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In connection with the use  of supersonic  nozz les  to c r ea t e  ! a se r s ,  the question a r i s e s  of the  
opt imum p a r a m e t e r s  of the nozzle  and the gas mix tu re  f rom the  aspect  of obtaining the g rea t e s t  
population invers ion  of the energy  l eve l s  of internal  degrees  of f reedom of molecu les  of the 
working gas and the  g rea t e s t  output power of the l a s e r s .  A r a t h e r  complete  concept of the 
kinetic p r o c e s s e s  taking place during the escape  of a re lax ing  gas mix ture  containing carbon 
dioxide through a supersonic  nozzle  has now been developed on the bas is  of calculated and 
exper imenta l  data.  In [1-4] the p rob lems  of opt imizat ion of the p a r a m e t e r s  of a C O 2 - N z - H z O -  
He mix tu re  and of the shape of  the  nozzle  were  set  up and solved in a one-dimensional  s teady-  
s tate  formulat ion.  The  influence of the two-dimensionat i ty  of the s t r eam in an opt imum nozzle  
on the l a s e r  cha r ac t e r i s t i c s  is  studied in the p resen t  r e p o r t .  The  method of through calculat ion 
suggested in [5] is used to calculate  the two-dimensional  flow of a re lax ing  gas. 

W e  cons ider  the motion o f  a C O 2 - N z - H e  gas  mix tu re  with allowance for  kinetic p r o c e s s e s  descr ibed  
by t h r e e  nonequil ibr ium t e m p e r a t u r e s  (see [1, 3, 6]). An analys is  of the dimensional i ty  of the p a r a m e t e r s  of 
the prob lem shows (see [5]) that  the flow is de termined  by the following p a r am e te r s :  

To, polo, ~j, xJL,  ho/Lo, L/Lo, ~_I, ~; 

here  T O and P0 a r e  the stagnation t e m p e r a t u r e  and p r e s s u r e  of the gas; f l  and f 2 a re  the molecu la r  contents 
of carbon dioxide and ni t rogen ( f3=1  - i t  - f2 is the hel ium content); L 0 is the cha rac t e r i s t i c  length; h 0 i s  

the  half-height  of the cr i t ica l  c r o s s  section; L is the length of the nozzle; r j  a r e  p a r a m e t e r s  of the angle type,  
ass igned at the  points x j / L  and determining the shape of  the nozzle.  In [2, 3] opt imizat ion was ca r r i ed  out 
fo r  the  case  when the nozzle  contour was assigned through the equation ys  =h0(l+ w(x')), where  x r is the d is -  
tance  along the x axis  normal ized  to the length L of the nozzle,  i .e. ,  x '  = x / L ;  w(x w) is a d imens ionless  function 
which is  de te rmined  by the values  of i ts der iva t ives  rio, r l ,  and r2 with r e s p e c t  to x r at the points x '  = x j / L ,  
equal to 0, 1 /9 ,  and 4 / 9 ,  r e spec t ive ly ,  and by the conditions r = 0 and d w / d x  v ] x '  = 1 = 0. Between the points 
x i the function was interpolated by parabo las .  The  solution of the one-dimensional  problem does not depend 
on ~i =h0/L0, and t h e r e f o r e  ff one t akes  the length L of the nozzle  as  L 0 and cons iders  fixed values of the initial 
p r e s s u r e  P0,then the l i s t  of  p a r a m e t e r s  with r e s p e c t  to which the opt imizat ion takes  place appears  as follows 
i n t h e  indicated case:  To, p0 L, ~1, f9, flj. 

