
I N T E N S I T Y  D I S T R I B U T I O N  IN  T H E  R O T A T I O N A L  S T R U C T U R E  

OF T H E  E L E C T R O N - V I B R A T I O N A L  B A N D S  O F  N I T R O G E N  

A. A.  G r i b a n o v a ,  V. V. K o k h a n e n k o ,  
N. A.  P r i l e z h a e v a ,  a n d  L.  A. S i g a e n k o  

UDC 543.42 

The intensity distr ibution was measured  for the rotat ional  lines of the N2 molecule in the 
radiation of a glow discharge  in the pure gas, at p re s su re  0.1-5 tor r ,  or with argon, at 
a total p ressu re  of 2 t o r t ,  at a cur rent  of 40 mA. The distribution found lags behind a 
Boltzmann distr ibution in the 0 - 3  band (corresponding to the C31] -Bail  transit ion; the 
second positive system) over  the p ressu re  range 0.1-2 to r r  and in the 1 - 4  band (the Cgl] 
-B3I] transit ion; second positive system) at a p ressu re  of 0.t tor r .  In the N 2 + Ar mix-  
ture there is select ive amplification of the J = 25, 26 rotational lines. 

The radiat ion of glow discharges  produced by a d i rec t  cur rent  in nitrogen (at p res su res  of 0.1 to 
5 tor t )  and in a n i t r o g e n - a r g o n  mixture  (total gas p res su re  of 2 torr) was studied. 

The cylindrical  d ischarge tube with e lect rodes  in side branches was 500 mm long and 8 mm in d iam- 
eter. In a pre l iminary  evacuation, a p ressu re  of 10 -5 to r r  was reached. In the gas mixture,  the nitrogen 
p re s su re  was 0.1 t o r t  and the argon p res su re  was 1.9 tor r .  

We measured  the intensity of the vibrat ional  s t ruc ture  of the 0 - 3  (~ = 4059 A) and 1 - 4  (X = 3998 A) 
nitrogen bands. The spec t rum was produced on an ISP-67 spectrograph.  The dispers ion of this instrument  
in this range is 0.88 A / r a m .  The tr iplet  s t ruc ture  of the bands was resolved (see Fig. 1). The intensity 
was measured  by means of photographic photometry.  

For  an equilibrium distr ibution of molecules  among the rotational energy levels, the intensity of a 
rotational line in the e lec t ron-vibra t ional  band is given by 

- # r  

I = C ~  4ie ~-r (1) 

where C is a constant for a given band; i is the intensity factor ,  which can be calculated f rom the equa- 
tions in [1], 

E; = h. c~ '  (,5 (2) 

is the rotational energy of the molecules in the excited state; h is the Planck constant; c is the speed of 
light; and F'(J) is a function of the rotational quantum number,  calculated f rom the equations in [2]. The 
corresponding graphical  dependence of the quantity In I - l n i  on F'(J) is a s t ra ight  line, whose slope is the 
distr ibution tempera ture  Tro. In two par t icular  cases  this t empera ture  can be equal to the gas t empera -  
ture  Tg: 1) in the radiat ion of  an i sothermal  plasma; 2) in the radiation of a nonequilibrium low-pressure  
plasma, if the rotational energy of a molecule is not affected by electronic and vibrational excitation (i.e., 
if this rotational energy changes by a negligible amount, in part icular ,  AJ = ~1) and if the level is com-  
pletely depopulated. 

We would expect the second condition to be satisfied in an N 2 discharge at a p ressure  on the order  of 
1 tor r .  
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Fig .  1. P h o t o m i c r o g r a m  of the  0 - 3  (X = 4059 A) 
band in a d i s c h a r g e  of pu re  a r g o n  a t  p = 2 t o r r .  
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F ig .  2. D i s c h a r g e  in pu re  n i t r ogen .  The  0 - 3  band a t  the  f o l -  
lowing p r e s s u r e s  ( to r r ) :  1) 0.1; 2) 0.5; 3) 1; 4) 5. 

F ig .  3. D i s c h a r g e  in pu re  n i t r ogen .  The  1 - 4  band a t  the  f o l -  
lowing p r e s s u r e s  {torr) :  1) 0.1; 2) 0.5; 3) 1; 4) 5. 

R E S U L T S  

In both  the  bands  we m e a s u r e d  the i n t e n s i t i e s  of the r o t a t i o n a l  l i n e s  having  J = 15 to J = 30 of the  
two b r a n c h e s  1:12 and t t  3 . Us ing  t h e s e  i n t e n s i t i e s ,  we c o n s t r u c t e d  g r a p h i c a l  d e p e n d e n c e s  of the  l e v e l  p o p u l a -  
t ions  on q u a n t i t i e s  p r o p o r t i o n a l  to the  l e v e l  e n e r g y  [ l n I - l n i ;  F ' ( J ) ] .  

