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The s y s t e m  of equations of hydrodynamics ,  which desc r ibes  the p r o c e s s  of e scape  of the 
mix tu r e s  CO 2 + N 2 + He, I-I20 f r o m  a nozzle ,  is solved numer i ca l l y  in conjunction with the 
equations of the k ine t ics  of the excitat ion of the v ibra t ional  deg rees  of f reedom of the m o l e -  
cu les .  It is found that  an inver ted  population of the CO 2 molecu les  with r e s p e c t  to the 
t rans i t ion  [00~ - [10~ is produced under  ce r ta in  conditions at the exit  f r o m  the nozzle .  
The magnitude of the invers ion depends both on the nozzle  configurat ion and on the initial  
values  of the gas t e m p e r a t u r e  and p r e s s u r e .  It is shown that for  a specif ied nozzle  con-  
f igurat ion there  exis t  opt imal  values  of these  p a r a m e t e r s ,  at which the inver ted  population 
of the CO 2 molecu les  r eaches  approx ima te ly  l0  is c m  -3. 

The poss ib i l i ty  of obtaining inver ted  population of the v ibra t ional  levels  in rap id ly  expanding s t r e a m s  
of mo lecu l a r  gas ,  pa r t i cu l a r l y  in a CO 2 + N 2 mix ture ,  was indicated in [1, 2]. The theory  of g a s - d y n a m i c  
quantum g e n e r a t o r s  was developed in [3-6]. In these  s tudies ,  the gas  molecu les  were  r ega rded  as harmonic  
osc i l l a to r s  that  exchange ene rgy  by col l is ion.  In the calculat ions they used a model  p roposed  in [7] and 
based  on the assumpt ion  that  local  the rmodynamic  equi l ibr ium with a ce r ta in  t e m p e r a t u r e  T i p reva i l s  over  
levels  that  belong to a definite no rma l  osci l lat ion mode i .  

The v ibra t iona l  re laxat ion  of a CO 2 + N 2 s y s t e m  escaping f r o m  a Laval  nozzle  was invest igated in [3]. 
The p robab i l i ty  of excit ing the vibrat ional  levels  of CO 2 by  col l is ions with N 2 and CO 2 molecu les  and the 
probabi l i t ies  of exchange of quanta between dif ferent  modes  of CO 2, and a lso  between the molecu les  N 2 and 
CO2, we re  de t e rmined  in accordance  with the L a n d a u - T e l l e r  theory  developed by Herzfe ld  and c o - w o r k e r s  
[8]. It should be noted, however ,  that the express ion  given in [8] for  the t rans i t ion probabi l i t ies  does not 
take due account of e i the r  the a t t ract ion fo rces  between the molecu les ,  which play an impor tan t  role  at low 
t e m p e r a t u r e s ,  o r  the or ienta t ion of the molecu les  upon col l is ion [9]. 

An impor tan t  question in these  p rob l ems  is the de terminat ion  of the ene rgy-exchange  probabi l i ty  n e a r  
r e sonance .  Thus,  for  example ,  expe r imen t  shows that the L a n d a u - T e l l e r  theory  does not give the c o r r e c t  
t e m p e r a t u r e  dependence for  ene rgy  exchange between vibra t ional  degrees  of f r eedom of N 2 and a s y m m e t r i c  
va lence  v ibra t ions  of CO 2. In this case ,  according to [10], the exchange probabi l i ty  is de te rmined  en t i re ly  
by a t t rac t ion fo r ce s  and not by repuls ion fo rces  as a s sumed  in the L a n d a u - T e l l e r  theory .  

The v ibra t iona l  re laxa t ion  of CO 2 + N 2 + He mix tu re s  in f r ee  expansion was calcula ted in [4]. 

In [5], which r epo r t s  the r e su l t s  of an invest igat ion of the chemica l  and vibra t ional  re laxat ion  in 
superson ic  s t r e a m s  of carbon dioxide, the exp res s ions  used  for  the probabi l i t ies  take full account of the a t -  
t r ac t ion  fo rces  within the f r a m e w o r k  of the L a n d a u - T e l l e r  theory ,  but the or ientat ion fac tor  di f fers  s i g -  
nif icant ly f r o m  the data obtained in [9], which should pe rhaps  be r ega rded  as the mos t  r e l i ab le .  

On the other  hand, for  energy  exchange c lose  to resonanbe ,  the t e m p e r a t u r e  dependence of the p roba -  
bi l i t ies  given in [5] does not ag ree  with the exper imen ta l  data .  
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In [6], in a calculation of the behavior  of the sys tem CO 2 + N 2 + H20 in expanding s t r eams ,  only the 
experimental  values of the probabil i t ies of t ransi t ion between levels were used.  It was assumed there  that 
the exchange of quanta between the (10~ and  (02~ state of CO 2, and also between CO2(00~ and N2, occurs  

instantaneously.  

