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Investigations of active media of compact, waveguide C 0 2 lasers having high specific energy 
parameters (exceeding by about two orders the corresponding power in common C 0 2 lasers), and 
unique spectral characteristics, are indisputably of interest The first-order approximations of the 
parameters of such lasers are usually obtained from the results of numerous investigations of the 
active media in wide tubes, under the premises that the gas discharges are similar. The output 
power calculated in such a way turned out to be appreciably larger (up to an order of magnitude) 
than the real one. Plasmochemical processes are assumed to play a large role. This fact results in an 
increased density of the oxygen atoms, which influence the relaxation of the asymmetric mode of 
C 0 2, the presence of noticeable amounts of negative ions and redistribution of the electron density 
over the radius, and the presence of an ion component of the current Systematic investigations of 
the distributions of C 0 2 molecules over the vibrational-rotational levels at various laser mixture 
pressures and discharge currents are described in this paper. A theoretical analysis of vibrational 
kinetics of C 0 2 moleculse was carried out on this basis.

1. Introduction
In view of the various applications of compact C 0 2 lasers of the waveguide type 
(C 02WG), having high specific energy parameters and unique spectral characteris­
tics, investigations of their active media are indisputably of interests. The active 
element of such a laser is a discharge in a narrow tube of radius R ~  1 mm, and the 
specific electric input power exceeds by about two orders the corresponding power in 
the wider (R ~  1 cm) discharge channels of open-cavity C 0 2 lasers.

The first-order approximation of the parameters of the active media of C 0 2WG 
laser are frequently obtained from the results of numerous investigations of the active 
media in wide tubes, using the premises that gas discharges are similar although 
it is known that these premises are approximate [I]. More reliable predictions 
of C 0 2WG parameters require special simulation. At the first stage it seemed 
most natural to use the known C 0 2 laser design methods that have been well 
developed for traditional systems. However, the attempts made this way were 
not successful. The energy parameters calculated for CQ2WG with this procedure
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turned out to be appreciably larger (up to an order of magnitude) than the real 
ones [2].

On the other hand, it is clear that, when calculated and measured lasing powers 
are compared, not only the characteristics of the active medium, but also those of the 
cavity and waveguide losses must be taken into account and such an analysis 
comprises separate complicated problems. Therefore, it is advantageous to separate 
these factors.

For the assessment to what extent the simulation of the processes in an active 
medium is possible, a comparison of the calculated and experimental distributions of 
the working molecules over the vibrational-rotational levels is of great interest 

Systematic investigations of the distributions of C 0 2 molecules over the 
vibrational-rotational levels at various laser mixture pressures and discharge 
currents are described in this paper. A theoretical analysis of vibrational kinetics of 
CO 2 molecules was carried out on this basis.

2. Experimental conditions, procedure and technique
2.1. Measurement conditions
The active medium of a C 0 2WAG laser operating on the mixture C 0 2—N2 —He 
(1:1:8) was investigated in a water-cooled discharge BeO ceramic capillary with the 
inside and outside diameters of 2R = 2 and 6 mm. The total length of the tube was 
60 mm and the length of the discharge region along the capillary axis was 50 mm. 
The gas pressure P was 30—120 torr, and the discharge current I  was 2 —10 mA dc. 
Kovar electrodes were led out through side stubs. There existed a weak gas flow 
whose consumption was determined from the rate of flow out of a container of 
known volume. The rate of gas flow through the discharge gas was ~ 5  m/s.

2.2. Research design and methods
The population of rotational-vibrational levels of C 0 2 molecules was determined by 
diode laser spectroscopy. The layout of the spectrometer is described in [3]. 

