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INFLUENCE OF THE SHAPE OF THE SUPERSONIC PART OF A NOZZLE 

ON THE RATE OF REDISTRIBUTION OF MOLECULES OVER VIBRATIONAL 

LEVELS IN THE ACTIVE MEDIUM OF A CO GASDYNAMIC LASER 

N. Ya. Vasilik, A. D. Margolin, 
and V. M. Shmelev 

UDC 541.124/128 

In the majority of experimental reports devoted to the study of CO gasdynamic lasers 
(GDL) [1-5] conical nozzles having expansion half-angles of 7.5-12 ~ in the supersonic part 
have been used, and in these reports the resonator was at a considerable distance (0.5-i m) 
from the critical cross section of the nozzle. In [6, 7], however, the possibility of 
creating CO GDL with shorter nozzles was determined experimentally (expansion half-angle 
26 ~ distance from nozzle critical cross section to resonator axis 0.065 m). Theoretical 
investigations made in [8-i1] showed that the process of vibrational relaxation in the 
active medium of a CO gasdynamic laser can be divided into two regions. The most intense 
deactivation of vibrational energy takes place in the first region (near the nozzle critical 
cross section at a high temperature and high pressure), while in the second region (at low 
pressures and temperatures) the vibrational--translational deactivation is slowed, since the 
process of redistribution of molecules over vibrational levels is primary. To assure the 
efficient "freezing in" of vibrational energy, the gas must be transferred from the first 
region to the second in the shortest time, i.e., in the first region the minimum nozzle 
diameter and the maximum possible expansion angle are required. The question of what the 
nozzle profile in the second region should be to assure that the maximum value of the opti- 
cal amplification factor of the active medium is achieved at the minimum distance from the 
nozzle critical cross section has not been studied. The results of calculated investiga- 
tions of the process of vibrational relaxation of carbon monoxide molecules in supersonic 
streams with different expansion geometries are given in the present report. 

We consider the steady, quasi-one-dimensional, adiabatic flow of a CO--Ar mixture in a 
plane supersonic nozzle with a given configuration along the x axis. It is assumed that 
only one-quantum transitions take part in the relaxation processes and that local equilibrium 
between the translational and rotational degrees of freedom exists at each point of the 
stream. Equilibrium over all degrees of freedom is assumed in the nozzle critical cross 
section. Within the framework of the enumerated assumptions, the equations of kinetics of 
vibrational relaxation are written in the form 

dC~ 
u ~ = K~+I.~C~+IN -- (K~,~-I + K~.~+I) C~N + 

(1) 
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_ t' I/)* } 
~V~=l "s"w'W--l~mJ C V - - I  A~:+l,vCv+l - -  A~,v_lCv, 

where v = 0, i, ..., v*; w = 0, i, .... w*; u is the velocity of the gas stream; C v is the 
vw,w~-1 

population of the v-th vibrational level; Kv+~,v and ~v+~,v are rate constants for vibra- 
tional-translational and vibrational--vibrational transitions, respectively; N is the total 

number of molecules per unit volume; Kv+1,v = (K~I,v~CO-^ + --KA~I,v~Ar) ; Kv+I,vCO and K~,,v 
are rate constants for vibrational--translational deactivation of carbon monoxide molecules 
in the v + l-th level in collisions with CO and Ar molecules, respectively; ~CO and ~Ar are 
the molar concentrations of carbon monoxide and argon; Av,v_, is Einstein's coefficient for 
transitions v # v -- i. The system of relaxation equations (i) was solved jointly with the 
equations of continuity of the medium and of conservation of mementum and energy, with the 
equation of state of an ideal gas, and with the initial conditions assigned in the nozzle 
critical cross section. The populations of the vibrational levels and the optical amplifi- 
cation factors of the medium were calculated in the work. 

