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To produce laser-active gaseous media, and to investigate their characteristics, it is con- 
venient to use expanding gasdynamic flows [1-4], and high-speed chemical reactions [5, 6]. 
The idea of a chemical-gasdynamic laser [7, 8], based on a combination of the chemical and 
gasdynamic methods of producing population inversion is of interest. In this paper we in- 
vestigate the conditions under which population inversion of the Vibrational levels of the CO 2 
molecule can be produced in expanding flows of different gaseous mixtures containing CO2, 
including the products of the reaction between NO and CO with the addition of a small amount 
of hydrogen, and when the initial mixture is diluted with nitrogen or argon. The effect of 
the composition of the initial mixture and the temperature in front of the nozzle on the gain 
of the coherent emission at a wavelength of 10.6 #m in the working cross section of the flow 
i s investigated. 

To produce a vibrationally nonequilibrium flow of the mixture we used an arrangement employing a 
pulsed gasdynamic laser in a shock tube with a nozzle [9-ii]. The gain was measured by the direct meth- 
od [12, 13] by illuminating the working cross section of the flow with the beam from a CO 2 laser. 

The experimental arrangement is shown in Fig. i. The shock tube 1 of internal diameter 80 mm 
was connected to the expansion section 2, in which there was a plane wedge-shaped nozzle. The expansion 
section was connected to a receiver 3. The overall length of the shock tube is 4.2 rn, and the length of the 
high-pressure section is 0.9 m. A mixture of hydrogen and nitrogen was used as the propellant gas. The 
initial pressure of the mixture in all the experiments was greater than 50 torr. Before filling with the 
mixture, the low-pressure section was pumped down to a pressure of 0.i torr. Leakage of air into the 
shock tube did not exceed 0.i torr in i0 rain. The mixtures were made in a mixing system which carefully 
dried the components. 

Fig. 1 

The p ressu re  P0 and the tempera ture  T O in the r e -  
flected shock wave in front of the nozzle was calculated 
f rom the experimental ly  measured  shock-wave velocity. 
The velocity of the shock wave was measured  from the s ig-  
nals of two piezoelectr ic  p r e s su re  pickups 11 a distance of 
0.5 m apart .  The signal f rom a third pickup a distance of 
0.2 m higher up the flow was used to t r igge r  and synchro-  
nize all the recording  apparatuses .  

In this investigation the p res su re  P0 was maintained 
constant f rom experiment  to experiment,  and the operating 
conditions of the discharge tube were calculated assuming 
this condition. F o r  given values of P0 and T o we de te r -  
mined the required initial p re s su re  of the mixture Pl, the 
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p r e s s u r e  P4 of the  p r o p e l l i n g  m i x t u r e  of g a s e s ,  and the  r a t i o  of hyd rogen  
z ~-/'h.-- -~ ----- ~ to nitrogen in the propellant mixture. Th~ final calculation using the 

J 
c x ~  m e a s u r e d  Mach  n u m b e r  M of the  shock  wave  gave  v a l u e s  of P0 tha t  d id  

l not differ very much from the assigned values. 

~.~ ~'~-'-'3_- To produce the required initial flow conditions, a diaphragm of 

annealed copper 50 ~m thick was placed between the end of the shock 
31,~ ~ ~... ~ tube and the nozzle. The expansion section and the receiver were evac- 

uated down to a pressure of less than 1 torr before the experiment. 
Fig. 2 

The plane wedge-shaped nozzle had a semiangular aperture of 15 ~ 
and a controlled critical cross section the height of which could be varied 

from 0 to 3 ram. The diffuser of the nozzle changed into a rectangular channel 60 x 80 mm 2 in cross sec- 
tion. To allow the emission to emerge there were two pairs of windows made of zinc sulfide in the expan- 
sion section which transmitted infrared radiation in the wavelength range from 0.5 to 12.0 ftm. 