This spectrometer provided the following characteristics:
— region of quasi-continuous wavelength tuning 2200—2300 cm-1
— typical rate of frequency retuning 105 cm_1s_1
— ranges of continuous frequency tuning up to 12 cm-1
— spectral resolution not worse than 10"3cm_1
— operating speed of the recording system 10“8s
To measure the electric field intensities from the ends of the capillary, probes

were introduced along the discharge axis. They were wires with the insulation 
removed from the ends, 0.2 mm in diameter and 1 mm long. In the frequency interval 
of 2200 — 2300 cm-1 about 1000 vibrational-rotational absorption lines and trans­
itions were recorded. These transitions coupled more than 30 pairs of vibrational 
levels of 12C160 2 and 5 pairs of vibrational levels of 13C160 2 from all four 
vibrational modes of the molecules. The corresponding vibrational transitions 
pertain to sequence -+ ^^2(1^3 +1)- Typical line widths under the conditions
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of our experiments amounted to 5x 10"3 cm-1. Therefore, the required accuracy 
at which the frequency of the line centre was determined was 3 x 10“3 cm-1. The 
primary fit to the frequency scale was made with a monochromator of about 
~  1 cm "1 accuracy. The next step was the comparison between the C 0 2 experimen­
tal absorbing spectrum and the spectrum obtained by simulation. For a relative 
calibration of the frequency scale transmission spectra of germanium Fabry—Perot 
etalons with free spectral ranges of 0.1 and 0.033 cm "1 were recorded.

The small diameter of the C 0 2WG laser channel leads to definite difficulties in 
the localization of the radial zone of the measurements. In those cases when the 
diameter of the probing laser beam (~  1 mm) is comparable with the capillary 
diameter (~ 2  mm), comparison with the calculations calls for reducing the measured 
averaged quantities to those on the discharge axis.

Numerical calculations (see, [4]) carried out in the range of the investigated 
conditions have shown that at a probing beam diameter of 1 mm the needed 
correction of the values of the rotational temperature amount to 4 ... 7% when the 
spectrum section with j  >  20 is used. A similar correction for the vibrational 
temperature does not exceed 10%.

Since the real measurement accuracy for both rotational and vibrational 
temperatures was certain to be of order of 2%, control measurements were made in 
which the beam was collimated to 0.4 mm in the discharge zone. The measurements 
have fully confirmed the correctness of the reduction procedure [4].

3. Experimental results

For all fixed values of the gas pressure and the discharge current, measurements of 
the distributions of the C 0 2 molecules over the vibrational and rotational levels 
were made. For each of the experimental conditions about 20—30 vibrational states 
were recorded. The range of rotational levels in each of the states was limited to 
j  < 100. Such detailed investigations have guaranteed a high accuracy and reliability 
of the results. The results given below, unless especially stipulated, pertain to 
a discharge in a BeO capillary.

1000 2000

Fig. 1. Rotational population distribution for various vibrational levels. Gas mixture 
C 0 2:N2:He =  1:1:8, pressure p =  60 torr, discharge current 1 =  9 mA
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Figure 1 shows in semilog scale examples of molecule distributions over 
rotational levels for four vibrationsl levels: 01 *0, 00°2,01 *2, 01*3 at a pressure of 60 
torr and current 1 = 9 mA. The rotational temperatures for all the vibrational levels 
were 530 ±  10 K. On general physical considerations, the rotational temperature was 
identified with the gas temperature, TR = TG. The measured gas temperatures vs. the 
discharge current and gas pressure are summarized in Fig. 2. Figure 3 shows the 
analogous dependencies for strength E of axial electric field.

Fig. 2. Rotational temperature TK (solid line) and vibrational temperature T2 (dotted line) vs. discharge 
current Gas pressure p =  30, 60 and 100 torr

Fig. 3. Axial electric field in the positive column of capillary discharge vs. discharge current Gas pressure 
p =  30, 60 and 100 torr

A typical example of the distribution of the C 0 2 molecules over the vibrational 
levels from different vibrational modes at I  =  9 mA and p =  60 torr is shown in 
Fig. 4.
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Fig. 4. Vibrational population distribution in the C 0 2 molecules. Gas mixture C 0 2:N2:He =  1:1:8, 
pressure p =  60 torr, discharge current 1 =  9 mA

In this case, the data are on the population of the 31 vibrational level. Vibrational 
temperatures were: for asymmetric mode T2 =  2140 + 40 K, for deformational and 
asymmetric mode Tt = T2 = 560 +15 K. The measured vibrational temperatures are 
summarized in Fig. 2 and Fig. 5.

