
using the results of numerical simulations [21] performed 
for discharge conditions similar to ours but in a dc mode. It 
was assumed that the predominant positive ion is 02 ÷ (or 
Xe + if Xe is present in the mixture) while CO 3- is the main 
negative ion. When solving (1), the rate constants for elec- 
tron-ion, ion molecular and ion-ion processes from Table 
1 were used. 

1.5 C o m m e n t s  on the numer ica l  code  

Equation (1) was solved using an implicit difference iter- 
ative scheme [23, 24]. The scheme enables us to avoid the 
limitation (after Currant, see, for example, [23]) imposed 
on a time step At  < Ax /Ve  which is typical for an explicit 
scheme. To avoid the matrix prolongation procedure, the 
electrostatic and conductivity equations were solved 
alternatively. Our approach differs from the one of 

!17 

[23, 24] in that sense that we used iterations on each time 
step. In contrast with a pure implicit scheme, the physical 
limitation on the relaxation time of the electric charge is 

At  < E&ze(#ene + #p/'/,p "@ #ng/n)] -1  • (14) 

For the accuracy needed and an r.f. excitation frequency of 
about 100 MHz, the number of time steps is typically 
around 102-103 and condition (14) is fulfilled. 

A non-uniform space grid was used. The spatial steps 
decrease in geometrical progression while getting closer to 
the electrodes. A typical number of spatial steps used in 
calculations was ~ 100. 

To shorten the computation time, in the vicinity of the 
steady-state condition, the solution was linearly extrapo- 
lated. The number of periods under extrapolation was 
determined automatically as in [7]. To control the con- 
vergence of the solution, we used the following indica- 
tions: 
(a) The total current density as it follows from the continu- 
ity equations (1) must remain constant in any cross section 
of the discharge gap: 

j ( t )  = jc(X, t) + Jd(X, t) = const(x), (15) 

with the conductivity current 

jc(X, t) = eECp(x, t) --  Ve(X, t) - Fn(X , t)] (16) 

and the displacement current 

1 aE(x, t) 
jd(X, t) - -  4~r at  (17) 

(b) At each half-period of the field, the inter-electrode volt- 
age is reversed 

u ( t )  = - cT(t + ~ /2) .  

This results in a symmetry of the distribution with respect 
to the centre (x = 1/2) of the discharge at the time moments 
t and t + r/2 (change of the sign of projections of vector 
values). 
(c) In the steady-state regime, the time-averaged conduc- 
tive current through the electrodes vanishes: 

The total computation time for a converging solution is 
mostly defined by the process with the lowest rate. In the 
situation under discussion, this process is the ionic drift so 

Table 1. Data used for the ionic part of the plasma 

Process Rate constant Reference 

OS +e  --+ O + O ficp = 2 x '  0 "(300~ (300~1i2 cm3/s [12, 21] 
\ T ) \ T )  ' 

Kd = 5.5 × 10-,3 cm3/s 

fi.p =0.95 × 10 v cm3/s 

From the solution of Boltzmann equation 

CO3 + M 
--+ e + products 

O + + CO3 
--+ products 

e + M - * M  + +e +e  
e +CO2 ~ CO - O -  

O +CO2 +M ~CO3- + M 
(M = COa, He, N2) 

[11] 

[22] 

Kd = 3 × 10 -28 cm6/s [12] 
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the time for a steady-state discharge formation has an order 
of magnitude % ~d/vp,,, where d is the thickness of the 
spatial charge sheaths. To control whether the conditions 
in the discharge are stationary, the ratio of the time deriva- 
tives of the charged particle densities averaged over the 
period of the r.f. field to the rate of their production was 
checked. The iteration procedure stopped when this ratio 
was less than 10 2 at any point of the discharge. At this 
moment, the accuracy for the electrical parameter values 
was essentially better. 

1.6 Calculation of  the macroscopic electrical parameters 
of  the discharge 

(a) The discharge current is given by: 

I = Sej = Se(jo +Jd), (18) 

where Se is the electrode area. The current densities jo and 
jd are defined by (16) and (17), respectively. 
(b) For the specific electrical input power we find: 
The instant local power is calculated by 

q(x, t) = jo(x, t)E(x, t). (19) 

The time-averaged electrical input power is then 

W =--Se dt~q(x, t)dx = Se q(x,t)dx . (20) 
72 0 0 

We also used another way to estimate the electrical input 
power by considering the full current density: 

1 
W = S~ i dt ~ j(t)E(x, t)dx, (21) 

T 0 0 

where j does not depend on x. This follows from the 
continuity principle. It can be seen easily that (21) gives the 
same result as (20). Indeed, the displacement current gives 
no contribution to the energy because of the fact that E(x, t) 
is a periodic fnnction. 
(c) The discharge impedance is derived as follows: 
To obtain the value of the impedance Z, we use the Ohm 
law in a complex form 