An LG-23 CO 2 laser with a power of 1 W operating under single-mode conditions was used as the 
source of probing coherent radiation 8 at a wavelength of 10.6 ~m. The laser supply eireuit ensured that 
the emission power remained constant during the experiment. 

To measure the gain the probing beam twice crossed the active part of the expanding gas flow, and 
was then received through the input slit of an IKM-I monochromator, 4, and was recorded by a photore- 
sistor 5 consisting of germanium doped with gold. To obtain the zero line, the beam of the probing laser 
was cut off by a shutter 9 for 0.5 msec every i0 msec. 

We also recorded the natural infrared emission of the gases investigated. To do this we used a sec- 
ond window of the zinc sulfide situated lower down the flow, and a photoresistor 6. The signals from the 
photoreceivers 5, 6 were recorded on the screen of an SI-33 5-beam oscilloscope 7. The time resolution 
of the infrared radiation recording system was 0.05 msec. 

Before each experiment the optical system for measuring the gain was adjusted so that the center of 
the beam of the probing laser after passing through the active part and the monochrornator coincided with 
the sensitive element of the photoreceiver. To eliminate the effect of vibrations all the optical components 
were acoustically insulated from the shock tube. A series of control experiments with an inert mixture 
not containing CO 2 showed that these measures were quite effective, and also showed that the schlieren ef- 
fect had no appreciable influence on the results. The signal fluctuations of the photoreceiver due to vibra- 
tions and due to the optical nonuniformity of the flow were less than 10% of the useful amplification signal 
normally observed. Control experiments showed that the spontaneous infrared emission of the mixtures 
had a negligibly small effect on the gain measurements made at a wavelength of 10.6 #rn. 

A typical oscillogram of a record of the amplified radiation of the probing laser (beams 1 and 2), 
and of the natural infrared radiation (beam 3) is shown in Fig. 2. We measured the ratio AI/I 0 where At= 
I i - 10, I 0 is the intensity of the emission of the probing laser, and I i is the intensity of the beam that passes 
through the active part of the flow. To increase the accuracy with which the quantity AI could be read on 
the oscilloscope screen the recording was doubled on the second channel of the SI-33 oscilloscope with a 
high sweep rate and a high sensitivity. The gain of the laser emission is given by 

i ( ._}. aI~ t AI [AT ) 
G = - L - - l n  I 10 / N  .5 1o \-7~-0 ~ t  (1) 

H e r e  L i s  the  l eng th  of the  pa th  of the  l a s e r  b e a m  in the  a c t i v e  m e d i u m ,  which  in t l le  e x p e r i m e n t s  
was  16 cm.  I t  can be s e e n  f r o m  the  o s c i l l o g r a m  shown in F i g .  2 tha t  the  i n t e n s i t y  of the  n a t u r a l  i n f r a r e d  
r a d i a t i o n  (beam 3) i n c r e a s e s  s h a r p l y  a t  a t i m e  T-~ 2 m s e c  a f t e r  the  beg inn ing  of the  f low,  Th i s  i s  obv ious ly  
due to the  i n c r e a s e  in  the  gas  d e n s i t y  in  the e x p a n s i o n  p a r t  of the a p p a r a t u s .  

F r o m  the m e a s u r e d  va lue  of  G we c a l c u l a t e d  the  r e l a t i v e  popu la t ion  of  the l a s e r  l e v e l s  of the CO 2 
m o l e c u l e  and the  v i b r a t i o n a l  t e m p e r a t u r e  of CO 2 in the  f low of gas .  

