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I N T R O D U C T I O N  

The high gradients  of gasdynamic p a r a m e t e r s  and the low density level that occur  on expansion into a 
vacuum lead to a dis turbance of the equilibrium between the t ranslat ional  and internal degrees  of f reedom 
including rotational.  Experimental  investigations of the rotational relaxation on expansion, based on m e a s u r e -  
ments  of p r e s s u r e  in a Pitot tube [1, 2] and of the velocity distr ibution function of the molecules  [3, 4], enable 
one to determine the rotational relaxation t ime, which is in agreement  with data f rom ultrasonic measurements  
[5]. It is difficult to obtain information on excitation probabili t ies and the kinetics of level populations f rom 
data on the rotational relaxation t ime.  The f i rs t  investigations with an e lec t ron beam [6], which enabled one 
to determine the population of ni trogen levels,  revealed that the upper rotational levels depart  f rom equilibrium 
more  rapidly with t ranslat ional  degrees  of f reedom. The recorded population distr ibution differed inappreciabIy 
f rom a Boltzmann distribution, and this difference was ignored when determining the rotational t empera ture .  
In la te r  experimental  investigations using the same method of measurement  [7] the t rans i t ion  f rom the equi- 
l ibr ium state to the nonequilibrium state was assumed to occur  through a continuous ser ies  of Boltzmann 
distr ibutions.  

However, calculations of the t rans i t ion  probabil i t ies in the quas ic lass ica l  approximation [8] show that 
the probabil i t ies of s ingle-quantum t ransi t ions  are  less  for the upper rotational levels,  which is the reason 
for the relat ive repopulation of the upper levels duria_g expansion, and may serve  as a basis for producing and 
using inversion in rotational levels [9]. 

The purpose of the present  paper  is to investigate the kinetics of the population of the levels on expan- 
sion. We chose as the subject of the investigation the region of expansion along an axial cur ren t  line in a free 
jet of low-density nitrogen. The populations were measured  by the e lec t ron-beam diagnostics method. The 
experiments were  car r ied  out on the low-densi ty gasdynamic apparatus at the Institute of Thermal  Physics  at 
the Siberian Section of the Academy of Sciences of the USSR [10]. 

1. L e v e l  P o p u l a t i o n s  

The determinat ion of the populations of rotational levels is based on the solution of a sys tem of algebraic 
equations which relate  the intensities of the radiat ion of the lines of the e l ec t ron-v ib ra t iona l - ro ta t iona l  spec-  
t r u m  excited by a beam of electrons with the populations of the levels of ni trogen molecules  in the ground state 

+ N2X' Molecules of ni t rogen f rom the ground state are  t r ans fe r r ed  into the excited state of the ionN 2+B2E u 

by collisions with fast  electrons,  and they then t r ans fe r  spontaneously into the state N+X ~ ~ +  and radiate in 
the f i rs t  negative sys tem of bands. The intensity distribution in the raref ied spec t rum when using a model of 
the exc i t a t ion- rad ia t ion  p roces se s  enables one to calculate the population of the levels of the nitrogen mole-  

+ +. + 
culesbefore  exc i t a t ion[ i l l .  The population distr ibution among the levels in the N 2B Y_~ states is described by 
the relations 

N~+I = cl(N~+2P(h+~)(k+l) -{- NkRk(h+i)), (1.1) 

where c 1 is the constant of the given e lec t ron-vibra t ional  t rans i t ion  including its probabil i ty;  Nk and Nk+ 2 are  
the populations of the levels in the ground state; and P(k+2)(k+l), Rk(k+0 are  the relat ive excitation probabtli t ies,  
the so-cal led  Han l e -London  fac tors .  The intensity of the radiat ion in the lines of the R-branch 

Novosibirsk.  Transla ted  f rom Zhurnal Prikladnoi  Mekhaniki i Tekhnicheskoi Fiziki, No. 5, pp. 20-31, 
September-October ,  1976. Original ar t ic le  submitted October 14, 1975, 

This material is protected by copyright registered in the name of  Plenum Publishing Corporation, 22 7 West 17th Street, New York, N.Y. t0011. No part ] 
of  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, | 