U = ZI.  (22) 

As was mentioned above, it follows from our (as well as 
from other) experiments that the voltage is a good har- 
monic function: 

U = [U]e i(~'t+~'°), IU[ = Uma x. (23) 

It does not mean, however, that the discharge current is 
also a harmonic function because there is no reason to 
consider the discharge as a linear electrical element. Our 
calculations of the discharge current (18) show that indeed 
this nonlinearity influences the temporal behaviour of the 
current. Figure 7 shows a calculated example of the electric 
field strength E, the total current j and the conduction 
current jo in the centre of the discharge gap as a function of 
the phase. The values of the total current j as well as the 
conductive current jc are presented in the same relative 
units and the value of ~0 u = 0. The value of the displacement 
current ja is simply equal to j - j o  and is not shown. 
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Fig. 7. The phase of the voltage and current puise (j, total current; J, 
conductive current; U, interelectrode voltage; E, electric field) 
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If one wants to calculate the impedance, it is necessary 
to overcome the problem of the uncertainty in the phase of 
the current. We performed a Fourier analysis of the electri- 
cal parameters of the laser system and found that for the 
range of conditions of interest, the input signal can be 
approximated with high precision by the first harmonic of 
the current. Therefore, to calculate the plasma impedance, 
one can use the first harmonic analysis. 

1.7 Examples of  the simulation of  electrical parameters 

In Figs. 8 11, the spatial distributions of some discharge 
parameters at different time moments are shown. The time 
moments correspond to voltage phase shifts re/2 and 7r and 
are given by 1 and 2. The data are presented in absolute 
units and correspond to the following conditions: the volt- 
age Vm = 180 V, the frequency of the r.f. field f =  125 MHz, 
the inter-electrode separation 1 = 2.25 mm and the gas mix- 
ture contains C O 2 : N z : H e =  1:1:8 at a pressure of 
100 Torr. 

The boundary conditions (3) contain the parameter 
which depends on the electrode material. In the present 

stage of simulation, we are mainly interested in the low- 
current (a-type) discharge. As we shall see below for this 
type of discharge, the conductivity of the near-electrode 
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sheaths is small. In this case, a variation of ~ within one 
order of magnitude practically does not change the results 
of our calculations. So we used ~ = 10 2 

Figure 8 shows the distribution of the electron and ion 
densities across the electrode gap. One can see that for the 
case that the phase is 7c/2 and ~, the ion density distribu- 
tions are basically the same and symmetrical with respect 
to the gap centre. On the contrary, the electron densities 
are shifted towards the right electrode which is not the 

case for ion densities. This figure illustrates quantitatively 
a qualitative model [1 lJ for electron cloud oscillations. The 
central part of the discharge gap is filled with a quasi- 
neutral plasma. 

In Fig. 9, the distributions of the rates for creation 
(7~, ~d), attachment (?a) and recombination (~P, ?,pP) of the 
charged particles are shown for two different voltage 
phases. The most pronounced structures are seen for the 
ionization rate ~/~ as well as for the attachment rate 7a due to 
the strong dependence on the electric field strength. 

Figure 10 shows the spatial structures of the E/N para- 
meter dependence as well as the dependencies of j¢ and 
ja on the inter-electrode distance. It can be seen that the 
mechanisms of conductivity are different at different posi- 
tions in the discharge gap. In the central region with 
a quasi-neutral plasma, there are mainly conductive cur- 
rents. In the vicinity of the electrodes, displacement cur- 
rents are dominant and the conductivity is small. This 
circumstance is responsible for the relationship between the 
phase of the voltage and current. In Fig. 3, it was already 
shown that the total conductivity of the discharge has 
a capacitive character because of the fact that the current 
wave form is ahead of the voltage wave form. 

Figure 11 demonstrates the spatial structure of the local 
electric input power. In accordance with (19) and (20), the 
structure of the input is defined both by the field and by the 
structure of the charge density. It is interesting to see that at 
some temporal moments and at some spatial regions, the 
electrical power input value might be negative. This effect is 
not large as one can see in Fig. 11. The physical reason for 
this comes from the mechanism of fluxes F formation. 
When a strong charge density gradient is present then the 
electrons can move against the field direction due to the 
diffusion and transfer its kinetic energy to the field energy. 
This results in a cooling effect. 

The data in Figs. 8-11 illustrate that it is rather diffi- 
cult to separate the source and its consequences. Of course, 
there is primarily the electric field that governs all 
processes in a discharge. But the internal structure of the 
field depends on the charge structure and vice versa. The 
common feature for all figures is that strong changes of 
parameters both in time and in space exist near the elec- 
trodes. 