C a l c u l a t i o n s  of the p r e s s u r e  P6 and the t e m p e r a t u r e  T 6 in  the  w o r k i n g  c r o s s  s e c t i o n  of the  expand ing  
f low u n d e r  t y p i c a l  e x p e r i m e n t a l  cond i t i ons  gave  P6 = 10-25 t o r r  and  T 6 = 150-350~ A c o m p a r a t i v e  e s t i -  
m a t e  of the  D o p p l e r  and  c o l l i s i o n  b r o a d e n i n g  of the  CO 2 e m i s s i o n  l i ne  a t  a w a v e l e n g t h  of  10.6 # m  f o r  t h e s e  
v a l u e s  of p~ and T 6 showed  tha t  the b r o a d e n i n g  of the  CO 2 e m i s s i o n  l ine  w a s  m a i n l y  due to c o l l i s i o n s .  
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TABLE 1 

G, m ' l  8n.,t To, K a, m - I  
hhx- 
ture T,, K 
No. 

ii00 
t240 
i 300 
t 480 

t 1740 

1960 

200O 
98O 

1230 
t300 

1~0 

0.5 
0.73 
0.74 
0.62 
0.37 
0.24 
0.5 
0.32 
0.23 
0.37 
0.5 
0.27 
0.44 
0.41 
0.53 
0.75 
0.62 
0.64 
0.72 

i.9 
2.9 
2.85 
2.5 
i.4 
i.0 
2.t 
t.4 
i.4 
1.6 
2.3 
t .25 
0.82 
0.78 
1.0 
i . 4  
i.2 
1.25 
1.5 

h h x -  
Tv2 tH re  

N o .  

850 2 
940 
940 
920 
8OO 
74O 
86O 
800 
770 
83O 
9i0 3 
790 
700 
690 
740 
790 
760 
780 
790 

t590 
t720 
1780 
i820 
i980 
2140 
2420 
740 

ii t0 
1200 
i400 
t530 
i600 
t740 
t970 
2320 

0.74 
0.57 
0.45 
0,8i 
0.78 
0.46 
0.39 
0.5 
0.6 
0.74 
0.39 
0.28 
0.35 
0.64 
0.35 
0.27 

8n~l T V~ 

t. 6 800 
t. I 760 
0.9 730 
1.8 830 
1.7 830 
i. t 760 
0.9 750 
0.45 6i0 
0.6 680 
0.7 690 
0.45 640 
0.3 620 
0.45 650 
0.8 740 
0.5 770 
0.36 760 

I , 
~ ZX 

O0 - -I  ' : 

I ' o z  t i h. m m 
os o~ 1.1 ~ ~7 eo 

Fig .  3 

Using  the conc lus ions  and a s s u m p t i o n s  made  in [14], we obta ined  
for  the gain  a t  the c e n t e r  of the CO 2 e m i s s i o n  l ine ,  b roadened  due to 
co l l i s i ons ,  

~,1~Az2 �9 - ~,,. , 45.6 / 239 \ 
a = ~ (~00~1 - -  1u exp ~-- -~-6) (2) 

Here  ~t2 i s  the wavelength  of the e m i s s i o n  c o r r e s p o n d i n g  to the 
(00~176 t r a n s i t i o n  of the CO 2 m o l e c u l e ,  A12 i s  the p r o b a b i l i t y  of a 
spon taneous  t r a n s i t i o n  between the (00~ and (10~ l eve l s ,  Nooo 1 and 
NloOO a r e  the popula t ions  of the uppe r  and l ow e r  l a s e r  l eve l s  of CO2, 
r e s p e c t i v e l y ,  and Z c i s  the n u m b e r  of c o l l i s i o n s  of the CO 2 m o l e c u l e  

in the m i x t u r e  [15]. It i s  a s s u m e d  that  the t r a n s i t i o n s  occu r  f rom the ro t a t iona l  level  J = 2 0  of the 00~ v i -  

b r a t i ona l  s ta te  [16, 17]. 