[microfilming, recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $7.50. I 

615 



I(k.-l-l)k = csi(h§ , (1.2) 

where c 2 is a constant which includes c i and the Einstein coefficients, Substituting N k from Eq. (1.1) into Eq, 
(1.2) we obtain 

Nh ~ [(I(h+1)~/R(k+~)kc2)N(~,+~)P(k+s)(k+1)]/R~(h+x). (1,3) 

This expression represents two independent systems of algebraic equations for even and odd values of k 
with the number of unknowns N k one greater than the number of equations. The condition for closure of sys- 
tem (1.3) for odd values of k can be taken as the relation for the intensity of the first line of the P-branch 

Iol = c~PolPloNa, 

which enables one to solve the sys tem of equations f rom the lower levels without using additional conditions. 
However, r ecu r ren t  calculation gives an accumulation of e r r o r s  in the upper levels with low populations, 
which is comparable  with the value of their  populations. Another method of c losure  is descr ibed in [12]. As-  
suming N k = 0 when k > n (n is the number  of recorded  lines in the spectrum),  the sys tem of equations was 
solved start ing with a large number of rotational levels.  A drawback of this method is the fact  that the popula- 
tions of the levels when k > n a re  not equal to zero  and a re  comparable  in value with those considered.  For  
the c losure  of the sys tem of equations (1.3) it was assumed that Nk=0 when k->2n. The intensity of the lines 
when k > n was determined by extrapolation [from measurements  of the intensity of the five last  lines the de- 
pendence I=A exp ( - B k  2) was constructed for  k=n ,  n + l  . . . . .  2 n -  1 using the method of least  squares] .  The 
e r r o r  introduced by the assumption that N k = 0 when k_>2n fell down to k =n. The e r r o r  in the extrapolated 
values was calculated as the var iance of the fo recas t  of the method of least  squares .  Since the mat r ix  of the 
sys tem contains no e r r o r s  and the rounding e r r o r s  a re  small  compared with the conditionality of the system,  
the e r r o r  in determining 

AN~ : [(2k + l)/(k -+- t)l[AI~+~(2k --k t)/(k --}- 1) + ANh+2(k+2)/(2k4-5)] 

is 5-15%, which is half the e r r o r  obtained in [12], and for  our experiments does not exceed the measurement  
e r r o r s .  

The energy of the rotational degrees  of f reedom, expressed in degrees ,  was calculated using the well- 
known relat ions [13] 

E a = ~_~ k ( k  -~ 1) @N~ " Nk 4- 6ER, (1.4) 
1 

where | = B v h C / k T  = 2.878~ is the  charac te r i s t i c  rotational t empera ture ,  B v is the rotational constant,  h is 
Planek 's  constant,  k is Bol tzmann's  constant,  and e is the velocity of light. The t e r m  6E R takes into account 
the contribution of unrecorded lines in the spec t rum:  

6ER = ~ k (k + t) oAr~ Nh. 
n + l  

Here we have used values of N k f rom extrapolation for  k > n. The value of 5E R is usually approximately 1% 
of E R. 

M e t h o d  o f  M e a s u r e m e n t  

The radiat ion f rom the chosen "point," excited by an e lec t ron  beam of energy 20 keV and a cur ren t  i = 
10 mA, was incident with a 1 �9 1 scale image onto the input slit of a DFS-12 spec t romete r .  The dimensions of 
the "point" in the flow were  defined by the beam diameter  (2-3 ram) and the height and width of the slit. The 
slit of the spec t romete r  was set paral le l  to the e lectron beam and was varied in height f rom 0.5 (close to the 
section of the nozzle) to 7 mm (in the far  field of flow). An F~U-79 photomultipl ier  was placed at the exit 
slit of the spec t rometer ;  the photomultipl ier  had a dark current  of 10 -l~ A for an anode sensi t ivi ty of 10 A/ lm.  
The e lect r ical  signal f rom the photomultiplier  was recorded by an ]~PPV-60 potent iometer .  The entrance and 
exit slits of the spec t rome te r  were set to 0.03 ram, which for  an inverse  l inear  d ispers ion of the monochro-  
ma to r  of 5 A / r am ensured that all the R-branch and the f i rs t  two lines of the P-branch  of the 0 - 0  band of the 
f i rs t  negative sys tem were resolved.  The t ime taken to record  a single spec t rogram was 2-3 mira The beam 
cur ren t  was controlled while making the measurements ;  if the beam cur ren t  oscil lat ions exceeded 2-3%, the 
spec t rum was recorded.  