Fig. 5. Vibrational temperature T3 vs. discharge current Gas pressure p =  30, 60 and 100 torr

Knowing the gas vibrational-rotational distributions and temperature, we can 
also determine the total density of the molecules [3] from measurements of the 
absorption coefficient This yields, in particular, information on the degree of 
dissociation of the working molecules in the discharge.
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Fig. 6. Dissociation level of the C 0 2 molecules vs. discharge current Gas pressure p =  30, 60 and 
100 torr

The dependence of N c o 2/N c o 2 (N qo2 is the density of the C 0 2 molecules in the 
initial gas mixture at the real gas temperature) on the discharge conditions at various 
pressures, is shown in Fig. 6.

4. Discussion of results
4.1. Model of calculation of vibrational distributions
To calculate the populations of the vibrating levels of the molecules both the 
level-by-level approach and the vibrational temperature approaches were used. Just 
as in [5], the transitional description of the kinetics of C 0 2 in the vibrational 
temperature approximation was preserved only for joint energy relaxation of the 
coupled (symmetric and deformation) modes.

The populations of the vibrational levels of N2 and of the asymmetric mode of 
C 0 2 are obtained by solution of the system of Boltzmann equations for the 
populations of individual molecules levels. Since the system of equations for 
interacting harmonic oscillators is well known (see, e.g., [6]), but unwieldy, we 
present it in a symbolic form

d N
^tr = R ^ + R V + R V + R ^  (1)

where the terms on the right-hand side are the rates of change of the populations of 
the corresponding levels by such processes as excitation by electron impact, W  
exchange, VT relaxation, and diffusion. The constants of the YV and VT processes 
were assumed to be proportional to the square of the matrix element of the 
interaction operator and adiabaticity function, which depends on the energy defect 
AE of the process, the temperature, and the parameter Um of the colliding molecules. 
Just as in [7], [8] we used the adiabaticity function FM(AE) obtained in [33] under 
the rather general assumptions

F u ( d E )  =  ) exP ( -  U J A E \ ) (2)
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where Um is an undetermined parameter,
_  C(x/2)3K 3(x)exp(x) for M = C 0 2, N2 CO 

■Am(x) | x 2/2iiC2(x)exp(x) for M  =  He, Ar, O

(Kn(x) is a modified Bessel function of order n and AM(0) =  1).
Such a parameter Um was chosen that the constants used in the calculation 

describe known constants of two processes of the same type with substantially 
different energy defects AE in the temperature region of interest to us. Thus, analysis 
of the constants of fast W  exchange in the reactions

C 02(10°l)+C 02(00°0) -  C 0 2(10°0)+C02(00°l),
CO^OO^+CO^OHO) -♦ C 0 2(00°0)+C02(01°l)

obtained by quantum-mechanical calculations [34] allows us to express the rate 
constants of the W  exchange in an asymmetric mode in the form

= v ( v + iy 6 .9 6 - m m T ) i:i8AM(AE)/2kT)

f 3.99(77300)°·54 |d £  [) . .x e x p j------- 1------------------!| s - ‘ to rr-‘. (3)

The analysis shows that this equation also describes well the behaviour of the 
constant obtained in the same reference. The results of [34] on the
constants of the VV exchange between N2 and the asymmetric mode of C 0 2 yield

k%%Zl+1! =  u(" + 1) 182· 104(300/7y-31 AM(d£/2kT)

n

The currently available data on the W  exchange constant in nitrogen differ 
several times. The data from [9] was used in the calculation. The temperature 
dependence and the multiplier in the adiabaticity factor correspond to the theoretical 
results [10] for the constants kNN22(\a°l)

l)3.2*103(300/r)°-5AM(d£)/2kT)

. . „ i  2.1(T/300)°-58|d i:|'|xexp<------------ — --------->s torr 4. (5)

The relaxation constants / i 0 of the lower vibrational levels N2 and C 0 2 are 
known for a wide range of temperatures [11], [12]. The same adiabaticity factor (2) 
was used in the anharmonicity term in the calculation of the detailed constants of VT 
relaxation in the N 2 and in the asymmetric mode of C 0 2

k S T - »  = vk1u°Au (AEv/2iT)/Au (AE1/2kT)
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Since the VT relaxation of the asymmetric vibrations CO2(00°v) proceeds via 
excitation of the levels ( l l 1v—1) and (031v—1) [11], the energy defect AE was 
determined and used in analogous equation as for VT relaxation of N2 in collisions 
with the CO2 molecules. For lack of direct data on the influence of the energy defect 
on the VT relaxation constants, the parameter Um was assumed to be the same as in 
Eqs. (3), (4) and (5) for the corresponding collision partners. The values of Um for 
helium atoms was assumed to be the same as for the process (4).