1 .  R a d i a t i o n  o f  a D i s c h a r g e  i n  P u r e  N i t r o g e n  

F i g u r e  2 shows  th is  d e p e n d e n c e  in  the  0 - 3  band fo r  a n i t r o g e n  p r e s s u r e  of 0 .1 -5  t o r r  in the  d i s c h a r g e  
tube.  We s e e  tha t  the  r a d i a t i o n  of the  J ~ 15-23 l i n e s  is  at a n i n t e n s i t y w h i c h d e p e n d s  e x p o n e n t i a l l y  on the l e v e l  
ene rgy .  The l i n e s  wi th  J = 23-30  d i s p l a y  an i n t e n s i t y  g r e a t e r  than e q u i l i b r i u m ;  the  d e v i a t i o n  d e c r e a s e s  wi th  
i n c r e a s i n g  d i s c h a r g e  p r e s s u r e  and v a n i s h e s  c o m p l e t e l y  a t  5 t o r r ,  a t  wh ich  p r e s s u r e  a l l  the e x p e r i m e n t a l  
po in t s  c o n f o r m  to a s t r a i g h t  l ine .  

The  d e v i a t i o n  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  i s  eva lua t ed  f r o m  

�9 ~( ln  I - -  !hi) 100%, (3) 
0 . . . . . . .  

( i n l -  lni)B 

w h e r e  ( l n I - l n i ) B  i s  the  l o g a r i t h m  of the  popu la t ion  fo r  the  c a s e  of a B o l t z m a r m  d i s t r i b u t i o n ;  and ZX( ln I - l n i )  
i s  the  d e v i a t i o n  of the  m e a s u r e d  v a l u e  f r o m  tha t  g iven  by  Eq. (1). The  v a l u e s  of 5 fo r  the  0 - 3  band a r e  
shown in T a b l e  1. 

F i g u r e  3 shows  the d e p e n d e n c e  of l n I - I n i  on F ' ( J )  f o r  the  1 - 4  band;  fo r  p r e s s u r e s  in  the  r a n g e  0 . 5 -  
5 t o r r  the  i n t e n s i t i e s  of the  r o t a t i o n a l  l i n e s  change  e x p o n e n t i a l l y  wi th  the  ene rgy .  At  0.1 t o r t  the h ighe r  
r o t a t i o n s  d i s p l a y  a d e v i a t i o n  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  wi th  i n c r e a s i n g  J, a s  can  be s e e n  in T a b l e  2. 
We c a l c u l a t e d  the  t e m p e r a t u r e s  shown in T a b l e  3 f r o m  t h e  s l o p e s  of the  l i n e a r  r e g i o n s  of t h e s e  c u r v e s .  
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F ig .  4. D i s c h a r g e  in  the  m i x t u r e  N 2 + A t .  The  1 - 4  band.  Ptot  
= 2 t o r t ,  pN 2 = 0.1 t o r t .  

F ig .  5. D i s c h a r g e  in  the  m i x t u r e  . The  0 - 3  band.  Ptot = 2 t o r r ;  
pN2 = 0.1 t o r t .  
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2 .  R a d i a t i o n  o f  a D i s c h a r g e  i n  a 

M i x t u r e  o f  N 2 + A r  

U s i n g  the i n t e n s i t i e s  m e a s u r e d  fo r  the  r o t a t i o n a l  s t r u c t u r e  
fo r  the  0 - 3  and 1 - 4  bands  in  a n i t r o g e n - a r g o n  m i x t u r e  we c o n -  
s t r u c t e d  the  c u r v e s  in F i g s .  4 and 5. F r o m  F ig .  4 we s e e  tha t  the  

i n t e n s i t i e s  of the  r o t a t i o n a l  l i n e s  in  the  1 - 4  band a r e  not  d e s c r i b e d  by Eq. (1). T h o s e  of the  J = 15-23  
l i n e s  c o n f o r m  w e l l  to a s t r a i g h t  l ine ,  whose  s l o p e  y i e l d s  a t e m p e r a t u r e  of 500~ The i n t e n s i t i e s  of the  
l i n e s  wi th  J > 23 a r e  g r e a t e r  t han  p r e d i c t e d  by Eq. (1). 

