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The dependence of the radia ted power on the cha rac t e r i s t i c s  of optical cavi t ies  in the case 
of flow sys tems  has been investigated in a number  of papers  [1-3], in which it  is assumed 
that population invers ion of the l a se r  levels  is  obtained until  en t ry  into the cavity.  The op- 
era t ion  of a cavi ty is analyzed in [1] in the geomet r ic -op t ica l  approximation with allowance 
for vibrat ional  re laxat ion in the gas flow. A simplified sys tem of re laxat ion equations is  
solved under  s teady-s ta te  lasing conditions and an express ion  der ived  for the l a se r  output 
power on the assumption of constant t empera tu re ,  density,  and flow speed. The vibrat ional  
re laxat ion p roce s se s  in the cavity i t se l f  a re  ignored in [2, 3]. It is shown in those studies 
that the solution has  a s ingular i ty  at the cavity input within the context of the model  used.  In 
the presen t  a r t ic le  the per fo rmance  cha rac t e r i s t i c s  of a CO2-N2-He  gas-dynamic  l a se r  with 
a plane cavity are  calculated.  A set  of equations descr ibing the p r o c e s s e s  in the cavity is  
analyzed and solved numer ica l ly .  Population invers ion of the CO 2 l a se r  levels  is  c rea ted  by 
pre -expans ion  of the given mix ture  through a flat hyperbol ic  nozzle.  The dependence of the 
output power on t h e  ref lec t iv i t ies  of the m i r r o r s ,  the cavity length, the p r e s su re ,  and the 
composit ion of the active gas medium is de termined.  

1. Consider an adiabatic one-dimensional  flow of a CO 2 - N 2 - H e  mixture  through a flat hyperbolic  
nozzle having a special  configuration such that it t e rmina tes  in a p lane-para l le l  channel. The mixture ,  
expanded through the nozzle,  en te rs  the in te r io r  of a F a b r y - P e r o t  cavity.  

It may be i n fe r r ed  on the bas is  of our  calculations [4] of the population invers ion of CO 2 molecules  
in expanded gas flows for an ax i symmet r i ca lnozz le  that the main p ro ce s se s  governing coll is ional  re laxat ion 
in the CO2-N2-He  mixture  are  the following: 

K t  

CO~ (00~ + M ~ ' *  CO~ (t110) + M + Ast (1.1) 
�9 K - t  

/t"t 

CO, (0O~ + N, (0) - - ~  CO, (00~ + N, (i) + Ass (1.2) 

Ka 

CO~ (0t10) + M ~ C02 (00~ + M + As3 (1.3) 
K - a  

Here  M is any one of the CO2, N2, or  He par t ic les ,  As  is  the heat of the m- th  reac t ion  (m= 1, 2, 3), 

K,,, = ~, P~)Z(")a~176 is  the probabil i ty of the deactivation or exchange of lower - leve l  quanta in the m- th  
n 

reac t ion  in one coll is ion of a CO 2 molecule with the n- th  par t ic le ,  Z (n) is  the coll ision f requency of CO 2 
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m o l e c u l e s  wi th  m o l e c u l e s  of  s p e c i e s  n p e r  uni t  c o n c e n t r a t i o n ,  and a(n)  = N(n)/N i s  the  m o l a r  f r a c t i o n  of  the  
n - t h  c o m p o n e n t  of  the  m i x t u r e ~  The  s u b s c r i p t s  n= 1, 2, 3 r e f e r  to the  r e s p e c t i v e  m o l e c u l e s  CO2, N2, and 
He.  