The resul ts  of the calculation in [6] do not r ep resen t  a sys temat ic  investigation of the vibrational  r e -  
laxation following expansion of the gas in the nozzle;  they pertain only to one variant ,  when T O = 1500~ and 
P0 = 10 arm. The case  T o = 5100~ without allowance for dissociat ion has no pract ica l  significance.  

In the present  paper  we repor t  a sys temat ic  study of the influence of nitrogen,  helium, and Water vapor 
on the degree of inverted population of the (00~ leveI of the carbon dioxide molecule,  and also its depend- 
ence on the t empera ture ,  gas p re s su re ,  and nozzle configuration. The probabili t ies of the p rocesses  of ex-  
citation and deactivation of the vibrational  levels of the molecules  CO2, N2, and H20 were taken mainly f rom 
the experimentM paper s .  

We consider  adiabatic one-dimensional  flow of a multicomponent mixture of relaxing gases  in a nozzle 
of special  configuration.  The mass ,  momentum,  and energy conservat ion equations and the equation of state 
for this flow are 

A (x) pu = A.p.u. (1) 

d~ dp (2) 
pu dx dx 

3 

7/2kT _}_ ~(1) ~ Ei + o~(4~)E4 _1_ 1/2mu~ _~ mHo (3) 

k 
p =  p - ~  T (4) 

Here  p, u, T, and p are  respect ive ly  the density, velocity,  t empera ture ,  and p r e s su re ;  a (s) are  the 

molar  fract ions of the mixture component;  r n - ~ ( ~ )  m(~); rn(') is the mass  of the molecule of the s - th  corn- 
8 

ponent; H 0 is the specific drag enthalpy; E i is the vibrational  energy  of one gas par t ic le .  The indices s = 
1, 2, 3, and 4 pertain to CO2, N2, He, and H20 , respect ively;  and the indices i = 1, 2, 3 pertain to the s y m -  
met r ic -va len t ,  deformation,  and a symmet r i c -va len t  vibration modes of the CO 2 molecule;  i = 4 denotes the 
vibrat ional  motion of the N 2 molecule .  The values in the cr i t ica l  c ross  section of the nozzle are  marked  
with an as te r i sk .  

We investigate in the present  paper the vibrational relaxation of two mixtures  CO 2 + N~ + He, H20 , 
for which the following scheme of react ions  is assumed:  

C02 (0110).+ M K,, C0~ (00o0) + M + Ae~ (5) 
K-t 

K2 

CO~ (00~ + N2 (0)~--~ CO~ (0O~0) ~- N2(t) -t- Ass (6) 

K~ 

N~ (i) + H~O (00~ :-__= N~ (o) + H~O (0i~0) + he3 (7) 
K-a 

K4 

CO~ (00~ -k H20 (00~ - ~  C02 (00~ -b H~0 (0i~0) --k Ae4 (8) 
K-4 

K5 
co~ (oooo) + H~o (oleo) 7---* co~ (oleo) + H~0 (00~ § A~ (9) 

K-a 

Ko 

C02 (00~ + H20 (00~ ~_-ZZ- C0~ (0t~0) + H~0 (01~0) + As. (10) 
K-e 
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K,  

cog (oo~ + H,O (0i~0) 7-" CO~ (10~ + H,O (00~ + ae, (11) 
K-T 

/G 
CO, (10~ + M Z-~-- CO2 (02~ -{- M + Ass (12) 

K-a 

K* 

COg (00~ + M ~ CO, (03~0) + M -}- Ae, (13) 
K - ,  

Kto 
CO, (00~ + M 7"--~ CO2 (li l0) + M + Aelo (14) 

K-lo 

K11 

CO2 (t0~ + H~O =---~ CO~ (00~ + H~O + Aen (15) 
K_** 

K u  

N2(l) + ML----* N2 (0) + M + Ae~2 (16) 
K _ ~  

H e r e  M is  any  of the  p a r t i c l e s  CO~, N2, He,  H20; A e j  is  the  h e a t  of the  j - t h  r e a c t i o n ;  Kj and K_j a r e  
the r a t e  c o n s t a n t s  of the d i r e c t  and i n v e r s e  r e a c t i o n s ,  r e s p e c t i v e l y  (j = 1 . . . . .  12). 

