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A model is proposed for calculating the characteristics of volumetric gas discharges used in
the pumping of electric-discharge lasers. The dependence of the mode of energy input into the
plasma of the gas discharge on the parameters of the discharge circuit is discussed.

Two types of powerful high-pressure pulsed lasers presently exisi: electroionization lasers [1], in
which a non-self-sustained discharge is maintained by an injected electron beam or a powerful ultraviolet
light, and electric-discharge lasers having self-sustained discharges which are initiated by auxiliary dis-
charges [2, 3]. The interest in such lasers is explained by the fact that because of the simplicity of their
construction compared with electroionization lasers they can find wide application in technology and for sci-
entific research.

It is known that the efficiency of a CO, laser essentially depends on the mode of energy input into the
working gas, onthevalue of E/p in particular, where E is the field strength and p is the gas pressure {1, 4,
5]. In electroionization lasers, where the required electron density is achieved through an external ionizer,
one can arbitrarily assign E/p and thus achieve a high laser efficiency. In electric-discharge lasers the
multiplication of electrons is determined by impact ionization, and therefore rather high initial field strengths
(no lower than the static breakdown strengths) are needed here which are not optimal from the point of view
of the pumping of a CO, laser. However, E/p decreases as the storage capacitor discharges, so that the
laser efficiency ultimately depends on what fraction of the energy of the storage was fed into the gas at optimal
values of E/p. Thus, in a study of an electric-discharge CO, laser one must connect the parameters of the
electrical circuit and the discharge gap with the mode of energy input into the active medium.

We will assume that the discharge has a volumetric nature and the cathode potential drop is small in
comparison with the voltage applied to the gap [6]. Then the equations describing the discharge in a circuit
consisting of a storage capacitor C, an inductance L, and a gas gap conunected in series have the form

Ldildt = U, — U; (D
dn/di = (o0 — n)vn — Pr* + Pu(?);
AU dt = —ilC 4+ P, (t);
dwldt = iU/Sd; i = nevS,

where n is the electron density; v is the electron drift velocity; a, 8, and n are the coefficients of impact
ionization, volumetric recombination, and capture; W is the energy applied per unit volume of gas; S is the
area of the discharge; e is the electron charge; yp(t) is the rate of creation of electrons through the auxiliary
discharge; dy(t) is the rate of supply of voltage to the capacitor C from the external storage; d is the inter-
electrode distance.

If the dependences of (¢ — n)/P on E/p are known for pure CO,, Ny, and He gases [7, 8], then the de-
termination of such dependences for CO,—N,—He mixtures is still a nontrivial task. Reports have recently
appeared [4, 5] in which the electron energy distribution function and the electron energy balance during a
discharge in CO,—N,—He mixtures are calculated and it is shown that the addition of even a small amount of
molecular gas to the helium sharply alters the electron distribution function, shifting its maximum toward
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lower energies and "cutting off'' the high-energy part. This is due to the larger (~10718 cm?) cross sections
for excitation of vibrational levels of the molecules by low-energy electrons. By comparing the icnization
cross sections of helium and molecular gases [14] one can note that electron multiplication in CO,—~N; —He
mixtures is due almost solely to collisions of electrons with the molecular component, while collisions with
helium are unimportant in this case. Similar arguments can be made relativetothe fraction of electronenergy
imparted to the excitation of different energy levels —almost all the energy goes into the excitation of the vibrational
and electron levels of the molecular gases, with its distribution among the levels depending on E/pi4, 51.

In such a case one can assume that the pressure p* of the molecular gas and the quantity E/p* de-
termine the energy balance and the electron distribution function during a discharge in a COy—N;~He mix-
ture. This is also indicated by the results of an experimental study of a gas discharge. It is shown [9] that
an increase in the pressure of a CO,—N,—He mixture to 3.5 atm through the addition of helium to a constant
amount of molecular gas does not affect the dependence of the energy input on the field strength. In analyzing
the data on the static breakdown voltages obtained for COy—N,—~He: mixtures (Fig. 1; curves 1-3 correspond
t01:1:0,1:1:1, and1:3:3 mixtures}, we conclude that the breakdown field strengths are determined by
the quantity p* when the helium concentration in the mixture is less than 50%.

Thus, the quantity (o — 7), which figures in Egs, (1) and (3), is determined as follows:
« —n = p*a — W/p*-(E/p*), (2

where (e — n)/p* for the mixture of molecular gases CO2~N2 is determined by interpolation between the
values of (o — 7)/p* for pure COZ and N2 {7, 8]. The volumetric recombination coefficients fwere determined
from [10, 11], while the electron mobilities M were determined from the data of [5] for COy~N, ~He mixtures.