F i g u r e  5 shows  the  i n t e n s i t y  d i s t r i b u t i o n  in the  0 - 3  band.  The  s l o p e  of the  l ine  p lo t t ed  t h rough  the 
po in t s  c o r r e s p o n d i n g  to the  i n t e n s i t i e s  of the  l i n e s  wi th  J = 15-23  y i e l d s  a t e m p e r a t u r e  of 500~ At J 
= 23 we beg in  to  o b s e r v e  a d e v i a t i o n  f r o m  the e x p o n e n t i a l  l aw,  in the d i r e c t i o n  of i n c r e a s i n g  l e v e l  popu la t i on .  

In b r a n c h  1( 2 fo r  two l i n e s  (J = 25, 26) t h e r e  i s  a w e l l - d e f i n e d  s e l e c t i v e  a m p l i f i c a t i o n  on e a c h  pho to -  
m i c r o g r a m .  

D I S C U S S I O N  

1 .  1 ( a d i a t i o n  o f  t h e  0 -  3 a n d  1 - 4  B a n d s  i n  t h e  S e c o n d  

P o s i t i v e  S y s t e m  o f  N i t r o g e n  i n  a D i s c h a r g e  o f  P u r e  N i t r o g e n  

E x c i t a t i o n  of m o l e c u l e s  in  a l o w - p r e s s u r e  g low d i s c h a r g e  p r e s u m a b l y  o c c u r s  t h rough  c o l l i s i o n s  wi th  
e l e c t r o n s .  F i g u r e s  1 and 2 show that in  a g low d i s c h a r g e  the  i n t e n s i t i e s  of the  r o t a t i o n a l  l i n e s  a t  h igh 
v a l u e s  of J (J > 23) do not  have  an  e x p o n e n t i a l  d i s t r i b u t i o n .  The  h i g h - J  m o l e c u l a r  r o t a t i o n  i s  e v i d e n t l y  
e x c i t e d  by e l e c t r o n  c o l l i s i o n s .  

The  ex t en t  of the  d e v i a t i o n  v a r i e s  wi th  the  p r e s s u r e :  a s  the  p r e s s u r e  in  the  n i t r o g e n  d i s c h a r g e  i s  
i n c r e a s e d ,  the  d e v i a t i o n  d e c r e a s e s ,  and the d e p e n d e n c e  of l n I - l n i  on F ' ( J )  b e c o m e s  l i n e a r  a t  p = 5 t o r r  fo r  the  
0 - 3  band and p = 0.5 t o r r  and a b o v e  fo r  the  1 - 4  band.  When  n i t r o g e n  i s  added ,  t h e r e  i s  an  i n c r e a s e  in the  
n u m b e r  of c o l l i s i o n s  be tween  m o l e c u l e s ,  and e x c i t e d  m o l e c u l e s  of the C3II s t a t e  exchange  r o t a t i o n a l  quan ta  
wi th  m o l e c u l e s  in  the  (X'Z) g round  s t a t e .  The  m a g n i t u d e s  of the  r o t a t i o n a l  quanta  of the C311 and X ' Z  s t a t e s  
a r e  v e r y  n e a r l y  equa l ;  for  the  J '  = 11 ~ J"  = 10 (C3I]) s t a t e  and the J '  = 9 - -  J "  = 8 (X'Z) s t a t e ,  e .g . ,  the  
e n e r g y  of the  r o t a t i o n a l  quan tum i s  0 . 5 5 . 1 0  -2 eV. We can  t h e r e f o r e  e x p e c t  the e f f i c i e nc y  of t h e s e  c o l l i s i o n s  
to  be high,  l e a d i n g  to the  e s t a b l i s h m e n t  of an  e q u i l i b r i u m  d i s t r i b u t i o n  wi th  r e s p e c t  to r o t a t i o n  wi th  the  gas  
t e m p e r a t u r e  in  the  exponent .  The  gas  t e m p e r a t u r e  d e t e r m i n e d  f r o m  the  s l o p e  of the  l i n e a r  p a r t s  of the  
c u r v e s  i n c r e a s e s  wi th  i n c r e a s i n g  p r e s s u r e :  a s  the  p r e s s u r e  i s  i n c r e a s e d  f r o m  0.5 to 5 t o r r ,  the  t e m p e r a -  
t u r e  i n c r e a s e s  f r o m  300 to 1000~ (Table  2). 