I t  is  a s s u m e d  tha t  du r ing  the  c o u r s e  of the d e v e l o p m e n t  of  r e a c t i o n s  (5)-(16) t h e r e  e x i s t s  loca l  t h e r m o -  
dynamic  e q u i l i b r i u m  within  the v i b r a t i o n a l  d e g r e e s  of f r e e d o m  of the m o l e c u l e s  CO2, N2, and H20. This  is  
c o r r e c t ,  s ince  we a r e  c o n s i d e r i n g  su f f i c i en t ly  low t e m p e r a t u r e s  and lower  v ib r a t i ona l  l eve l s .  Under  t he se  
cond i t ions ,  the exchange  of v ib r a t i ona l  quanta  within each  m o d e ,  which  has  p r o b a b i l i t i e s  c l o s e  to uni ty ,  e n -  
s u r e s  the  e x i s t e n c e  of a B o l t z m a n n  d i s t r ibu t ion  o v e r  the l eve l s  [11] and consequen t ly  the e x i s t e n c e  of a 
v i b r a t i o n a l  t e m p e r a t u r e .  The  v ib r a t i ona l  t e m p e r a t u r e s  of  d i f f e ren t  m o d e s  Ti ,  g e n e r a l l y  speak ing ,  a r e  not  
equa l  to e a c h  o the r  and to  the  t r a n s l a t i o n a l  t e m p e r a t u r e  T .  

The  e n e r g y  E i s t o r e d  in e a c h  n a t u r a l  m o d e  of  v i b r a t i o n  is  e x p r e s s e d  by 

Ei = hviY~ 1~ 2 2hv~y~ 
t - - y  i ' - -  t - - y~  ' g ~ = e x p ( - - h v ~ / k T ~ )  

In t e r m s  of the v a r i a b l e s  Yi, th.e s y s t e m  of r e l a x a t i o n  equat ions  t akes  the f o r m  

dY---! ---- ~ (l - -  yl) a (i -- g~)~ (i - -  Y3) {K74(4) [Ys--Y~ exp (--  As7 / kT)] dx mu . 
4 4 

- -  ~ K(~ ~)a(~) [Y~ --  Y 2 2 e x p ( - -  A e s /  kr )]  + ~_J g(lo )a(~) [Y3 
S ~ I  s=l 

-- YlY~ exp (-- Aelo I k r ) l  --  Kl1~ (4) [Yl - exp ( - -  As11 / kT)]} 
4 

dy2 = p 
dz ~ (i -- Yl)(i -- y,)4 (i -- Y3) { -- ~, K~ s)zr [Yg --  exp ( - -  As  I I kT ) l  

(17) 

+ 2K~ a(4) [Y5 -- Y~ exp (--  As~ / kT)]  + K~a(4) [Ys - -  Yg Ys exp (--  As e / kT)]  
4 4 �9 

-'b 2~ ,  K(s~)a(~) [Yl - Yg2 exp ( - A e s / k T ) ]  + 3~,  K~)a (~) [Y3 -- y3 
s ~ l  s ~ l  

4 

• exp (--  Ae 9 / kT)] @ ~ K(~)a(~) [y~--ylyg exp (--  Aelo/kT)] } 

dY-Adx = muO (i -- yl)(l  - -  y g ) g ( t  - -  y3)a{ - K2a(g) (1 - -  Y4)[Ya -- Y4 

• exp (--  Ae2 / kT) ] -- K44(4) [ Ya -- Y5 exp (-- 584 / kT)  ] --  K6a(4) [Ya 
4 

- -  YgY5 exp (--  Ae6/kT)] -- ~,  K~Oa(s) [Y3 --  Yz 3 exp (--  Ae 9/kT)] 

4 

- -  E KI~o)a(~)[Ya " Y~Y~ exp ( -  Ae~o/kT)]} 
8=1 

dya D { 
d--'x- = "~u  (1  - -  y 4 )  a K g a ( ~ )  ( i  - -  y ~ )  ( i  - -  y , ) ~  ( i  - -  Ya) [ Y s .  Y4 

X exp(--  A e g / k T ) ]  - -  Ka~z(4) [Y4 - -  ysexp (-- A % / k T ) ]  
_ / t ( (a)~(a)  [Y4 -- exp (--  Aeig / kT)] t~l~ ~ + K~4)a(4))} 

(19) 

(20) 
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In writing down the sys tem (17)-(20) it was assumed that the density 
of the molecules  in the vibrational state (m, n, p) is descr ibed by the r e l a -  

tion 

~, CIYI 

Fig. 1 

I.Z ~ 2  

[ cm 
Q q O 20 qO 

Fig. 2 

N (m, n, p) = Nco, [yl ~'~ (t -- Yl)] [(n + i) y2 ~ (l -- y2)~] [ya p (t -- Y3)] (21) 

and the vibrational t empera tu re  Ts, corresponding to the deformational  
mode of the H20 molecule,  is equal to the t ranslat ional  t empera tu re  of the 
mixture ,  since it is known that the probabili ty of excitation of the v ib ra -  
tional mode of water  is ex t remely  large,  Plo =126 T-3/2 

We analyze each of the 12 react ions (5)-(16) that take p lace  in the 

relaxing sys tems  CO 2 + 512 + He, H~O. 

