SOLUTION OF THE PROBLEM OF FINDING THE
ENERGY CHARACTERISTICS OF A CARBON
DIOXIDE GASDYNAMIC LASER

V. N. Makarov : UDC 621.375.826

The most important energy characteristic of a gasdynamic laser is the power of the generated radia~
tion. The presence of a high-speed program for calculating the flow of a relaxing gas in a nozzle and reso~
nator and the use of efficient methods of finding the extrema of functions of many variables have made it pos~
sible to solve the problem of optimizing the amplification factor and the specific generation power [1-3].

The present report is a direct development of the publications [1, 2]; in particular, here we consider a
larger number of variants of the functional being optimized and indicate some peculiarities of these func-
tionals which appear at high initial pressures. It should be noted that a number of reports have recently been
published in which new measurements have been made of the experimentally determined quantities which
characterize the operation of a carbon dioxide, gasdynamic laser. In {3, 4], on the basis of a critical analysis
of a large number of experimental data, Volkov et al. offered their own approximations of the temperature de-
pendences of the rate constants for vibrational energy exchange and the Einstein coefficient for the spontane-
ous transition; these data were used in the present report. -

1. We will assume that the generation takes place in a plane-parallel Fabry—Perot resonator with the
following dimensions: I along the stream, d across the stream, and m over the height of the stream. To de-
scribe the kinetics of the vibrational energy exchange we used the scheme adopted in [2], by isolating three
relaxing components of the mixture: nitrogen, the antisymmetric type of C0O, vibrations, and the symmetric
and deformation types of CO, vibrations, combined owing to Fermi resonance.

To close the system of equations for gas flow in the resonator we used the condition of steady genera-
tion in the form of an approximation of a constant amplification factor, (1 — o —t) exp(2dks) = 1, where t is
the coefficient of transmission of the mirror through which the emission occurs; « is the loss factor for two
passes of the beam through the resonator; k, is the value of the amplification factor in the saturation mode.
In the zone of establishment of the mode of steady generation the value of the amplification factor varies from
ky at the nozzle exit to the value kx (if ky > k,). By analogy with [5], the equation of variation of the spectral
intensity I can be used to find the law of variation of the respective quantities in this zone.t On the other
hand, the characteristic time of establishment of a steady generation level is far less than the time of motion
of the gas in the resonator, and in this zone the values of e,, eg k, and I change almost abruptly at the en~
trance to the resonator (here, as in [2], e, and e are the vibrational energies of the v, and v3 types of CO,
vibrations). If the values of e, and e; before and after the jump are designated as e}, e} and e, e}, then the
equations

(e} }) = huy el g + 8 = € + €5+ €5, 6 = el 26+ 1)

allow us to determine the values of e, and ej beyond the jump. Here k(e,, ;) is the functional dependence
of the amplification factor on e, and ey; the second equation represents the law of conservation of the total
number of quanta. We can show that the power converted into radiation at the jump is calculated by the equa-~
tion
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where @3 and ®; are the characteristic vibrational temperatures of the 001 and 010 levels of the CO, mole~

" 1In [6] a variable coefficient of transmission of the mirror was assigned to obtain the solution in this zone.
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cules; p, u, and T are the gas pressure, velocity, and temperature; £Co, is the molar fraction of carbon
dioxide. In calculating the amplification factor k we expressed e; through e, using the equation of conserva-

. tion of the number of quanta. In such an approximation the total power P extracted from the resonator can
be calculated in the form of a sum of two terms,

P=P, + Py, 1.1)
where P = 1—m_l-f-—r§ Idl, r =1 — a —t, while the integration runs over the entire length of the resonator.
¢

The degree of expansion of the stream will be given by analogy with [1]. A transition to dimensionless
variables for the problem under consideration (let the nozzle length L be the characteristic length) shows
that as the parameters determining the class of similar flows we can take the quantities

T07 }‘" Ei’ 22]) (1'2)

. where A = pL; ej=2tan Bj* L/h,(j=0,1,2); Ty and p; are the initial temperature and pressure; £ are
the molar fractions; hy is the critical cross section of the nozzle; By are the angles at the separation nodes.
In order to show the complete system of parameters for optimizing the amplification factor, we turn to its
functional dependence

k=B (Nn _ & Nm) & H(a,0) = F (& ea, gy ToT" DoPY) s (.3)
gm AC

where Np, Nm, gn, and gy are the populations and statistical weights of the upper and lower laser levels,
respectively; B is a constant; a is the ratio of the collisional half-width A¢ to the Doppler half-width Ap