When recording the spec t rogram par t i cu la r  attention was given to recording the upper rotational l ines.  
Thei r  intensity differed f rom the maximum by 2-3 o rde rs  of magnitude, this difference being par t icu la r ly  
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marked  at low tempera tu res .  To record  the weak lines the E PPV-60 potentiometer ,  wh, ch has four ranges  in the 
10 -1 ~ region, was calibrated in such a way that the rat io of the gains in neighboring ranges  was 10. The 
e r r o r  in measur ing  the intensity was 5%, 7%, and 20~0 for the f irst ,  second, and third ranges.  Figure l a shows  
an example of the spec t rogram and Fig. lb shows the results  of a calculation of the relat ive population of the 
levels for this spec t rogram (the population of odd levels is doubled to take into account nuclear  spin). 

3. T h e  E r r o r s  I n t r o d u c e d  b y  t h e  E l e c t r o n  B e a m  
L . . . . . . . . . . . . . . . . . . . . .  

A plasma is formed in the region of the beam and the measurements  may therefore  ref lect  not the state 
of the gas before excitation, but the state of this plasma.  However, es t imates  [11], measurements  of the den- 
sity under conditions when it is known (for example, [14]), and also measurements  of the distr ibution function 
of the translat ional  degrees  of f reedom in helium [15] show that the role of secondary products of the action 
of the electron beam are negligible, and the radiat ion excited by it co r rec t ly  ref lects  the state of the gas be- 
fore excitation. A difference is also possible between the exc i t a t ion- rad ia t ion  p rocess  and the model [11], 
depar tures  f rom which were detected experimental ly in [16]. The populations of the upper rotational levels 
for excitation by electrons with energies less than 300 eV differed f rom a Boltzmann distribution, although 
the gas in the volume of the chamber  was in thermodynamic equilibrium. A la ter  investigation [17] showed 
that for excitation by an electron beam with an energy of 10 keV the radiative excitation p rocesses  are  de- 
scribed by the model [11] up t o p r e s s u r e s  of approximately 1 mm Hg at room tempera ture .  

In the present  investigation we checked the effect of the beam current  on the resul ts  of population mea-  
surements .  A change in the cur rent  by a factor  of 25 both in the stat ionary gas at room tempera ture  (Fig. 2) 
and at low tempera tu res  in the flow did not disturb the proport ional i ty  between the radiation intensity and the 
current .  The t empera tu re  of the quiescent gas agreed to within + 2% with room tempera ture ,  and the departure  
f rom a Boltzmann distribution did not exceed the l imits of e r r o r .  

At p r e s s u r e s  g rea t e r  than 0.3 mm Hg and at room tempera ture  the intensities of the upper rotational 
lines beginning with k= 16 were higher than expected. Identification of the spect ra  f rom the data in [18] showed 
that the rotational lines of the 0 - 0  band of the f i rs t  negative sys tem of N + 2, beginning with the 16th line, over-  
lap the 3 - 6  band of the second positive system.  When the tempera ture  is reduced the population of the upper 
levels falls and overlapping occurs  at lower densities.  The dependence on the density is due to the fact that 
the 3 - 6  band is mainly excited by secondary  electrons whose number is proport ional  to the square of the den- 
stty, while the intensity of the 0 - 0  band depends l inearly on the density [11]. 