We fo l low the  p r o c e d u r e  d e v e l o p e d  in  [5], i . e . ,  a s s u m e  tha t  both  d u r i n g  e x p a n s i o n  and in the  c a v i t y  
l o c a l  t h e r m o d y n a m i c  e q u i l i b r i u m  e x i s t s  wi th in  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  CO 2 and N 2 m o l -  
e c u l e s ,  so t ha t  we can  a s s o c i a t e  wi th  e a c h  v i b r a t i o n a l  m o d e  a v i b r a t i o n a l  t e m p e r a t u r e  T i ( i=  1 . . . .  4). The 
v a l u e s  of  i = 1, 2, 3 r e f e r  to the  t h r e e  m o d e s  of  CO2, and i = 4 to  the  v i b r a t i o n a l  m o t i o n  of  the N 2 m o l e c u l e .  
I t  m a y  be  a s s u m e d  wi th  a c c e p t a b l e  e r r o r  tha t  the  v i b r a t i o n a l  t e m p e r a t u r e s  T 1 and T 2 a r e  equa l .  

The  m a s s ,  m o m e n t u m ,  and e n e r g y  c o n s e r v a t i o n  e q u a t i o n s ,  the  e q u a t i o n s  of  s t a t e ,  and the r e l a x a t i o n  
e q u a t i o n s  fo r  o n e - d i m e n s i o n a l  s t e a d y - s t a t e  f low of  an i d e a l  g a s  up to e n t r y  in to  the  c a v i t y  have the f o r m  

A (x) pu = A , o . u ,  (1.4) 

a~ ap (1.5) pu-~-z + -~-, ---- 0 

" 3  
d 5 t 2 

1 

P ----pm-lkT (1.7) 

ay~ p ( i + y2) ' ( l . y') i dx -- ~uu T-~--~y~-+--~ {- -  - - e x p ( - - h ~ 3 / k T ) ]  j -  3 K Y a - - Y 2 a e x p ( - - A e ~ / k T ) )  
T K3 [Y2 . ] -  1 (i --  y~) (1 + Y9 (l - ys)~ 

d--7 = m---'~ - -  0 -- Y~) - -  K~ (i -- y~p (i 

(i.8) 

(i.9) 

a (1) ya  - y a  e x p  (-- As~ / kT) dy, R ( i - -  y~) K~ (i.i0) 
dx mu a(2) (t --  ya) 

H e r e  p, u,  T,  p,  and A a r e  the  d e n s i t y ,  v e l o c i t y ,  t e m p e r a t u r e ,  p r e s s u r e ,  and c r o s s - s e c t i o n a l  a r e a  of  

the  n o z z l e ,  m = ~a(n)mn; rnn i s  the  m a s s  of  the  n - t h  s p e c i e s  of m o l e c u l e ,  E i i s  the  v i b r a t i o n a l  e n e r g y  of  

the  i - t h  v i b r a t i o n a l  d e g r e e  of f r e e d o m  p e r  g a s  p a r t i c l e ,  and k i s  t he  Bo l t zmarm c o n s t a n t .  The  v a l u e s  of the  
v a r i a b l e s  in  the  c r i t i c a l  s e c t i o n  of the  n o z z l e  a r e  i n d i c a t e d  by  an a s t e r i s k .  

The  r e l a x a t i o n  e q u a t i o n s  (1.8)-(1.10)  a r e  w r i t t e n  in the  v a r i a b l e s  y i  = exp ( - h v i / k T i ) ,  w h e r e  hv i i s  
the  v i b r a t i o n a l  quan tum e n e r g y  of  the  i - t h  m o d e .  We have  a s s u m e d  in w r i t i n g  Eqs .  (1.8)-(1.10) tha t  the 
d e n s i t y  of  CO 2 m o l e c u l e s  in  a v i b r a t i o n a l  s t a t e  (m, n, p) i s  d e s c r i b e d  by  the c o n v e n t i o n a l  r e l a t i o n  g iven  in 
[6]: 

N(1) (m, n, p) = Na) [ym (i - -y l ) l [ (n  § 1) y ~  (i - -  y~)~] [y3P (i--y3) ] (l.li) 

and r e l a x a t i o n  of  the  v i b r a t i o n a l  t e m p e r a t u e s  i s  r e a l i z e d  only  t h rough  c o l l i s i o n s .  Spontaneous  t r a n s i t i o n s  
can  be  n e g l e c t e d ,  b e c a u s e  the  r a d i a t i o n  l i f e t i m e s  of the  l e v e l s  f a r  e x c e e d  the  c h a r a c t e r i s t i c  t r a n s i t  t i m e s  
of  the  g a s  t h rough  the  s y s t e m .  

