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It is shown that when the concentrat ion of helium is increased to 0.7 at the expense of nitrogen 
in the react ing mixture CO + N20 + N 2 (He), an increase  in the gain in the flow of react ion p rod-  
ucts occurs  due to an increase  in the vibrational  t empera ture  of the a symmet r i c  mode of CO 2. 

In [1-4] experimental  and theoret ical  investigations of the gain and emiss ion power in gasdynamic l a se r s  
as a function of the helium content in chemically inert  mixtures  of CO and N 2 a r e  described.  The presence  of 
helium in this mixture leads to an increase  in the rate of relaxation of the lower l a se r  level of the CO mole-  
cules,  and to an increase  in the rate of cooling of the gas,  which is expanding in the nozzle (due to the increase  
in the adiabatic index 3"eff), compared with the corresponding quantities in mixtures  not containing helium. Both 
these fac tors  improve the conditions under which population inversion of the upper and lower l ase r  levels of the 
CO molecules  is achieved. On the other hand, the reduction in the relat ive concentration of ni trogen when the 
helium content in the mixture is increased  leads to a reduction in the charac te r i s t i c  relaxation t ime of the upper 
laser  level (r001 ~ ~N2 [3]). This makes it difficult to achieve the conditions for obtaining population inversion.  

It was experimental ly  found in [1-3] that the maximum value of the gain at a wavelength ;t = 10.6 ~m in 
triple mixtures  of CO 2 + N 2 + He under gasdynamic l ase r  conditions is obtained for a helium concentration ~Ie = 
0.4-0.5. A change in the helium concentrat ion with respec t  to the optimum value of }He leads to a reduction 
in the gain. The maximum in the dependence of the gain on ~He is more  pronounced the higher  the rat io of the 
concentration of CO to the concentration of N 2 in the mixture }CO2/~N2 [2]. The effect of helium on the osc i l la -  
tory energy t rans fe r  in gasdynamic l a se r s  in chemical ly react ing mixtures  is more  complex. In par t icu lar ,  
the value of the rate of cooling of the flow determines  whether the individual s tages of the chemical  t r a n s f o r -  
mations will take place or  will be "frozen,  ~ and the conditions under which the chemical  energy given to the 
vibrational  degrees  of f reedom of the molecules  is redis t r ibuted and relaxes.  

Below we descr ibe  the resul ts  of an experimental  investigation of the fundamental cha rac te r i s t i c s  of v i -  
brational energy exchange - the gain K 0, the relat ive population inversion AN, and the vibrational  t e m p e r a -  
tures  of CO 2, T~, T 2 in a CO 2 gasdynamic l a se r  using the products of the react ion that occurs  in a mixture of 
CO + N20, diluted with nitrogen and helium. The initial composition of the mixtures  and the range of v a r i a -  
tion of the gas tempera ture  in the volume preceding the nozzle T O are shown in Table 1. The numbers  of the 
mixtures  in the table correspond to the numbers  of the curves  and points in Figs.  1 and 2. The helium content 
in mixtures  1-5 inc reases ,  taking the values ~He = 0.0, 0.1, 0.3, 0.5, and 0.7. The amount of nitrogen in the 
reaction products  in these mixtures  dec reases  f rom 0.75 to 0.05. Mixture 6 differs f rom mixtures  1-5 in that 
instead of using helium as the deact ivator  of the lower l ase r  level in the products  of the CO + N20 react ion 
watervapor~H20 = 0.025 is used, which is formed in the volume in front of the nozzle by interaction of hydro-  
gen and nitrous oxide in the initial mixture [6]. The concentrat ion of CO 2 and CO in the react ion products  of 
mixtures  1-6 was the same in all the exper iments  and was }CO = 0.2 and }CO 2 = 0.05. The p re s su re  of the gas 
in the volume preceding the nozzle was maintained constant at P0 = 5.2 �9 0.5 atm. 

