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The resul ts  of an investigation of the inverted medium of a quas i -s ta t ionary  CO~ laser  is 
presented.  The medium is distinguished by the fact that the time of flight of individual 
molecules through the discharge gaps is less than the relaxation time of the 00~ CO 2 laser  
level. The emitted power, the gain, the saturation intensity, and the gas temperature  are 
measured .  Using the experimental  data, the distribution of the molecules in the vibrational  
and rotational s tates of the inverted medium is calculated.  The maximum power density at-  
tained in this experimental  model is 25 W / c m  3. For  comparison,  the charac te r i s t i cs  of a 
modeI in which cold CO 2 is added to the flow of excited nitrogen are investigated. It is 
shown that in this case the output power level is determined by the efficiency with which the 
jets are mixed. 

In [1] we briefly descr ibed a model o f aquas i - s t a t i ona ry  CO 2 laser  with pulsed pumping. The main 
charac te r i s t i c  of this method of exciting the medium is that the time of flight of the separate  molecules 
through the region of the quas i -s ta t ionary  discharge is less than the relaxation time of the upper laser  level 
of CO2, and for each small  element of volume of the gas the excitation process  has a pulse form.  As ca lcu-  
lations [2] and pre l iminary  experiments  [1] have shown, the inversion is considerably  higher than that a t-  
tained under s tat ionary conditions.  The purpose of the present  investigation was to make a detailed study 
of the propert ies  of the inverted medium. 

The experimental  a r rangement  used is shown in Fig. 1, in which 1-5 are the components of the pulse 
valve, 6 is the cr i t ica l  section of the nozzle 7, 9-10 are e lect rodes ,  8 is an insulator,  11 are the voltage 
supplies to the discharge electrode,  12 is the distr ibutor  chamber  of the mixer  system,  13 are the tubes of 
the mixer  section, 14 is the chamber  for investigating the state of the inverted medium, 15 are  guides for 
limiting the gas flow, 16 is the booster  volume, 17 is the resonator  m i r r o r ,  and 18 is a window of NaCI. 
The working mixture of gases CO2-N2-He  was made in chamber  1. The high-speed valve opened the 
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Fig. 2 

c h a m b e r  1, connec t ing  i t  to the nozz l e  7. The g a s  m i x t u r e  p a s s i n g  
th rough  the nozz le  was  a c c e l e r a t e d  up to a v e l o c i t y  v 0 = 5 �9 104 c m / s e c .  
A f t e r  r e a c h i n g  s t e a d y  flow cond i t ions  in the  d i s c h a r g e  gap 8, of l ength  
l = 1 c m ,  a r e c t a n g u l a r  vo l tage  p u l s e  of  du ra t i on  ~- = (5-20) �9 10 -~ s e c  
was  app l i ed .  The m a x i m u m  leng th  of the p u l s e  was  d e t e r m i n e d  by  the 
g e o m e t r i c a l  d i m e n s i o n s  of the v a c u u m  v o l u m e  16, which  ac t s  as  a pump 
of l a r g e  c a p a c i t y .  

The r a t e  of gas  f low and the l eng th  of the c h a n n e l s  d e t e r m i n e  the 
t ime  ~l = l / v  0 the s e p a r a t e  m o l e c u l e s  r e s i d e  in the d i s c h a r g e ,  and the 
r a n g e  of c o n c e n t r a t i o n s  for  which  the cond i t ion  ~- l < ~-00~ is  s a r i s -  
f l ed .  

The c h a r a c t e r i s t i c s  of the gas  which  p a s s e s  t h rough  the d i s c h a r g e  
/50t g w  / ~ " - "  ~ gaps  w e r e  a n a l y z e d  in the c h a m b e r  14. We m e a s u r e d  the gas  d e n s i t y  

