K2 —B Ceanirac

St < Z,(2) 4 287 4 1) T T AR, (16)
be satigfied, where Zy is the rotational partition function, Condition (16) is realized for a large fraction of
absorption bands, with the exception of the far wings corresponding to large j.

The quantity W, characterizes the maximum rate of energy input into the system. Since all the energy
introduced changes into translational degrees of freedom, it is possible to consider W, as the limiting rate
of vibrational relaxation.
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ENERGY CHARACTERISTICS OF A CARBON
MONOXIDE GASDYNAMIC LASER

N. Ya, Vasilik, V. A. Vakhnenko, UDC 541.124/128
A, D. Margolin, and V., M, Shmelev

The characteristics of gasdynamic lasers based on mixtures of carbon monoxide with nitro-
gen and inert gases were investigated and the populations of vibrational levels of CO mole-
cules, the gain of the mixture, and the generation power were determined in [1-8]. But the
parameters of a gasdynamic laser (GDL) in the optimum emission mode have not been de~
termined up to now, The difficulties in calculating the optimum energy characteristics are
connected with the complexity of the calculating model and the large number of parameters
of the system. The energy characteristics of a CO gasdynamic laser are calculated and
optimized in the present report on the basis of a simple model,

1. Calculating Model. Let us consider the escape of a binary gas mixture P cCO +¥ NN, (¥ and Py are
the molar fractions of CO and N,, respectively) from the flat supersonic nozzle of a gasdynamic laser having
a critical cross section with a height hx and an initial aperture half-angle ¢. At a degree of expansion So/ Sx
the expanding part of the nozzle changes into a plane-parallel section where the optical resonator is mounted,

We make the following agsumptions, permitting a simplified calculation of the energy characteristics of
a CO gasdynamic laser:

1. Losses of vibrational energy as a result of V—T processes occur mainly in the initial section of
supersonic escape near the critical cross section of the nozzle.

2. The time the gas spends in the resonator exceeds the characteristic time of establishment of a quasi-
steady distribution of molecules over the vibrational energy levels,

3. We consider a plane-parallel Fabry—Perot rescnator which forms a nondiverging light flux in a
geometrical treatment,

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki Tekhnicheskoi Fiziki, No. 5, pp. 16-23, Sep-
tempber-October, 1978, Original article submitted August 19, 1977.
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The justification of assumptions 1 and 2 emerges from the following model of the physical processes
occurring in a CO GDL.

With gas flow in a Laval nozzle the freezing in of the vibrational energy of the gas occurs in the ex-
panding section of the nozzle in some cross section S; not known in advance. Above the freezing~in cross
section the gas is in a state close to thermodynamic equilibrium, while below the cross section S, the vibra-
tional temperatures of the nitrogen and carbon monoxide molecules exceed the translational temperature of
the gas. As the gas moves down from cross section S, in the expanding section of the nozzle a quasisteady
distribution (corresponding to the frozen-in energy Ef and the translational temperature T of the gas in the
given nozzle cross section) of the molecules over the vibrational levels, differing in general from a Boltzmann
distribution, is formed in the gas under the conditions of the vibrational nonequilibrium of the anharmonic
molecules. With a decrease in the pressure and translational temperature of the gas, the rate of vibrational—
vibrational exchange falls sharply, and at some cross section S, > S; the characteristic time T, of éxpansion
of the gas stream becomes comparable with the characteric time Ty of establishment of a quasisteady dis-
tribution of the molecules over the vibrational levels 7y [9, 101:

To
Ty |8=8,

= const ~ 1.

In this cross section the freezing-in of the distribution of the molecules over the vibrational levels
occurs, i.e., at 8> 8, the distribution function F of the molecules over the vibrational levels is detérmined by
the reserve of vibrational energy Ef of the gas and by the translational temperature T(S,) at the cross section
Sz,

F = FIE(S), T(5)1=FITn(S:), TiclS2), T(S5)],

where Ty and Ty are the vibrational temperatures of the first levels of nitrogen and carbon monoxide mole-~
cules, which are not equal to each other in general,

In the process of expansion the translational temperature of the gas declines, while the ratio of the vi-
brational to the translational temperature of the molecules increases. In the process the losses of vibrational
energy can grow, generally speaking, owing to the rapid deactivation of molecules at high vibrational levels,

Estimating calculations which were made showed that when short nozzles (¢ ~ 30°, h, ~ 1 mm) are used
the working gas is in slight nonequilibrium (TyN/T <6, T;c/T =6) in the region of S;< S for a pressure p4 < .
1000 atm and a terperature T, < 2000°K. In this case the losses of vibrational energy as a result of V=T and
V=V processes, dependent on effects of the anharmonism of the molecules do not excéeed 10%.