4.  Q u a l i t a t i v e  D e s c r i p t i o n  o f  t h e  P r o c e s s e s  

in  L o w - D e n s i t y  J e t s  

This descr ipt ion is necessa ry  for a sys temat ic  account of the effect of the surrounding gas on relaxation 
p rocesses  in the jet. The s t ructure  of the flow in a f ree jet, calculated Using the model of a nonviscous gas, 
is shown in Fig. 3a. The gas with stagnation p r e s s u r e  and tempera ture  P0 and T O is expanded f rom a nozzle 
into a medium with pa rame te r s  Pl and T l forming the charac te r i s t ic  wave s t ruc ture :  a trai l ing shock wave 1, 
a Mach disk 2, and a reflected wave 4. The boundary which separates  the surrounding space IV and the jet is 
the contact discontinuity 3. The zone I is the main body of the jet, II is the compressed  layer,  and III is the 
region of flow behind the Mach disk. The flow within the main body of the jet is independent of the conditions 
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TABLE 1 

pod Idl mm] 

t6,45 5 

80 5 

80 5 

48t 5_...__ 

t3,5 2,066 

73,5 2,066 

P0* 
mm--Hg 

3,29 

t6 

t6,00 

Po/Pl "10"3 

1,34 

2,775 

0,248 

96,25 9,85 

6,5 t,733 

35,54 4,52 

238 

1345 650 

t4,25 

29,9 

To,,K 

290 

290 

290 

290 

290 

290 

290 

Re,, 

335 

1631 

1631 

9820 

274 

1500 

i0050 

Pl "103' 
mm H~ 

Re L 

2,45. 9,t4 

5,77 3t 

64,5 103,0 

9,77 98,8 

3,75 6,58 

8,87 4,52 

16,7 84,5 

21,75 29,9 

in the surrounding space and is the same for  outflow into a vacuum. Under pract ical  conditions there  is a 
mixing zone V along the boundary of the jet 3 (Fig." 3b). In a continuous medium the mixing zone and t he t r a i l -  
ing shock wave a re  separated by par t  of the nonviscous compressed  layer .  

A reduct ion in the overall  level of the density (while p reserv ing  the p r e s s u r e  rat io Po/P/ constant) leads 
to a t ransi t ion f rom a continuous mode to a scat ter ing mode. An important  feature of this t ransi t ion is the 
expansion of the mixing and shock-wave zones.  In the t rans i t ion  state the nonviscous par t  of the compressed  
layer  is not present ,  while the mixing zone and the shock waves form a coalescence layer  (Fig. 3c). In the 
scat ter ing mode  (Fig. 3d) the charac te r i s t i c  wave s t ruc ture  is not formed, since at relat ively small  distances 
f rom the c ross  section of the nozzle the energy of directional  motion of the molecules  of the gas in the jet is 
converted into thermal  energy.  

T h e  qualitative nature of the change in the pa rame te r s  (the density and tempera tu re  with respect  to the 
pa r ame te r s  of the surrounding gas) along the axis of the jet in all four modes for To=T / is shown in Fig. 3e, 
f. In the continuous medium mode the resul ts  of calculations for  a nonviscous gas (curves 1) are  fully con- 
f i rmed by the experimental  data (curves 2) up to the Mach disk. In the t ransi t ion mode the gas molecules  f rom 
the more  dense compressed  layers  and f rom the surrounding space may penetra te  into the main  zone up to the 
axis of the jet. Collisions between the gas molecules in the jet and the penetrat ing molecules  lead to scat ter ing.  

The penetrat ing molecules  of the jet together  with the scat tered molecules  form a background gas in 
which energy dissipation of the directed motion occurs  f rom below with respect  to the flow. The influence of 
the background gas  leads to a depar ture  of the density and t empera tu re  f rom the relat ions for viscous expan- 
sion determined by the Reynolds number  in the cr i t ica l  sect ion of the nozzle. In view of the fact that the vis-  
cosi ty has prac t ica l ly  no effect o n t h e  density variat ions,  the density relations for  viscous and isentropic ex- 
pansion a re  identical. Under scat ter ing conditions the dissipative p roces se s  increase  to such an extent that 
the density may even not be reduced below the surrounding density (curve 4 in Fig. 3e), while the t empera tu re  
will only be slightly reduced below the surrounding tempera tu re  (curve 4 in Fig. 3f). 
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As a s imi lar i ty  c r i t e r ion  defining the conditions for the interact ion between the jet and the surrounding 
medium when T0=T / we can use the number R e L = R e , / ~ [ 1 9 ] .  When Re L > 100 the flow i n t h e  jet can 
be assumed to be continuous and the main body can be assumed to be unperturbed. The flow with ReL< 10 
cor responds  to the scat ter ing mode; 10<ReL< 100 is the t rans i t ion  region. 