The values of the adiabatic indices of the gas mixtures  in the "bottleneck" 3'0 given in Table 1 were used 
to calculate the flow pa rame te r  in the cr i t ical  c ross  section of the nozzle. To determine the flow pa rame te r s  
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TABLE i. initial Composition of the Mixtures Investigated, the 

Ranges of Variation of the Gas Temperature in the Volume Pre- 

ceding the Nozzle To, and Values of the Adiabatic Indices Yo and 

Yeff 

No. Initial cornposirJon of mixture 

0,05 NzO + 0,25 CO -~ 0,7 Nz 

0,05 N20 ,'-- 0,25 CO ~- 0,6 N~ -:- 0,1 He 
0,05 N~O '-:- 0,25 CO --  0,4 N.: - -  0,3 He 

0,05 N20 + 0,25 CO -~- 0,2 N 2 -:- 0,5 He 

0,05 N~O + 0,25 CO -i- 0,7 He 
0,075 N20 ~ 0,25 CO -~ 0,65 N* • 0.025 H. 

To. *K 

1800--3000 

1700--2700 

1700--2800 
1700 --2900 

1700--2700 

1800--2800 

I 

l s 0Vo~Lr"s ~K ) 7off 
I 

1.291--I .248 1.377 
1,307--I,2941 1,392 
1.344--1.331 ! 1.426 

1,391--1.379 1.465 

1,453--1.444 1.513 

1.287--1.2741 1.367 

in the working cross section, we used values of the adiabatic index Teff (in Table i), calculated taking into 
account the vibrational nonequillbrium of the expanding gas [16 I. Because of the considerable difference be- 
tween the adiabatic index To for mixtures 1-6 for the same values of the gas temperature in the volume pre- 
ceding the nozzle T O , there are different values of the gas temperature in the critical cross section of the noz- 
zle T, = 2T0/('~0 § 1). The difference between the vibrational temperatures of the CO 2 molecules and the trans- 
lational temperature for gas flow in a nozzle begins to appear close to the critical cross section. Hence, in 
this work the experimental values of K 0, AN, T3, and T 2 are presented in the form of temperature dependences 
of the gas in the critical cross section T,. The temperature dependences of the gain K 0 for mixtures 1-6 in the 
first working cross section of the flow (the distance from the critical cross section of the nozzle L = 140 turn) 
are shown in Fig. la. Over the whole range of temperatures T, investigated the gain K 0 increases as the con- 
centration of helium in the mixture increases. In mixture 1 (without helium) absorption of the radiation from 

the probing laser was observed. The absorption coefficient in this mixture is K 0 = -0.15 m -I at T, = 1500- 
1700~ and drops to zero at T, = 2200-2500~ (curve 1, Fig. la). The curves of K0(T ,) for m~tures 2-5 have 
a maximum at T, = 1800-1900~ The maximum values of K 0 increase in mixtures 2-5 from K~' = 0.15 to 
KI9 = 0.42 m -l. A feature of the dependence of K 0 on T, for reaction products in mixture 5 is the sharp in- 
crease in the value of K 0 at T, ~ 1800~ The products of the chemical transformations in mixture 6 contain 
water vapor in the quantity ~H20 = 0.025. It is seen that the values of K~ 6) lie between the values of KI 3) and 
KI 4). 

At high values of the temperatures in the volume preceding the nozzle T o > 2100~ {T, > 1800~ the 
chemical conversions in the mixtures 1-6 are practically completed before the nozzle diaphragm is opened, 
and, consequently, the composition of the reaction products flowing out through the nozzle is in thermodyna- 
mic equilibrium. Hence, it is justified, for this region of values of T., to equate the experimental data ob- 
tained for K 0 with the results of measurements of the gain in a gasdynamic laser using chemically inert mix- 
tures of CO~ + N~ + He (H20) [1, 2, 4, 5, 7, 8]. It should also be taken into account that in the reaction prod- 

ucts of mixtures 1-6 part of the nitrogen is replaced by CO. Satisfactory qualitative agreement between the 
results obtained for K 0 and the data given in [1, 2, d, 5, 7, 8] is found. From the measured values of K 0 we 
calculated the relative population inversion of the vibrational levels 001, 100 of the CO 2 molecules: ~N = (N00 I- 
NI00)/NCO2, where NCO 2 is the overall density of the CO 2 molecules in the flow. When the conservation of 
helium in the mixture is increased over the whole range of variation of the temperature T. investigated, an 
increase is observed in the values of the relative population inversion AN. In mixture 1, not containing helium, 
the values of AN are negative. In mixtures 2, 3, and 4, containing ~He = 0.1, 0.3, and 0.5, respectively, the 
maximum values of the population inversion are achieved in the range T, = 1400-1800~ and are 2.5, 3.2, and 
3.3%. The maximum values of the relative population inversion for T. = 1400-1800~ are obtained for the reac- 

tion products of mixture 5 containing the largest amount of helium ~He = 0.7. 

