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+ 
We examine  the nonequi l ibr ium radiat ion f r o m  the f i r s t  negat ive  band of the mo lecu l a r  ni t rogen ion N 2 . The § 
var ious  N 2 ion exci ta t ion  mechan i sms  a r e  d i scussed .  It is shown that for  ~. shock wave ve loc i ty  in a i r  
8 k m / s e c  the p r i m a r y  exc i ta t ion  m e c h a n i s m  is e l ec t ron ic  impact .  

It has been es tab l i shed  e x p e r i m e n t a l l y  that behind the s t rong  shock wave front  in a i r  under ce r t a in  condit ions 
the re  is a peak of the nonequi l ibr ium radia t ion,  which is bas ica l ly  de te rmined  by the mo lecu l a r  bands of ni t rogen and 
oxygen [1]. In th i s  case ,  one of the mos t  impor tant  r ad i a to r s  will  be the n i t rogen ion N 2 . In the following we examine  

+ 
the nonequi l ib r ium radiat ion f r o m  the f i r s t  negat ive band of N 2 . 

The upper  e s t ima te  of the nonequi l ib r ium radia t ion  in the m o l e c u l a r  bands can be obtained by as suming  that the 
exc i ted  e l ec t ron ic  l eve l  of the molecu le  is in equ i l ib r ium with the ground leve l .  However ,  previous  e s t i m a t e s  based  on 
such assumpt ions  y ie ld  r e su l t s  which a re  s igni f icant ly  higher  than the expe r imen ta l  r e su l t s .  Consequently,  for the 
c o r r e c t  ca lcula t ion  of nonequi l ibr ium radia t ion  intensi ty  we need to know not only the d is t r ibut ion  of the t e m p e r a t u r e s ,  
dens i t i e s ,  and component  concent ra t ions  behind the shock wave front  but a l so  the e l em en ta ry  mechan i sms  for  
exci ta t ion  of the e l ec t ron ic  s ta tes  of the molecu les .  

To d e t e r m i n e  the dens i t i es ,  concen t ra t ions ,  and t e m p e r a t u r e s  we used  the ca lcula t ion of the s t ruc tu re  of the 
normal  c o m p r e s s i o n  shock in a i r ,  analogous to the ca lcula t ion  c a r r i e d  out in [2]. The chemica l  reac t ion  s cheme  is 
that  genera l ly  used and is the same  as that  of [2]. We used  the values  of the chemica l  r eac t ion  constants  taken f r o m  
[2-4] .  The v ibra t iona l  re laxa t ion  was accounted for us ing the m e c h a n i s m  proposed  in [5, 6]. The ca lcula t ions  of the 
n o r m a l  shock wave s t ruc tu re  were  made by Ver tushkin  and Gladkov. Typical  r e su l t s  of the ca lcula t ions  for  the shock 
wave ve loc i ty  of 8 k m / s e c  a r e  shown in F igs .  1 and 2. These  f igures  a l so  show the r e su l t s  of ca lcula t ion of the 
concen t ra t ions  of the exci ted m o l e c u l a r  ni t rogen ion N +* which w e r e  made in the p r e sen t  study. 
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Fig.  1. T o = 288 ~ K, P0 = 1 mm Hg a r e  the t e m p e r a t u r e  
and p r e s s u r e  ahead of the shock wave front ;  T and T v 
a r e  the t r ans la t iona l  and v ibra t ional  t e m p e r a t u r e s  (~ 
p is densi ty  (10 .5 g/cm3);  t = x/v(x) is physical  t ime  
(x is d is tance  f rom the v iscous  wave front,  v(x) is the 

gas ve loc i ty  behind the wave). 

Exoi ta t ion meahan i sms .  Exci ta t ion by e l ec t ron ic  impact  mus t  be separa ted  f r o m  the e l e m e n t a r y  mechan i sms  for  
exci ta t ion of the e l ec t ron ic  s ta tes  of the molecu les ,  s ince inelas t ic  co l l i s ions  of mo lecu l e s  with a toms  and molecu les  
have cons ide rab ly  s m a l l e r  c r o s s  sec t ion  and v e r y  high exci ta t ion threshold .  