5.  K i n e t i c s  o f  t h e  L e v e l  P o p u l a t i o n s  

Measurements  were made in jets f rom sonic nozzles of d iameter  d=5  and 2 mm for T0=290~ and a 
p r e s s u r e  P0 = 3-650 mm Hg. The effect of the boundary layer  can be neglected and the d iameter  of the nozzle 
can be taken as equal to the geometr ica l  value. The experimental  conditions are  shown in Table 1, where we 
also give the values of the pa r ame te r s  employed la te r  when simulating: a) the re laxat ion p roces se s  at con- 
stant t empera tu re  po d [6] and b) the effect of viscosi ty  and rarefac t ion  in the jet Re L [19]. 

It is convenient to begin the descr ipt ion of the resul ts  with the experiment with pod =493 and Re L =84.5. 
in accordance  with [19] in the main body there  is a region not per turbed by the background, and at large dis- 
tances f rom the nozzle section we can quite c lear ly  distinguish the effect of the background on the kinetics of 

the level populations. The change in the relat ive populations of the levels Nh N~ f rom below with respec t  

to the flow from the nozzle section is shown in Fig. 4, the numbers  indicating the number  of the rotational 
levels.  

As one moves away f rom the nozzle sect ion the fall in the translat ional  t empera tu re  and the relaxation 
p rocess  of the internal degrees of f reedom lead to a reduction in the population of the upper levels and to an 
increase  in the population of the lower  levels.  Starting at a cer ta in  distance, the population of the lower levels 
(up to the 6th) hardly changes (is stabilized). This distance becomes less the higher the level number.  For  
the 5th and 6th levels stabil ization begins at 20 gauges, and for the 0th and 2rid it is not observed over  the 
whole region of the jet investigated. In the upper levels there is no pronounced stabilization section: The 
population initially fails, passes  through a minimum, and then increases .  The position of the minimum shifts 
c lose r  to the nozzle as the number of the rotational level increases ,  

For  expansion into a vacuum we would expect stabilization of the level population to occur  due to quench- 
ing of the rotational relaxation. The populations of the 6th level and below down t o x / d  ~50 have a s imi la r  
form,  whereas the behavior  of the populations of the upper levels and the lower ones for  x/d > 50 contradicts  
the representa t ion of the behavior  of the relaxation p rocess  on expansion and may be due to the effect of the 
background. This effect may occur  in two ways:  Ei ther  the background gas par t ic ipates  in the relaxation pro-  
t e s s ,  thereby changing it, o r  when the rotational relaxation is quenched the recorded  spec t rum is the super-  
position of the spec t ra  of the "cold" molecules  of the jet and of the background gas.  It is difficult to distin- 
guish between these effects at present .  

it is charac te r i s t i c  that the higher  the rotational level number the less the distance f rom the nozzle 
sect ion at which the effect of the background is appreciable.  For  example, for  the chosen experiment {see 
Fig. 4) the effect of the background on the population of the 0th level was only detected at distances higher 
than 50 gauges and for  the 10th level, at 20 gauges.  

The amount of background gas on the axis of the jet in the experiment considered can be estimated 
under the following assumptions:  1)Until stabilization occurs  the background does not change the relat ive 
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populat ion of the leve l  used for  the e s t ima te ;  2) the populat ion d i s t r ibu t ion  of the background molecu les  is a 
Bol tzmann d i s t r ibu t ion  with a t e m p e r a t u r e  T l = 290~ The r e su l t  of the e s t i m a t e  fo r  the 10th leve l  at 40 
gauges f rom the nozzle  s ec t ion  is shown in Table  2, where  it is seen  that the number  of background molecu les ,  
though not s ignif icant  for  the populat ions of the lower  l eve l s ,  makes  a c ons i de r a b l e  contr ibut ion to the popula-  
t ion of the upper  l eve l s .  