The results of measurements of the vibrational temperature T 3 of the asymmetric mode of vibrations of 
the CO2 molecules for mixtures 1-6 are shown in Fig. lb. The dashed line shows the gas temperature in the 
critical cross section of the nozzle. It is seen that for all mixtures the observed dependence of the tempera- 
ture T 3 on the gas temperature in the critical cross section of the nozzle is a monotonically increasing func- 
tion of T.. In the low-temperature region for T. < 1500~ the value of T 3 differs only slightly from the gas 
temperature in the critical cross section of the nozzle T,. When the values of T. increase the difference be- 
tween T. and T 3 increases rapidly. In mixture 1 (without helium) the vibrational temperature T 3 increases 

1 3 3 0  



@ 

o,z 

7_2. fO -~ 

5 

I,o 1,5 go T, IO -~ 

~ . / ~ - 3  _ _ .  o -  

o --f l 
I ~, --2 
', o --3 ,I 

q s  ~ - -  s ! ' z>:'i~ 

. i 

i 
~ o g N ~ 1o-s 

Fig.  I. Curves  of the gain K 0 (a) and the v ib ra t iona l  t e m p e r a t u r e s  of the a s y m m e t r i c  T 3 (b) and the 
joint  T 2 (c) modes  of CO 2 as  a function of the t e m p e r a t u r e  in the c r i t i c a l  c r o s s  sec t ion  of the nozzle  
T , .  The number s  on the points  co r r e spond  to the number s  of the curves .  K0, m - l ;  T3, T2, and T ,  
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Fig. 2. Dependence of the gain K 0 and 

the vibrational temperatures of CO 2 Cr 3 

and T2) on the helium content in the mix- 

ture ~He, T. = 1500 �9 75~ K~ m-i; 

and T2, T 3. 10 -3, ~ 

f rom ~1300~ for  T ,  = 1500~ to 1500~ for  T ,  = 2900~ (curve 1, Fig.  lb) .  The introduct ion of he l ium into 
the mix ture  in the amount  ~He = 0.1 (mixture 2) and ~He = 0.3 (mixture  3) l eads  to some i n c r e a s e  in the v i b r a -  
t ional  t e m p e r a t u r e  T 3 (curves  2, 3, Fig.  lb) .  When the he l ium content in the m i x t u r e s  is i n c r e a s e d  fu r the r  to 
~He = 0.5 (mixture 4) and ~He = 0.7 (mixture 5) the v ib ra t iona l  t e m p e r a t u r e  T 3 i n c r e a s e s  cons ide rab ly  over  the 
whole range of t e m p e r a t u r e  T,  inves t iga ted .  In this  case  the v ib ra t iona l  t e m p e r a t u r e s  T 3 for  r eac t ion  produc ts  
of m i x t u r e s  4 and 5 a r e  the s a m e ,  within the l im i t s  of expe r imen ta l  accu racy .  It is  e s s e n t i a l  that  for  T ,  -< 
1400~ the v ib ra t iona l  t e m p e r a t u r e  T 3 in the r eac t i on  produc ts  of m i x t u r e s  4 and 5 exceeds  the t e m p e r a t u r e  
of the gas T ,  in the c r i t i c a l  c r o s s  sect ion of the nozzle.  In the reac t ion  produc ts  in mix tu re  6 containing wa te r  
vapor  in the amount ~H.O= 0.025, the t e m p e r a t u r e  T 3 of the a s y m m e t r i c  mode of v ib ra t ions  of the CO z m o l e 7  ) T t  ~ 
cules  is  cons ide rab ly  l~ss  man me va lues  of Tt  1-3) for  r eac t ion  produc ts  of m i x t u r e s  1-5. The values  of 
over  the whole range of T ,  inves t iga ted  a r e  ~ 100~ lower  than the values of T 3 {curves 1-3, 6, Fig.  lb) .  

