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Measu remen t s  of the t e m p e r a t u r e  by means  of the v i b r a t i o n a l - r o t a t i o n a l  absorp t ion  (amplif ica-  
tion) spec t rum of ca rbon  dioxide under  equi l ibr ium and nonequil ibrium conditions a r e  compared  
with independent thermocouple  m e a s u r e m e n t s  and computed values.  

Gas media  containing carbon  dioxide a r e  used extensively  in mode rn  engineering.  P r i m a r i l y  combust ion 
chambe r s  of hydrocarbon  propel lan ts  as well  as the CO 2 l a s e r s  which have recen t ly  r ece ived  extensive  de-  
velopment  can  se rve  as  examples .  ~Since the media  mentioned a re  often nonequil ibrium, the i r  t h e r m a l  s ta te  
is  cha r ac t e r i z ed  not only by a t rans la t iona l  t e m p e r a t u r e ,  but also by a v ibra t iona l  t e m p e r a t u r e  which can be d e t e r -  
mined by means  of the intensi ty of v ibra t iona l -band radia t ion or  absorp t ion  [1, 2]. The t rans la t iona l  t e m p e r a -  
tu re  is often de te rmined  by contact  methods ( thermocouples ,  for  instance).  However,  these  l a t t e r  substant ial ly 
d i s to r t  the gas  medium.  Best  known of the optical  methods is the t e m p e r a t u r e  de te rmina t ion  by means  of the 
Doppler  spec t rum line broadening. ,  However,  it is c o r r e c t  only at low p r e s s u r e s  and high t e m p e r a t u r e s .  Thus,  
for  P=  ] a tm and Tg = 300~ the col l is ional  broadening is 30-50 t imes  g r e a t e r  than the Doppler  broadening [3]. 
Since Doppler  broadening is propor t iona l  to T4~g, the si tuation does not change substant ia l ly  even at  t e m p e r a -  
tu res  on the o rde r  of s eve ra l  thousands of deg rees .  

The t rans la t iona l  t e m p e r a t u r e  can a lso  be de te rmined  by optical  recording  of the population dis t r ibut ion 
ove r  the rotat ional  levels  [4, 5], s ince these  l a t t e r  a r e  p rac t i ca l ly  always in equi l ibr ium with the t rans la t iona l  
mot ion [6]. However ,  o rd inary  methods of record ing  the radia t ion or  absorp t ion  spec t r a  requ i re  the combina-  
t ion of a l a rge  ap e r t u r e  and high reso lu t ion  in this case .  As is known, the r equ i r emen t s  mentioned a r e  con-  
t r ad i c to ry  [7]. The p rob lem is s impl i f ied substant ia l ly  when the rotat ional  absorp t ion  spec t rum is invest igated 
by using a f requency- tunable  CO 2 l a s e r  which will a s s u r e  a high monochromat ic  densi ty of the probing r ad ia -  
t ion for  a l a rge  number  of rotat ional  t rans i t ions  [8]. The question of the a c c u r a c y  of the method mentioned 
r ema ins  open, s ince it was compared  only with o ther  optical methods in r e s e a r c h  p e r f o r m e d  ea r l i e r ,  which 
could not be s tandards ,  since the m e a s u r e m e n t s  were  only p e r f o r m e d  in nonequil ibrium media  [8, 9]. In this 
connection, we p e r f o r m e d  m e a s u r e m e n t s  in both equi l ibr ium and nonequil tbr ium media  under  those conditions 
when the thermocouple  m e a s u r e m e n t s  on the cuvette  wal ls  could a s s u r e  sufficiently accu ra t e  pinpointing of the 
t e m p e r a t u r e .  A ve ry  essen t ia l  f ac to r  is a l so  the spec t rum scanning ra te ,  which is ord inar i ly  executed within 
a t ime  on the o r d e r  of seconds o r  even minutes  that is fraught  with the drif t  of p a r a m e t e r s  of the medium 
under  invest igat ion and of the m e a s u r i n g  channel.  