/ and the f low ve loc i t y ,  and we a l so  e s t i m a t e d  the t e m p e r a t u r e  and the 
1000 s t a t e  of i n v e r s i o n .  The m a i n  d i a g n o s t i c  m e t h o d s  u s e d  w e r e  o p t i c a l  i n -  

t e r f e r o m e t r y ,  the o b s e r v a t i o n  of R a y l e i g h  s c a t t e r i n g  of l igh t  which  h a s  t 
/ p a s s e d  th rough  the gas  flow, p r o b i n g  of the m e d i u m  wi th  l o w - p o w e r  and 5/7/7 ] h i g h - p o w e r  s o u r c e s  of r a d i a t i o n  a t  a w a v e l e n g t h  of 10.6 t t ,  o b s e r v a t i o n  

of l a s i n g ,  and m e a s u r e m e n t  of the  e n e r g y  of s t i m u l a t e d  e m i s s i o n .  
tOl:[; 

0 z0 ~0 60 10 A t y p i c a l  f o r m  of the vo l t age  o s c i l l o g r a m s  (the u p p e r  t r a c e )  a c r o s s  
F i g .  3 the d i s c h a r g e  gap  and the e m i s s i o n  p u l s e  (the l o w e r  t r a c e )  a r e  shown in 

F i g .  2 .  L a s i n g  r e a c h e s  a m a x i m u m  (5-100) �9 10 .6 s ec  a f t e r  the vo l t age  
is  a p p l i e d  to the e l e c t r o d e s  and s t a y s  at  the s a m e  l e v e l  t h roughou t  the p u l s e .  The length  of the vo l t age  
p u l s e  c o n s i d e r a b l y  e x c e e d s  the c h a r a c t e r i s t i c  t i m e  of the p r o c e s s  (the r e l a x a t i o n  t ime  of the u p p e r  and 
l o w e r  l a s e r  l e v e l s  and the t i m e  of f l igh t  of  the  gas  t h rough  the d i s c h a r g e  r e g i o n  and the  r e s o n a t o r ) ,  i . e . ,  
s t e a d y - s t a t e  cond i t i ons  a r e  s a t i s f i e d .  

F i g u r e  3 shows the output  p o w e r  as  a funct ion of the p r e s s u r e  of the w o r k i n g  m i x t u r e  for  a r a t i o  of 
c o m p o n e n t s  CO 2 : N 2 : He = 1 : 3 : 6. The e x p e r i m e n t a l  po in t s  w e r e  ob ta ined  at  the o p t i m u m  d i s c h a r g e  c u r r e n t  
fo r  e a c h  p r e s s u r e  of the m i x t u r e ,  which  i n c r e a s e s  in p r o p o r t i o n  to the  p r e s s u r e .  F o r  N?2 ~ 1.3 �9 1018 c m  -3 
(which c o r r e s p o n d s  to a p r e s s u r e  p* = 40 t o r r  at  r o o m  t e m p e r a t u r e )  the  c u r v e  r e a c h e s  s a t u r a t i o n ,  and a 
f u r t h e r  i n c r e a s e  in the  d e n s i t y  l e a d s  to a s l i gh t  fa l l  in the output  p o w e r .  

The s m a l l - s i g n a l  ga in  (a0) was  m e a s u r e d  us ing  a l o w - p o w e r  s t e a d y  CO~ l a s e r  on the P20 t r a n s i t i o n .  
F o r  o p t i m u m  o p e r a t i o n  (p* ~ 40 t o r r )  the ga in  a0 = 1.3 ' 10 -2 c m  -~ . A s m a l l  (~  3~) r e d u c t i o n  in ~0 wi th  
d i s t a n c e  f r o m  the d i s c h a r g e  c h a n n e l s  was  o b s e r v e d  in the r e s o n a t o r .  

The t e m p e r a t u r e  in the gas  f low was  found f r o m  i n t e r f e r o m e t r i c  m e a s u r e m e n t s .  The e s t i m a t e s  w e r e  
made  a s s u m i n g  tha t  N z T  is  c o n s t a n t  o v e r  the c r o s s  s e c t i o n  of the c h a m b e r .  The t e m p e r a t u r e  d i s t r i b u t i o n  
can  then be e s t a b l i s h e d  f r o m  the d e n s i t y  d i s t r i b u t i o n .  U n d e r  o p t i m u m  cond i t i ons  the t e m p e r a t u r e  of the gas  
in the  r e s o n a t o r  T = 500~ 