However ,  one e l emen ta ry  m e c h a n i s m  should be mentioned which was proposed in [6], where  it  is a s su med  that + 
exci ta t ion  of the e l ec t ron ic  s ta tes  of the mo lecu l a r  n i t rogen ion N 2 takes place upon co l l i s ion  with the v ibra t iona l ly  
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e x c i t e d  m o l e c u l e  N~. It  is  b e l i e v e d  tha t  the c r o s s  s e c t i o n  of th is  p r o c e s s  has  a l a r g e  va lue  (or ~ 5 �9 10 -15 cm2). Th is  
a s s u m p t i o n  is not  wi thout  foundat ion ,  s i n c e  t h e r e  a r e  e x p e r i m e n t a l  and t h e o r e t i c a l  da ta  on the  quench ing  of s o d i u m  
r a d i a t i o n  [7 ,8 ] ,  w h e r e  the  c o n v e r s i o n  of v i b r a t i o n a l  e n e r g y  into e l e c t r o n i c  e n e r g y  is  a c c o m p l i s h e d  c o m p a r a t i v e l y  
e a s i l y .  H o w e v e r  t h e r e  a r e  n e i t h e r  e x p e r i m e n t a l  n o r  t h e o r e t i c a l  r e s u l t s  i nd ica t ing  c o m p l e t e  ana logy  b e t w e e n  t h e s e  two 

p r o c e s s e s .  
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Fig. 2. [i] is the concentration of the i-th component of air 
. . + ,  

(cm-3); o~ i = N0p [I]; N O IS Avogadro's number; iN 2 ]e (1011 
cm -3) is the excitation by electronic impact; [N+*]v (10 I~ 

cm -3) is the excitation by N v. 

Excitation as a result of electronic impact was not considered in [6], since a shock wave with velocity ~6 kin/see 

was investigated and in this case the electron concentration behind the shock wave front is low. 

In the major computational study [9] electronic impact is considered as one of the mechanisms for the excitation 
+ + 

of the molecular nitrogen ion N 2. The excitation cross section of N 2 was taken from the experimental study [10]. 
+ 

However, in [10] excitation of the molecular ion N 2 by electronic impact was not investigated; rather the formation of 
+* 

the excited molecular ion N 2 during collision of the neutral nitrogen molecule with the impinging electron was studied. + 
The threshold energy of this process is about 20 eV, considerably higher than the threshold for excitation of the N 2 
ion (3.16 eV) and the value of the cross section is ~10 -18 cm 2. 

E x c i t a t i o n  c r o s s  s e c t i o n  fo r  e l e c t r o n i c  i m p a c t  on m o l e c u l a r  n i t r o g e n  ion.  in the  fo l lowing,  w e  c o n s i d e r  c r o s s  
s e c t i o n s  a v e r a g e d  wi th  r e s p e c t  to the v e l o c i t i e s  of the  i m p i n g i n g  e l e c t r o n s ;  t h e r e f o r e ,  i t  i s  v e r y  i m p o r t a n t  to know the  
c o r r e c t  m a g n i t u d e  and b e h a v i o r  of the  c r o s s  s e c t i o n  n e a r  the t h r e s h o l d .  The f o r m u l a  fo r  the  e x c i t a t i o n  c r o s s  s e c t i o n  

+ 
of the  m o l e c u l a r  n i t r o g e n  ion N 2 by e l e c t r o n i c  i m p a c t  is  d e r i v e d  in the d ipo le  a p p r o x i m a t i o n ,  which y i e ld s  good r e s u l t s  
a t  the  t h r e s h o l d  v e l o c i t i e s  fo r  e x c i t a t i o n  of a t o m i c  ions  [11]. Le t  us e x a m i n e  the p r o c e s s  

NC (B~2g +) § e -+ N~ +* (X~X~J) + e. (1) 

The complete Hamiltonian of such a system in atomic units is written in the form 

2Z--1 
~ j ~  t i a,.. (2) 