At the same time the parameters of the quasi-neutral 
part are much more stable and homogeneous. That is why 
it is interesting to demonstrate the time-averaged para- 
meters of the spatial distributions. These results are shown 
in Figs. 12-14. 

In Fig. 12, the data on the electron and ion densities as 
well as on the rates of their creation and quenching are 
given. All the data are shown only for one-half of the 
discharge gap because of the central symmetry of the 
problem. The spatial distribution of the ion density is 
practically the same as in Fig. 8 because of the small 
mobilities of ions. The central part is quasi neutral. The 
peaks near the electrodes are due to the strong local sources 
of ionization. The presence of volume charge regions cor- 
responds to the situation when both electrodes work in the 
cathode mode. 

It is also seen that the rates for the creation and 
annihilation of charges in the elementary processes are 
essentially not compensated. This reflects the fact that 
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charges have drifted from the place of creation to the 
discharge volume (for electrons and negative ions) and to 
electrodes (for positive ions). That is why it is possible to 
draw the conclusion that the near-electrode zones of 
strong ionization are essentially influenced by the charge 
balance in the quasi-neutral zone. Figure 13 shows the 
root mean square value of E/N as a function of the distance 
from the electrode. It is seen that for this example in the 
quasi-neutral zone the value of E/N is about 
1.5 x 10 16 Vcm 2 which is close to the optimal one for 
CO2 lasers (Fig. 6). The regions near the electrodes are 
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characterized by much higher E/N values. In these regions 
the electron energy is mostly lost due to ionization and 
excitation of electronic shells of atoms and molecules. This 
leads to the existence of an inter-electrode structure of 
visible emission with the most bright regions being situated 
near the electrodes [1]. The E/N value in the quasi-neutral 
region is almost constant which is also true for the neutral 
particle density N. This can be seen from Fig. 14. This 
figure also shows the electrical power input distribution 
over the discharge gap. 

The data of Figs. 12 14 in our example lead to the 
conclusion that in the central part of the discharge, the 
conditions are close to those typical for the dc discharge 
CO2 laser. But this does not mean that the negative influ- 
ence of the near-electrode regions is negligibly small as was 
suggested in [1]. These parts take about 20% of 
the whole volume. The near-electrode region is even 
larger for higher energy input. Of course, the presence 
of these regions is necessary to support the discharge, 
but the ratio of these parts to the main part needs to be 
optimized. 

2 Modeling of the laser parameters 

2.1 The resonator model 

The estimation of the Fresnel number (Nv = a 2 / ] c t )  for the 
experimentally investigated waveguide laser gives N ~ 0, 4 
(the active length L = 40 cm, the size of square cross-sec- 
tion of the waveguide channel is 2a = l =  0.25 cm and 
2 ~ 10 I.tm). The radiation from different parts of the active 
medium is effectively mixed by diffraction so the method of 
the resulting intensity can be used in our simulation. In this 
method, a pre-defined field distribution is taken and the 
normalizing factor is derived from the condition that the 
spatially averaged saturated gain is equal to the total res- 
onator lossess. It is assumed that the laser generates only 
the fundamental mode in the waveguide resonator. In this 
case, the light intensity distribution between the waveguide 
walls will be 

I(x) = Iocos2(~x/2a), ( - a < x < a) (l = 2a). (24) 
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The dependence of the gain coefficient on the radiation 
intensity and on the x-coordinate is given by the expres- 
sion 

go(x) 
g(Io, x ) -  1 4-I(x)/I~(x)' (25) 

where go(x) is the small-signal gain coefficient and I~ the 
saturation intensity. If the total resonator losses are SL then 
for a steady-state generation the following condition has to 
be fulfilled: 

i Io cos2(=x/2a)g(Io, x)dx = i S~Io cos2(=x/2a)dx. (26) 
- - a  a 

Let us introduce 

a 1 2 
S = J - cos (Tcx/2a)g(Io, x)dx. (27) 

a a 

To solve the problem one should determine the Io value 
which satisfies the equality 

S = SL. (28) 

The total resonator losses will be the sum of distributed 
losses (c~) and losses introduced by the output mirror 
transmission T[SL = c~+ SR, St = 1/2Lln 1/(1 - T)]. 
Then, the aperture-averaged output power Wo~ from 
a unit volume of the active medium will be 

Wont = ½SRIo. (29) 

We have developed a computer code which calculates 
I o and the output power in the fundamental waveguide 
mode using g(x), Is(x) c~ and SR as input parameters. The 
calculations show that generation in the high-order 
waveguide modes is essential from the point of view of 
spatial distribution of the output radiation but does not 
influence laser power and efficiency. 