To d e t e r m i n e  the l i m i t i n g  p o w e r  e h a r a c t e r i s t i e s  of the i n v e r t e d  m e d i u m ,  s i m u l t a n e o u s l y  wi th  a0 we 
m e a s u r e d  in e a c h  c y c l e  of o p e r a t i o n  the s a t u r a t i o n  i n t e n s i t y  I H. The m a x i m u m  p o w e r  d e n s i t i e s  of the b e a m  
in t h e s e  e x p e r i m e n t s  r e a c h e d  2 k W / c m  2 for  s t e a d y  o p e r a t i o n  of the  p r o b i n g  l a s e r  (the d i a m e t e r  of the i r i s  
which  cut  off the b e a m  was  2 mm) and 3 k W / c m  2 ( i r i s  d i a m e t e r  4 mm) u n d e r  p u l s e d  cond i t i ons  ( ~" ~ 5 - 10 -2 
s e c ) .  F o r  p* = 40 t o r r  the m e a s u r e d  s a t u r a t i o n  i n t e n s i t y  was  2.8 k W / c m  ~ . 

The r e s u l t s  of the e x p e r i m e n t s  enab le  c e r t a i n  c o n c l u s i o n s  to be d r a w n  r e g a r d i n g  the p r o p e r t i e s  of the 
i n v e r t e d  m e d i u m .  When the r e s o n a t o r  r a d i a t e s  m a x i m u m  p o w e r ,  a0 = 1.3 �9 10 -2 c m  - I  and Tg = 500~ The 
gas  t e m p e r a t u r e  is  in e q u i l i b r i u m  wi th  the r o t a t i o n a l  t e m p e r a t u r e .  I t  can  a l s o  be a s s u m e d  tha t  e q u i l i b r i u m  
e x i s t s  be tween  the e x c i t e d  m o l e c u l e s  of  N~ and CO2, s ince  the t ime  s c a l e  fo r  t r a n s m i t t i n g  the e x c i t a t i o n  
f r o m  N2* (v = 1) to CO 2 (00~ in th is  c a s e  is of the o r d e r  of s e v e r a l  m i c r o s e c o n d s ,  whi le  the t i m e  of f l ight  
t h rough  the r e s o n a t o r  d / v  0 = 80 �9 10 -~ s e c .  

F r o m  the a v a i l a b l e  d a t a  we can  f ind the d i s t r i b u t i o n  of the m o l e c u l e s  in the v i b r a t i o n a l  and r o t a t i o n a l  
l e v e l s  in the i n v e r t e d  m e d i u m  (Table  1) .  

F o r  the  c a l c u l a t i o n s  of the popu la t ions  we took the p r o b a b i l i t y  of spon t aneous  e m i s s i o n  wi th  r e s p e c t  
A00:l.~9 0.17 s e c  - i  [3], whi le  the va lue  of the f o r m  f a c t o r  fo r  the c e n t e r  of the  l i ne ,  to the P20 t r a n s i t i o n  as  "10 020 = 

d e t e r m i n e d  in th i s  c a s e  by  c o l l i s i o n  b r o a d e n i n g ,  is S(v0) = 1.9 �9 10 -9 s e c .  
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TABLE 1 
I 

A?~, I c m  -3  

9-t't01~ I 

19 I ~O n00~ 3 nl0~ 3 
cm" cm" 

lOJ5 I 9"3"t01a 

NO0O 1 , 

c m  - 3  

t.7.10 tG 

N10~ 
c m  - 3  

t.6. t01: 

NCO2 o �9 

cm -~ 

8.6.10 I~ 

Nl~2*, 

c m  - 3  

6.45. t01~ 

N00ol , 

;v c o  o 

0.2 

TABLE 2 

Injection 
of CO z 

Combined 
Independent 
Independent 

Concentration, CITI "8 

CO2 N~ He  

1 
t .3 ' t0  n] 3.9"t0 n 7.8.t01v 
t .5.t0 n* 4.i01~ 
3. t017. 8. t0 I~ 

Power sup- 
lied m dis- 
charge, W 

I H , 

=0L kW/em2 

2.7.105 0.39 2.8 
2.7.t05 0.59 2.t5 

4.105 0.4t 2.8 

~0I H ,  

W/cm' 