A nonexponen t i a l  d e p e n d e n c e  of the  i n t e n s i t y  d i s t r i b u t i o n  of the  r o t a t i o n a l  l i ne s  was  found in [3], w h e r e  
n i t r o g e n  m o l e c u l e s  w e r e  e x c i t e d  by e l e c t r o n  c o l l i s i o n .  
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T A B L E  3 

Temperature, "K 
r 
i 

Pressure, ~ I o ~3998A ~.~4959A 
torr I--4 0--3 

0,1 ] 300 320 
i 

0,5 I 400 420 
i 

1,0 1 430 450 
2,0 540 550 
5,0 820 1000 

The  a n o m a l o u s  i n t e n s i t y  d i s t r i b u t i o n  of the r o t a t i o n a l  l ines  of a n  a i r  
d i s c h a r g e  (the ~ = 4059 A) band a t  a p r e s s u r e  of 20 t o r r  was  poin ted  out  by 
S e r g e e n k o v a  and V a s i l ' e v  [4], who a t t r i b u t e d  the e f fec t  to s e c o n d - o r d e r  c o l -  
l i s i o n s ,  a l though a t  a p r e s s u r e  of 10 t o r r  a B o l t z m a n n  i n t e n s i t y  d i s t r i b u t i o n  
i s  found. 

2 .  R a d i a t i o n  o f  t h e  0 -  3 a n d  1 - 4  B a n d s  i n  

t h e  M i x t u r e  N 2 + A r  

F r o m  Fig .  4 we s e e  tha t  in  the  m i x t u r e  N 2 + A r  the  s m a l l - J  r o t a t i o n a l  
l e v e l s  a r e  popula ted  a s  p r e d i c t e d  by Eq. (1); a t  J = 23 the popu la t ion  beg in s  
to i n c r e a s e  wi th  i n c r e a s i n g  J. C o m p a r i n g  the c u r v e s  fo r  the  pu re  gas  and 

f o r  the  m i x t u r e  wi th  the s a m e  n i t r o g e n  p r e s s u r e ,  we conc lude  tha t  the  a d d i t i o n  of a r g o n  does  not  a f f ec t  the  
e x c i t a t i o n  of the  n i t r o g e n  r o t a t i o n a l  l e v e l s .  

T h e  h i g h - J  r o t a t i o n a l  l e v e l s  in d i s c h a r g e s  of both  pu re  n i t r o g e n  and the N 2 + A r  m i x t u r e  a r e  a p -  
p a r e n t l y  exc i t ed  a s  the  N 2 m o l e c u l e s  co l l i de  wi th  and a r e  e x c i t e d  by e l e c t r o n s .  

F i s h b u r n e  [5] o b s e r v e d  e x c i t a t i o n  of the  r o t a t i o n a l  s t r u c t u r e  of the  n i t r o g e n  s p e c t r u m  in  the  m i x t u r e  
N 2 + A r ;  c o m p a r i n g  the  s p e c t r a  of pu re  n i t r o g e n  a t  0.3 t o r r  and  tha t  of a m i x t u r e  wi th  p a r t i a l  p r e s s u r e s  
PN~ = 0.03 t o r r  and P A r  = 0.27 t o r r ,  he a t t r i b u t e d  th i s  a f fec t  to c o l l i s i o n s  of the  s econd  kind be tw e en  N 2 
m o l e c u l e s  and m e t a s t a b l e  A r  a t o m s ,  a l though  he did not  d e t e c t  a m p l i f i c a t i o n  of l e v e l s  a t  the  m o s t  f a v o r -  
a b l e  r e s o n a n c e  (RE = 0.4 cm-1) .  We  b e l i e v e  tha t  i t  i s  p e r t i n e n t  to c o m p a r e  the  r a d i a t i o n  of a m i x t u r e  wi th  
the  r a d i a t i o n  of a d i s c h a r g e  in  p u r e  n i t r o g e n  a t  a p r e s s u r e  equa l  to the  p a r t i a l  p r e s s u r e  of N 2 in  the  m i x -  
t u r e .  

F u r t h e r  s tudy  i s  r e q u i r e d  to e x p l a i n  the  s e l e c t i v e  a m p l i f i c a t i o n  of the  two r o t a t i o n a l  s t a t e s  wi th  J 
= 25, 26 in  the  n i t r o g e n - a r g o n  m i x t u r e .  

C O N C L U S I O N S  

1. When  m o l e c u l e s  in  a glow d i s c h a r g e  a r e  e x c i t e d  by e l e c t r o n  c o l l i s i o n ,  the  r o t a t i o n a l  a n g u l a r  
m o m e n t u m  of m o l e c u l e s  m a y  be changed  a s  the  m o l e c u l e s  u n d e r g o  e l e c t r o n i c  exc i t a t i on .  

2. E x c h a n g e  of r o t a t i o n a l  e n e r g y  in  c o l l i s i o n s  be tw e e n  n i t r o g e n  m o l e c u l e s  in  the  C3II s t a t e  and the 
X 'E  s t a t e  o c c u r s  wi th  a high e f f ec t ive  c r o s s  sec t ion .  
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