2.2 Kinetic model for the computation of the small-signal 
gain coefficient and the saturation intensity 

For the conditions of our investigations the rate of quanta 
exchange between the asymmetric vibrational mode 
C02(v3) and the N2 vibration mode is high compared to 
the relaxation time of CO2(v3). The symmetric and ben- 
ding modes CO2(Vl, v2) are strongly quenched by He. So it 
is possible, as shown in [25], to use only one equation for 
the number 0 3 of  C O  2 molecules excited to the (00°1) 
vibrational state 

c703 03 
(~t = 0 = qeff -- - - ,  (30) 

Teff  

where 

q3Xco2 @ q4XN2 
qeff = Xco 2 + XN~ ' (31) 

q3 and q4 are the pumping frequencies for CO2(v3) and 
N2, respectively, and Xco2 and XN2 the volume fractions 
of CO2 and N2, respectively. In the calculations, the 
constants for the relaxation times ~eff of CO2(v3) by CO2, 
N2 and He were taken from [26]. 

The temperature of the neutral gas in the active 
medium might be quite high (some hundreds degrees 
centigrade), so we also took into account the thermal 
population of the lower laser level [25]. In the case of 
pressure broadening, we find 

l ÷ 0 2 T  [ 0  02T/2 ~2 
0 0 = g * X c o 2 ( I ~ _ - 0 2 T ~ ) 4 L  3 - - ( -  1 4- 0 2 T I 2 ;  ( 1 + 0 3 )  1 ' 

(32) 

where 02T = 2/(e 9 6 ° / T -  1) is the average number of 
quanta in the bending mode for the conditions of thermal 
equilibrium, T is the gas temperature in K and 

c~* = (515/T)(Xco~ + 0.76XN~ + 0.7Xne)(l + ,93) -2. (33) 

From [25, 27], it follows that the saturation intensity It is 
given by 

P A 
Is = 24 c~Tz--3.fi(1 + OAT/2) 3' (34) 

where P is the pressure of the gas mixture in Tort. We also 
assumed that 02 = 02T, 

f3 = 03(1 + 02/2) 3 -- (1 -- 03)(02/2)2e soo/T, 

. f l  = (1 + 02)/(1 + 02T/2) 4. 

The equations for the small-signal gain coefficient and for 
the saturation intensity (34) are written down for the 
rotational number J that corresponds to the level with the 
highest gain value for a given gas temperature. 

In (33), we neglected the losses of the vibrational en- 
ergy at the walls due to diffusion. This approximation 
seems reasonable because the estimation of the diffusion 
length (ld oc x/DT) for our conditions gives a value which is 
an order of magnitude smaller than the transverse 
waveguide dimension. 

The calculated values from the one-dimensional code 
for the reduced electric field strength E(t, x)/N(x), the gas 
temperature T(x) and the electric pumping power W(t, x) 
have been used for the determination of g(x) and I(x). This 
has been done by calculating the energy fractions ~1co2 and 
r/N2 which go into the pumping of the CO2 and Nz vibra- 
tional levels. They were determined as a function of time 
from the E/N value. The r/co2 and ~/N~ values have been 
calculated from the Boltzman equation as a numerical 
solution for the symmetrical part of the electron energy 
distribution function. The calculation method as well as 
the cross-section data for the interaction of electrons with 
CO2,Nz,He, Xe, and 02 are presented in [14, 15, 27J. In 
the case of a CO2 waveguide laser, the frequency of the rf 
field is generally much higher than the relaxation fre- 
quency of the upper laser level. So (30) contains values for 
q3 and q4 averaged in time over one period of the field. 
They can be connected with the pumping power W(t, x) 
and with the ~7 values in the following way: 

(We(X, t)'TCo2(X, t)5~ 
q3(x)= N(x)Xco2hmool , (35) 

<we(x, t)~>(x, t)5~ 
q4(x) = N(X)XN2hO,)N 2 , (36) 



122 

where hcooo~ and h~oN~ are the values for the vibrational 
quanta of CO2 and N2. To estimate the upper limit of the 
laser efficiency at a given point in the discharge, it is 
worthwhile to know the value of the so-called kinetic 
efficiency Jlki, 

go(x) Idx) 
llk~n(X) , (37) 

W (x) 

with 

ff/  = <Wo(x,t)X. 

The self-consistent solution of the vibrational kinetic 
equation and Boltzmann equation permits us to analyse 
the influence of the collisions of electrons with vibration- 
ally excited molecules. It appears that for the conditions of 
our interest this influence is not significant. In the range of 
discharge conditions covered in our experiments, the re- 
sults for laser power differ not more than 5% when this 
effect is taken into account provided the input electric 
power is fixed. 