The  e n e r g y  of  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  have  the fo l lowing  f o r m  f o r  a h y p o t h e t i c a l  h a r m o n i c  
o s c i l l a t o r  m o d e l :  

Ei ~ h'~iy~ (i = l ,  3, 4), E~ 2hv2y~ (1.12) 

The  p r o b a b i l i t i e s  of  the  p r o c e s s e s  (1.1)-(1.3)  a r e  e v a l u a t e d  the  s a m e  as  in  [4]. 

2. The  m i x t u r e ,  e x p a n d e d  t h r o u g h  the  noz z l e ,  e n t e r s  a p l a n e - p a r a l l e l  c av i ty ,  whose  z ax i s  i s  p e r -  
p e n d i e u l a r  to the  d i r e c t i o n  of  gas  f low.  The  m i r r o r s  o f  the  c a v i t y  a r e  l o c a t e d  at  the  p o i n t s  z = 0 and z = L.  
The  r e f l e c t i v i t i e s  o f  the  m i r r o r s  a r e  equa l  to  
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r l = I_ - -  a i - -  t l ,  r 2 = 1 . . . . .  (2.1) 

where  a t and a 2 a re  the loss  coeff icients  due to ene rgy  diss ipat ion and t t and t 2 a r e  the t r a n s m i s s i v i t i e s  of 
the f i r s t  and second m i r r o r s ,  r e spec t ive ly .  

For  a s teady flow of gas  through the cavi ty  the conserva t ion  equations for  the m a s s  (1.4) and m o m e n -  
tum (!.5) and the equation of s ta te  (1.7) r e m a i n  the same  as during expansion through the nozzle .  With 
allowance for  the emis s ion  of radia t ion and diss ipat ion at the m i r r o r s  the ene rgy  equation a s s u m e s  the 
fo rm 

3 

puTn ~zd kT + (an) + a(2)) kT + a(~) ~, E~ + a(~E4 + T mu~ = (7 (2.2) 
1 

Here G i s  the ene rgy  lost  per  cubic cen t ime te r  of gas  pe r  second.  Under s t eady-s t a t e  las ing con-  
ditions, 

G = f K J ~ d v  (2.3) 

where  K v is  the optical  gain of the medium and Iv is  the spec t ra l  intensi ty  of the emi t ted  radiat ion.  Since 
the gain s ca r ce l y  changes over  the width of the l a s e r  line, the express ion  for  G is  wri t ten in the fo rm 

G = K~oI (2.4) 

where  Kvo is  the gain at the cen te r  of the line and ! is  the total  radia t ion intensi ty .  

The re laxa t ion  equations have the following f o r m  in the cavi ty  with al lowance for  s t imulated t r a n s i -  
t ions:  

ay2 ~ (i + y2)~O _ y,,)~ f ~ol (2.5) 
dx ~ r  u t + 4y2 + yz ~ hvN O) 

dya i K%I 
ax ----- q)~ --  u (i --  y~)~ (2.6) 

hvN (1) 

dya 
a--7- ---- T3 (2.7) 

Here the functions q~l, ~v2, and ~3 r e p r e s e n t  the r ight -hand sides of the r e spec t i ve  equations (1.8), (1.9), 
and (1.10). 

To c lose  the s y s t e m  (1.4), (1.5), (1.7), {2.2), (2.5)-{2.7) we requ i re  one m o r e  equation. The requ i red  
equation is  given by the s t eady- la s ing  condition obtained in [1]: 

2LK,:o = - -  In (rlr2) (2.8) 

which i s  a consequence of the equali ty of the radia t ion loss  and gain in two-way t r ans i t  through the cavi ty .  

3. The optical  gain Kv of the medium is  defined as follows, according  to [7]: 

t c3I + t OI- 
K, = 7 ~ - ~  = 1- ~ (3.1) 

where  I + and I -  a re  the light flux in tens i t ies  in the posi t ive  and negative z d i rec t ions .  