"36 
50 
36 

* The m e a n  v a l u e s  of the c o n c e n t r a t i o n  of CO 2 a r e  p r e s e n t e d  f r o m  in -  
L 

t e r f e r o m e t r i c  m e a s u r e m e n t s  Nco ~ = --f N (x) dx . 
0 

U n d e r  o p t i m u m  cond i t i ons  a c o n s i d e r a b l e  p o r t i o n  of the  e n e r g y  of the v i b r a t i o n a l  e x c i t a t i o n  of the 
m o l e c u l e  iN 2 .  (v = 1) + CO s 00~ is c o n v e r t e d  into r a d i a t i o n  in the r e s o n a t o r .  Th is  i s  c o n f i r m e d  by the 
f ac t  t ha t  when w o r k i n g  wi th  two r e s o n a t o r s  s p a c e d  25 c m  a p a r t ,  the p o w e r  r a d i a t e d  by  the s e c o n d  ( fu r ther )  
r e s o n a t o r  is  r e d u c e d  by an o r d e r  of magn i tude  when the f i r s t  r e s o n a t o r  is  c o n n e c t e d .  The d e n s i t y  of the 

e x c i t e d  m o l e c u l e s  which  can  p a r t i c i p a t e  in t a s i n g  i s  NN~ * ~  + NCO200o 1 = 8.2 �9 1016 c m  -3 . Note tha t  t ak ing  

into accoun t  the c o n t r i b u t i o n  of the  u p p e r  v i b r a t i o n a l  l e v e l s  of the e x c i t e d  n i t r o g e n  (v = 2-8)  and CO~ 00~ 
(m > 1) should  l e a d  to a c o r r e c t i o n  of a p p r o x i m a t e l y  2 0 ~ .  If we a s s u m e  tha t  the e n e r g y  of a l l  the e x c i t e d  
m o l e c u l e s  is  c o n v e r t e d  into s t i m u l a t e d  e m i s s i o n  ins ide  the r e s o n a t o r ,  we can e s t i m a t e  the m a x i m u m  p o w e r  
which  the i n v e r t e d  m e d i u m  is  c a p a b l e  of d e v e l o p i n g .  Th i s  i s  

Pmax  = tO-~hvodLvo (N~,~* + Nco~00~ = 9.4. i03 W, 

w h e r e  d is  the  d i a m e t e r  of the r e s o n a t o r .  

The l i m i t i n g  p o w e r  which  can  be p r o d u c e d  by  the s y s t e m  is a s s u m e d  to be g o v e r n e d  by  the p r o d u c t  
a0IHV (where  V is  the vo lume  of the r e s o n a t o r ) .  F o r  o p t i m u m  o p e r a t i o n  Pa0IH = 14 �9 103 W.  The f ac t  tha t  

Pa0 iH is g r e a t e r  than  P m a x  i s  due to the f ac t  tha t  u n d e r  the e x p e r i m e n t a l  cond i t i ons  the  r e s e r v e  of v i b r a -  

t i ona l  e n e r g y  of (NN2 * + NCO200o 1) is  l i m i t e d ,  and t h e r e  is  no boos t ing  m e c h a n i s m .  This  l e a d s  to a change  

in p a r a m e t e r s  of the i n v e r t e d  m e d i u m  o v e r  the d i a m e t e r  of the r e s o n a t o r .  

As  can  be s e e n  f r o m  F i g .  3, the m a x i m u m  p o w e r  r e c o r d e d  in the e x p e r i m e n t  i s  1.5 kW.  If we a s -  
s u m e  tha t  the p a r a m e t e r s  of the i n v e r t e d  m e d i u m  do not  change  a p p r e c i a b l y  du r ing  i t s  mot ion  th rough  the 
r e s o n a t o r ,  then,  t ak ing  into account  the l o s s e s  in the l a t t e r ,  the l i m i t i n g  p o w e r  which  shou ld  be e x t r a c t e d  
f r o m  the l a s e r  is  

Wl = ~ L In [(I - ~) (I --n)] -I/' 
D 

Here ~7 is the total dissipative loss in the resonator 07 ~-" I0 �9 10-2), and ~- is the transmittance of 

the exit mirror of the resonator (7 ~ 20 �9 10-~). The coefficient (2 - 7) takes into account the two direc- 
tions of propagation of the radiation. 