Vibration energy exchange between the molecules CO and C 0 2 and N 2 is 
considerably slower than between C 0 2 and N2. Because the CO density under our 
conditions is relatively small, the vibrational excitation of CO can be taken into 
account within the framework of the vibrational temperatures method. The 
corresponding rate constants are given in [13] — [16].

In Equation (1), the term R ff  that describes pumping by electrons includes 
excitation of vibrational levels by electron impact both from the ground state and 
from lower lying levels.

The procedure for calculating the kinetic coefficients and energy balance of 
electrons in mixtures containing vibrationally excited C 0 2 molecules is described in 
[17], [18]. The cross-sections for excitation of the first eight vibrational levels of the 
N2 molecules from the ground state were taken from [19] and, in conjunction with 
the results of [20], used to determine the cross-sections of steplike processes.

Relaxation of vibrationally excited C 0 2, CO, and N 2 molecules on the walls of 
a tube of radius R  was assumed to be given by

To estimate data from the review [35] and the proper equation within the 
boundary conditions on the wall were used

where Dv is the diffusion coefficient of the vibrationally excited molecules, e is the 
accomodation coefficient of the vibrational energy of the molecules, c — (8 kT/nm)112 
is the average thermal velocity of molecules of mass m, Ny is the equilibrium 
population of the level. When solving the vibrational kinetics equation (1), it was 
assumed that the quanta reaching the upper level of N2 either from the asymmetric 
mode of C 0 2 in the W  exchange process or upon excitation by electrons, are 
removed from the system as a result of fast relaxation. Altogether, 30 levels both for 
N2 and C 0 2 were taken into account

42. Comparison of calculation with experiment
The high specific input electric power typical of C 0 2 waveguide lasers calls for an 
analysis of the validity of the theoretical approach based on the known vibrational 
temperatures approximation. Therefore, we have carried out a level-by-level exami­
nation and comparison of the calculated and experimental results on the dis­
charge axis. The values of E/N  and gas temperature used in the calculations were

Ry — ^ (N y  — Ny). (7)

(8)
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taken from experiment, and the influence of chemical reaction products was 
disregarded in the first stange.

Table 1 shows the experimental and calculated results for 11 different conditions 
in the pressure range of 30—100 torr and for currents of 1 —12 mA. All the results 
pertain to the axis of BeO discharge capillary. In the first three columns there are 
listed the pressure, discharge current, and relative axial-field strength E/N. These are 
followed by the pump-power density on the tube axis 4, measurements of the degree 
of C 0 2 dissociation in the discharge 5, and the gas temperature 6. In columns 7 
and 8 there are given the values of the vibrational temperatures T2 of the 
deformation mode (the experimental values of T2 in all the investigated cases were 
equal to the vibrational temperature of the symmetric mode) and T3 of the 
asymmetric mode. Both the experimental and calculated values of T2 and T3 
are listed. In columns 9 and 10 there are shown the values of the rate constants 
K 2 and K 3 of relaxation of the deformation and asymmetric modes. Each lower 
value pertains to a mixture having the initial composition and it has been 
obtained by the procedure described in Sec. 4.1. These conditions yield those 
calculated values of T2 and T3 that are indicated in the lower lines in columns 
7 and 8. The upper lines contain those values of K 2 and K 3, which give 
the best agreement between the calculated and measured vibrational tempera­
tures.

It can be seen from Table 1 that, in order to attribute the measurement results to 
relaxation of vibrational modes in the entire range of conditions, it is necessary to 
increase the relaxation rate constants by 1, 2 ... 5 times. In our opinion, such strong 
discrepancies may be caused by the influence of the plasmochemical transformations 
on the rates of the excitation processes and the deactivation of the molecular 
vibrations in the plasma.