2.3 Examples of the model calculations 

Figures 15 and 16 show calculated results of some laser 
parameters under conditions which are typical for our 
waveguide laser. These conditions are presented in the 
figure captions. Figure 15a shows the spatial distribution 
of the gas temperature, the E/N parameter  and the pump- 
ing power We which are used as input data to the code for 
the kinetic processes and resonator calculations. Figure 
15b shows the calculated spatial dependency of the small- 
signal gain coefficient g0 as well as the saturated gain. The 
total resonator losses c~ are also shown. Figure 15c shows 
the calculated spatial distribution of the saturation inten- 
sity I(x) and of the kinetic efficiency t/k~,(X). The main 
waveguide mode profile is also shown. In our experiment, 
the laser efficiency was estimated to be 10,1%. 

Figure 16 shows the laser efficiency as a function of the 
output mirror reflectance for different values of the dis- 
tributed losses c~ = 2 x 10- 3 10- 5 .  The curves show maxi- 
ma which are shifted to higher mirror reflectance when the 
losses c~ decrease. The growing part  of the curves means 
that when the reflectance grows the light field inside the 
resonator also grows and uses the inversion more effec- 
tively. The decreasing part  of the curves means that this is 
a region of mirror  reflectancies where the output losses 
became smaller than the distributed losses and a corres- 
ponding fraction of the light energy transforms into heat. 
One can see that when "good" waveguides with 
c~ < 5 × I0 4 are used for CO2 lasers then it is reasonable 
to use output mirrors with a reflectance higher than 0.9. 

3 Experimental setup 

A block scheme of our experimental setup is shown in 
Fig. 17. To excite the active medium in the laser head rf 
power supply has been used which includes a master 
oscillator and an amplifier. The rf frequency can be varied 
from 20 to 200 MHz, while the electric power input 
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can be as high as 500 W. The electrical circuit includes 
a bi-directional coupler and a power meter for the 
measurement of the power directed into the laser head. 
The other power meter was used to measure the power 
reflected from the laser head. The generated laser output 
power has been measured with a laser power meter. 

The laser head construction is illustrated in Fig. 18 
both in a longitudinal (a) and transversal (b) cross-section. 
Gold coated copper electrodes were used. In some experi- 
ments polished A1 electrodes also have been used. The 
sidewalls were made out of A1203. The length of the 
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waveguide channel was 370 ram. The transverse channel 
size was 2.5 x 2.5 or 2.25 × 2.25 mm 2. A closed-cycle sys- 
tem permits in principle to control the temperature of one 
of the waveguide electrodes in the range from 
- 30-  + 80°C. The other electrode was normally cooled 

with tap water. 
The laser resonator was formed by two flat mirrors: 

one is a gold-coated total reflector with a reflectance better 
than 98.8% and the other one is partially transparent with 
a reflectance 90 95%. The whole laser-head construction 

123 

was mounted inside a copper box which also served as the 
gas reservior. 

All experiments were performed without gas flow. After 
proper evacuation by a turbo-molecular pumping system 
(residual pressure about 10 -6 Torr) a gas fill system per- 
mits the filling of the laser head with mixtures of 
C O 2 - N e - H e  and Xe at different ratios. 

Figure 18 shows also a set of inductive shunting coils 
(up to 8) for the compensation of the distributed electrode 
capacitance and for smoothing out the potential along the 
electrodes. The surfaces of these coils as well as the surfaces 
of the copper box are silver plated to reduce the electrical 
power losses due to the skin effect. 

4 Comparison of the experimental results with 
model predictions 

As we already mentioned up till now a lot of experimental 
data with respect to the output energy of the r.f. excited 
CO2 laser has been published [28-30], however, there is 
practically no comparison with model calculations. Analy- 
sis of experimental data shows that they are sometimes 
contradictory in the sense that for the same active 
medium parameters (input power, excitation frequency, gas 
composition and pressure, electrode geometry) the laser 
power differs substantially. Possibly it is due to different 
hardware properties which are difficult to con- 
trol as, for example, the choice of waveguide channel mater- 
ial, the quality of its surfaces, the quality of reflecting optics, 
etc. 

Therefore, we will discuss only the best experimental 
results as obtained at Herriot Watt University (UK) [28] 
and in the groups at Twente University (The Netherlands) 
and P.N. Lebedev Physics Institute (Russia) [29-31]. 