Equat ion  (2) was  used  to ca l cu la t e  the popula t ion  i n v e r s i o n  of the CO 2 l a s e r  l eve l s  f rom the m e a -  
s u r e d  value  of G. The v i b r a t i o n a l  t e m p e r a t u r e  of the uppe r  l a s e r  l eve l  was  e s t i m a t e d  f r o m  the equa t ion  

T~. = - -  0e f ln  [ N~176 - -  N10~ { ~][0l -I (3) 

a s s u m i n g  the popula t ion  of the l ower  l eve l s  to be s m a l l ,  and  a s s u m i n g  that  the v i b r a t i o n a l  t e m p e r a t u r e  of 
the lower  l a s e r  level  i s  a p p r o x i m a t e l y  equal  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 6 [18]. He re  02 and 01 a r e  

the c h a r a c t e r i s t i c  t e m p e r a t u r e s  of the uppe r  and lower  l a s e r  l eve l s ,  and NCO 2 i s  the n u m b e r  of CO 2 m o l e -  
cules  pe r  un i t  vo lume  of the work ing  c r o s s  sec t ion .  

To use  the me thod  we c a r r i e d  out a s e r i e s  of e x p e r i m e n t s  to m e a s u r e  the gain of the l a s e r  e m i s s i o n  
at  a wave leng th  of 10.6 # m  in  an expanding  m i x t u r e  of mCO2+nN2+kHe  , f lowing f r o m  the nozzle of the 
shock tube.  The t e m p e r a t u r e  and p r e s s u r e  of the m i x t u r e  in  f ron t  of the nozz le  c o r r e s p o n d e d  to the con-  
di t ion behind the r e f l e c t ed  shock wave.  We i n v e s t i g a t e d  the gain  G as  a funct ion of the r a t io  of the m i x -  
t u r e  componen t s ,  the he ight  of the c r i t i c a l  c r o s s  sec t ion  of the nozz le  h*, and  the b rak ing  t e m p e r a t u r e  T O 
at  a cons t an t  p r e s s u r e  P0 ~-" 6 a tm.  The va lues  for  G obta ined  for  a popula t ion  of the CO 2 l eve l s  ~n21 = (N00o 1 - 
N10o0)/Nco2 in  % and the v i b r a t i o n a l  t e m p e r a t u r e  of the uppe r  l a s e r  level  Tv2 in  d e g r e e s  K, shown in  T a -  
b le  1, ag r ee  wel l  with the r e s u l t s  ob ta ined  in  [3, 16-18].  In a l l  the e x p e r i m e n t s  h* = 0.9 ram,  and the de -  
g r ee  of expans ion  of the flow in  the work ing  c r o s s  sec t ion  of the nozz le  A / A *  =24.  The n u m b e r  1 deno tes  
the m i x t u r e  of 0.05 CO2+0.45 N2+0.5 He, the n u m b e r  2 deno tes  the m i x t u r e  of 0.1 COz+0.4  N2+0.5 He, and 

the  n u m b e r  3 deno tes  the m i x t u r e  of 0.2 CO2+0.3 N2+0.5 He. 

The gain  as  a func t ion  of the he ight  of the c r i t i c a l  c r o s s  sec t ion  of the nozz le  h* for  a m i x t u r e  of 0.1 
CO2+ 0.4 N 2 + 0.4 He fo r  PO = 6 a tm and T o = 1500~ i s  shown in  F ig .  3. A m a x i m u m  in  the gain  o c c u r s  a t  a 
va lue  of h* = 0 .8-1 .0  r am.  The op t imum va lue  of h* ob ta ined  in  these  e x p e r i m e n t s  was  then u sed  in  e x p e r i -  

m e n t s  wi th  a r e a c t i n g  m i x t u r e  of N20 + CO. 