According to [8], the expres s ion  for  K v may  be wri t ten  in the f o r m  

g~----- c~A (ln 2)'/' (.Av(ln2)'/' (v--~o) !ln2)'/'~ 
�9 8~v~Ar (r~ --  nl) U \ A~' , av' / (3.2) 

Here  A i s  the Einstein coeff icient  for  spontaneous emiss ion ,  c i s  the speed of light, v 0 i s  the t rans i t ion  
f requency at the cen te r  of the line, AV and A v '  a re  the col l is ional  and Doppler  half -widths  of the line, n 2 

630 



J 

z / 

f - ~ - - y  

. /  ------ 
f z 

p, kW 

, / /  , 
! I X, cm ~ cm 

0 t~ 20 J0 J0 #0 

Fig. 1 

5 f - -  

g /0 2g 

Fig.  2 

and n I are  the population of the upper and lower l ase r  levels  respect ively ,  and U is the Voigt function. 

The density of molecules  nv(J) at the vibra t ional- rota t ional  level at equil ibrium of the rotational and 
t ransla t ion degrees  of f reedom is 

hob [ hcB](S+ t) ] 
n, (]) = n, -F2-- (2J + t) exp -- ~T (3.3) 

where n v is the total population of the vibrat ional  level, J is the rotat ional  quantum number,  h is  the Planck 
constant, and B is  the rotat ional  constant.  

The t ransi t ion lines of the P -b ranch  ( A J = - I )  corresponding to values of J0 maximizing (3.3) are  the 
mos t  intense. 

For  a g a s  mixture the colt isional half-width of the line is given by the relat ion 

~ = • y, N~)~(%(~) (3.4) 2~ 
n 

in which a (n) is the c r o s s  section for line broadening by molecules  of the n- th  species and v (n) is the r e l a -  
tive veloci ty  of CO 2 molecules  and molecules  of the n- th  species .  The values of or(n) for  CO2, N2, and He 
molecules  may be found in [9, 10]. 

The express ion for the Doppler half-width of the line has the form 

At = -Z L--~-~ (3.5) 

where X is the wavelength of the t ransi t ion in question. 

4. One of the mos t  important  cha rac t e r i s t i c s  to be determined is the radiated power P f rom the cav-  
ity. If W and H are the dimensions of the cavi ty in the x and y direct ions,  we have 

xo+ w 
P =  i I tHdx  (4.1) 

Here I t is  the output radiat ion intensity f rom the cavity: 

I t  = I +  (L) t2 4- I'~ (0) t 1 

where I+(L) and I-(0) are  the intensi ty values at z = L, 0. 

The following re la t ions  hold in a s teady-s ta te  radiat ion field: 

(4.2) 

I + (L) I * (0) 
I -  (L) r~ : i-~-~ rl = i (4.3) 

Noting that the number  of st imulated t ransi t ions  per  cubic cent imeter  per  unit t ime can be written 
in the form 
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hv = ~ Z - I  K~~ (I+ q- I-) dz ---- ~ [1+ (L) - I + (0) - I -(L)  q- I -  (0)] 
0 

and taking (3.1) and (4.3) into account, we obtain 

(4.4) 

al  - '  a2 (r l  / r~) ' l '  "~ 
It = K~oIL i [t ", ' (4.5) 

- -  ( r l r 2 )  ] [ t  -,s / r2) V2] ! 