The amplification factor for the vibrational--rotational transitions v, j -- i § v --i, j 
was calculated using the expressions 

g~'~ ~ ) H [a, 01, ~ , v - 1  Av,~-I [In (2)] 1/~ C~5-1 Cv-15 
o~,j : 8.'~ ~/~ A'r D gv-l  ,j 

H i e ,  O ] :  a i exp(-y~) dy, a =  A~D (ln2) ' / ' ,  y~ -4- a 2 

l (2RTIn2)  ~I: I ~ ( 300 '~ "~~ 
where Awo = X~.~-1 is the Doppler half-width of the line; Ave=p~---f-) ~uCO-U 

(300, ])~M is the collisional half-width of the line; p and T are the pressure and 

translational temperature of the gas; 6C0- M is the half-width of the spectral line due to 
collisions between CO molecules having a rotational quantum number j and molecules of the 
M-th type at a temperature of 300~ [12, 13]; Xv,v_~ is the emission wavelength for a vi- 
brational-rotational transition; gv,j-1 = 2j -- i, gv-:,j = 2j + i. 

With allowance for equilibrium between translational and rotational degrees of freedom, 
we obtain 

B~ 
C~.~-1 = g,.~-, C~ - T  exp ( --  By (] - -  t) ]/T),  

B v being the characteristic rotational temperature of the v'th level, In the calculations 
we used the rate constants for vibrational--translational deactivation and vibrational-- 
vibrational exchange with allowance for the recommendations of [i0, 14, 15]. 

The populations of vibrational levels of carbon monoxide molecules in different cross 
sections of the supersonic stream were calculated by numerical integration of the system 
(i) together with the equations of conservation of mass, momentum, and energy of an ideal 
gas. The initial conditions were assigned in the nozzle critical cross section. In the 
calculations we allowed for 26 vibrational levels v = 0, i, ..., 25; the populations of 
levels with numbers v ~ 26 were taken as equal to zero. We analyzed gas motion in plane 
V-shaped nozzles having an expansion half-angle ~ = 26.5 ~ and a nozzle critical cross sec- 
tion with a height h, = 3"10 -s m. The expanding section of the nozzle changes into a 
channel of constant cross section with the following expansion ratios of the gas stream: 
S/S, = 24.9, 40.1, 79.2, 199. In addition, we made calculations under the assumption of 
instantaneous expansion of the gas stream. In this case the gas is cooled to a given trans- 
lational temperature immediately beyond the nozzle critical cross section. 
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The calculations made for V-shaped nozzles joined with a channel of constant cross 
section showed that at one and the same distance from the nozzle critical cross section 
(with a fixed composition and fixed pressure and temperature in the nozzle critical cross 
section) the departure of the values of the populations of vibrational levels from the 
initial distribution is stronger, the lower the temperatures of gas expansion. This state- 
ment is valid for vibrational levels with numbers v equal to or several units larger than 
the number Vm(X) = [(i -- 2E)/ET + TI]/(2TI) corresponding to the minimum of the Treanor 
distribution (Tl(x) is the vibrational temperature of the first level in the cross section 
located at a distance x from the nozzle critical cross section and E is the anharmonism of 
CO molecules). 

The distributions of carbon monoxide molecules over vibrational levels for nozzles 
having a V-shaped expanding section at the critical cross section (straight line 1) and at 
a distance of 6"10 -2 m from the nozzle critical cross section (~ = (x tg ~)~, = 400) (curves 
2-5) are presented in Fig. 1 for p, = i0 Pa, T, = 2000~ a medium with a composition of 
0.2 CO + 0.8 Ar, and a relative concentration of molecules Yv = Cv/N. The set of expansion 
ratios of V-shaped nozzles listed above corresponds to translational temperatures of 200, 
150, i00, and 57.90K (curves 2-5, respectively). Points I are vibrational levels, the 
numbers of which are equal to the value of Vm(X) rounded to integers, and points II are the 
upper vibrational levels of the transition with the maximum value of the optical amplifica- 
tion factor. As the gas moves in the channel of constant cross section joined to the expand- 
ing part of the nozzle there is an increase in the populations of levels with numbers close 
to v m and in the optical amplification factor, although these processes proceed more slowly 
(in a mixture of 0.2 CO + 0.8 At) than in an expanding nozzle without a channel of constant 
cross section. 