H - ~ H N ~ +  [r-- t /2R I I r qS1/e R ~ t r - - r j [  2 

H e r e  H~r~. is  the  H a m i l t o n i a n  of the m o l e c u l a r  ion, r ,  is the  c o o r d i n a t e  of the  i m p i n g i n g  e l e c t r o n  r e l a t i v e  to the  
c e n t e r  of g r a v i t y  of the  m o l e c u l e ,  R is  the  d i s t a n c e  b e t w e e n  the  nuc l e i ,  r j  a r e  the c o o r d i n a t e s  of the  bound e l e c t r o n s .  
In o r d e r  to u s e  p e r t u r b a t i o n  t h e o r y ,  we w r i t e  (2) in the f o r m  

H = g o + W ,  
2z--I 

Hn HN,+ [t ~[ Av, W = ~ z z ~ j=~ t 
r 2 r [ r i V z  R I 1 r +5/2 R I t ~ '  (3) 

The so lu t ion  of the  u n p e r t u r b e d  w a v e  equa t ion  
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//0~F = Er (4) 

b r e a k s  down into the  product  of the Coulomb wave function ~I, c of the impinging e l ec t ron  and the m o l e c u l a r  wave 
function.  Consequent ly ,  the wave function of the in i t ia l  s ta te  of the en t i r e  s y s t e m  ~l'i and that  of the final s ta te  # f  can 
be wr i t t en  in the fo rm 

�9 i =  ~F(N~+)W~(ki, r), K ' I=  ~F(N~+*)~F~(k/, r). (5) 

Here  ~(N +) and ~(N~*) a r e ,  r e s p e c t i v e l y ,  the wave functions of the ground and exc i t ed  s t a t e s  of the m o l e c u l a r  
ion, and ~c(k i ,  r) and ~ c ( k f ,  r) a r e  the convent ional  Coulomb wave functions of the e l e c t r o n  in a unit  pos i t ive  cha rge  
f ie ld;  ki  and k f  a r e  the wave v e c t o r s  of the impinging and s c a t t e r e d  e l e c t rons .  Using convent ional  pe r tu rba t ion  theory ,  
we obta in  the fol lowing fo rmula  for  the to ta l  exc i t a t ion  c r o s s  sect ion:  

_.L~ ~ ~ .  I 

A~ = <%1 w I ~ > .  (6) 

Here  the sum over  f '  denotes  summat ion  over  the number  of f inal  v ib ra t iona l  and ro ta t iona l  s t a t e s ;  J is  the to ta l  
m o l e c u l a r  moment .  To ca l cu l a t e  A f i  we expand the l a s t  t e r m  in the pe r t u rba t i on  W into a s e r i e s  for  r >> rj  and l imi t  
o u r s e l v e s  to the second  t e r m  of the 

1 l rrj 
i r _ r j l ~  r + - ~  -~- . . . .  (7) 

Then the pe r t u rba t i on  W takes  the fo rm 

2Z--1 ,) 
z Z rrj 

W = r + I r _ I A R  t ] r + ~ h R l +  ~ ~ .  (8) 
J = t  

Only the l a s t  t e r m  of (8) m a k e s  a nonzero  cont r ibu t ion  to A f i ,  s ince  a l l  the other  t e r m s  do not conta in  the bound 
e l e c t r o n  coo rd ina t e s  r j  and cance l  by v i r tue  of or thogonal i ty  of the m o l e c u l a r  ion wave funct ions.  We have 

X ]r 
W ~ F , ) =  

2z--1 

= ~ F ( N 2  +*) ~r  i W'(N2+)~Fc(kt ,  r ) r ~  uFc(ki.,r)>. (9) 

In a c c o r d a n c e  with the Ehrenfes t  t h e o r e m  the fo rce  m a t r i x  e l e me n t  r / r  ~ = i3 can be e x p r e s s e d  in t e r m s  of the 
d ipole  moment  m a t r i x  e l emen t  

%i = ~/2 (kt ~ - -  ki~) - =  AE. (10) 

Here  wfi is  the t r an s i t i on  ene rgy  in the m o l e c u l a r  ion N +. The in t eg ra l  M = (~c(kf, r ) I r l ~ c ( k i ,  r)} is known f rom 
b r e m s s t r a h l u n g  r ad ia t ion  t heo ry  and was ca l cu l a t ed  in [12]. Now le t  us  t r a n s f o r m  the in teg ra l  

I~'-F(N2 +*) j~. rj ~F(N2 + ) ) 2 .  