(a = (Ae/AD)In2); H(a, 0) is the value of the Voigt function at the center of the line; T! and p! are dimen-
sionless temperature and pressure (T!= T/ Ty, pl=p/ Pg). Since the dimensionless quantities e,, es, T, and
p1 are fully determined by the parameters (1.2), it is seen from (1.3) that the quantity p, is an independent
optimization parameter. If we fix the parameters (1.2) while we increase the quantity poy, then we are in a
region where collisional broadening A predominates over Doppler broadening. As an analysis of the de-
pendence (1.8) shows, with such an increase in the pressure p; the value of the amplification factor increases
monotonically, approaching some limiting value k, i.e., lim k = k, exists. T This allows us to state that if

Pe—>co

the parameters p;, and A are included at the same time among the parameters being optimized, then the value
of p, will increase without limit in the process of the search. We can avoid this by considering fixed values
of the pressure p; (or of the characteristic length). As is known, in the v1cm1ty of a = « the Voigt function
H(a, 0) can be expanded in the series H(e, 0) = (1/Vra) (1 —1/24% + 3/4a* +...). Thus, with a given ac-
curacy ¢ the criterion for fulfillment of the condition (1 ~ k/ koo) < g is

1/9a% — 3/4at < e. .4

In an analysis of the flow of a relaxing gas in a resonator we add the quantities li, t, and ky to the de-
termining parameters (1.2), where 1! = I/L is the dimensionless length of the resonator. For given t and o
the value of k, is fully determined by the stream width d, so that the complete set of parameters for opti~
mizing the specific power has the form

! T(]v }"’ gi, iy ll, t, d. (1.5)

Let us represent the absolute emission power P, determined from (1.1), in the form P = hxp &(1I, Po)s
where TI is the set of parameters (1.5); & is some function of these arguments. We can show that with such
a representation of the power P the function & is bounded, lim &(I, py) = &, (1), which follows from the

Do~>00

existence of a limit for the amplification factor.

_Let us consider the optimization of various kinds of specific power Py in the form Pz = (1/z)(P/hy) =
Po &( T, pg)/2, where z is some characteristic of the system. It is obvious that the quantity z must be a
function only of Tl and p, and does not depend on the critical cross section hx. Assuming that it is possible
to represent z in the form of a product of ¥;(p,). and z,bz(n), we can write

$The experimentally measurable quantities entering into the expressmn for the amplification factor are such
that under actual conditions the values of k_ do not exceed 0.1-0.13 em™ by estimate. Considering the limita-
tion k = k., we can state that it is 1mpossible to obtain an amplification factor higher than 0.13 emtina
gasdynamic CQO, laser.
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Let us consider a closed region of assignment of the optimization parameters,
0 << Pmin < Po << Pmax < 00, Qh(ﬁ) >0, k=1, 2,..., m, 1.7)

where qi (1) is some function of Tl. We designate the subregion of (1.7) where the condition |1 - &/8/3,]<
¢ is satisfied as W and the rest as W,.

Different variants of the functional P, being optimized and different values of the optimum vector T
correspond to different representations z for each fixed pressure p;,. The geometrical locus of the optimum
points forms curves in the multidimensional space (1I, po). Qualitatively different examples of such curves
in the region (1.7) are shown in Fig. 1 (curves 1-3). Let z be such that when p; = P, the optimum vector il
lies in the region W.. Then when p; > 'f)o the function @(ﬁ, py) hardly depends on the pressure p, (with an
accuracy of order &), and the optimum values of II thereby depend weakly on the pressure (curve 3 in Fig,
1), as seen from (1.6), while the optimum value of P in the region W¢ varies by the law py/¢1(p;) in this
case, Curves 1 and 2 in Fig. 1 correspond to representations z for which the strong dependence of &(1II, pg)
on the pressure p; remains entirely inside the range (1.7) under consideration.