The d i ag ram of the exper imenta l  setup is p resen ted  in Fig. 1. A CO 2 l a s e r  tunable in the 9 .4 -10-#m 
spec t r a l  range  and a s su r ing  an intensi ty on the o rde r  of 1 W at  individual l ines was used as the radia t ion source ,  
Complete  scanning of the v i b r a t i o n a l - r o t a t i o n a l  band was accompl ished  in 10 -3 sec .  A spec imen  of the g e n e r a -  
t ion spec t rum is r ep resen ted  in Fig. 2. The absorp t ion  (amplification) coefficient  was m e a s u r e d  by a c o m p a r i -  
son scheme  in which the light beam f r o m  the l a s e r  1 was divided by the g e r m a n i u m  plate  2 into two beams ,  
one of which fell  d i rec t ly  on the cooled gold-doped ge rman ium photodetector  3, while the o ther  fell on an ana l -  
ogous photodetec tor  5 a f t e r  pass ing  through the gas  cuvette  4. Pa r t  of the radia t ion was drawn off by the 
d iv ider  pla te  6 to the ent rance  sli t  of the in f ra red  m o n o c h r o m a t o r  7 tuned to one of the known l ines .  Spec-  
t r u m  sweeps were  s imul taneous ly  de l ivered  to the two-beam osc i l loscope  13 f r o m  the photodetec tors  3 and 
5 to m e a s u r e  the absorpt ion .  The sweeps were  photographed and p r o c e s s e d  to de te rmine  the absorp t ion  co-  
effecients  at all  the l ines  of the band being scanned.  To pinpoint the spec t rum,  a signal f r o m  the photodetec tor  
8 was supplied to one of the osc i l loscope  inputs.  A 0 .5-m- long  Kovar  tube of 0 .008-m inner  d i ame te r  was used 
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Fig. 1. D iag ram of the exper imenta l  setup, 

Fig. 2. Osc i l log ram of the combined recording  of the radia t ion spec t rum of the tunable CO 2 
l a s e r  and the signal at the extracted f requency f rom the monochromato r .  

as the cuvet te .  The tube was heated by the sp i ra l  9 wound uni formly  on its su r face  and was ca re fu l ly  heat  
insulated.  The sur face  t e m p e r a t u r e  was checked by the the rmocouple  10. The high value of the ra t io  between 
the tube length and d i a m e t e r  and the good heat  insulat ion p e r m i t  consider ing the t e m p e r a t u r e  identical  along 
the tube (and constant  along the d i ame te r  as well  in the case  of t he rma l  heating). The tube was evacuated by 
the pump 11, a f t e r  which the initial re lat ionship between the beam intensi t ies  was recorded .  Then the gas m i x -  
t a r e  containing the CO 2 was r e l eased  f rom the tanks 12 and heated to s eve ra l  hundred degrees .  

The weak signal index of absorp t ion  (amplification) at the cen te r  of a line broadened by the combined 
effect  of coll is ions and the Doppler  effect  can be wr i t ten  in the following fo rm for  the P branch  [10]: 

~..~A(ln 2) ~/2 2hcB [ hcBJ(J 5r 1)] 
~Zv = 8nZ/2hVO kTg (2J + 1) exp kTg • 

• {Ni__N2exp[ 2JhcB ]~H(a, 0), --i gjj 
(1) 

a = (h%/hvo) (In 2) 1/2. 

The col l is ional  broadening Av e was calculated in conformi ty  with [11], and the Einstein coeff ic ient  was a s sumed  
equal to 0.21 sec -1 [12]. 

The quantity 2hcB/k  is  56.3"K fo r  J ~ 50; hence,  exp (2JhcB/kTg) di f fers  sl ightly f r o m  one for  smal l  J and 
t e m p e r a t u r e s  T g -  > 400*K. The e r r o r  in replacing the exponential  by one is l ess  than 1%. Taking the logar i thm 
of (1), we obtain 

[ ~,2ocz~L ] hcBJ(J+l) 
In �9 Z.~ (2J + 1) = kTg -b In K o , (2) 

where  

K0 = A(In2)a/2X2oL 2hcB 
8z~Z/2AvD kTg H(a, O) {N2--Ni). 

Using a method analogous to [8], we de te rmine  the t rans la t iona l  t e m p e r a t u r e  f r o m  the slope of the r o o t - m e a n -  
square  line drawn as a function of J ( J  +1) by means  of the exper imenta l ly  m e a s u r e d  values of In [ fh0/Xj) 2 (o~vL/ 
(2J +1))]. It is quite essent ia l  that  (2) p e r m i t  de te rmina t ion  of the t e m p e r a t u r e  without re lying on informat ion  
about the CO 2 molecule  concentra t ion  and the op t iea l -pa th length .  Resul ts  of scanning the spec t rum for  Tg = 
380"K a r e  shown in Fig, 3 as an i l lus t ra t ion.  The exper imenta l  points lie well  on a line, which conf i rms  the 
p r e s e n c e  of an equi l ibr ium population of the s y s t e m  of rotat ional  levels  as had been as sumed  in the der iva t ion  
of (1). 