4.1 The electrical parameters 

The impedance of the rf excited CO2 laser has been meas- 
ured in [28]. In Sect. 1.6, the method for the impedance 
calculation is described. Some results of the measurements 
from [28] are presented in Table 2 together with the cal- 
culated ohmic discharge resistance RDp for 
a C O 2 : N a : H e  = 1:1:3  gas mixture. Note that RDp in 
Table 2 corresponds to the "parallel" equivalent scheme 
used in the interpretation of the experimental results ob- 
tained in [28] by means of "substitution" technique. For 
different types of equivalent schemes see also [1, 2]. 

b 

Fig. 18a, b. Longitudinal (a) and 
J transverse (b) cross-section of laser head 
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Table 2. Electrical parameters E28] 

f [MHz] P ETorr] Pi= [W] RD, Pe~p [Q] RD, p~,I~ [~l 

125 110 250 110 146 
223 45 250 40 38.4 

Xstr Lsh_ C 

R L 

XD 

RD 

Fig. 19. Equivalent electricaI circuit 

It is seen from Table 2 that the agreement is reason- 
able taking into account that the experimental errors of 
the "substitution" method used are estimated to be 
~ 2 0 %  [28]. The above-mentioned calculation model 

gives us the possibility to compare the results of our calcu- 
lations with experimental values which are easy to measure 
as, for example, the reflection coefficient of the rf power. 
This reflection coefficient is p = Wr/Wos  c where Wosc is the 
power of r.f. supply and Wr the reflected power. The dis- 
charge electrical power input of the rf supply is 
Pi,,=Wosc-Wr. 

On the other hand, it is well known that the reflection 
coefficient is also given by 

ZH-- Zo 2 
P =  ' (38) 

where Zo is the impedance of a transmission line which in 
our case is a cable with resistance Zo = R0 = 50 f~ and ZH 
( = ZL) the load impedance. In our case the load is the laser 
head with the equivalent electrical circuit shown in Fig. 19. 
Here, RD and XD are the active and reactive components of 
the discharge plasma impedance, C is the capacitance of the 
laser head without the shunting inductive coils (Fig. 18), 
gsh and RL the inductance and resistance of the coils and 
Xstr the stray electrical circuit reactivity. 

To separate the real and imaginary parts in (38), one 
can introduce 

Z H = R H - iX H = Z C L  D -~ iXstr, (39) 

= = RH -- iXcLD, (40) ZCLD iXcL 

1 1 1 
- (41) 

XCL Xc XL'  

ZD = RD -- iXD. (42) 

Here, Xc = I/e0 C and X L = cOL~h are the reactive part of 
the impedance of capacity C and of the inductance Lsh, 
RH and XH are the active and reactive parts of the load 
impedance, ZCLD is the load impedance without stray 
impedance and ZD is the discharge plasma impedance 
including the active RD and reactive XD components. Here, 

we neglected the active resistance e L of the coils because of 
the fact that a simple estimation of its value due to the 
skin-effect gives a value of R L ~ 10- 2 f~ which is much less 
than the XL value at the used frequency and with our coil 
geometry. 

Performing the substitutions of (39 42) into (38), one 
can obtain 

(RH -- Ro) 2 + (XcLD - -  X s h )  2 

P = (Rn + R0) 2 + (XcLD - X s h )  2 '  (43) 

In our own experimental setup, we have the capacitance of 
the laser electrode structure C of 70 pF. During our 
measurements of the power reflection coefficient p, four 
inductive coils have been used (Fig. 18). The RD and 
XD values have been calculated with the model described 
in Sect. 1.6. According to the results of the numerical 
simulation (Sect. 1.7) XD = 1/O~CD. The results of the calcu- 
lations of RD and XD under our experimental conditions 
are shown in Fig. 20a as a function of the input power 
Pin (gas mixture: CO2 : N z : H e  = 1 : 1 : 8, P = 100 Tort  and 
~o = 129 MHz). 

The results of the power reflection coefficient measure- 
ments are shown in Fig. 20b. If one uses the experimental 
p value at any input power, then it is possible to find the 
stray impedance Xstr with the aid of (43). In the present 
case, a value of Xs = - 68 f2 was obtained. The minus sign 
means that in accordance with the definitions in (39), the 
stray impedance has a capacitive origin with C = 18.2 pF 
and which is probably due to contact effects. 

After that using the data of Fig. 20a and (43), it is 
possible to calculate the dependence of p on the input 
power Pin. The results of these calculations are also shown 
in Fig. 20b by the solid curve. It is seen that the experi- 
mental and calculated results agree very well. So the model 
developed describes reliably the macroscopic electrical 
properties of an rf discharge plasma. 

4.2 The laser parameters 

The waveguide channels in our experiments are composed 
of two metal electrodes and dielectric side-walls. A typical 
distributed loss coefficient c~ used by us at a cross-section of 
about 2.5 × 2.5 mm 2 is 10 ~ 1/cm if not specified otherwise. 