With the above-mentioned parameters of the resonator W I = 5.4 �9 103 W. The difference between W i 

and the experimental value W 2 is due to the fact that when calculating W I we ignored the considerable 
change in the inversion when the medium moves through the resonator. 

The correspondence between experiment and the above estimates enables us to designate the quantity 
Wins x = 2 5 W/cm 3 as the limiting power density which this medium is capable of delivering. 

We will compare the above method of excitation with the method of independent injection of cold CO 2 

into a jet of excited nitrogen [3]. The advantages of the latter method of excitation are obvious: in this 

ease the danger of dissociation of CO 2 molecules disappears and one can increase the power in the dis- 

charge, thereby incre asing the concentration of vibrationally excited nitrogen. 
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As can be seen  f rom the tab le ,  
should be noted that  in the case  of 
m i x t u r e .  

The max imum value of the produc t  a0I H is r eached  at c o m p a r a t i v e l y  low dens i t i e s .  ~s  the dens i ty  
i n c r e a s e s  the sa tu ra t ion  intensi ty  i n c r e a s e s  somewhat ,  but a reduct ion in the s m a l l - s i g n a l  gain leads  on the 
average  to a reduct ion  in the produc t  a0IH. The addition of he l ium to the exci ted  n i t rogen i n c r e a s e s  the 
s m a l l - s i g n a l  gain,  but the sa tu ra t ion  in tens i ty  d e c r e a s e s , a n d  the produc t  a0IH is l e s s  than without he l ium.  

The p a r a m e t e r s  a t ta ined in the a r r a n g e m e n t  with independent gas mixing are  not the l imi t ing  ones.  
The ef f ic iency with which v ib ra t iona l  energy  exci ta t ion  is t r a n s f e r r e d  is quite low due to poor  mixing of the 
g a s e s .  

The p re sence  of poor ly  mixing gas  j e t s  with d i f ferent  r e f r a c t i ve  indices  leads  to r e f r ac t i on  ef fec ts  
which are  e a s i l y  de tec ted  when inves t igat ing las ing .  Despi te  the high gain of the medium,  under  mos t  c i r -  
cums tances  las ing is not obse rved  in the f i r s t  r e s o n a t o r  and is obse rved  in the second (further) r e s o n a t o r .  
If ~, a0,and I H are  known, then by measur ing  the l a s e r  power  one can e s t i m a t e  the effect ive d i s t r ibu ted  
l o s s e s  due to r e f r a c t i o n .  F o r  the mode of opera t ion  co r r e spond ing  to the th i rd  line in Table 2, the loss  
l eve l  5 ~ 10 -2 cm -1 in the far  r e s o n a t o r .  

The p r e s e n c e  of nonuni formi t ies  due to poor  mixing is mos t  c l e a r l y  shown at  high p r e s s u r e s .  F igure  
4 shows the s m a l l - s i g n a l  gain as a function of the d i s tance  to the output of the d i s cha rge  channels  for a j e t  
with p = 1 a im.  The ex is tence  of a maximum on the curve  is due to compet i t ion between two p r o c e s s e s :  
mixing of the j e t s ,  which leads  to an i nc rea se  in the invers ion ,  and combined re l axa t ion  of the molecu les  of 
exci ted  N 2 and CO 2 . Es ' t imates  of the re laxa t ion  t ime of the mix ture  (CO2 : N~ = 1 : 1) show [4] that  the i n v e r -  
sion should d i s appea r  at a d is tance  of s e v e r a l  m i l l i m e t e r s  f rom the outlet .  The exis tence  of a high gain at 
a d is tance  l = 3 cm conf i rms  the ve ry  poor  mixing.  Note tha t  a t a h i g h g a i n a 0  (a 0 = 3.5 �9 10 "e cm -l)  l as ing ,  
in gene ra l ,  is  not obse rved .  This can only be expla ined by the p re sence  of h igh -dens i ty  g rad ien t s  which 
lead  to detuning of the r e s o n a t o r .  F o r  a c h a r a c t e r i s t i c  j e t  s ize  of 2R ~ 0.3 cm the def lect ion of the beam 
due to the d i f ference  in r e f r a c t i v e  index of CO 2 and N 2 in a length L = 20 cm,  ~0 ~ L ( n c o  ~ - nN2)/R may 