Since we a r e  cons ide r ing  t r a n s i t i o n  between the Z - s t a t e s ,  the m o l e c u l a r  wave function s e p a r a t e s  into the 
produc t  of the e l ec t ron i c ,  v ib ra t iona l ,  and ro ta t iona l  wave functions 

W (N~ +) = W (rj) VvVs- 

Then 

(11) 

Here  R ~ is the square  of the e l e c t r o n i c - d i p o l e - t r a n s i t i o n  m a t r i x  e lement ;  qvv'  is  the F ranck -Condon  fac tor ;  S j j ,  
is the  Han ley-London  fac tor .  The e l e c t r o n i c - t r a n s i t i o n  o s c i l l a t o r  f o r c e  is ,  
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f~! = ~/~co/~ < ~ *  ( r ~ ) ~  r~ ~F (r~)~ ~, (12) 

and  in  s u m m i n g  over  the  f ina l  v i b r a t i o n a l  and  r o t a t i o n a l  s t a t e s  we ob ta in  

q~v" = 1, ~ S z j , =  2J-~/~. (13) 
V ~ J '  

Subs t i t u t i ng  into A f i  "the m a t r i x  e l e m e n t  M f r o m  [12] and  u s i n g  (11)- (13) ,  we obta in  the f o r m u l a  for  the to ta l  
exc i t a t i on  c r o s s  s ec t i o n  

t ii~ exp (2g~k) d (2~)~ t F (i~, i~lt, i ,  XO) 12" kl ~ AE [exp (2nBi) "7- t] [exp (2an/) -- 1] x~ d~01 ( 1 4 )  

H e r e  F(i~] i ,  i~?f, 1, x 0) is the h y p e r g e o m e t r i c  func t ion  

Xo - -  (~I~-- ~)~ ' V l r  ~ ' 
t ~ b - - - - ~ ,  k i~= 2E. 

Af t e r  d i f f e r e n t i a t i o n  w e  obta in  

(2 ,~2 t f~! exp(2n~ h) 
~i! : ~ ' k-~- A-E [exp (2a~h) --  t] [exp (2~*11) -- 1] ] [.F ( - -  i~h-]-l,-- i~qf, l,--x0)] ~ -  

- - [ F ( - - i ~ %  -- i~l!-~-l ,  t ,  %)]*1" (15) 

F o r m u l a  (15) was  u s e d  to c a l cu l a t e  the  to ta l  e l e c t r o n i c  exc i t a t i on  c r o s s  s ec t i on  (~ i f  of the  m o l e c u l a r  n i t r o g e n  
ion N + by e l e c t r o n i c  impac t .  F i g u r e  3 shows the c r o s s  s ec t i on  ~ i f  as  a func t ion  of the i m p i n g i n g - e l e c t r o n  e n e r g y .  The 
m a g n i t u d e  of the e l e c t r o n i c - t r a n s i t i o n  o s c i l l a t o r  f o r c e f ~ f  was t aken  f r o m  [13]. We see  f r o m  Fig .  3 that  the c r o s s  
s ec t i on  (rij has  a f in i te  va lue  at  the t h r e s h o l d  e n e r g y ;  th is  a g r e e s  with the Wigue r  r u l e .  
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Fig .  3. N + exc i t a t i on  c r o s s  s e c t i o n  v e r s u s  the e n e r g y  
of the i m p i n g i n g  e l e c t r o n .  