In order that the losses of vibrational energy in the plane= parallel section of the nozzle in the resonator
region also be small in comparison with the energy losses above the cross section 8; it is necessary that the
condition of slight nonequilibrium be satisfied in this region, This condition is assured by an efficient optical
resonator which limits the high population of the upper vibrational levels of the molecules.

The amount of energy E of stimulated emission extracted from the resonator pevr unit mass of gas is
E = n(E; — Ey), (1.1)

where Ef is the frozen-in vibrational energy at the entrance to the resonator; E, is the residual vibrational
energy of the molecules at the exit from the resonator; n~ t/(2a +t) is the coupling coefficient, determining
the ratio between the extracted energy and the energy absorbed by the mirrors in the resonator; ¢ and t are
the coefficients of absorption and transmission of the resonator mirrors, respectively (a, t<1).
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The frozen-in vibrational energy was calculated by numerical integration of the system of differential
equations of vibrational kinetics [11], with experimental values of the rate constants of the relaxation of vi-
brational energy of CO and N, molecules [2, 12-14] being used.

From an analysis of the relaxation equations it follows that for a gas mixture of a given composition,
having a temperature T and a pressure px at the critical cross section of the nozzle, the frozen-in vibra-
tional energy per unit mass of gas is a function of the two parameters Tx and z=pyh,/tan ¢.

The residual energy Ey of a mixture of a given composition ¥ -CO +¢ N, is a function of the vibrational
temperatures Tyc and Tyy and the translational temperature at the exit from the resonator: Ey=E(Tc, TiN,
T). The values of Ty and Ty are found from the condition that the conversion of vibrational energy of the
CO molecules into energy of stimulated emission in the resonator under consideration takes place so long as
the maximum gain of the medium on vibrational—rotational transitions at the exit from the resonator under
the conditions of a low-intensity light field does not fall to some limiting value o, determined by the resonator
parameters. At the exit from the resonator one can write

a(Tse, Ty p1) = o = (2a + 1)/2, (1.2)
®N‘/T1N —_ ®C/T1C = (®N - @c)/T

where @N and ®¢ are the characteristic temperatures of the N, and CO molecules; p, is the gas pressure in
the resonator region; a=a/L; t=t/L; L is the length of the active zone of the resonator across the stream,

Determining T, and Ty from (1.2), one can ohtain an expression for the residual vibrational energy
of the gas in the form of a function of four parameters

E, =& (1,7, 3, p). (1.3)

The gain of the P branch of the vibrational —rotational transition n—n—1, J—1—J is

Yn,7—1 Yn—1,7
a——AvRG( 7 ZJ—H)’

where A =const; v is the transition frequency; y ,J-1 and yp_4 ,J are the population densities of the upper and
lower levels of the transition; R is a matrix element of the tran51t10n, G is a form factor; n and J are the vi-
brational and rotational quantum numbers corresponding to the transition at which the gain of the medium is
maximal,

The populations of the vibrational levels of carbon dioxide and nitrogen molecules were calculated from
the solution of the system of kinetic equations [2, 3, 15, 16] for 60 vibrational levels of CO and N, molecules
on the basis of the assumption that a quasisteady distribution of the molecules exists at the exit from the
resonator,

Mixtures of CO +N, with ‘/)c =1, 0.5, and 0.1 in the range of variation of the translational temperature
from 100 to 500°K were considered.
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The values of the probabilities of V—V and V—T processes used in the calculations are taken from [2,
12-141.

The results of calculations of the populations y, of the vibrational levels of CO molecules (Z,DC =1) at
TiC/T =6 are presented in Fig, 1, Curves 1-4 correspond to translational gas temperatures T =100, 200, 300,
and 450°K, respectively. A calculation made in [16] for a temperature of 450°K is given for comparison
(curve 5).