The expres s ion  for  the rad ia ted  power f rom the cavi ty  has  the final f o rm 

xo4-~V 

P----LH I 
~o 

--.T"J ~fl a~ + as (rz / r.2) v, ~. - -  ~' ~ a x  
[i -(rlr2)/'] [i + (r~ / r2)/~1 ~ 

(4.6) 

5. We solved numer i ca l ly  the s y s t em (1.4)-(1.10) descr ib ing  the expansion of the C O 2 - N 2 - H e  m i x -  
tu re  for  a f iat  hyperbol ic  nozzle  with an a r e a  ra t io  desc r ibed  by the fo rmula  

A / A. = V i  + x 2 ~ (5.1) 

in which b = h /2  tan0 (h i s  the height of the exit  slot, and 0 is  the asympto t ic  expansion hal f -angle  of  the noz-  
zle). The calculat ions were  c a r r i e d  out for  a nozzle with h = 0.1 c m  and 0= 15% It  follows f r o m  our e a r l i e r  
work  [4] that  for  the impor tan t  case  of l a rge  densi t ies  the motion may  be r e g a r d e d  as  equi l ibr ium flow up 
to the c r i t i ca l  point. The equi l ibr ium flow equations a r e  eas i ly  in tegra ted  and the equi l ibr ium value the reby  
obtained for  the vo lumet r i c  flow of gas  through the nozzle .  The use  of  the subcr i t i ca l  equi l ibr ium solution 
g rea t ly  s impl i f ies  the p rob lem and shor tens  the computat ion t ime  for  one set  of conditions ("var iant") .  

The dis t r ibut ions of the  inver ted  populations along the nozzle a re  given fo r  the m o s t  significant r e -  
g imes  i nF ig ,1 ,  in which the.quanti ty 5 = [N(00Ol)-N(10.0)] �9 l0  -15 i s  plotted on the ve r t i ca l  axis .  Curves  1, 
2, and 3 r e f e r  to va r i an t s  with the following init ial  conditions: 

P o - -  t5 a r m ,  T O ----2000 ~  i0% C02- -40% N s - - 5 0 %  He (5.2) 
P0 = 30 arm, T 0 =  2000 ~  5% C 0 s - - 4 5 %  N~- -  50% He (5.3) 
P0 = 60 arm, ~ To = 2000 ~ K, 2.5% CO s 47.5% Nz --  50% He (5.4) 

Note that  in all  va r i an t s  the absolute number  of CO2 pa r t i c l e s  at the en t ry  point i s  constant .  

It  follows f rom Fig.  1 that  at h igher  p r e s s u r e s  population inve r s ion  t akes  place e a r l i e r  aiong the noz-  
zle due to the i nc rea sed  content of He and, hence,  the f a s t e r  re laxa t ion  of the lower  l a s e r  levelo 

A difficulty a r i s e s  in the solution of the s y s t e m  (1.4), (1.5), (1.7), (2.2), (2.5)-(2.8) descr ib ing  the flow 
of re laxing gas  through the cavi ty  in connection with the fact  that  for  p r ede t e rmined  re f lec t iv i t i e s  r I and 
r 2 Eq. (2.8), genera l ly  speaking, does not holder  under  a r b i t r a r y  conditions at the cavi ty  input. It  was  a s -  
sumed in [1] for  this r e a s o n  that  the pepulat ions of the l a s e r  leve ls  suffer  a discontinuity at the cavi ty  input 
while all  the other  v a r i a b l e s  r e m a i n  constant .  

To r e m o v e  the discontinuity of the populations at the cavi ty  input we c a r r i e d  out the calcula t ions  in 
the p resen t  study for  a va r i ab le  re f lec t iv i ty  r2(x) specif ied by a ce r t a in  function that  i n c r e a s e s  with the 
length I and then a s s u m e s  (for x - x  0 ~ l) a constant  value r ~ .  
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When the va lues  of T i, T, u, and p a re  given at the input, Eq. (2.8) is  val id  only beginning with a c e r -  
ta in value r~ at a dis tance 10 f r o m  the cavi ty  input. Fo r  x - x  0 -< l 0 Eq. (2.8) is  not used; a s t eady-s ta te  
in tensi ty  cannot be  rea l ized ,  because  in th is  in te rva l  the l o s se s  exceed  the gain.  For  x - x  0 -> l 0 the s imul -  
taneous  solution of Eqs.  (2.5)-(2.8) gives  the function I(x). It is  impor tan t  to r ea l i ze  the impl icat ion of 
Eqs.  (2.5)-(2.8) that  I(x) i s  a discontinuous function at the point x= x 0 +/0, where  i t s  value depends on the 
f o r m  of the function r2(x ). 