The  opt imizat ion of the specif ic  power,  i .e . ,  the  power  normal ized  to the gas flow ra te ,  was ca r r i ed  out 
at a f ixed p r e s s u r e  P0; and t h e r e f o r e  we de termined  To, L, i t ,  ~ ,  and r j .  The  two-dimensional  flow of the 
resu l t ing  mix tu re  in a nozzle  de te rmined  in th is  way depends in addition on the p a r a m e t e r  ~. F o r  small  ~ the 
flow can evidently be desc r ibed  sa t i s fac tor i ly  through the  one-dimensional  t heo ry .  An inc rease  in ~t leads  to 
an i nc rease  in flow ra t e  and hence in the total  output power of the  l a s e r .  But with an inc rease  in ~ the two-  
dimensional  c ha r a c t e r  of the s t r eam is  mani fes ted  to a g r e a t e r  extent .  F r o m  the equation for  the nozzle  con-  
tour  it is  seen that  the value of the ra t io  h 0 / L  de te rmines  the angle 0 of inclination of  the tangents  to points 
of the contour ,  o ther  f ixed opt imum p a r a m e t e r s  To, L, f l ,  f2, and flj being equal: 

tg 0 i = dys/dx = ~Sd(o/dx' = 8~j. 

�9 T h e r e f o r e ,  to de l iver  prac t ica l  r ecommenda t ions  on nozz les  and mix tu res  one must  make two-dimensional  
calculat ions of  f lows with var ia t ion  of the height of the c r i t i ca l  c r o s s  sect ion with fixed opt imum p a r a m e t e r s  
de te rmined  f r om the one-dimensional  theory .  To i l lus t ra te  th is  conclusion, let  us discuss  the r e su l t s  of 
opt imizat ion of the specif ic  power at P0 = 10 atm. In this  case  f l  = 10.8%, ~ 2 = 59.16%, ~ 3 = 30.04%, T O = 2810~ 
L =5.23 cmo rio = 170.71, r l  = 37.41, and r2= 18.94 [3]. The  p re sence  of a l a rge  curva tu re  of the contour can 
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lead  to sha rp  degrada t ion  of the l a s e r  p a r a m e t e r s  in the two-d imens iona l  a n a l y s i s  in connection with the 
f o r m a t i o n  of c o m p r e s s i o n  shocks  in the  s t r e a m .  The re fo re ,  ins tead of the indicated flj we calculated va r i an t s  
with fi0=64.8, fli =37.41, and fi2 =18.94, which l eads  to a 10% los s  in power  in c o m p a r i s o n  with the  op t imum 
value accord ing  to the one -d imens iona l  t heo ry .  

The  r e s u l t s  co r re spond ing  to a value of 6 = 0.0066 (in which case  the  a p e r t u r e  ha l f -angle  is  00 = 24 ~ a r e  
p r e s e n t e d  in Fig .  1. The  d is tance  f r o m  the axis  of s y m m e t r y  of the nozzle  is  la id out along the  a b s c i s s a ,  with 
y = l  co r respond ing  to a point  on the  contour  of  the nozzle  and y = 0  to the axis  of  s y n n ~ t r y ;  the d is t r ibut ions  
of t e m p e r a t u r e s  T and T i (curves  1-4) and of the gain (curve 5) along y a r e  shown; the a v e r a g e  o v e r  y of the 
gain and the  va lue  of  k 0 obtained through a solution of the flow p rob l em in a one-d imens iona l  s t a tement  a r e  
a lso  indicated h e r e  by the s egmen t s  6 and 7. The d i f fe rence  between the  ave r age  value (k)  and the gain k 0 
is  sma l l ,  and the r e l a t ive  d i f fe rence  is  I ( <k)--k0)/k01 = 13%. The  var ia t ion  of the coeff icient  k along y is  
connected with the  va r i a t ion  of the gasdynamic  v a r i a b l e s  in a c r o s s  sect ion.  