4.2.1 Laser parameters and the influence of the plasma chem- 
ical processes. When comparing the results of our 
laser output measurements and the calculated values, it 
was found that the calculated values were systematically 
higher than the experimental ones. For example, under the 
conditions of the experiment described in [28] 
(Pin = 250 W, laser gas mixture: C O  2 : N 2 : He = 1 : 1 : 3, 
P = 110 Tort, the RF frequency f =  125 MHz and mirror 
transmission T = 5%), the measured laser power was 
22.8W while the calculated value was 28.8W. The 
calculated data are typically 20 40% higher than the ex- 
perimental values. A possible explanation for such a dis- 
crepancy is the influence of the process of CO2 dissociation 
because all experiments have been performed without 
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gas flow. The dissociation products are oxygen and carbon 
monoxide. We took this dissociation process into account 
in our model. 

The presence of molecular oxygen as can be seen from 
Fig. 6 is not essential for the processes of the laser level 
excitation. Also the vibrational relaxation rate constants 
for CO2 and N2 collisions with 02 are not high. The 
participance of CO in the upper laser level pumping has 
been accounted for in the same way as for N2. 

In our opinion, special attention has to be paid to the 
influence of oxygen atoms. This assumption was for the 
first time mentioned in [32, 33] and afterwards in [34] for 
dc excited CO2 lasers. Oxygen atoms strongly quench 
the anti-symmetrical CO2(,93) vibrational mode. The rate 
constant for this process is known to be [35, 36] 

kco2 o = (2.0 +0. 4)× 10 -~3 cm3/s (44) 
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Fig. 21. Dependence of laser output power Pout on  the oxygen atom 
density EO]: (1) f =  62 MHz, P = 120 Torr, Pin = 156 W; 
(2) f =  125 MHz, P = 110 Torr, Pin = 250 W; dashed lines - experi- 
mental data from [28] 

at room temperature. The temperature dependence for 
kco2-o is unknown, we assumed it to be the same as for the 
CO2(03) relaxation in pure CO2. 

Unfortunately, we have no data for oxygen atom dens- 
ities and therefore we used the data from [33] obtained 
with the aid of a special mass-spectrometric technique for 
a dc excited CO2 laser. The horizontal dashed lines in 
Fig. 21 show the experimental data of [27] on the laser 
power Pout for an initial CO2:N2:He  = 1:1:3 gas mix- 
ture at different pressures, field frequencies and input 
powers Pin. The abscia gives the oxygen atom density in 
percentage of the total number of particles. The solid lines 
show the results of our calculations. One can see that there 
is a good agreement of the model with the experiment for 
case (1) when the oxygen atom density [O] ~0.25% and 
for case (2) when [O] ~0.6%. The latter difference is 
obvious because of the higher dissociation at high input 
powers. 

Tables 3 and 4 show some results of our modelling 
under the same conditions as mentioned in Fig. 21 for three 
values of [O]. One can see that both the output power 
Pout and efficiency t/decrease and also the spatially aver- 
aged small-signal gain coefficient (go). In the same time, 
the saturation intensity increases because of the decrease of 
the laser level lifetime. 

Figure 22 shows some results of our measurements of 
the laser power as a function of the discharge input power 

Table 3. The influence of oxygen 
atoms on the laser parameters. 
Initial mixture: 
C O 2 : N z : H e  = 1 : 1 : 3 ,  
f = 6 2  MHz, P = 120 Torr, 
Pin = 156 W 

Parameters Calculations Calculations Calculations Experiment E281 

[o3 E%] o 0.5 1 
E%~ 12.0 9.8 7.8 11.2 

(go)  [1/cm] 6x  10 -3 4.3 x I0 3 3.1 x 10 3 
Pout [ W ]  18.7 15.4 12.2 17.4 
Is [kW/cm 2] 3 3.8 4.4 
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Table 4. Same parameters as in 
Table 3 but for f = 125 MHz, 
P = 110 Torr, P~ =250 W 

Parameters C a l c u l a t i o n s  Calcula t ions  Calcula t ions  Experiment [28] 

[0] [%] 0 0.5 1 
t/[%] 11.5 9.5 7.5 9.1 
<9o) [1/cm] 6.4 x 10 .3 4.5 x 10 -3 3.2 x 10 -3 
Po~, [W] 28.8 23.6 18.8 22.8 
Is [kW/cm 2] 3.8 4.5 5.2 

5 0  , , . . . .  i . . . .  i . . . .  i . . . .  i . . . .  i 
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3O 
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Fig. 22. Dependence of the laser output power Po~ on discharge 
input power Pi, (1) f = 85 MHz; (2) f =  142 MHz; Points are experi- 
mental values, lines are calculations. Dotted lines: distributed 
losses c~=0, oxygen atoms density [O] =0. Dashed lines: 

= 10 4 1/cm, [O] = 0. Solid lines: ~ = 10 -4 l/cm, [O] changes 
from 0.2% at Pin = 20W to 1.5% at Pi, = 350 W (Gas mixture 
CO2:Nz:He:Xe=1:1:3+5%; P=100Torr; mirror transmit- 
tance T = 5%) 

at a pressure P = 100 Torr of a CO 2 : N2 : He = 1 : 1 : 3 + 
5% Xe gas mixture for field frequencies f =  85 MHz and 
f =  142MHz. The output mirror transmittance was 
T = 5%. The dashed curves correspond to the case with 