The length l of the v a r i a b l e - r e f l e c t i v i t y  in te rva l  was a s sumed  to be equal  in o r d e r  of magnitude to 
the di f f ract ion length. We c a r r i e d  out the calcula t ions  for  s e v e r a l  functions r 2 (x) and s e v e r a l  value s of l .  
For  smal l  l in c o m p a r i s o n  with the c h a r a c t e r i s t i c  re laxa t ion  lengths the mode of specif icat ion of the func- 
t ion r2(x ) and the choice of l have v i r tua l ly  no influence on the power  value.  

The dependence of the rad ia ted  power  on the cavi ty  length along the x axis  is  given in Fig. 2. The 
calcula t ions  r e f e r  to va lues  of L= 50 cm,  r 1 = 1, r~  = 0.9, and a 2 = 0.01. Curves  1, 2, and 3 co r re spond  to 
conditons (5.2)-(5.4), r e spec t ive ly .  The init ial  i nc r ea se  of the rad ia ted  output power  is  a t t r ibuted to a 
rapid  exchange of quanta with ni t rogen.  The subsequent  r e l a t ive ly  slow g r o w t h o f t h e p o w e r  is  due to the 
slow t e m p e r a t u r e  re laxa t ion  of the lower  l a s e r  level  to the t rans la t ion  t e m p e r a t u r e  of the mix tu re .  This  
fact  is  evinced by  Fig. 3, which shows the behav ior  of the v ibra t iona l  and t r a n s l a t i o n a l t e m p e r a t u r e  in the  
di rec t ion of flow along the cavi ty  for  the ini t ial  data (5.2). The behav io r  of the t e m p e r a t u r e  for  the other  
ini t ial  data  a r e  qual i ta t ively s i m i l a r .  

The dependence of the rad ia ted  l a s e r  power  on the flow stagnation p r e s s u r e  under  the condition of 
an invar iant  absolute num ber  of CO 2 pa r t i c l e s  i s  given in Fig. 4. For  suff icient ly low p r e s s u r e s  the output 
power  essen t i a l ly  i n c r e a s e s  d i rec t ly  as  the p r e s s u r e .  At p r e s s u r e s  of N 60 arm, however ,  the power 
growth slows down, a r e su l t  that  i s  a t t r ibuted to rapid  col l is ional  re laxa t ion  of the upper  l a s e r  level .  

Curves  showing the dependence of the rad ia ted  output power  on r + and L a r e  given in Figs .  5 and 6. 
The calcula t ions  r e f e r  to va r i an t  (5.2). We see f rom Fig. 5 that  an op t imum re f l ec t iv i ty  exis ts ,  which is  
roughly equal to 0.9 for  this case .  The exis tence  of an op t imum re f lec t iv i ty  is  explained by  the fact  that 
as  r~  is  i nc reased  the radia t ion in tens i ty  in the l a s e r  cavi ty  i n c r e a s e s  on the  one hand, while the f rac t ion  
of emi t ted  radia t ion  d e c r e a s e s  on the o ther .  Figure  6 i l lu s t r a t e s  the dependence of the output power  on 
the length of the l a s e r  cavi ty .  Under the given conditions las ing t akes  place only for  a cavi ty  length L ~ 10 
c m .  

The foregoing calcula t ions  show that  the al lowance for  col l is ional  re laxa t ion  can prove  significant 
in the es t imat ion  of rad ia ted  output power .  A l a rge  content of N 2 in the m ~ r e  is  the mos t  favorable  for  
the genera t ion  of l a rge  powers .  At p r e s s u r e s  above N 60 arm, however ,  the power  growth slows down due 
to the rap id  col l is ional  re laxa t ion  of CO 2. This  cons idera t ion  r e n d e r s  it  imprac t i c a l  to fu r ther  i nc rea se  
the p r e s s u r e  under  the s ta ted condit ions.  
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