In Fig .  l c ,  for  m i x t u r e s  1-6 ,  we give the values  of the t e m p e r a t u r e  of the combined mode of v ib ra t ions  
of the CO 2 molecu le s  {T2). F o r  r eac t ion  p roduc t s  in the mix tu re s  2-6 the curves  of T 2 = T 2 (T,) a r e  i nc rea s ing  
functions of the t e m p e r a t u r e  T, .  Mixture 1 has h igher  va lues  of the v ib ra t iona l  t e m p e r a t u r e  T2, and the va lues  
of T 2 d e c r e a s e  as  T ,  i n c r e a s e s .  The absolu te  va lues  of the t e m p e r a t u r e  T~ for  m i x t u r e s  with he l ium a re  c lose  
to one ano ther ,  va ry ing  f rom ~550"K at T ,  = 1500~ to ~ 700~ at T ,  = 2200~ The g r e a t e s t  deg ree  of 
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thermal izat ion of the combined mode of vibrat ions of CO2 is observed in mixture 6 which contains water  vapor.  
In par t icu la r ,  for  T.  = 2300~ the tempera ture  T2 (6) differs f rom the gas tempera ture  by not more  than 20-30%. 

For  the react ion products  in mixtures  1-5,  considerable population of the combined mode of vibrat ions of 
the CO 2 molecules  occurs ;  the vibrat ional  tempera ture  T 2 in them is more  than twice as great  as the t r ans l a -  
tional t empera tu re  of the gas. The combined mode of vibrations of CO2 in the react ion products of mixture 1 
without helium is leas t  thermal ized ,  par t icu lar ly  at low values of T, ,  and also the mixture mos t  enriched with 
helium, mixture 5, at T ,  = 1500~K; the tempera ture  T 2 in these mixtures  exceeds the tempera ture  of the gas 
by a fac tor  of more  than 3.5. 

The gain K 6 in the react ion products  in mixtures  2-5 in the second c ross  section of the flow (the distance 
f rom the cr i t ical  c ross  section of the nozzle L = 350 mm) is less  than half the value of the gain in the f i r s t  sec -  
tion. The dependence of K b on the t empera tu re  T ,  for these mixtures  is hump shaped with maximum values of 

�9 K b  a t  T ,  = 1500-1800~ As in the f i r s t  section,  the gain in the second section K b increases  as the concent ra -  
tion of helium in the mixture  increases .  In the react ion products  of mixture 6 a considerable ,  approximately 
tr iple,  reduction in the gain is observed on going f rom the f i r s t  section to the second. This is due to the more  
rapid relaxation of the vibrational  energy of the upper l ase r  level for mixture  6 when water  vapor is p resen t  
compared with mixtures  2-5 containing helium [9, 10]. The grea te r  reduction in the gain in the second section 
of the flow also faci l i tates  pract ica l ly  complete thermal izat ion of the lower l a se r  level in the react ion products 
in mixture  6 observed in the f i r s t  section of the flow. 

Hence, the resul ts  of the exper iments  show that the effect  on the pa rame te r s  of the gasdynamic l ase r  of 
diluting with helium the products  of the react ion CO + N20 differs f rom that of a gasdynamic l a se r  based on 
iner t  mixtures  of composit ion CO2 + N 2 + He. The gain and population inversion increase  continually as the 
helium concentrat ion in the initial react ing mixture is increased to a value ~He = 0.7, whereas  in inert  mix-  
tures  on increase  in the helium concentrat ion above the optimum value ~He = 0.4-0.5 leads to a considerable 
reduction in the gain [2]. This fact  is not t r ivial  since when the concentration of helium in the react ing mix-  
tures  investigated is i nc r ea sed  there is a reduction in the concentration of ni trogen,  the tempera ture  in the 
cr i t ical  section of the nozzle is reduced,  and the relat ive content of CO is increased ,  i .e. ,  a situation occurs  
which brings about a reduction in the gain. The highest increase  in the values of K 0 and AN when the helium 
content is increased  is observed  for  mixture 5 (~He = 0.7) in the tempera ture  range T .  ~ 1800~ (the t empera -  
ture in front of the nozzle T o t 2200~ i .e. ,  under conditions when the chemical  changes cannot be completed 
in the volume in front  of the nozzle.  