Using an expression in the form of (1.3) for the residual vibrational energy and representing the trans-
lational temperature and pressure of the gas in the form T =T f(Sy/S«) and p; =p«£,(Sy/S s) under the assump-
tion of a constant adiabatic index ¥ =1.4 for the frozen-in stream, we find that for a mixture of the given com-
position the energy of stimulated emission extracted from the resonator (Eq. (1.1)) is determined by the value
of six parameters:

E(Ty. 2, 8o/Sy: P1s 8 @) = (%, @) [Ee{T4.2) — E,(Ty, So/Sy, pits @)1 (1.4)

In calculating E we ignored the kinetics of the V=V and V—T relaxation processes and the interaction of
molecules with the electromagnetic field of emission, and therefore the length of the resonator along the
stream does not enter into (1.4) as a parameter of the problem,

In calculating the emission energy of a GDL we consider two variants:

1. The length of the GDL resonator is not limited by the conditions of the problem; the pressure in the
resonator region is greater than 40 mm Hg, The characteristic distance ! in which a quasisteady distribution
of the molecules over the vibrational levels is formed, which determines the length of the resonator, will equal
30 cm in pure carbon monoxide at p; =100 mm Hg and T =300°K and will equal 300 cm at p; =100 mm Hg and
T=160°K. At p;=200 mm Hg the value of I is 1 and 1,5 m, respectively.

2. The length of the resonator is limited. No conditions are imposed on the pressure in the resonator,

2. A GDL with a High Gasg Pressure in the Resonator Region. When p, > 40 mm Hg the number of param-
eters being optimized can be reduced to one, since at these pressures the gain of the medium is determined
mainly by the colligional mechanism of broadening of spectral lines and hence does not depend on p,, and there-
fore py is not an independent parameter.

We take Tx and z as the free parameters . We set the parameter a=a/L as equal to 10™¢ 1/cm, which
corresponds, for example, to a resonator with mirrors having a coefficient of absorption of 1% and to an active
zone with a size of 1 m across the stream,

We will seek the maximum of the function E(T 4, So/ Sx» Pis t, @) with respect to the parameters t and
So/S* .
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The calculations show that, within the framework of the model under consideration with allowance only
for the collisional mechanism of broadening of spectral lines, with an increase in So/ S, the specific energy
of stimulated emission per unit mass of gas, with fixed z and T, emerges into a saturation section, reaching
a maximum E, 4 as Sy/Sx— «,

We limit SO/S* to values at which E(z, T, a 8 /S*) 0.9 E«x. We designate this value of SO/S* as
(Sy/Sx)g and call it the optimum value. In the case of §y/S, < (S¢/S«), and py > 40 mm Hg the energy will de~
cline sharply, while when S;/Sx > (S /S*)O the variation in E, found with allowance for both the collisional and
the Doppler mechanism of line broadening, does not exceed 10%.

The results of a calculation of the specific energy E, optimized with respect to the parameters t and
Sy/Sx, are presented in Fig. 2a, b in the form of a family of intersecting curves of E =f[(Sy/S+)(] with T« =
const and z =const for binary mixtures of CO +N, with ¢ c=0.1, 0.5, and 1. The numbers by the lines are the
values of T* and of z, atm -e¢m, Each value of E corresponds to an optimum value of t lying in the interval
of 103 em™<t< 10 -2 em™!, with the energy having a weakly expressed maximum (within limits of 10% varia-
tion of E) in this interval of t.

Using the graphs of Fig, 2, for any set of parameters T, , z we can find the optimum degree of expansion
(So/ Sx), and the corresponding value of the emission energy.

In comparing the results of the calculation for different CO concentrations, one can see that with a de-
crease in ¥ o the region of equal energies shifts toward smaller (S, / S.)g, and it proves possible to make a
CO gasdynamic laser with not overly high degrees of expansion (~ 100) and without the addition of inert gases,
which increase the ¥ of the mixture.

In the region of 0.1= ZPC =1 with T, = const and z =const (z # 0) the specific energy E grows with a de-~
crease in ¥ . This is explained by the fact that with dilution of the mixture by nitrogen the vibrational energy
losses near the critical cross section of the nozzle decrease and Ef increases, while the residual energy de-
creases. With a further decrease in ¥ ¢ (ll)c < 0.1) the function E,. begins to grow, since the quantity & de-
creases, and the energy E will decline.