= 10 ~ 1/cm and the presence of oxygen atoms is not 
taken into account. The solid lines have been calculated 
with c~ = 10 -~ l/cm and the [O] changes from 0, 2% at 
P~n = 120 W to 1, 5% at P~, = 350 W. Finally, the dotted 
(calculated) curves correspond to the case when [O1 ---0 
and c~ = 0. The comparison of the experimental data for 
mixtures with or without xenon shows that the Xe presence 
leads to an increase of the laser power of about 15%. The 
analysis of the calculated data shows that this follows from 
a reduction of the E / N  parameter and consequently for an 
increase of the fraction of the input electric power which 
goes into excitation of the CO2(03) and N2 vibrational 
modes. 

4.2.2 Experiments with heated electrodes. It is known 
that noble metals such as Au and Pt have a catalytic 
activity with respect to oxygen-atom recombination at 
elevated temperatures. The above-discussed results have 
been obtained with a water-cooled waveguide channel. 
Taking in mind the quenching activity of O atoms, it was 
interesting to perform the same experiments at elevated 
temperatures of the metal electrodes. In these experiments, 
solid aluminium and gold-coated copper electrodes have 
been used. The change of temperature in the laser channel 
occurred due to self-heating of the laser head by the 
dissipated electrical power when the cooling system was 

30 

20 

0_ 

10 
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0 ~ E 

0 30 60 90 

t, [rain] 

Fig. 23. Dependency of laser output power on the gold-coated elec- 
trode heating time. Points are experimental values, lines are calcu- 
lations: I1, (1): taking into account the decrease of oxygen atom 
concentration at elevated temperatures of gold-coated electrode by 
self-heating, (2): no decrease of oxygen atom concentration supposed 
to take place. Points 1-5 correspond to the temperatures of 17°C, 
37°C, 45°C, 48°C, 49°C, respectively. (Initial gas mixture 
CO2-N2-He Xe = 1.1:3 + 5%, P = 80 Torr, f = 190 MHz, 
Pin = 267 W) 

switched off. The saturation time and the level of heating 
depends on the laser head construction and in our condi- 
tions it was typically 1 h at an input power of ~200 W. 
The results for different electrodes were also different. 

As usual with CO2 lasers, experiments with A1 elec- 
trodes showed a decrease of laser power in time. In one 
hour of self-heating and a wall temperature increase of 

20 to ~ 50°C the power decreases typically by a factor of 
2. If, however, Au-coated electrodes are used, the channel 
heating leads to an increase of the laser power [301. Figure 
23 shows a typical example of such dependence of output 
power on the heating time. 

In our opinion such unusual behaviour may be related 
to the oxygen-atom density which is decreasing as a func- 
tion of temperature due to recombination reactions on the 
heated gold surface. This effect was included in our model. 
We assumed also that at room temperature the catalytic 
activity of gold is small so the density [O1 approximately 
corresponds to the conditions as presented in Figs. 21 and 
22 and in Tables 1 and 2. The values for the oxygen atom 
density were taken as [-O] ~ 1, 5% after the startup, and 
[O1 ~ 0  after 1 h operation when the temperature of the 
electrodes reached 50°C. The results of the modelling 
(curve 1) are in good agreement with the experiments. The 
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calculated dashed curve 2 corresponds to the case when the 
catalytic activity is small and the relative oxygen density 
remains the same as for room temperature. The experi- 
mental data relevant to the curve 2 were obtained with 
conventional aluminium electrodes. One can see the usual 
decrease of the laser power due to the gas-temperature 
increase. 

5 Conclusions 

The rf excited CO2 laser has been comprehensively investi- 
gated both experimentally and theoretically. A compre- 
hensive model that includes not only the calculation of 
the parameters of an rf excited plasma but also the laser 
kinetics and optical resonator characterization in a single 
program has been successfully developed. Macro-  
scopic discharge parameters calculated with the above- 
mentioned code are in good agreement with the 
experimental data which enables us to perform a multi- 
parametric optimization study of the rf excited CO2 
laser. 

The extensive experimental studies performed along 
with the computer  simulations resulted in a record value of 
CO2 laser output  power. An output  power of 4 2 W  
(18 kW/1) has been obtained in a cw regime without gas 
flow from an active length of 37 cm (1.1 W/cm) with an 
efficiency of 13%. Further  studies are necessary to analyse 
the effects of the excitation frequency on the behaviour of 
CO2 laser. The results obtained so far are also useful for 
the optimization of CO2 lasers with large cross-section 
resonators. 
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