The effect of the background on the populat ion of the ro ta t iona l  l eve ls  is shown in Fig .  5 f rom m e a s u r e -  
ments  at constant  po d = 80 and the two p r e s s u r e  r a t io s  P0 /P /=  2.8 �9 103 and 0.25" 103, co r r e spond ing  to points  1 
and 2. At d i s t ances  c lose  to the nozzle sec t ion  (~up to 3 gauges) ,  the populat ions  of the l eve l s ,  including the 
10th, do not exhibit  the effect of the background,  and the r e l axa t ion  p r o c e s s  occurs  jus t  as in the ca se  of ex-  
pans ion  into a vacuum: The populat ions  a r e  the same  for  high and low p r e s s u r e s .  When the d i s tance  is in- 
c r e a s e d  the populat ions  of the upper  l eve l s  d i f fer .  It follows f rom the r e s u l t s  obtained in th is  inves t iga t ion  
that  the d imens ions  of the ma in  body in which the leve l  populat ions  can be a s sumed  to be unper turbed  (for ex-  
ample ,  by l e s s  than 10% of the value for  outflow into a vacuum), a r e  cons ide rab ly  l e s s  than the reg ion  defined 
as unper turbed  in [19] for  a 10% d e p a r t u r e  of the dens i ty  f rom the i sen t rop ic  value.  

At the p r e s e n t  t ime  it is diff icult  to analyze  the ro ta t iona l  r e l axa t ion  on expansion taking the effect  of the 
background into account .  We wil l  t h e r e f o r e  hencefor th  c o n s i d e r  main ly  the data which can be r e l a t ed  to out-  
flow into a vacuum. The choice of these  data  fo r  ana lys i s  was made  on the bas i s  of the qual i ta t ive  e s t i m a t e s  
indicated above.  It cannot be said,  however ,  that  in al l  c a se s ,  p a r t i c u l a r l y  for  the h igher  ro ta t iona l  l eve l s ,  the 
effect of the background has been  comple t e ly  e l imina ted .  

6 .  E f f e c t  o f  po d o n  t h e  P o p u l a t i o n  K i n e t i c s  

An inves t iga t ion  was made on a nozzle with d =2 ram. The r e su l t s  of the m e a s u r e m e n t s  for  13.5, 73.5, 
493, and 1340 m m  Hg. mm a r e  g iven  in Fig.  6, where  we show only p a r t  of the l e ve l s .  Up to values  po d = 493 
the behav ior  of the leve l  populat ions as po d i n c r e a s e s  c o r r e s p o n d s  to the r e p r e s e n t a t i o n s  of the k ine t ics  of 
ro ta t iona l  r e l axa t ion :  The g r e a t e r  po d, the c l o s e r  the populat ion d i s t r ibu t ion  to the s ta te  of equ i l ib r ium with 
t r a n s l a t i o n a l  deg rees  of f r eedom.  The populat ions of the lower  l eve l s  i n c r e a s e  as po d i n c r e a s e s ,  while the 
upper  leve ls  {from the 4th to the 10th) fa l l .  The data for  po d = 1340, when the level  populat ions  f rom the 4th 
to the 10th a r e  g r e a t e r ,  while the 2nd leve l  is l e s s  than that  co r re spond ing  in the exper imen t  with P0d=493, 
a r e  an except ion.  The nature  of the va r i a t i on  of the populat ions  along the axis  of the je t  is  app rox ima te ly  the 
same for  al l  modes  of opera t ion .  Fo r  po d = 13.5 the r e l axa t ion  p r o c e s s  is quenched in the reg ion  of the nozzle 
sec t ion  (approximate ly  up to 6 gauges) ,  while for  po d = 1340 quenching is not obse rved  over  the  whole m e a s u r e -  
ment  range  up to 70 gauges .  F r o m  the data shown in Fig.  6 it is  easy  to see  the  effect of the background:  The 
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populations of the levels with po d = 13.5 (Re L =9) are  per turbed by the effect  of the background over the whole 
measuremen t  range,  while in the experiment with Pod = 1340 (Re L = 160) the effect of the background is only 
appreciable for the upper levels at distances g rea t e r  than 30-40 gauges.  

7 .  R o t a t i o n a l  R e l a x a t i o n  

The extent to which the population of the rotational levels departs  f rom a Boltzmann distribution can be 
conveniently represented  by the " tempera ture"  of the population Tk, calculated f rom the equation [19] 

Tk = --k(k @ t)0,/ln [Nh/No(2k ~ t)], 

where odd N k are  doubled. For  a Boltzmann distribution T k is the same for all levels.  