The maximum specific energy of emission per unit mass of gas is reached at wcz 0.05~-0.1. In calculat-
ing the optimum parameters of a CO GDL required to achieve the maximum values of the emission energy W
per unit volume of medium in the resonator we employ the following circumstance. The quantity W is pro-
portional to the pressure p,,

W = p,E = p, Dz, T*v?v So/Sy), (2.1
where p,; is the gas density in the resonator,

An analysis of the function ®(z, T,, So/ Se, H=w/ px« (the specific energy from a unit volume at p, =1
atm), in contrast to the function W, allows one to not increase the number of independent parameters of the
problem. The transition from & to the optimum values can be accomplished for concrete variants of the cal-

culation,

An analysis of (2.1) shows that for each set of values of the free parameters z and T« there is a degree
of stream expansion So/ Sx at which the function ® is maximal, i.e.,

@z, Ty, T, So/Sy)0(Sy/Sy) = 0. (2.2)
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From the condition (2.2) one can find the optimum values of S,,/ Sx as a function of the parameters z and T .

The function ®(z, T,) optimized with respect to the parameter SO/ S« at ¥ c=0.1 andt=2-10"% is shown
in Fig. 8 in the form of intersecting curves Sy/S« =const and z =const. The numbers by the lines correspond
to the values of Sy/S« and of z, atm -cm.

It should be noted that é decrease in the carbon monoxide concentration in the range of 0.1 =< l/)c =1 leads
to an increase in the specific energy @, while the corresponding optimum degree of expansion decreases.

When the parameter T« is varied with z =const there is a temperature at which the energy ¢ is maximal,
with @,y being the larger, the higher T, and the smaller z.

3. A GDL with a Resonator of Limited Length [,. In comparing the characteristic time of redistribution
of molecules over the vibrational levels with the time of passage of the gas stream through a resonator of
length [; we find a relation limiting the region of pressures and temperatures of the gas inside the resonator:

Upr, T)=UTs, Psr So/Se) < o (3.1)

We will seek the maximum of the function E with respect to the thi‘ee parameters t, px,and S¢/S «+ The
parameters T, and 6 =hy/tan ¢ of the problem are kept free. Inthis'case Eq. (1.1) will appear as follows:

) EG,;,G, T*:P*’ So/S*)=
=0, a)lE®, Ty, py) — E{Tes So/Sy, py, 1, ).

An anslysis shows that a maximum of the function E is reached both within the p, —S,/Sx region and at
the limit (3.1). In the case when the maximum of E is reached at the limit of the p, =S,/ 8, region it turns out
that for the values of the free parameters of the problem under consideration the calculated value of the func-
tion E using Eqs. (1.2) and (3.1) exceeds the maximum value of the energy found without the use of (1.2) and

(8.1). This result is obtained from an analysis of the simplified kinetics of the processes in the resonator
region and needs a more rigorous foundation,

The results of a calculation of the specific emission energy of a CO GDL and of the optimum pressure
p, as a function of the two free parameters T, and § are presented in Fig. 4, The numbers by the lines are
the values of 6, cm.

The emission energy declines with a decrease in the temperature T, and with an increase in &, while
the optimum pressure grows with a decrease in temperature,

The corresponding values of the optimum degree of expansion of the nozzle hardly depend on T, and are
equal to SO/S*R‘ 200, 120, 90, and 65 for § =0.02, 0.2, 1, and 5, respectively.

The degree of sensitivity of the quantity E to a departure of the parameters p, and Sy/Sx from the op-
timum values Pxop and (S(,/S,.()op for T, =2000°K and different 6 is illustrated by Fig. 5, where the numbers
by the lines are the relative decrease in E, while n=S)/8,/(S)/S4)op; the maxima of E with respect to the
the pressure and the degree of expansion of the nozzle are smooth, The emission energy decreases by 20%
when px and So/ S« are chosen as differing from the optimum values by 5~10 times and by 1.5-2 times, re-
spectively.

In the region of high temperatures and pressure (T, > 2500°K, p, > 500 atm) the calculated energy char-
acteristics of a CO GDL can prove to be overstated, since the present model does not take into account a pos-
sible additional channel of deactivation of vibrational energy connected with V—T relaxation on the dissociation
products of the initial molecules and in triple collisions.
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