43. Influence of chemical transformation products on the relaxation rates
The real chemical composition of the plasma of C 0 2WG lasers with dc excitation 
was investigated in a number of studies and is known well enough. The change of 
the composition from the initial is due mainly to C 0 2 dissociation. The supplemen­
tary components are CO, 0 2 and O. Both CO and 0 2 influence insignificantly 
the VT relaxation constants K 2 and K3. On the contrary, it is known that the 
oxygen atoms are quite active in the quenching of asymmetric vibrations of C 0 2. 
The corresponding rate constant is (6.7±  1.2) 103 s-1 torr-1 [21], [22]. At a 
1% concentration in the mixture, the contribution of the oxygen atoms to the 
relaxation is approximately equal to the contribution of all the remaining com­
ponents. The presence of noticeable amounts of oxygen atoms is a distinct feature 
of C 0 2WG lasers compared with traditional C 0 2 lasers with wide tubes, owing 
to the substantially higher current density. This circumstance was pointed out 
already in [24]. It appears that the rate of CO relaxation on O atoms is 
approximately the same [23] (measurements were made only at temperatures 
higher than 1500 K). The relaxation rate of N2 on O atoms is slower by about one 
order [23].
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The density of the oxygen atoms was determined under similar conditions by 
mass spectrometric [24] — [26] and spectral [27] methods. In the region where the 
experimental conditions coincide, the results of these investigations are in satis­
factory agreement

Fig. 7. Concentration of the O atoms on capillary axis vs. discharge current, gas mixture: 
COa:N2:He — 1:1:8, pressure p =  60 torr [27]

The inset of Figure 7 shows the changes, obtained by interpolation of the results 
of [27], of the ratio of the density of the oxygen atoms to the density of the C 0 2 
molecules in the initial mixture of the real gas in the discharge with change of the 
discharge conditions. This data as a percentage of the total particle density is also 
shown for convenience in Table 2

T a b l e  2

p [torr] 30 60 100

/  [mA] 1 2 4 6 9 12 4 6 9 4 7

N JN  [% ] 0.3 0.5 0.8 1.3 2 9 3.8 0.6 1.0 170 0.4 0.65

AK° 20 34 54 87 164 255 40 67 114 27 44

F C ^'+A K * 108 124 152 190 280 386 168 199 269 167 217

The table shows also the values of AK%. These values should be added to the 
calculated constant K ^ 0 to take into account the influence of the oxygen atom, and 
their sum is K f^+ A K ^. Comparison of Table 1 and 2 shows that allowance for 
relaxation on oxygen atoms makes the summary constant +  larger than 
the fitting constant K ^. Thus, allowance for the influence of the oxygen atoms on the 
acceleration of the vibrational VT relaxation makes it possible to make the 
calculation and experimental results closer, although the difference remains as 
significant as before.



116 R. Sh. Islamov et al.

44. Influence of plasmochemical processes on the spatial distribution 
of the pump power density
As it is always done in calculations of traditional C 0 2 lasers with wide tubes, the rate 
of excitation of molecular oscillations was determined from the measured total 
discharge current and field intensity, and under the assumption of Bessel radial 
distributions of the current and electron densities. It is commonly known that the 
Bessel ditribution follows from the Schottky theory of the positive column of a glow 
discharge. The theory is based on the assumption that ambipolar diffusion prevails 
over the bulk recombination and that the charged component of the plasma consists 
of electrons and positive ions. However, if the plasma contains electronegative 
particles, it is possible in principle to have intense formation of negative ions and 
their accumulation in amounts exceeding the electron density.

The theory of the positive column in electronegative gases was considered in 
many papers (see [29], [30] and the citation therein). The main qualitative result is 
that under certain conditions, the electron density can be distributed over the radius 
much more uniformly than over a Bessel function. In this case, the pump power 
density on the discharge axis will be lower than for a Bessel distribution.

Arguments and estimates of this kind are confirmed by the results of a paper 
[31], in which an open microwave cavity was used to investigate a discharge in 
a capillary of 2 mm diameter under conditions close to ours. It was established that 
in the range of 20—60 torr the fraction of the ion current is ~  15% and the radial 
profile of the electron density deviates noticeably from a Bessel one (see Fig. 8).