On the basis of these calculations we can conclude that as the gas moves in the expand- 
ing nozzle there is a monotonic shift of the position of the maximum of the amplification 
factor toward smaller v in the space of vibrational levels. The maximum value of the 
amplification factor corresponds to transitions v m + 2 § 1 and v m + 1 § v . This conclu- 
sion is confirmed by experimental results [2]. In these experiments with deep cooling of a 
mixture of 5% CO + 15~ N2 + 80~ Ar in an expanding nozzle (S/S* = 2730) the parameter Vm, 
characterizing the position of the minimum of the Treanor distribution in the space of 
levels, reached its minimum value (v m = i). A study of the spectral composition of the 
emission at the nozzle exit [2] showed that the most intense generation took place on the 
transition 2 § i, i.e., on the transition v m + 1 + v m. 

The shift of the maximum of the optical amplification factor toward smaller v, due to 
cooling of the gas during expansion, leads to a decrease in the path of CO molecules in the 
space of levels from low vibrational levels to the level corresponding to the maximum of the 
optical amplification factor. At the same time, expansion of the gas is accompanied by a 
decrease in the number of molecules per unit volume and slowing of the process of transfer 
of quanta from lower to upper vibrational levels. 

To clarify how the rates of change of the populations of vibrational levels depend on 
the expansion ratio of the gas stream, let us consider gas motion under the conditions of 
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instantaneous expansion. In this case the values of the translational temperature, pres- 
sure, and velocity corresponding to the given expansion ratio are established in the gas 
immediately after the critical cross section. We considered expansion of the gas to tem- 
peratures of 30-200~ The calculations were made for the following region of variation of 
the parameters: temperature in the nozzle critical cross section T, = 1000-3000~ 
pressure in the nozzle critical cross section 5"106-107 Pa, carbon monoxide concentration 
~CO = 0.2-1.0, The results of the calculations for T, = 2000~ p, = 107 Pa, and ~CO = 0.2 
are presented in Figs. 2 and 3. In Fig. 2 the populations of vibrational levels with the 
numbers 5, 7, and 8 are given in the form of functions of the distance from the nozzle 
critical cross section; the numbers near the lines correspond to the translational tempera- 
tures of the gas. In Fig. 3 the optical amplification factors are given as functions of 
the distance to the nozzle critical cross section under the conditions of instantaneous ex- 
pansion of the active medium to translational temperatures of 30, 50, and 100~ (solid, 
dashed, and dot--dash lines, respectively); the numbers near the curves correspond to the 
vibrational quantum numbers of the upper levels for the given emission lines. The amplifi- 
cation factors are largest for the vibrational--rotational band. 

On the basis of the calculated results it is shown that for a fixed vibrational level 
the length of the path in the channel of constant cross section over which a quaslstationary 
population of a given level is formed increases with an increase in the expansion ratio of 
the gas stream. This fact is illustrated in Fig. 2 by the curves characterizing the varia- 
tion of the populations of the fifth level as a function of the distance to the nozzle 
critical cross section during expansion of the active medium to translational temperatures 
of 50-200~ The increase in the distance required for the population to emerge at the 
quasistationary value is explained both by the slowing of processes of redistribution of 
molecules and by an increase in the quasistationary values of the populations of vibrational 
levels with a decrease in the translational temperature. Since the position of the maximum 
of the optical amplification factor shifts monotonically toward smaller v with an increase 
in the expansion ratio of the gas stream, however (see Fig. 3), the distance in the space 
of levels which molecules travel from lower levels to the levels corresponding to the maxi- 
mum amplification factor decreases. Such a decrease in the path of molecules for an active 
medium containing a considerable amount (more than 40%) of argon with expansion in a super- 
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sonic nozzle from T, = 2000~ to translational temperatures T = 50-200~ compensates for the 
slowing of processes of V--V exchange due to the decrease in the gas density and temperature 
during expansion. The distances needed to reach the maximum amplification factors and the 
quasistationary populations of vibrational levels corresponding to the maximum amplification 
factors for the given conditions decrease with an increase in the expansion ratio of the gas 
stream. The distances ~m at which the maximum amplification factors are reached as func- 
tions of the translational temperature of the gas in the channel of constant cross section 
for mixtures with different contents of carbon monoxide are given in Fig. 4 (solid lines) 
for expansion from T, = 3000~ and p, = 107 Pa (the numbers by the lines correspond to dif- 
ferent values of ~CO). These calculations showed that for each composition of the working 
medium with a given reserve of vibrational energy there is an expansion ratio of the gas 
stream at which ~m is smallest. A decrease in the argon content in the active medium leads 
to a shift in the position of the minimum of ~m toward smaller expansion ratios of the gas 
stream, which is explained by the sharper decrease in density in mixtures with a lower argon 
content upon cooling to the same temperatures. 