C a l c u l a t i o n  of n o n e q u i l i b r i u m  r a d i a t i o n  i n t e n s i t y .  The r a d i a t i o n  i n t e n s i t y  in the e l e c t r o n i c  bands  of the  m o l e c u l e s  
is c a l c u l a t e d  u s i n g  the f o r m u l a  

I i j  = 0)ijAijNi*. (16) 

* is  the n u m b e r  of exc i t ed  m o l e c u l e s .  Here  Aij  is the  E i n s t e i n  t r a n s i t i o n  coef f ic ien t ,  and  N i 

The n u m b e r  of exc i t ed  m o l e c u l e s  for  the s y s t e m ,  inc lud ing  exc i t a t ion ,  deac t i va t i on  by c o l l i s i o n s  

A -.~- h' - .4* -{-/~, 
2 

and  d e a c t i v a t i o n  by r a d i a t i o n  A* ~ A + w, is ob ta ined  f r o m  the equa t ion  

,z [A*ldt = k, [h'] IAI --k2 [BI [A*I I,l*l~ij ' i i~  = ~-~}' (17) 

/ M \'I'- [' ,~/'v~' / 
l,:~ . (,:~(u)} == ~ C ~ )  ,, exp \ -- . -~=} ~(u)r (18) 

% 
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Here [A*], [A], and [B] a r e  the concent ra t ions  of the cor responding  pa r t i c l es ;  k 1 is the excitat ion ra te  constant,  
which is the exci tat ion c ross  sect ion averaged over  the Maxwellian veloci ty d is t r ibut ion;  v 0 is the imping ing-par t i c l e  
veloci ty cor responding  to exci tat ion threshold;  k 2 is the deact ivat ion ra te  constant ,  which can be de te rmined  f rom the 
detai led balance re la t ion  (see, for example,  [13]); T,~ is the excited state l i fe t ime.  Two e l emen ta ry  mechan i sms  for 

Lj 

excitat ion of the molecu la r  n i t rogen ion were examined:  

1) exci tat ion by the v ibra t iona l ly  excited n i t rogen  molecule 

N~ ~ -i- N.2 --+ N< ~* -~- N~; 

2) exci tat ion by e l ec t ron ic  impact  (1). 

The f i r s t  mechan i sm was ca lcula ted  us ing  the assumpt ions  of [6] 

k 1 - : k 2 ::: 5 - 1 0 - i S ( v )  cm :~.sec -I , 
f" 3.G6.104~ 

/ =  0.i, IN2"I= lN.2lexp ~-- 7',, )" 

Here (v) is the average veloci ty of the molecules ;  T v is the v ibra t ional  t empera tu re .  

The exci tat ion by e lec t ronic  impact  was calculated in the dipole approximat ion (15). The excited molecu la r  ion 
concent ra t ion  was calculated for both exci tat ion mechan i sms  and for  two shock wave veloci t ies  (v = 6 k m / s e c  and 
v = 8 km/sec ) .  F o r m u l a  (16) was used to ca lcula te  the nonequi l ib r ium radia t ion peak f rom the f i r s t  negative N~ band 
(Fig.  4). 

I(vs}fO~'l I(v)/O 
Ile)/O s .l{e) 
(w /c: #7 (w /cM 

8 

tO-a /O-a /0-r /O-W 
t, sec 

/ 0 - 8  /@-$ 

Fig.  4. Radiat ion in tens i ty  from the f i r s t  negat ive 
band of N~: I(v) is for  excitat ion by the molecule  

N v, I(e) is for exci ta t ion by e lec t ronic  impact .  

For  optically thin gas l ayers  the rad ia t ive  flux can be es t imated  us ing the formula  

where  s is the th ickness  of the re laxa t ion  zone. 

s 

q--f2glds, (19) 
o 

For  the shock wave veloci ty v = 6 k m / s e c  the radia t ional  flux f rom the f i r s t  N + band for molecu la r  excitat ion is 
q(v) = 1.24 W/cm 2, the radia t ional  flux for e lec t ronic  impact  exci tat ion is q(e) = 9.87 �9 10 -2 W/cm 2 For  v = 8 km/ sec ,  
q(v) = 1.95 W/cm 2, q(e) = 8.02 W / c m  2, which agrees  with the exper imenta l  data of [14]. 