1. Among  the most  important  react ions  are  the p roces se s  of r e -  
laxation of the deformation mode (5) in collisions with M = CO 2, He, N 2, 
H20. The kinetics of the excitation of the v 2 vibrations of the CO 2 mole -  
cule in a medium consist ing of carbon dioxide and helium has been suffi-  
ciently thoroughly investigated in a wide range of t empera tu res ,  using 
var ious  procedures  [12]. The resul ts  of these investigations for the p roba-  
bili ty of deactivation of the f i rs t  vibrational  level can be approximated by 
the following express ions :  

Plo =450T-V~ exp (-- If0T-V8 + i00T -% ) (C02--CO2) 

Pxo -~ lOT -~t~ exp (-- 50T -%) (COs--He) 

where Pl0 is the probabili ty of deactivation of the f i rs t  vibrat ional  level 
of one of the three modes .  The p rocesses  of excitation and deactivation 
of the vibrations of CO 2 in coll isions with N 2 have not been sufficiently 
fully investigated, and the resul ts  of different authors a re  different.  In 
the present  paper  it is assumed,  in accordance  with the resu l t s  of [13], 
that the nitrogen molecule is three t imes more  effective than the C 02 
molecule 

Pl0 = 1.3.i0~T -V~ exp (-- i ioT-V*-I - i00T -'/~) 

Water  vapor is par t icu lar ly  effective in the excitation of vibrations of all  gases ,  including carbon di-  
oxide. The react ion (5) in the case  M =H20 has been sufficiently well investigated [12]. The resul t s  of the 
experiments  show that the probabil i ty Plo in the case  of CO2-H20 has a negative t empera tu re  dependence 

P ~o = 3OOIT'/" 

This express ion for Pl0 is ve ry  s imi la r  in form to Pl0 for the sys tem H20-H20.  

2. As a l ready noted ea r l i e r ,  exchange of vibrational quanta between the a symmet r i c  valent mode of 
the CO 2 molecule and the 512 molecule has a probabili ty whose tempera ture  dependence is not descr ibed by 
the L a n d a u - T e l l e r  formula .  Sharma and Brau [10] have shown that such a behavior  is connected with the 
par t icular  role of at traction in p rocesses  with a smal l  energy  defect.  Under these conditions, the at traction 
forces  can decis ively influence the probabil i ty of the p rocess .  With increas ing tempera ture ,  the role of the 
at tract ion forces  dec reases ,  and the contribution of the repulsion forces  does not reach  as yet  a noticeable 
influence, so that the s u m m a r y  probabil i ty dec reases .  Finally, in a cer ta in  t empera tu re  region,  the repul-  
sion forces  become decisive,  and the probabil i ty of energy exchange increases  in accordance  with the 
L a n d a u - T e l l e r  theory.  This resul ts  in a parabolic t empera tu re  dependence of the probabili ty of exchange 
of quanta between the a symmet r i c  valent mode of the CO 2 molecules  and the nitrogen molecule .  The exper i -  
mental  values of this probabili ty can be approximated by a parabola  of the type 

Q = 4 .  t 0 - ~ ( 1 i 0 0  - -  r)a  + 6 . i 0  -4  

where Q is the energy-exchange probabil i ty.  
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3. The deactivation of the excited nitrogen in coll isions with water  
molecules  can be both as a resul t  of exchange of quanta (7) and as a r e -  
sult of the transit ion of the vibrational energy N 2 into the energy  of the 
t ranslat ional  motion of the molecules  H20 (16). Experiment  [12] shows 
that exchange of vibrational  quanta between nitrogen and water  vapor oc -  
curs  with a probabili ty equal to 

Q = io exp(--100T -'/,) 

The rate  of this reaction great ly  exceeds the ra te  of the reaction 
(16), where 

Pz0 = 5.5. t0 -4 exp(--57T -lh) 

At low wa te r -vaporconcen t ra t ions ,  the reaction (16) plays a 
negligibly smal l  ro le .  In the sys tems  CO 2 + N 2 + H20 used to obtain in- 
ver ted population in escape f rom nozzles ,  the concentration of the H20 
molecules  usual ly does not exceed 2%. 

4. The react ions  (8)-(11) have not been investigated exper imenta l -  
ly. Nonetheless,  on the basis  of the investigations ca r r i ed  out in [10] 
and [14] it can be assumed that the f i rs t  of these p rocesses  has a proba-  
bility Q = 5 �9 10-2T -l,  the second and third have the probabili ty Q = 
0 .2 /T ,  and react ion (11) has the quite la rge  probabili ty Q = 1 / T  (the 
quanta of the symmet r i ca l  valent mode of CO 2 and of the deformation 
mode of H20 are  c lose in magnitude). 