In the entire investigated region of variation of the composition of the active medium 
and the expansion ratio of the gas stream the maximum amplification factor of the active 
medium of a CO GDL grows monotonically with an increase in the expansion ratio of the gas 
stream. The maximum amplification factors Um for T, = 3000~ and p, = 10" Pa as a function 
of the translational temperature of the gas in the channel of constant cross section are 
given in Fig. 4 (dashed lines); the numbers by the lines correspond to the molar concentra- 
tions of carbon monoxide. The increase in the maximum values of the optical amplification 
factor with a decrease in the temperature of the working medium is determined both by the 
change in the distribution of molecules over rotational levels and by the shift of the 
position of the maximum of the amplification factor in the space of levels toward smaller 
vibrational quantum numbers since, for a given reserve of vibrational energy per unit mass 
of gas, the smaller v m + 1 (and hence the smaller Evm+z), the larger the fraction of carbon 
monoxide molecules which can be concentrated in the level corresponding to the maximum 
value of the amplification factor. 

In CO + Ar mixtures with a carbon monoxide content ~CO ~ 0.6, despite the fact that 
the parameter ~m passes through a minimum in the region of expansion ratios resulting in 
cooling to temperatures of 30-100~ the amplification factor in all sections of the 
channel of constant cross section is higher, the lower the translational temperature of the 
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gas. The increase in the amplification factor in these mixtures due to a decrease in the 
translational temperature of the active medium compensates for its decrease due to a de- 
crease in density and due to slowing of the processes of redistribution of carbon monoxide 
molecules over vibrational levels. Consequently, to provide the highest optical amplifica- 
tion factor at a given distance from the nozzle critical cross section in the active medium 
of a CO GDL containing more than 40% inert gas one must choose that nozzle profile which 
provides the fastest possible expansion (as the gasdynamic conditions permit) of the active 
medium. The expansion ratio of the gas stream must be the highest (expansion ratios pro- 
viding cooling of the gas stream down to 30~ were considered in our calculations) and is 
determined by the conditions of the absence of condensation of the working medium. 

In mixtures with a low content of inert gas, particularly in pure carbon monoxide, the 
maximum optical amplification factor increases monotonically as the temperature of the ac- 
tive medium decreases due to the increase in the expansion ratio of the gas stream, although 
the slowing of processes of V--V exchange due to the decrease in density and temperature 
leads to the fact that for supersonic nozzles of a given length an increase in the expansion 
ratio can decrease the amplification factor of the active medium. In Fig. 5 we present the 
optical amplification factors on different levels (numbers by curves) in pure carbon 
monoxide as functions of the distance to the nozzle critical cross section for the case of 
instantaneous expansion (p, = 107 Pa, T, = 3000~ $ = x/2h,, ~CO = 1.0, T = 30, 50, and 
100~ solid, dashed, and dot--dash lines, respectively). Consequently, to obtain the high- 
est optical amplification factor in the active medium of a CO GDL at a given distance from 
the nozzle critical cross section with high carbon monoxide concentrations, ~CO "~ i, the 
profile of the supersonic part of the nozzle must be chosen with allowance for the kinetics 
of the redistribution of carbon monoxide molecules over vibrational levels. 
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