Data on the " tempera ture"  of the population of the levels along the axis of the jet for P0d=480 are  shown 
in Fig. 7, where the numbers  denote the number of the rotational levels.  The lower curve T n is the calcu-  
lated t empera tu re  of the isentropic expansion with T=Cp/Cv = 1.4. There  is a Boltzmann distribution over  the 
whole range of measurements .  The " tempera ture"  of the population increases  with the level number.  As one 
moves away f rom the nozzle section the difference in the " tempera ture"  of the population increases  and then 
begins to stabilize, this occur r ing  ea r l i e r  the higher the quantum level. After  the stabil ization section there  
is initially a r i se  in the upper levels and then in the lower levels f rom below with respect  to the flow, the la t t e r  
being due to the effect of the background. 

For  other values of po d the same tendencies were found in the change in the " tempera ture"  of the popula- 
tion. The values of the stabilization t empera tu re  of individual levels decrease  as pod increases .  But for po d = 
1340 the values of T k were higher than those corresponding to po d =480. It is possible that this anomaly is 
due to the effect of condensation, the initial stage of which, according to est imates given in [20], occurs  in this 
mode. 

The extent to which the equilibrium between the rotational and translat ional  degrees  of f reedom is dis-  
turbed during the expansion can be followed f rom the change in Tk /T  n. Under equilibrium conditions Tk/T n= 
1, and for a Boltzmann distribution of the populations Tk /T  n is the same for all levels.  The variat ion i n T k /  
T n along the axis of the jet for po d =493 is shown in Fig. 8. It is obvious that there  is a Boltzmann population 
distr ibution over  the whole range of measurement .  The upper levels relax more  slowly and the higher the 
level, the c lose r  to the nozzle sect ion will depar ture  f rom equilibrium be appreciable.  This depar ture  is quail- 
tatively the same for the upper levels:  slow c lose to  the nozzle with a gradual increase  in the rate  of depar-  
ture,  followed by its stabilization. In the par t  where the rate is stabilized the slopes of the s traight  lines are  
a function of the number of the rotational level and po d. For  other values of po d the qualitative variat ion of 
Tk/T n can be descr ibed s imilar ly .  

8. E n e r g y  a n d  T e m p e r a t u r e  of  t h e  R o t a t i o n a l  

D e g r e e s  o f  F r e e d o m  

When the distr ibution of the level populations is not a Boltzmann distribution the energy of the rotational 
degrees  of f reedom expressed in degrees can be calculated as the sum of the contributions of the individual 
levels E k in accordance  with Eq. (1.4); E R can be regarded as the rotational tempera ture ,  but in this case  it 
does not cha rac te r i ze  the population distribution. For  a Boltzmann distribution T R = T k = E R  . Figure 9 shows 

n 

the change in rotational energy calculated for  a different number of t e rms  of the sum ~]Eh:(n=5; 10; 15; 20) 
i 

for P0d=480, compared  with the t empera tu re  Tn; it is seen that l imitation of the sum ~ E h  can lead to con- 
t 
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siderable e r r o r s  in E R. As one moves away f rom the nozzle section a large par t  of the rotational energy 
occurs  in the lower levels,  while the sums of E k for  different n approach one another.  Up to a cer ta in  dis- 
tance this is in fact observed (~10 gauges for  P0d=480), and then under the action of the penetrat ing molecules  
the population of the upper levels increases ,  the i r  contribution to E R increases ,  and the sums of E k again 
diverge.  

In the above resul ts  a tendency to approach toward an asymptotic limit E R as the number of t e rms  of 
the sum is increased (in the region where the penetrating molecules have no effect) can already be observed.  
However, the neces sa ry  number of levels to est imate the rotational energy with an assigned accuracy  is diffi- 
cult to predict  in advance (it is a function of po d, To, and ReL). 