5. Owing to the s trong interact ion between the v I and ~2 v ibra -  
tions, the process  (12) is exceedingly rapid.  This is evidenced by the 
experiments  of Rhodes and co -worke r s  [15]. On the basis  of the resul ts  
of [7, 12, 13] it can be assumed that the probabili ty of resonant  exchange 
(one h~ 1 quantum goes over into 2by 2) is descr ibed by the relat ion Q = 
3 0 / T .  

6. The deactivation of the a symmet r i c -va len t  vibrations of the 
CO 2 molecule can proceed via severa l  channels s imultaneously.  One 
such deactivation channel of the f i r s t  vibrat ional  level of the a s y m m e t r i c -  
valent vibration is the react ion (13). The experimental  resul ts  on this 
p rocess  are  fully gathered in the review of Taylor  and Bit terman [12]. 
It follows from the analysis  of these resu l t s  that in the case  M = N2, CO2, 
H20 the react ion (13) was experimental ly  investigated in a suffiently wide 
t empera tu re  range,  whereas  in a helium medium it was investigated only 
at room tempera tu re .  For  ]Vl = He at t empera tu res  T > 300~ the proba-  
bility of deactivation of the f i rs t  vibrational  level of the ~ 3 mode can be 
extrapolated in accordance with the L a n d a u - T e l l e r  formula,  i .e. ,  r e p -  
resented in the form 

Q ~ t0-Sex.p(--52 / T %) 

In the case M = N2, CO2, H20, the react ion (13) has the respect ive  
probabili t ies 

8 l Q=--T-Wexp(-78.5/rV'), Q--~--~exp(-- 57/Tl/% q=o.5/r 

Just  as for the deformation vibration, the deactivation of the a s y m -  
met r ic  valent mode of CO 2 in coll isions with molecules  has a probabili ty 
that is inversely ,propor t ional  to the t empera ture .  The difference lies 
only in the exponent of the t empera tu re  and in the absolute value of the 
probabili ty.  
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7. Another  channel  for  the deact ivat ion of the a s y m m e t r i c  valent  

v ibra t ion  of the CO 2 molecu le  is  the p r o c e s s  (14), where  one quantum of 
the v~ mode goes over  into two quanta with f requencies  v l and v 2, and 
the r e m a i n d e r  of the ene rgy  is  conver ted  into k inet ic  energy  of the i n -  
coming p a r t i c l e .  These  p r o c e s s e s  were  inves t iga ted  e x p e r i m e n t a l l y  by 
R o s s e r  and G e r r y  [16] for  M = He, O2, H20 ill the t e m p e r a t u r e  in t e rva l  
T = 400-1000~ In a he l ium medium,  the reac t ion  (14) has  a p robab i l i t y  

Q = 0.4exp(-80 / T '/' + 60 / T 2/*) 

whose t e m p e r a t u r e  dependence is in full a g r e e m e n t  with the L a n d a u -  
T e l l e r  theory .  However ,  the  s y s t e m  CO2-H~O, as  be fo re ,  is  not  d e -  
s c r i b e d  by this  theory ;  the p robab i l i t y  of the p r o c e s s  in the en t i r e  t e m -  
p e r a t u r e  in t e rva l  r e m a i n s  constant  at  Q = 4 �9 10 -3. 

F o r  the analogous r eac t ions  occu r r ing  in a medium of n i t rogen  
and carbon  dioxide the re  a r e  no e x p e r i m e n t a l  data .  However ,  only an 
ins igni f icant  e r r o r  wi l l  r e s u l t  ff i t  is a s s u m e d  that  the e f fec t iveness  of 
the n i t rogen in these  p r o c e s s e s  is  c lose  to the e f fec t iveness  of oxygen, 
i . e . ,  if  it  is  a s s um e d  tha tQ  = e xp ( - 80 / T1 / 3  +60/T2/3).  With r e s p e c t  to 
the ro le  of CO 2 we can s ta te  the following. F i r s t ,  the e f fec t iveness  of 
the CO 2 molecu le  is  not h igher  than the e f fec t iveness  of the H20 m o l e -  
cule ,  which in this  ca se ,  as in a l l  o ther  r e a c t i c ~ s ,  is  exceed ing ly  l a r g e  
and apparen t ly  not lower  than the e f fec t iveness  of the O 2 molecu le ,  s ince  
i t  is  known that  the v ib ra t iona l  r e l axa t ion  p roceeds  m o r e  r ap id ly  in a 
medium of i ts  own gas  than in a medium of a di luent  of the s a m e  m a s s  
(of cou r s e ,  no account is  taken he re  of r a d i c a l s  or  of mo lecu le s  having a 
dipole  moment) .  On the b a s i s  of the foregoing we can a s s u m e  that  in the 
CO2-CO 2 s y s t e m  the p robab i l i ty  of the p r o c e s s  (14) is  d e s c r i b e d  by the 
e x p r e s s i o n  