In Fig. 2 the resu l t s  of measu remen t s  of K0, T2, and T 3 in the react ion products  of mixtures  1-5 are  p r e -  
sented in the fo rm of curves of the helium concentration in the mixture (~He) for  a fixed value of the t empera -  
ture T.  = 1500 i 75~ Here we also show values of the rat io of the concentrat ions of the other components of 
the mixture.  ~CO/~N2 and (~N2 + ~CO)/~CO. As is seen f rom Fig. 2, the role of helium as a deact ivator  of the 

�9 2 
lower  l ase r  level of CO 2 predominates  at low helium contents in the react ing mixture (~He ~ 0.3). When the 
helium content is increased (~He > 0.3) an increase  in the gain occurs  due to the increase  in the vibrational 
t empera ture  of the a symmet r i c  mode of CO2 (T3), the tempera ture  of the lower l a se r  level remaining p rac t i -  
caUy unchanged. 

It is essent ia l  that when the helium concentrat ion in mixtures  1-5 is increased ,  the rat io of the concen-  
t rat ions of CO and N 2 are  simultaneously changed: ~CO/~N2 = 0.27, 0.31, 0.44, 0.80, and 4.0. In [11-15], when 
the rat io ~CO/~N2 was increased while keeping the helium concentrat ion constant,  a reduction in the gain 
occurred.  It has been establ ished in this paper  that an increase  in the rat io ~CO/~N2 while simultaneously 
increas ing  the helium concentrat ion in the mixture leads to a monotonic increase  in the gain. The in t roduc-  
tion of CO into the CO 2 + N 2 + He (H20) mixture leads to an effective relaxation channel for the vibrational 
energy of the upper laser  level 

CO ( 1 ) 4-CO2 (000) -+CO (0) 4- CO2 ( I I 0) 4-65 cm =~. 

The sharper  reduction and lower values of the translat ional  tempera ture  of the gas, which occur when 
mixtures  with a high helium content are  expanded, may lead to a reduction in the loss of vibrational energy 
of the upper l ase r  level in this channel. 
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The generalized zonal method is used to find the energy radiated by a perforated cylinder.  The 
existence of a range of geometr ic  optical pa rame te r s  is established,  wherein the perfora ted  cy-  
l inder radiates more  energy than a continuous cylinder.  

We will consider a cylindrical  surface uniformly perfora ted  by orif ices.  We will find the resultant  ene r -  
gy flux (or surface density) radiated by the cylinder at specified tempera ture ,  optical p roper t i es ,  and surface 
geometry.  

We make the following assumptions:  1) the cylinder is infinitely long; 2) the tmperforated portion of the 
cylinder is d i f fuse-gray and homogeneous;  3) the sur faces ,  inner surface 1 and outer surface 2, are  i so ther -  
mal while T1 = T 2 = T > 0; 4) the medium is diathermal.  

We close the surfaces  1, 2 of the perfora ted  cylinder with a coaxially located black (e = 1) continuous 
cylindrical  surface 3 of a rb i t r a ry  d iameter  D 3 and tempera ture  T 3 = 0~ We now apply the general ized zonal 
method of [1] to this system of surfaces .  

For  the resul tant  fluxes from each zone, we obtain the following express ions :  

Qh . . . .  e,E,37~, 3 (I -- ~) F 0, 

Qf2 = - -  E2EI3(~23 ( |  - -  ~0) F0 ,  

Qf.~ =: E,~ (e,~%, 'i- e2%2) F3, 

(I) 

(2) 

(3) 

where y-1 = 1-I~i~11 ; El3 = ~0 T4 ;/3 = F/F0; F is the area of the perforat ions;  F 0 is the geometr ic  area of the 
cylinder surface.  

In Eqs. (1)-(3) the mean angular radiation coefficients (ARC) ~0ik can be expressed in t e rms  of the average 
ARC ~11 of the perforated cylinder itself with the aid of the closure and rec iproci ty  equations. Thus,  the p rob-  
lem reduces to determination of ~11. 

It follows f rom the physical  meaning of the mean angular radiation coefficient that 
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