The data obtained on the rotational energy (see Fig. 9) were  compared with the resul ts  obtained in [6] 
10 

for the same values of pod and Re L. All the p o i ~ s  in [6] lie below ~E~.  This d isagreement  between the r e -  
1 

sults also occurs  for other values of Pod. In o rder  to find out the reasons for  this we compared the spec t ro-  
g rams  obtained under the same conditions (Fig. 10): the upper spec t rogram is our resul t  and the lower  spec-  
t r o g r a m  is f rom [6]. It is seen f rom the compar ison  that in [6] a considerable  por t ion of the lines was not 
recorded.  For  all the spec t rograms  in [6] the maximum intensity rat io did not exceed 10; in our investigation 
it reaches  103 . 

In [6], for the spec t rogram shown in Fig. 10, the rotational t empera tu re  was found f rom the slope of the 
line to be TR=26~ the depar ture  f rom this s traight  line is a l ready appreciable for k=6 ,  7, but it lies within 
the limits of experimental  e r r o r .  For  our measurements  the absence of a Boltzmann distribution is obvious, 
while E R = 3 0 . 8 ~ .  

It is c l ea r  that both in the example considered and under t h e o t h e r  conditions in [6] the contribution of 
the upper levels was not included in the est imate of the rotational energy.  Hence, the conclusions regarding 
the rotational relaxation t imes  obtained in [6] and by subsequent invest igators  using the same method of mea-  
surement  must  be regarded ext remely  cr i t ical ly .  

We used the method of measur ing  t empera tu re  employed in [11] for  weak-gradient  flows. Under gas 
expansion conditions close to spherical  (as in this investigation), the introduction of the ideal of t empera tu re  
is conventional. The rotational t empera tu re  measured  by the slope method f rom the population of the lower 
quantum levels in flows with strong gradients  has a value which approximates the t ranslat ional  t empera tu re  
f rom above and exceeds it by an amount which depends on the complete p reh i s to ry  of the flow up to the point 
of measurement .  This t empera tu re  represen ts  approximately the energy of the lower quantum levels only. 

9.  T h e  R e a s o n s  f o r  t h e  D e p a r t u r e  

f r o m  a B o l t z m a n n  D i s t r i b u t i o n  

One of the reasons  for the lack of equilibrium among the rotational levels is the s trong dependence of 
the rate  of energy exchange on the level number.  This has been shown for one- and two-quantum transi t ions 
in [9]. Calculations of the expansion in nozzles [9] ca r r i ed  out using the probabil i t ies  f rom [8] are  in qualita- 
t ive agreement  with resul ts  of the presen t  investigation - the " tempera ture"  of the population of the lower 
levels is c lose  to the kinetic value and that of the upper levels is c lose  to the stagnation tempera ture .  

The other reason  for  the departure  f rom a Boltzmann distribution is the effect of the background. Both 
dissipative p r o c e s s e s  caused by penetrat ion of the molecules  and nonequilibrium diffusion of hotter  gas into 

622 



the main  body of the jet  can lead to a dis t r ibut ion of the populat ions in this m ix tu r e  which is qual i ta t ively  s i m -  
i l a r  to that desc r ibed  above:  The lower  levels  have a population " t e m p e r a t u r e "  c lose  to the t e m p e r a t u r e  of 
the gas in the jet ,  while those  of the upper  l eve l s  a r e  higher .  

One of the r e a s ons  fo r  the occu r r ence  of a nonequi l ibr ium population for  l a rge  values of Pod may  be 
connected with the condensat ion p r o c e s s .  The ba s i s  for  this suggest ion is the populat ion dis t r ibut ion of the 
levels  for  Pod = 1340 (section 7) which is anomalous  f r o m  the point of view of rota t ional  re laxa t ion  in a homo- 
geneous med ium and indicates  the o c c u r r e n c e  of condensat ion during the expansion p r o c e s s .  In fact ,  f r om 
e s t i m a t e s  made  on the bas i s  of expe r imen ta l  data [20] for  Pod = 1340 an initial condensat ion s tage occurs ,  the 
r e su l t  of which (for l a rge  x/d) can be r ep re sen t ed  ve ry  approx ima te ly  by a c e r t a i n  ave r age  s ize of c lu s t e r  - 
about 10 molecu les  p e r  c lus te r .  The m e c h a n i s m  by which the condensat ion affects  the kinet ics  of the popula-  
t ions is unknown at the p r e s en t  t ime .  
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