Q = 2.5exp(-80 / T ~/' + 60 / T ~/~) 

The p robab i l i t y  s e e m s  to be o v e r e s t i m a t e d ,  and this  l eads  to a d e c r e a s e  of the invers ion  at the upper  
l a s e r  l eve l .  In the s y s t e m s  that  wi l l  be inves t iga ted  subsequent ly ,  however ,  the concent ra t ion  of the carbon 
dioxide is  low, and t h e r e f o r e  the ro l e  of th is  r eac t ion  wil l  not  be dec i s ive .  

8. A study of the v ib ra t iona l  r e l axa t ion  of CO 2 molecu les  in shock waves  [17] has shown that  the d e -  
act ivat ion r a t e s  of the s t a t e s  (10~ and (02~ a r e  c lose  in magni tude .  These  inves t iga t ions  w e r e  p e r f o r m e d  
in a medium of i ts  own gas .  Apparen t ly ,  i t  can be a s s u m e d  that  the p robab i l i t y  of the p r o c e s s e s  (15) is  
d e s c r i b e d  by a re la t ion  of the type P l o =  300/T3/2. 

P~eactions of the type (1)-(4), (17)-(20)were s o l v e d n u m e r i c a l l y  for  two types  of m i x t u r e ,  CO 2 + N 2 + He 
and CO 2 + N 2 + H20 , at d i f ferent  in i t ia l  t e m p e r a t u r e s  and p r e s s u r e s .  The composi t ion  of the gas  was a lso  
v a r i e d .  

The ca lcu la t ions  were  p e r f o r m e d  for  a nozzle  whose convergent  channel  is  rounded off to a r ad ius  
equal to the d i a m e t e r  of the c r i t i c a l  c r o s s  sect ion,  and the change of the a r e a  in the d i f fuser  pa r t  of the 
nozzle  is  d e s c r i b e d  by the function 

A = A .  + a ( x - - x , )  2 t g  20 

where  x .  is  the d i s tance  f rom the en t rance  to the nozzle  to the c r i t i c a l  c r o s s  sect ion,  and 0 is  half  the 
angle at the apex of the cone, which is  the asympto te  of the d i f fuser  p a r t  of the nozz le .  The ca lcu la t ions  
we re  p e r f o r m e d  for  a nozz le  with a c r i t i c a l - s e c t i o n  d i a m e t e r  8 m m  and 0 = 15 ~ 

It  f o l l ows  f rom the ca lcu la t ions  that  the v ib ra t iona l  t e m p e r a t u r e s  of the s y m m e t r i c a l  valent  and de -  
fo rmat ion  modes  of CO 2 r ema in  p r a c t i c a l l y  constant  over  the en t i r e  length of the nozzle ,  independent ly  of 
the condit ions of the p r o b l e m .  This  r e s u l t  is  pe r f ec t l y  unde r s t andab le  s ince  the v ~ and v 2 modes  a r e  quite 
s t rong ly  coupled with each o the r .  
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The tempera tu res  T~ and T 2 decrease  considerably during the course  of expansion of the gas,  ap-  
proaching the t ransla t ional  value T, and the difference between them depends s t rongly on the shape of the 
nozzle .  In principle it is possible to choose a nozzle  such that the approximate equality T 1 ~ T 2 ~ T is ob- 
tained in a specified nozzle section.  

Calculation shows that the vibrational t empera tu re  T 3 of the a symmet r i e -va len t  mode changes little 
during the expansion of the gas;  an appreciable change takes place only during the initial period of the ex-  
pansion. This can be attributed, f irst ,  to the insufficiently strong coupling of the v 3 mode with the r emain -  
ing modes of the CO 2 molecule and with the t ranslat ional  motion of the par t ic les ,  and second, to the ra ther  
intense exchange of quanta with the ni t rogen.  

The a lmost  resonant  energy exchange between the CO 2 and N 2 molecules  causes  the tempera tures  T 3 
and T 4 to remain  close in magnitude along the nozzle .  Since the probabil i ty of energy exchange between the 
v3 mode of CO 2 and the ni t rogen molecule is inverse ly  proport ional  to the tempera ture ,  it follows that when 
the t ranslat ional  t empera tu re  is decreased,  i.e., when the degree of expansion of the gas is increased,  the 
difference between T 4 and T 3 dec reases  and reached 20-30~ In this case  T 3 and T 2 = T 1 can differ by 600- 
700~ which leads to inversion of the population of the ~ ~ mode relat ive to the population of the vibrational 
levels of the deformation mode.  