Special a t tent ion was turned to compar ing  the t e m p e r a t u r e  m e a s u r e m e n t s  p e r f o r m e d  s imul taneously  by 
the method of l a s e r  probing along the axis  and by the thermocouple  on the tube wall.  E r r o r s  assoc ia ted  with 
the thermocouple  a r e  de te rmined  by the heat efflux along the thermocouple  t he rmoe lec t rodes ,  by the change 
in the r e s i s t ance  of the loop, by the iner t ia  of the object being m e a s u r e d ,  and by the accu racy  c lass  of the m e a -  
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Fig. 3. Dependence of exper imenta l ly  de te rmined  values 
of O = l n [ O ~ J k j ) 2 ( o ~ - ~ / ( 2 J  + 1))] as  a function J ( J  + 1) at the 
gas  t e m p e r a t u r e  Tg = 380~ 
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Fig. 4. Compar i son  of the t e m p e r a t u r e  values (*K) measu red  by 
the thermoeouple  and the l a s e r - p r o b e  method.  

Fig. 5. Dependence of the gain o~ v (rel. units) on the quantum num-  
b e r  J in a d i scharge  p l a s m a  at Tg = 345~ 

surtng ins t rument ,  which equals one in our  case .  In o rde r  to diminish these  e r r o r s  in the p r e sen t  r e s e a r c h ,  
the thermocouple  t he rmoe lec t rodes  were  laid out along the tube su r face  and mainta ined at the s a m e  t e m p e r a -  
tu re  as the wall.  Cal ibra t ion  was executed without a subsequent  change in the loop r e s i s t ance ,  and the t e m p e r a -  
tu re  m e a s u r e m e n t  and reading were  p e r f o r m e d  by reaching a s y s t e m  of t he rma l  equi l ibr ium. Taking account  
of the above,  the e r r o r  in the the rmocouple  m e a s u r e m e n t s  l ies within 2% l imi ts .  The upper  bound of the value 
of the d i f ference  between the geomet r i c  and the effect ive optical lengths of the tube, because  of edge effects,  
yields  AL/L- - -2d /L-~  2~o. The g r e a t e s t  e r r o r  is a ssoc ia ted  with p roces s ing  the osc f l log rams  (5%). T e m p e r a -  
tu res  m e a s u r e d  by the the rmocouple  (absc issa  axis) and by the l a s e r - p r o b e  method (ordinate axis) a r e  c o m -  
pared  in Fig. 4. The line b i sec t s  the angle formed by the coordinate  axes .  The sp read  in the r e su l t s  l ies  with-  
in 5~ l imi ts ,  which co r r e sponds  to the above-ment ioned  poss ib le  sources  of e r r o r .  

A nonequil ibr ium (lasing) medium produced by an e lec t r ica l  d i scharge  in a C O 2 - N 2 - H e  mix tu r e  with the 
pa r t i a l  p r e s s u r e  ra t io  1 : 3 : 5 for  a 1 0 - t o r t  total  p r e s s u r e ,  was the object  of invest igat ion in the second s tage 
of the r e s e a r c h .  The meta l  tube was hence replaced  by wa te r -coo led  g las s .  The d i scharge  cu r r en t  T was 
var ied between 10 and 30 mA. In Fig. 5 we p r e sen t  the c h a r a c t e r i s t i c  dependence of the gain as a function 
of the rotat ional  quantum num ber  J. Since the dependence of a~ on J has a m a x i m u m  whose location is d e t e r -  
mined by the t e m p e r a t u r e  Tg, this l a t t e r  can be de te rmined  d i rec t ly  f rom the value of the rotat ional  quantum 
number  cor responding  to the m a x i m u m  gain. As follows f rom (1), 

[/kr+ i__o.95V  i (3) 
dmax --~ 2hcB 2 2 " 

However,  we used m o r e  exact  computat ions  p e r f o r m e d  by means  of g raphs  of the kind p resen ted  in Fig. 3. 

On the other  hand, the t rans la t iona l  t e m p e r a t u r e  on the tube axis can be de termined f rom the hea t -con-  
duction equation [4] 

Q : (Tg --T w ) 18.9)~ (Tg). (4) 

The quantity X2~ was calculated by means  of the formula  p resen ted  in [13], while the wall t e m p e r a t u r e  T w was 
a s sumed  equal to the t e m p e r a t u r e  of the cooling water .  An exper imenta l  de te rmina t ion  of the rotat ional  ( t rans-  
lational) t e m p e r a t u r e  was p e r f o r m e d  by the l a s e r - p r o b e  method.  Values of the t rans la t iona l  t e m p e r a t u r e  were  
subst i tuted into (1), which was then solved for  the population of the upper  level  cha rac t e r i zed  by the vibrat ional  
t e m p e r a t u r e  in o rde r  to de t e rmine  the vibrat ional  t e m p e r a t u r e .  