r e a c h  a degree  (nco2, nNe are  the r e f r a c t i v e  indices  of CO 2 and N~ and R is the sca le  of the inhomogenei -  
t i e s ) .  

It follows f rom the above da ta  that  in s y s t e m s  with independent mixing it is  not poss ib le  to use  c o m -  
p le te ly  the s to re  of v ib ra t iona l  exci ta t ion  energy  due to poor in te rpene t ra t ion  of the j e t s .  To improve  the 
energy  eff ic iency,  it  is  n e c e s s a r y  to reduce  the d i a m e t e r  of the in i t ia l  je t s  and a t tempt  to achieve turbulent  
mixing .  

Cold CO 2 was injected into the above-mentioned arrangement. The 

principles ot operation of the mixing system employed can be understood 
from Fig. I. Nitrogen (with or without the addition of helium) was ex- 
cited in the channels 8. CO~ was pumped into the tube 13 and discharged 
into the chamber through an opening in this tube (the diameter of the 
opening was 1 ram). The jet of excited nitrogen absorbed the CO~, and 
the excitation was transferred as the mixture of gases traveled down- 
sire am. 

Table 2 shows the main characteristics of the optimum operating 
conditions of the model with combined and independent injection of CO~. 

the parameters of the optimum operating conditions are quite close. It 
independent mixing, helium is not an essential component of the working 

Fig .  5 
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When a previously prepared mixture is forced 
through discharge gaps, the situation is simplified con-  
s iderably since N 2. (v = 1) and CO2 ~176176 are in equilibrium 
at any point of the medium. It is worth noting a difficulty 
of another kind, which ar i ses  when exciting a mixture in 
discharge channels of the kind shown in Fig. 1. This dif- 
ficulty ar ises  due to the nonuniformity of the cur ren t  d is -  
tribution over the channel radius.  

Figure 5 shows an in te r fe rogram of the flow field 
for p* = 40 tor r ,  which i l lustrates  the inhomogeneity of 

Fig. 6 
the density distribution at the output of the discharge gap. 
The gas density along the axis of the channel is approxi-  

mately twice that at the per iphery,  which indicates the lower tempera ture  on the axis. This form of gas 
density distribution forces us to the conclusion that the discharge is heated mainly in the boundary region, 
as a resul t  of which the heat  t ransfer  to the walls may be considerable and the excitation efficiency of the 
mixture therefore  reduced.  As est imates  show, the rat io of the total energy contained in the gas (vibra- 
tional, rotational, and thermal) to the energy introduced into the discharge is 50~ in this case .  

The nonuniformity of the cur ren t  distribution over the c ross  section of the channel is not a fundamen- 
tal effect. The nonuniformity disappears  in the construct ion shown in Fig. 6, which was used at high p r e s -  
sures  with the gas jet  emerging direct ly  into the a tmosphere .  The component parts  of the apparatus in 
Fig.  6 are as follows: 1 is the gas r e se rvo i r ,  2 are the accelerat ing sections,  3 is a water  res is tance  to 
decouple the separate channels,  4 are the discharge e lect rodes ,  and 5 is the sys tem of discharge channels.  
The use of this construct ion at moderate  p r e s su re s  (p ~ 0.1 arm) should considerably improve the power 
charac te r i s t i c s  of the l a se r .  

The authors thank V. M. Fedorov for useful discussions and A. A. Borynyak for his help with the ex-  
per iments .  
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