Discuss ion  of r e su l t s .  We see f rom the curves  of Fig.  4 and the calcula t ion of the radia t ional  fluxes that, for a 
shock wave velocity of 6 k m / s e c ,  exci tat ion of the molecu la r  n i t rogen ion N~ by the v ibra t iona l ly  excited n i t rogen  

V 
molecule  N 2 is the dominant  mechan i sm in compar i son  with e lec t ronic  impact ,  s ince in this  case the e lec t ron  
concen t ra t ion  is low. For  the shock wave velocity 8 k m / s e c  e lec t ronic  impact  is the p r i m a r y  mechan i sm for exci tat ion 

+ 
of the N 2 ion in compar i son  with exci tat ion by the N~ molecule .  This is a r e su l t  of the s ignif icant  i nc rease  of the 
e lec t ron  concent ra t ion  at the 8 - k m / s e c  veloci ty and agrees  with the exper imenta l  data of [15]. At higher shock wave 
veloci t ies  the e lec t ron  concent ra t ion  will i nc r ea se  the effect of the e l ec t ron ic - impac t  excitat ion mechan i sm will 
i nc rease .  
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structure of the normal compression shock and L. I. Ponomarev for helpful discussions. 

R E F E R E N C E S  

i. J. C. Camm, B. Kivel, R. L. Taylor, and J. D. Teare, "Absolute intensity of nonequilibrium radiation in 
air and stagnation heating at high altitudes," J. Qunt. Speetros. Radiat. Transfer, vol. i, no. I, p. 53, 1961. 

2. S. C. Lin and J. D. Teare, "Rate of ionization behind shock-waves in air, vol. If: Theoretical 
interpretation," Phys. Fluids, vol. 6, no. 3, 1963. 

3. V. P. Glushko, ed., Handbook: Thermodynamic Properties of Individual Substances [in Russian], Izd-vo 

AN SSSR, Moscow, 1962. 

4. J. G. Hall, A. Q. Esehenroeder, and P. V. Marrone, "Blunt-nose inviscid air flaws with coupled 
nonequilibrtum processes," J. Aerospace Sci., vol. 29, no. 9, 1962. 

5. C. E. Treanor and P. V. Marrone, "Effect of dissociation on the rate of vibrational relaxation," Phys. 
Fluids, vol. 5, no. 9, 1962. 

6. P. Hammerling, J. D. Teare, and B. Kivel, "Theory of radiation from luminous shock waces in nitrogen," 
Phys. Fluids, vol. 2, no. 4, 1959. 

7. Atomic and Molecular Processes [in Russian], Mir, Moscow, 1964. 
8. K. J. Laidler, "Mechanism of processes initiated by excited atoms," vol. I: The quenching of excited 

sodium," J. Chem. Phys., vol. i0, no. i, p. 34, 1942. 

9. A. K. Artamonov, V. N. Arkhipov, and G. E. Starohenko, "Relaxation and radiation behind a normal 
shock," Izv. AN SSSR, MZhF [Fluid Dynamics], Vol. i, No. 3, 1966. 

i0. D. T. Stewart, Electron excitation functions of the first negative bands of N +, Proc. Phys. Soc., vol. A 69, 
no. 6, p. 438, 1956. 

ii. M. K. Gailitis, "Calculation of ion excitation by electrons using Coulomb wave functions, ~' Optika i 
spektroskopiya, vol. 14, no. 4, 1963. 

12. A. Sommerfeld, Atombau und Spektrallinien, Vol. 2 [Russian translation], Gostekhizdat, Moscow, 1956. 

13. Ya. B. Zel'dovich and Yu. P. Raizer, Physics of Shock Waves and High-Temperature Gasdynamic 
Phenomena [in Russian], Nauka, Moscow, 1966. 

14. R. A. Allen, P. H. Rose, and J. C. Carom, "Nonequilibrium and equilibrium radiation at super-satellite 
re-entry velocities," Inst. Aeronaut. Sci., papers 63-77, p. 35, 1963. 

15. R. A. Allen, "Nonequilibrium shock front; rotational, vibrational, and electronic temperature 
measurements," J. Quant. Speetrosc. Radiat. Transfer, vol. 5, no. 3, p. 511, 1965. 

1 Ju ly  1968 

Zhukovski i  

29 