The u se  of the r e a c t i o n  be tween  n i t r o u s  oxide and ca rbon  monoxide  to p roduce  a l a s e r - a c t i v e  m e d i u m  
in  a g a s d y n a m i c  l a s e r  i s  of c o n s i d e r a b l e  i n t e r e s t ,  s ince ,  f i r s t l y ,  the f inal  p roduc t s  of the r e a c t i o n  a r e  CO 2 
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and n i t r o g e n  - the  m a i n  c o m p o n e n t s  of the  o p e r a t i n g  m i x t u r e  of a CO 2 l a s e r ,  and,  s econd ly ,  the  e n e r g y  and 
k i n e t i c  c h a r a c t e r i s t i c s  of the  r e a c t i o n  s u g g e s t  the  p o s s i b i l i t y  of ob ta in ing  n o n e q u i l i b r i u m  c h e m i c a l  p u m p -  
ing  of the  p r o d u c t s  in s u p e r s o n i c  e x p a n s i o n  in the  n o z z l e  [7]. In th i s  i n v e s t i g a t i o n  we s t ud i e d  the cond i t i ons  
fo r  popu la t i on  i n v e r s i o n  of the v i b r a t i o n a l  l e v e l s  of CO2 to o c c u r  in an expand ing  f low of the  p r o d u c t s  of 
the  N20+ CO r e a c t i o n  a s s u m i n g  tha t  the  r e a c t i o n  i s  fu l ly  c o m p l e t e d  in the  r e f l e c t e d  shock  wave  in  f ron t  of 
the  nozz l e .  

The p r e s s u r e  in  f r o n t  of the  n o z z l e  P0 was  m a i n t a i n e d  c o n s t a n t  in  a l l  the  e x p e r i m e n t s  and  w a s  a p -  
p r o x i m a t e l y  10 a i m .  The t e m p e r a t u r e  T O was  v a r i e d  f r o m  1800 to 3500~ The t h e r m a l  e f f ec t  of the  r e -  
action, 

N20 + CO -~ COs + N~ (4) 

according to the data in the literature [19] is 87.3 kcal/rnole. To eliminate excessive heating of the re- 
action products a stoichiometric mixture of CO and N20 was mixed with a chemically inert diluent (nitro- 
gen or argon) as a ballast in amounts up to 80%. In some of the experiments we introduced molecular hy- 
drogen (up to 10%) into the initial mixture to accelerate the reaction (4) [20], and to introduce water mole- 
cules into the products of the reaction, to deactivate the lower laser level of CO 2. 

Hence, the general form of the reaction is 

aCO + ~ H ~ + ( u + ~ )  N~0 + 7  N.. -~ a C02+13 H 2 0 + ( a  + ~ +7)N2 (5) 

The con ten t  of CO in Ml the  e x p e r i m e n t s  w a s  10%. We i n v e s t i g a t e d  m i x t u r e s  wi th  an i n i t i a l  conten t  
of h y d r o g e n  of 0, 1, 2, 5, and  10%. In [21] an i n i t i a l  m i x t u r e  wi th  a r a t i o  of the c o m p o n e n t s  CO : N20 : H 2 : 
He = 35 : 35 : 2 : 28 was  u s e d  in  a g a s d y n a m i c  l a s e r  e m p l o y i n g  the  p r o d u c t s  of g a s e o u s  de tona t i on .  

The t e m p e r a t u r e  of  the  g a s  in f ron t  of the  nozz l e  T O w a s  c a l c u l a t e d  a s s u m i n g  t ha t  the  e laemica l  t r a n s -  
f o r m a t i o n  of the  i n i t i a l  m i x t u r e  was  c o m p l e t e d  in t he  r e g i o n  beh ind  t h e  r e f l e c t e d  shock  wave .  Da t a  on the 
d e l a y s  in the  c o m b u s t i o n  of the  i n i t i a l  m i x t u r e  in  r e a c t i o n  (4) [20] and a c a l c u l a t i o n  of  the  t i m e  f o r  which  a 
hot  b o t t l e n e c k  e x i s t e d  c o n f i r m e d  th i s  a s s u m p t i o n .  At  high t e m p e r a t u r e s  T o we a l s o  took  in to  a c c oun t  the 
d i s s o c i a t i o n  of  the  CO 2 and H20 m o l e c u l e s .  In t h e s e  c a s e s  i t  was  p o s s i b l e  fo r  a high con ten t  of c a r b o n  d i -  
ox ide  to  e x i s t  in  the  w o r k i n g  c r o s s  s e c t i o n .  The he igh t  of  the  c r i t i c a l  c r o s s  s e c t i o n  of the n o z z l e  in a l l  the 
e x p e r i m e n t s  was  0.9 m m .  