The inversion depends to a considerable degree on the nozzle configuration. The nozzle should be 
such that the rapid expansion of the gas causes  quenching of the a symmet r i c  valent vibration of CO 2, while 
the symmet r i c  and deformation modes can continue to be deactivated for a cer tain t ime corresponding to 
the time of vibrat ional  relaxat ions under these conditions. Therefore ,  the optimal nozzle for producing 
population inversion should consist  of a diffusor par t  that goes over  into a cyl indrical  channel at a cer tain 
distance f rom the throat .  The location of the junction of these parts  depends on many conditions, but at this 
junction the t empera tu re  T and the par t ic le  density should be such that the a symmet r i c -va len t  vibration is 
quenched, and that the deactivation of the v 2 mode still continues tobe  sufficiently intense. The length of the 
cyl indrical  par t  of the nozzle depends on the duration of the deactivation of the lower l ase r  level. 

' The calculat ions were  per formed for a nozzle with a diffusor part  10 cmleng ,  continued by a cy l indr i -  
cal channel.  The f i rs t  se r i e s  of the calculations were  per formed for three values of the initial t empera ture  
T O = 1750, 2000, 2250~ and three values of the initial p re s su re  P0 = 10, 15, 20 atm of a mixture 10% CO 2 -  
40% N2-50% He. Figure  1 shows the distributions of the t empera tures  T~,2, 3 of the different degrees of f r ee -  
dom of the CO 2 molecules ,  of the vibrational t empera tu re  T 4 of the ni trogen,  and of the t ranslat ional  t e m -  
pera ture  T over  the length of the nozzle,  when T o = 2000~ and P0 = 15 atm. The plots for other values of 
T O are  s imi lar  to those in Fig.  1.  It follows f rom an examination of these plots that at the indicated nozzle 
configuration the variat ion of all the t empera tures  stops at a length on the order  of 40 cm, a n d  T i ,  2 becomes 
prac t ica l ly  equalized with T.  With increas ing To, the difference between T l ,  2 a n d  T3, 4 inc reases .  The dif-  
ference  between the populations of the a symmet r i c -va len t  and deformation modes AN = N(00~ - N (10~ - 
also increases  {Fig. 2). Curves  1, 2, and 3 of Fig. 2 pertain to the values T O = 2250, 2000, 1750~ respec t ive -  
ly. The ordinates r epresen t  the quantity 6 = AN �9 10 -15 cm -3. The population inversion sets  in at a distance 
of about 8 cm f rom the throat  of the nozzle.  At T O = 1750~ it appears  ear l ie r  than at T O = 2000 or  2250~ 
It should be noted that an optimal tempera ture ,  at which AN is the largest ,  exists for any specified nozzle 
configuration.  

In the region x = 10 cm, a nonmonotonic variat ion of the 6 curve  is observed,  due to the transit ion 
f rom the hyperbolic  nozzle into a cylindrical  tube. Indeed, calculation of the gas pa ramete r s  in a hyper-  
bolic nozzle without a cyl indr ical  tube shows that AN reaches  a maximum near  x = 10 cm; with increas ing 
gas expansion AN begins to decrease .  Thus, the shape of the 6 {x) curve depends on the location of the junc-  
tion with the cylinder,  whether it is before or after  the maximum. In the case considered here,  the cyl-  
inder junction is a lready located after the maximum. The difference in the populations Of the v 3 and v 2 
modes,  expressed  in relat ive units A N / N c o  2 increases  strongly with increase  of the initial tempera ture ,  
although the absolute value of the inverted population tends to the optimum. The reason for  it is that the 
growth of T O for a given nozzle configuration and for a constant p r e s su re  is accompanied by a growth of 
the final t ranslat ional  gas tempera ture  T and by a decrease  in the gas density. 

I I 

Figure 3 shows the values of 6 (x) = AN. 10 -15 cm -3 along the nozzle for T O = 2000~ Curves 1, 2, and 
3 pertain respec t ive ly  to the values P0 = 20, 15, and 10 atm. At P0 = 15 arm the value of 5{x) reaches  a maxi -  
mum, f rom which it is c lea r  that fur ther  increase  of the p res su re  is meaningless .  Indeed, an increase  of 
P0 (at constant  To) leads, on the one hand, to an increase  in the n u m b e r  of active par t ic les ,  and on the other 
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to an increase  in the rate  of deactivation of the vibrational  levels of the CO 2 molecule.  As a resul t ,  the t e m -  
pera ture  T1, 2 approaches the t ransla t ional  value during the course  of gas expansion, while T 4 and T 3 de- 
c r ease  considerably  in compar ison  with the case  P0 = 15 atm. The net effect reduces to a decrease  of the 
difference between Ti, 2 and T3, 4 at the same values of the t ransla t ional  tempera ture  T, and consequently,  to 
a dec rease  of AN. 