Fig. 8. Radial distribution of the negative ions concentration in the positive discharge column in gas 
mixture: COa:Na:He:Xe — 1:1:8:0.3 at pressure p >  20 torr [31]. B — Bessel profile, n,  — electrons 
concentration, n, — negative ions concentration

An estimate, based on the experimental data, of the effective datachment constant 
leads to a value 1.5* 10"14cm3 s_1. If such rate constants given above are 
assumed, the transition to the regime of accumulation of negative ions should take 
place in this composition of the gas components at a pressure > 20 torr.
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Using the experimental results of [31], we calculate that the electron-pump 
power on the capillary axis is smaller by 1.5 times than it would be for a Bessel 
profile and in the absence of an ion current

Table 3 gives comparison of the experimental data and calculated temperatures 
of T3. The table shows also the values of K 3.

Figure 9 shows the experimental and calculated dependencies of the temperature 
T3 on the discharge current at pressures of 30, 60 and 100 torr for the discharge axis. 
In the final calculation we took into account the quenching of the oscillations by the 
hydrogen atoms and the deviation of the radii profile from a Bessel one. One can see 
a satisfactory agreement between the calculation and the experiment The discrepan­
ce between them is no more than 6%.

Fig. 9. Vibrational temperature T3 vs. discharge current Gas pressure p =  30 (o), 60 (□) and 100 (a ) torr. 
Solid line — experimental results, dashed line — calculated value (without correction), dotted line 
— calculated value (with correction)

For the sake of clarity of the initial calculation results, the two, above mentioned 
factors, shown in the same figure, are not taken into account We have noted (Tab. 1) 
considerable discrepancies between the calculated VT relaxation constants of a block 
of symmetric and deformation modes of C 0 2, on the one hand, and the constants 
needed for fitting to the experiment, on the other. Here the strongest relaxator in the 
mixture is helium, which constitutes 80% of the mixture, and the presence of small 
amounts of oxygen atoms cannot influence substantially the relaxation rate. 
Allowance for the influence of negative ions on the electron component (decrease 
of the pump power on the axis) make its possible to reconcile almost completely 
the calculated and experimental values of T2 when the calculated values of the
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relaxation rate constants are used. It must be noted, however, that attainment of this 
agreement is not as instructive for T3. The point is that the kinetic calculations make 
it possible to determine only the difference between the gas and vibrational 
temperatures, which is large for T3 and small for T2. In experiments, on the other 
hand, the gas and vibrational temperatures are measured separately with an error of 
2—3%. Since in our range of conditions the deviation of vibrational temperature in 
the symmetric and deformation modes from the gas temperature is 5 — 15%, the 
error in the experimental determination of this discrepance can exceed 50%. We note 
at the same time that these errors do not influence too strongly the results of 
calculation of laser parameters, because of the low population, described by the 
temperature T2, of lower laser levels.

5. Conclusions

The performed experimental investigations and simulation of the kinetic processes 
allow us to reveal circumstance that is substantial for understanding the difference 
between the descriptions of the active media of traditional cw C 0 2 lasers with wide 
tubes and C 0 2 waveguide lasers. The main cause is the higher specific energy input 
to the gas density in the case of waveguide lasers with capillary discharges, where 
plasmochemical processes assume a larger role. This fact results in an increased 
density of the oxygen atoms, which influence the relaxation of the asymmetric mode 
of C 0 2, the presence of noticeable amounts of negative ions and the redistribution of 
the electron density over the radius, and the presence of an ion component of the 
current Formation of negative cluster ions takes place in three-particle reactions, 
and the effect of the growth of their concentration is quadratic in the gas density. 
This effect and a number of other factors impose certain restrictions on the 
prediction of laser parameters by using, for the gas discharges, similarity relations 
that assume dominance of bimolecular reactions, ensuring invariance of the 
Boltzmann and Pauli equations under scale transformations [1]. At the same time, 
the results of the present study show that the use of numerical calculations based on 
traditional schemes and supplemented by notions concerning the specifics of 
plasmochemical processes make it possible to construct an adequate kinetic model 
of similar systems.
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