The  r e s u l t s  of  the  e x p e r i m e n t s  a r e  shown in F i g s .  4 and 5 in the  f o r m  of c u r v e s  of the  ga in  G a g a i n s t  
the  t e m p e r a t u r e  in  f ron t  of the  nozz l e  T O f o r  d i f f e r e n t  r a t i o s  of the  c o m p o n e n t s  of the  i n i t i a l  r e a c t i n g  m i x -  
t u r e .  The  a m o u n t  of h y d r o g e n  was  v a r i e d  in the  v a r i o u s  e x p e r i m e n t s .  The g r a p h s  in  F i g .  4 show the  e x -  
p e r i m e n t a l  r e s u l t s  f o r  i n i t i a l  m i x t u r e s  wi th  a h y d r o g e n  con ten t  of 0, 1, and 2 m o l e  %. The  c o r r e s p o n d i n g  
e x p e r i m e n t a l  c u r v e s  a r e  d e n o t e d  in  F i g .  4 by the n u m b e r s  1, 2 and 3. In F i g .  5 c u r v e s  1 and  3 show the 
r e s u l t s  of e x p e r i m e n t s  fo r  i n i t i a l  m i x t u r e s  wi th  a h y d r o g e n  conten t  of 5 and 10%, r e s p e c t i v e l y .  C u r v e  2 in 
F i g .  5 shows  G a s  a funct ion  of the  t e m p e r a t u r e  T O f o r  a m i x t u r e  wi th  an add i t ion  of 0.5% of H 2, in  which  
79 m o l e  % of  a r g o n  was  u s e d  i n s t e a d  of n i t r o g e n  a s  a d i luen t .  

In a l l  the  i n i t i a l  r e a c t i o n  m i x t u r e s  i n v e s t i g a t e d  we o b s e r v e d  a m p l i f i c a t i o n  of the  e m i s s i o n  a t  a w a v e -  
l eng th  of 10.6 ~ m  due to  popu la t i on  i n v e r s i o n  in  the  expand ing  flow of CO z m o l e c u l e s  when the p r o d u c t s  of 
the  r e a c t i o n  (5) e m e r g e d  f r o m  the n o z z l e .  
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For the initial mixtures with an addition of hydrogen the highest values of the gain were obtained for 

a hydrogen content of 1%, and the least value of gain was obtained for a mixture with an addition of 10% of 

hydrogen. 

Comparison of the results obtained for a nonreacting mixture (see Table i) shows that in the case 

of a flow of the products of the reaction (5) amplification is observed at higher values of the temperature T 0. 

It is seen from Fig. 4 that in the case of an initial mixture without added hydrogen amplification is 

observed in the temperature range T O = 1850-2150~ It is possible that despite the measures taken to dry 

the shock tube and the initial mixture the flow contained traces of water vapor. It was also not possible to 

eliminate the chance of nonequilibrium vibrational excitation of CO 2 or N 2 during the reaction. 

For a mixture diluted with 79% of argon (Fig. 5 ) values of the gain were obtained which were not less than that 

obtained in the case when the initial mixture was diluted with nitrogen, despite the absence of an additional 

reservoir of vibrational energy, like heated nitrogen. It is shown in [22, 23] that argon has a considerable 

effect on the relaxation characteristics of CO 2 in shock waves. Hence, an investigation of the nonequilib- 

rium characteristics of the triple mixture CO2+N 2 +Ar should be of considerable interest. 
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