For clearness in presenting the results obtained we will use the quantities S; and S instead of the
parameters oy and ¢,, where S; and S are the degree of expansion of the supersonic stream at the point
(4/9)L and at the nozzle exit [1]. This is possible because the transition from oy, S;, and S to the quantities
oj is one~to-one, and the set of parameters for optimizing T will have the form

T()a 7\'9 Eiv Olos Sl’ S1 lla tv d'
Let z = sz. As zik we will consider the characteristics Gx = G/hx, V4= V/hx, Hy, and a?f =

2tanBy/h* = aypy/A, where G is the gas flow rate; V is the volume of the system; H; is the enthalpy of a
unit mass of gas at the nozzle entrance. For a perfect gas, as is known, the flow rate is G = h,dpy/v RTg*

[ae!
‘/— v@/y+1)"", where R is the gas constant; y is the adiabatic index. Neglecting the variation of v, for a

relaxing gas we can take Gy ~ pyd/vRT,. As the volume of the system we will consider the quantity V =
md(L + 1) = hyL(1 + I')Sd, so that V4= L(1 +1!)Sd. The enthalpy Hy is a function of the molar fractions
¢ and the temperature To(Hg = Hg(T,, £1) = Ho(T). In Table 1 we present the forms of py/¥1(py) and ¥, (I1)
for different representations z (without allowance for the multiplier connected with v).

We note that if z contains the volume Vi as a cofactor then the degree of stream expansion § is in the
dencieinator in the representation Py. In this case the search for the optimum can lead to such small values
of S that the pressure at the nozzle exit will be relatively high and the criterion (1.4) will be satisfied and
thus will be a sufficient condition for finding a solution in the region Wg.

2, The principal results of the solution of the optimization problem are given in Figs, 2-6 and in Tables
2 and 3. In Fig. 2 the optimum values of the parameters Ty, £CO,s ENys As @, Sy, S, t, and the maxi~
mum value of Pz are given for z = HyG, i.e., the search problem was solved with the aim of obtaining the
highest efficiency (the fraction of thermal energy converted into radiation per unit mass of gas). The initial
- pressure pg is laid out along the abscissa. The molar fractions and the value of Py are given in percent and
the quantity A in atm-cm. The solid lines correspond to the results of a search with the energy-exchange
rate constants used in [1, 2] while the dashed lines are the same for [3]. As is seen, an analysis of different
temperature approximations of the energy-exchange rate constants leadsto some differences in the results.
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TABLE 1
z Po/i(Do) V(iT)
G, 1 d/VI_ﬁv;'
GV Po SEMH-IYY/RT,
HG, 1 Hdl/RT,
HG, Vs 1 HSE(1-+May Y RT,

As the calculations show, the ratio of the power P to the resonator width d grows monotonically with
an increase in d, approaching some limiting value. This is connected with the fact that an increase in the
width d leads to a decrease in the coefficient ky, so that the fulfillment of the condition of self-excitation
becomes more favorable and, evidently, the value of the intensity Ijyn per unit transverse size of the medium
(I = dlyy) grows monotonically. If z ~d then the value of the stream width must be fixed in a search for the
optimum. We will take d = 1 m: Calculations show that the dependence of Iyn on d is very weak when d> 1
m.

Estimates of the characteristic length I* = 7%u of relaxation of the populations of the laser levels in
the presence of radiative transitions (r* is the characteristic relaxation time) show that I* does not exceed
20-30 cm, and at distances I =~ 1 mm the intensity is close to zero in the presence of generation. That length
where the value of the intensity I is exactly reduced to zero will naturally be optimum for the functional un-
der consideration. Such a length, generally speaking, is also determined by the characteristic relaxation
length 1° in the absence of radiative transitions. Estimates show that [° is several tens of times greater
than 7*. In solving the problem of searching for the resonator length we imposed the restriction < 1 m,
which permits a reduction in calculation time without a significant change in the results of the optimization.

The results of the search for the maximum of PH G, Show that the optimum values of TI (in the entire
range of var1at10n of py) lie in the region W, so that the function &( T, py) has a strong dependence on p;
and the criterion (1.4) is not satisfied. We also note that under the optimum conditions (in all the cases under
consideration) the value of the emission power Px at the jump is far less than the total power P (P «/ P <1).

The results of a determination of the maximum for z = HyGxV x are presented in Fig. 3. The search
for the maximum of this functional allows us to determine those conditions under which there is the maximum
fraction of thermal energy converted into radiation for each unit volume of the system. The optimum values
of the parameters are given in relative units in Fig. 3. The values of the corresponding quantities at a pres~
sure p; = 25 atm are taken as unity, while Table 2 allows one to reconstruct the absolute values of the
parameters. The solution of the problem for such functionals also allows us to determine the optimum sizes
d, li and S, The results presented show rather convincingly that as the pressure py increases, the sequence
of values of the components of the vector 1l approach some limiting values, and the search for the optimum is
carried out in the region W¢. Analogous results of a search for the maximum of the functional Py for z =
HG *V*ao are presented in Fig. 4.