Let us go on to the calculation of the mode of energy input into the gas for concrete circuits. The time
dependences of E/p* in the discharge gap, the current density, and the energy put into the gas are shown in
Fig. 2 for nitrogen with p* =1 atm, d =1 cm, S=1 em?, and C =3-107!" F; The values of E,/p* are 41,
53, and 65 V- cm™!-mm Hg ! for curves 1-3, respectively; L = 1077 H and 10™¢ H for the solid and dashed
curves, respectively. The initial conditions for Egs. (1) were assigned in the form n(0) = 1010 cm'3, U =
Uel®) = Up, W(0) = 0, and E;/p = Up/pd and we took &y =dy = 0. It is seen that the field strength in the
plasma is almost independent of the inductance for small overvoltages, although the effect of the inductance
on the nature of the time variation in E/p* becomes ever stronger in proportion to the increase in the over-
voltage. A transition to an oscillatory discharge mode is observed at overvoltages approaching twofold, A
characteristic property of the E/p* (t) dependences is the presence of the following principal phases: a
surge in E/p* to values roughly corresponding to static breakdown, a more or less prolonged holding of
E/p* at this level (the ''step''), and a decline in E/p* with the possible transition to an oscillatory mode.
The presence and duration of the separate phases is determined by the quantity E,/p* = U,/p*d and to a
lesser extent by the characteristic impedance of the circuit. We note that in the circuit under consideration
even at overvoltages of E;/ Egt ~ 1.3 almost all the energy is put into the gas at high field strengths (E 2
Est, where Egt is the static breakdown field strength),

The mode of energy input into a COy—N,—He mixture was calculated for a circuit with the parameters
C=4-10" F and 1,=1.5-107%--2.107% H. Since in a real circuit the voltage on the capacitor C was sup-
plied with a front of 7 ~ 2.5 1078 sec and during this time the gas ionization was accomplished by an auxiliary
discharge [12] which gave an initial number of electrons ny ~ 101 -1012 ¢m™, the initial conditions for Egs.
(1) were written in a form permitting the modeling of the breakdown of the gas gap: n(0) = 0; U(0) = Ug(0) = 0;
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In Fig. 3 we present the results of the calculation for the mixture CQG, :N,:He=1:2:5 at a pressure of 1.5
atm, which corresponds to p* = 420 mm Hg, d=3 cm, S=9 em?, C=4-10"'" F, and L. =1.5°107¢ H; the
values of Ey/p* are 42, 62, and 92 V- cem ! mm Hg ! for curves 1-3, respectively. With overvoltages on the
order of twofold the voltage and current have an oscillatory nature. At overvoltages E;/Egt ~ 2.3 about

909 of the stored energy is fed into the gas in the first "half-period” and at overvoltages of ~1.6, all the
stored energy.

The experimental results were obtained with the use of a voltage pulse generator, buiit on the Marx
scheme [15], as the capacitor C. The capacitance of the generator "at best" was 4- 1071" ¥ and the self-in-
ductance was Ly =3°1077 H. In the course of the experiment the parameters were varied within the following
limits: inductance I = (1.5-2)-107% H, U, = (157-225) kV, pressure of gas mixture 1-5 atm, helium concen-
tration in mixture 45-80%, and active volume not more than 3 x 1.5 x9 em?. The preliminary ionization of
the mixture was accomplished with an auxiliary discharge along the surface of the dielectric. The technique
of accomplishing the preliminary ionization is presented in [12]. We introduced p-xylene vapor, the partial
pressure of which was 1-3 mm Hg [13], into the working volume to increase the degree of preionization.

The effect of the initial values of E/p on the nature of the energy input into the gas was studied in the
mixture CO,:N,:He =1:2:5 with Uy = 157 kV and d = 2 cm. Voltage oscillograms are presented in Fig. 4,
It is seen that the voltage on the plasma in the quasisteady phase is proportional to the pressure, as follows
from the calculations; the nature of the discharge also varies as a function of the initial overvoltage: at
overvoltages above twofold the discharge has an oscillatory nature, while below twofold it has an aperiodic
nature.

Since the processes responsible for the appearance of an arc channel in the gap are insufficiently stud-
ied, the transition of the discharge from the volumetric to the arc stage was not analyzed in the calculations
and the results of the calculations are only applicable to a volumetric discharge. The region of applicability
of such calculations was determined experimentally. For this we studied the limiting energy density which
can be put into the gas without the formation of an arc channel as a function of the rate of energy input into
the gas, determined by the product pS (p is the characteristic impedance of the cireuit), and of the composi-
tion and pressure of the gas. The limiting energy inputs at which the discharge still has a volumetric nature
at atmospheric pressure, as a function of the parameter pS for d = 2.6 cm, are presented in Fig. 5a. The
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dependence on pS of the pressure at which the limiting energy input is reached in the volumetric stage of the
discharge is shown in Fig. 5b with U; = 200 kv for d =3 and 2.6 cm by solid and dashed curves, respectively.
The ratios of components of the CO,—N,—He mixture are given in Fig. 5a, b. It is interesting to note that at
high energy inputs and a pressure of 1-2 atm the energy put into the volumetric discharge grows with the

heat capacity of the gas mixture.

Thus, a model and a method of calculation are proposed for the mode of energy input into the gas, the

use of which gives results in satisfactory agreement with the experimental data. The region of applicability
of the method is determined experimentally. The results obtained can be used to calculate the characteris-
tics of electric~discharge carbon dioxide lasers.
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