771 



TABLE 1. Values of the Gas Tempera tu re  Magnitude Tg (*K) 
Measured in the Gas-Discharge  Plasma,  of the Population 
of the Upper Lasing Level  N00~ �9 10 -15 cm -1, and of the Vibra-  
tional Tempera tu r e  Tv(~ of the Level  00~ of the CO 2 Mole- 
cule as a Function of the Discharge Current  I (re_A) iT is the 
value of the gas tern mra tu re  obtained f rom (3) (~Ir 

Tg T N00o 1 T v 1 E 

300 
345 
415 

340 
379 
417 

1,29 
1,39 
1.48 

1100 

1200 

1400 

10 
20 
30 

92 
82 
74 

Results of compar ing the t empe ra tu r e  values on the tube axis,  obtained f rom optical measu remen t s  and 
f rom (4), as well as the values of the vibrat ional  t em p e ra tu r e  and of the upper lasing level  population a re  p r e -  
sented in Table 1. The degree  of agreement  obtained showed the admissibi l i ty  of using (4) for  CO 2 l a se r s  of 
coaxial construct ion.  Direct  uti l ization of the l a s e r - p r o b e  method is d i rec t ly  neces sa ry  in CO 2 l a se r s  of 
orthogonal construct ion.  The information hence obtained (rotational and vibrational t empera tu re s ,  weak-signal  
gains, and magnitude of the vibrational energy flux suitable for  convers ion  into coherent  radiation) is ex t remely  
important  for  the optimization of flow through l a s e r s  [14]. 

There fo re ,  the method of measur ing  the t ranslat ional  t empera tu re  of gas media,  based on fast  scanning 
of the v ib ra t iona l - ro ta t iona l  CO 2 absorpt ion spec t rum by using a f requency- tunable  CO2-1aser, a s sures  sa t i s -  
fac tory  accuracy.  The e r r o r  does not exceed severa l  percent .  

The t ranslat ional  t empera tu re  of a gas mix ture  under conditions cha rac te r i s t i c  for  coaxial  CO 2 l a se r s  
can be determined to an accuracy  on the o rde r  of 10% by using (4). 

N O T A T I O N  

P, p r e s s u r e  of the gas medium; Tg, gas t empera tu re ;  N 2, N1, upper and lower vibrational level t empe ra -  
tures ;  H(a, 0), value of the Voigt function at the cen te r  of the line; Av D, Av c, Doppler and collisional line 
broadening~ X 0, Xj, lasing t rans i t ion  wavelengths; J,  rotational quantum number;  A, probabil i ty  of spontaneous 
radiation; B, rotat ional  constant; av, index of absorpt ion (amplification) of the weak signal at the center  of the 
line; h, Planck 's  constant;  c, speed of light; k, Boltzmann constant; d, L, tube d iamete r  and length; Q, power 
l iberated in the gas p e r  unit length of the discharge;  I, E, e lec t r ica l  field cu r ren t  and intensity, respect ively;  
AZ (Tg), coefficient  of the rmal  conductivity of gas mixture;  Tw, wall t empera tu re  of the d ischarge  tube. 

L I T E R A T U R E  C I T E D  

1. A . A .  Mikaberidze,  V. N. Ochkin, and N. N. Sobolev, J .  Quant. Spectrosc .  Radiat. T rans fe r ,  1..~2, 169 (1972). 
2. R. Bleekrode,  IEEE J Quant. Elec t ron . ,  QE-5 ,  57 (1974). 
3. R . I .  Soloukhin and Yu. A. Yakobi, Zh. Pr ikl .  Mekh. Tekh. Fiz. ,  No. 3 (1974). 
4. S .S .  VasilTev and A. E. Sergeenkova,  Zh. Fiz. Khim., 40, 2373 (1966). 
5. M . Z .  Novgorodov, V. N. Ochkin, and N. N. Sobolev, Zh. Tekh. Fiz. ,  40, 1268 (1970). 
6. E . V .  Stupachenko, S. A. Lose r ,  and A. I. Osipov, Relaxation P r o c e s s e s  in Shock Waves [in Russian], 

Nauka, Moscow (1965). 
7. A . I .  Zaidel t, G. V. Ostrovskaya,  and Yu. I. Ostrovskii ,  Technique and P rac t i ce  of Spectroscopy [in Rus- 

sian], Nauka, Moscow (1976). 
8. P . V .  Avizonis,  Appl. Phys.  Lett . ,  _7~ 23 (1973). 
9. N.N.  Kudryavtsev,  S. S. Novikov, and I. B. Svetlichnyi, Fiz.  Goreniya Vzryva,  No. 2 (1977). 

10. S .S .  Penner ,  Quantitative Molecular  Spectroscopy and Gas Emiss iv i t ies ,  Addison-Wesley (1959). 
11. S .A.  Lose r  and V. N. Makarov, Kvant. Elektron. ,  No. 7 (1974). 
12. E . T .  G e r r y  and D. A. Leonard,  Appl. Phys.  Lett . ,  8_, 227 (1966). 
13. S. Mathur and S. C. Saxena, Appl. Sci. Res.,  1.7, 155 (1967). 
14. L a s e r  Focus,  No. 11, 14 (1977). 

772 