The sizes L and [ and the ratio tan 8¢/hx corresponding to the pressure p; are determined from the
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equations L = A/py, I = 111, and tan By/hx = a/2L, i.e., with an increase in the pressure p, in the region
W¢ the lengths of the nozzle and the resonator decrease while the ratio tan 8y/hy increases. The actual
properties of the gas and demands of an optical nature impose limits on the physical parameters of the sys-
tem, so that By <fBmax, hx = hy,;,, and I = Ipjn. The maximum expansion angle Bmax can be chosen both
from the requirement of assuring the ''one-dimensionality" of the gas stream and from considerations of the
absence of the development of shocks in the supersonic stream. The viscosity of the gas in turn hinders the
use of extremely small values of h,. The resonator length I can be limited by the maximum attainable di~-
vergence of the output radiation. These limits determine the upper boundary for the pressure p, below which
we can use the results of the solution of the problem in the region We: py < min (py, p;), where p; =1 '/ Imin
and p, = 2Atan Smax/%hmin. For py>max (py, p;) one evidently must consider I = Imin, hy = hyp;p, and

K = Bmax. ,

Some results of a solution of the search problem with helium and water vapor are given in Tables 2 and
3. The number I in Table 2 corresponds to finding the maximum of P, for the energy-exchange constants of
[1, 2], while the number II corresponds to the same for [3]. With water vapor the energy-exchange probabili-
ties were taken in accordance with [3] in all cases. In the division by the volume Vy (see Table 3) the optimum
values of the initial temperature are T, < 1400°K while the optimum water vapor content is not less than 4%.
We note that the probabilities of energy exchange under the action of water vapor are determined only for low
temperatures T < 1000°K, and at such relatively low initial temperatures the results obtained have a higher
reliability.

In the solution of the search problem it was assumed that the loss factor in the resonator is @ = 0.02.
Under actual conditions, naturally, the losses may be considerable. In this commection it was decided to per-
form the optimization for higher values of a up to 0.1. The calculations showed that the optimum values of
the parameters (except for the stream width d and the coefficient of transmission t of the mirrors) change
slightly for different a. In Fig. 5 we give (in relative units) the optimum values of Py, d, and t for different
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representations z: 1) z = Gy; 2) 2 = HGx; 3) z = HiGxVay; 4) 2 = HiGxVa; 5) z = GaVxay. The values
of the respective quantities at o = 0.02 are taken as unity.

Topographic lines of equal values of the functional for z = G,V in the coordinates ECO - EN are
presented in Fig. 6. The value of Py at the optimum point is taken as unity. Such pictures gwe a concept of
the functional in the vicinity of the optimum point.
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CALCULATIONS OF ENERGY CHARACTERISTICS
OF MULTICOMPONENT WORKING MEDIA IN CO,
GASDYNAMIC LASERS BASED ON COMBUSTION
PRODUCTS

A. P. Genich, S. V. Kulikov, UDC 533.6.011.8+621,375.826
and G. B. Manelis

The working media of CO, gasdynamic lasers (GDL) operating on the combustion products of fuels con-
taining the elementary composition C, H, O, N are, as a rule, multicomponent media. At stagnation tempera-
tures Ty <2000°K there are mainly CO, O;, and H, present in them along with the main components CO,, Ny,
and H;O. Before entering the nozzle the multicomponent media are in a state of total thermodynamic equili-
brium. This makes it possible to use the thermodynamic approach developed earlier [1], based on the fact
that a complex medium is characterized by the elemental composition and the stagnation temperature and
pressure (Ty, pg), for the analysis of their laser properties. Calculations of the amplification factors of such
media and the corresponding analysis are presented in [2, 3]. The useful radiant energy W which can be ob-
tained from a unit mass of the working medium is investigated in the present report.

Reports on calculations of the radiant energy and power in GDL can be divided arbitrarily into three
groups. Estimating reports, which do not consider the generation process at all, belong to the first group.
Thes: are simple calculations either of the maximum energy attainable for extraction [4] or of an estimate of
the generation power [5, 6]. The second group of reports includes more realistic calculations [7-12]; proces-
ses of generation and vibrational kinetics in the resonator are now considered in them, but their influence on
the gasdynamic parameters of the stream are neglected. The stream in the resonator is assumed to be iso-
thermal and to have a constant velocity.

Since the assumption of constancy of the gasdynamic parameters in the resonator is not always justi-
fied, the further improvement of the calculations is connected with allowance for the mutual influence of the
- vibrational kinetics, emission, and gasdynamics of the stream. This is the third group of reports [13<15]. In
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