The behavior of the ra t io  A N / N c o  2 is different f rom that of AN. The la rges t  value of A N / N c o  2 is 
reached at the lowest p r e s s u r e .  The reason for such a behavior of A N / N c o  2 is that when the p re s su re  As 
increased  (at T O = const.) the par t ic le  density NCO 2 inc reases .  

To determine the dependence of the inverted population Z~N of the a symmet r i c  mode of the C O 2 mole -  
cule on the rat io of the ni t rogen and carbon dioxide concentrat ions,  we considered the vibrational  relaxation 
of the mixtures  10% CO2-40% N2-50% He, 5% CO2-45% N2-50% He, and 20% CO2-30% N2-50% He at equal 
t empera tu res  (T o = 2000~ and p re s su res  (P0 = 15 atm). It turned out that AN has an optimal value for mix-  
tures  close in composit ion to 10% CO2-40% N 2-  50% He (curve 1 of Fig. 4). For  the remaining two mixtures ,  
the inversion is approximately the same,  the only difference being that in the mixture with the l a rge r  CO 2 
content (curve 3) the maximum value of AN is reached c loser  to the throat  of the nozzle,  and max ~N has in 
this case a c lear ly  pronounced c h a r a c t e r .  

For  the m i x , r e  10% CO2-89% N2-1% H20 , the calculations were pe r fo rmed  at one and the same p r e s -  
sure ,  but at different t empera tu res  T o = 1750, 2000, 2250~ Figure  5 shows the profiles of all the t e m p e r a -  
tures  for this mixture along the nozzle at T O = 2000~ and Po = 15 atm. They differ little f rom the c o r r e -  
sponding values of the pa r ame te r s  obtained for the mixture 10% CO2-40% N 2 -  50% He. A s imi la r  behavior 
is exhibited by 6 = AN �9 10 -15 cm -3 as a function of x, the only difference being that max 5 (x) is somewhat 
smal le r  in magnitude, and the inverted population begins somewhat la ter  {Fig. 6). Curves  1, 2, and 3 in 
Fig.  6 pertain to T o = 2000, 1750, 2250~ respect ively .  The re la t ive  magnitude of the inverted population 
A N / N c o  2 along the nozzle has qualitatively much in common with AN/NCO 2 for the mixture 10~ CO2-40% 
N 2 -  50% He. 

F r o m  the analysis  of the resul ts  above it follows that smal l  additions of water  vapor (about 1~) exert  
prac t ica l ly  the same action as an appreciable amountof helium. The influence of water  vapor  depends s t rongly 
on its concentrat ion in the mixture .  Figure  7 shows the dependence of the inverted population of the mole -  
cules CO 2 on x for three  different mixtures  10% CO 2-  89.5% N 2-0.5~ H20 (curve 1), 10% CO 2 -  89% N 2-1% 
H20 , and 10% CO2-88% N2-2% H20 (curve 3) at P0 = 15 atm and T O = 2000~ It turned out that the la rges t  
inverted population is observed in the mixture  with the smal les t  wa te r -vapor  content. This is apparently 
due to the fact that, s tar t ing with a cer ta in  concentrat ion of the H20 molecules ,  the rate  of deactivation of 
the upper l ase r  level of CO 2 becomes  noticeable in compar ison with the rate  of deactivation of the de fo rma-  
tion vibration.  

Compar ison of the data obtained by different authors with one another and with the present  resul ts  is 
undoubtedly of in teres t .  To this end we considered the var iant  proposed by N. G. Basov and co -worke r s  [3], 
i .e. ,  the sys tem CO 2 + N 2. The calculation was ca r r i ed  out for the conditions of [3] using the probabil i t ies 
assumed in the given paper .  The resul ts  of the calculations are  shown in Fig.  8, where the ordinates r e p r e -  
sent the quantity ~ = A N / N  O �9 l0 s. Whereas in [3] (curve 1) they observed an appreciable population inver -  
sion, no such inversion exists according to the data of [6] (curve 2). The present  resu l t s  indicate to an even 
g rea te r  degree that there  should be no inverted population under the conditions of [3] (curve 3). The point 
is that in [3] they apparently assumed too high a deactivation ra te  for the deformation mode of the molecule 
CO2, an assumption that does not agree with the experimental  data.  

Thus the calculations have shown that expansion of the sys tems  CO 2 + N 2 + He, H20 in a nozzle can 
yield an appreciable inverted population of the CO 2 molecules ,  equal approximately to 1015 cm -3, and s t rong-  
ly dependent on the nozzle  configuration and on the initial conditions. If the nozzle configuration and the 
mixture composit ion are  specified, there  exist  optimal reg imes  with respec t  to the initial t empera tu re  and 
p r e s s u r e .  
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