Analogous r e s u l t s  f o r  6 = 0.01144, which co r r e sponds  to an initial  a p e r t u r e  angle 00 = 36% a r e  p re sen ted  
in Fig .  2. In th i s  case  the deg ree  of expansion S of the s t r e a m  as  a function of the s ize  of  the c r i t i ca l  c r o s s  
sec t ion  5 v a r i e s  in the f o r m  S= 5111.56. A shock wave,  behind which the t rans la t iona l  t e m p e r a t u r e  T is  high, 
deve lops  in the  s t r e a m .  The  p r e s e n c e  of a shock wave does  not cause  m a r k e d  changes  in the  v ibra t ional  
t e m p e r a t u r e s  T 3 and T4, but the  t e m p e r a t u r e  T2 v a r i e s  m a r k e d l y .  The amount  of gain fa l l s  to zero  n e a r  the 
nozz le  wall .  In th is  case  the r e l a t i ve  d e p a r t u r e  of  (k)  f r o m  k 0 is  I ((k> -l~D)/k0[ =18%. The value of T in 
the  c r o s s  sect ion x '  = 0.6 is  m a r k e d  by  a d a s h - d o t  l ine in Fig .  2. 

F i g u r e  3 g ives  a concept  of the intensi ty  of the shock as  a function of the initial ape r t u r e  ha l f -angle  00. 
H e r e  the d i s tance  f r o m  the axis  of s y m m e t r y  of the nozzle  is la id  out along the a b s c i s s a  (as in F igs .  I and 2) 
while cu rve s  1-5 co r re spond  to the d is t r ibut ion  of the  t r ans la t iona l  t e m p e r a t u r e  T at va lues  of 00 equal to 
24.3, 31.4, 36.1, 42.4, and 50.8 ~ r e s p e c t i v e l y .  The  values  of T for  the m a x i m u m  hal f -angle  ~0 ~ 20~ at  which 
a shock wave does  not develop under  these  conditions a r e  indicated by a dashed l ine.  It  is  seen  that  a s  the 
init ial  angle  60 i n c r e a s e s  the in tens i ty  of  the shock i n c r e a s e s  and the  r e l a t i ve  y coordinate  of the fo rmat ion  
of the shock i n c r e a s e s ,  i .e . ,  the shock " p r e s s e s "  aga ins t  the  nozzle  wall.  

The dis t r ibut ion of the a v e r a g e  gain (k)  along the nozzle  axis  x '  fo r  the s a m e  values  of the initial angle 
OD is  shown by the cu rves  in Fig.  4 with the p rev ious  number ing .  The  dis t r ibut ion of k 0 according to the one-  
d imens ional  theory  is  indicated by a dashed l ine.  
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In Fig.  5 cu rve  1 is plotted f r o m  the  values  of the average  gain <k) in the c ro s s  section x '  -- 1 as a func-  
t ion of 6 =l~/L. The d a s h - d o t  l ine r e f e r s  to the value of k 0. The  angles e 0 for  di f ferent  a a r e  de te rmined  
f rom curve  2. The dashed curve  gives  the  ordinate  of  the locat ion of the compress ion  shock in the c r o s s  
section x '  -- 1. 

At smal l  values  of 5 one obse rves  good agreement  between curve  1 and the d a s h - d o t  l ine, and in some 
section of var ia t ion the average  coefficient  <k) exceeds  the value k0, i .e. ,  sin a two-dimensional  s t r eam be t t e r  
conditions occur  for  the format ion  of an invers ion than a re  obta ined  in one-dimensional  calculat ions.  Then 
a dec rease  oc c u r s  in the coeff icient  <k),  which is due to the appearance of shock waves in the s t r eam.  

With an increase  in the flow r a t e  the intensity of the shock grows,  which is  seen f ro m  Fig.  3, and the 
optical gain fal ls  sharply behind it.  But the dec r ea se  in the r e l a t ive  th ickness  of the deactivation zone com-  
pensa tes  fo r  this  fall,  and the average  value <k> at the nozzle  exit  grows.  

Thus ,  the r e s u l t s  of the calculat ions in the given case  pe rmi t  one to s tate  that  the prac t ica l  rea l iza t ion  
of the opt imum p a r a m e t e r s  of the  nozzle  and the gas m i n u t e  obtained f rom the one-dimensional  theory  will 
be ve ry  in teres t ing .  
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