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Abs t r ac t  

The l i n e  absorp t ion  technique was app l i ed  t o  t h e  k i n h e t i e  etudy 

of t h e  two me tas t ab le  atomic n i t r o g e n  s t a t e s  ~ ( 2 ~ ~ 1  and N ( 2 2 ~ )  in a flowing 

a f t e rg low system. The o p t i c a l  abso rp t ions  of t h e  N I  1493 i  ( 2 g 3 2 ~  - 3a2p) 

and 1743 i  ( 2 p 3 2 ~  - 3s2P) t r a n s i t i o n s  were used f o r  t h e  quant i ta t ive measure- 

ment . of N ( ~ ~ D )  and N ( ~ ~ P )  concent ra t ions .  Deac t iva t ion  of r % t 2 ~ )  and N ( ~ B )  

by t h e  Pyrex tube  wall was found t o  be  very e f f i c i e n t  i.e. olccurs a t  nearly 

every c o l l i s i o n .  The second o rde r  r a t e  cons t an t s  a t  300°K f o r  the removal 

of N ( 2 ~ )  by 02 ,  N20, GO2, NO, N 2 ,  A r  and He were found t o  be  ( 6 5 )  ~10-'~, 

( 3 . 5 ~ . 2 ) ~ 1 0 ' ~ ~ ,  ( 5 ~ 2 ) x 1 0 ' ~ ~ ,  ( 7 2 2 . 5 ) ~ 1 0 ' ~ ~ ,  ( 1 . 6 ~ 0 . 7 ) ~ 1 0 " ~ ~ ,  ( I & O . ~ ) X I O " " " ~ "  

and 1 . 6 ~ 1 0 - I  6cm3sec-1, r e s p e c t i v e l y .  It was e s t a b l i s h e d  t h a t  t h e  precess 

f o r  t h e  f i r s t  t h r e e  r e a c t a n t  gases  r e s u l t s  i n  chemical r e a c t i o n  rasher 

than p h y s i c a l  quenching. 

I. Xnrraduction 

The r e c e n t  r a p i d  advances i n  t h e  s tudy  of e l e c t r o n i c a l l y  axcited 

metas t ab le  "air"  s p e c i e s  have der ived  t h e i r  impetus from experimental  and 

t h e o r e t i c a l  i n v e s t i g a t i o n s  of p l a n e t a r y  atmospheres. But whereas there 

has  been a profus ion  of work on O('D and IS) and 0 2 ( l b  and l~ ; ) ,  not  
8 

much informat ion  is  a v a i l a b l e  on t h e  N-metastables, 2 2 ~ 0  and 2 2 ~ 0 ,  al though 



t h e  former i s  very probably t h e  p recu r so r  of most of t h e  NO i n  the earth's 

mesosphere and thermosphere. l These two s t a t e s  l i e  2.38 and! 3.58eV above 

t h e  'S ground s t a t e  and t h e i r  s u b s t a t e s  2D512, 2 ~ 3 / 2 ,  2 ~ 1 / 2 ,  and 2 ~ 3 / 2  

have r a d i a t i v e  l i f e t i m e s  of 40hr, 17hr ,  12sec ,  and 12sec,  r e s p e c t i v e l y  a 

They a r e  connected by s t r o n g l y  allowed t r a n s i t i o n s  t o  a comon upper e ta t a  

2p23s 2 ~ 1 1 2 ,  312 ,  and these  g ive  r i s e  t o  t h e  m u l t i p l e t s  nea r  1493 and 1 7 4 3 i  

which were used i n  t h e  p re sen t  s tudy  t o  measure t h e  metas tab~le  danaitieils in 

absorp t ion .  Evidence f o r  t h e  presence  of t h e s e  spec i e s  i n  the upper atmo- 

D 

sphe re  comes f o r  a i rg low experiments i n  which s p e c t r a l  l i n e s  a t  520628 

1493z ( 3 2 ~  - 2 2 ~ 0 ) 8 , - 1 0 ,  and 17431 ( 3 2 ~  - 2 2 ~ 0 ) 1 0  were observed, f n  t h e i r  

s tudy  of t h e  nebular  t r a n s i t i o n  a t  ~ ~ o o H ,  Wallace and ~ c ~ l r o ~ ~  end Hernandez 

and ~ u r t l e ~  suggested quenching r a t e  cons t an t s  of N ( ~ D )  by Cj2 of the  o r d e r  

of 1 0 - ~ ~ c m ~ s e c - ~ .  I n  t h e  l abo ra to ry ,  N-metastable, have bean detected by 

mass spectrometry,  l1  o p t i c a l  epectrometry , 12'14 and e l e c t r o n  spin resonance, 1 5  

b u t  t he  only  q u a n t i t a t i v e  k i n e t i c  s tudy  of N ( ~ D )  r e a c t i o n s  o r  quenching 

has been t h a t  by Black e t  aZ. l 6  who monitored t h e  decay of the 6-bands of 

NO(B~IT - x2n) produced by t h e  r e a c t i o n  of N . < ~ D )  wi th  N20 a s  ear l ier  pro- 

posed by Welge, l 7  fo l lowing  t h e  vacuum u l t r a v i o l e t  pho to lys i s  of  N 2 0  

I n  t h i s  work we measured d i r e c t l y  t h e  decay of N ( ~ D )  and N $ ~ P )  

produced by microwave d ischarges  i n  a flow system by l i n e  absorp t ion  o f  

t h e  14931 and 17431 t r a n s i t i o n s .  Moreover, we a l s o  measured q u a n t k t a t i v ~ l y  

t h e  appearance of 0 atoms produced d i r e c t l y  o r  i n d i r e c t l y  i n  resetions o f  

N ( ~ D )  w i t h  s e v e r a l  oxygen-containing r e a c t a n t s ,  and have thus  reso lved  

t h e  ques t ion  of whether phys i ca l  quenching o r  chemical react : isns  are  

a c t u a l l y  t ak ing  p l ace .  Our pre l iminary  r e s u 1 t s l 8  concerning t h e  reaction 

of N ( ~ D )  wi th  O2 have been used by Norton and ~ a r t h ' ~  and by Strobe]. et 



i n  t h e i r  model c a l c u l a t i o n s  of NO d e n s i t y  p r o f i l e s  i n  t h e  upper atmosphere. 

These c a l c u l a t i o n s  are i n  good agreement w i t h  t h e  rocke t  rnaasuremenrs o f  

~ a r t h ~  la and *ira2lb 

11. EXPERIMENTAL 

A. Apparatus : 

The l i g h t  source  and flow absorp t ion  c e l l  which i s  shorn  schematg- 

c a l l y  i n  F igure  1 have been descr ibed  previous ly .  To measure the  coneen- 

t r a t i o n s  of N ( ~ D )  and N ( ~ P ) ,  t h e  apparent  1493 i  double t  ( a c t u a l l y  a triplet 

c o n s i s t i n g  of two clos,e l i n e s  a t  1492.621 and 1492.811 and orre a t  1494~6 71) 

and t h e  apparent  1743k double t  (A q u a r t e t ,  c o n s i s t i n g  of  two pairs of un- 

reso lved  l i n e s  a t  1742.72; and 1742.73i  and a t  1745.251 and 1745,269i )  were 

used as l i g h t  sources  which were e x c i t e d  i n  flowing H e  o r  Ax: coratkr,,ining a 

t r a c e  of N a t  a p r e s s u r e  of 1 Torr .  Normally t h e  s t r o n g e r  Lfnee of both 
2 

doub le t s ,  i. e .  a t  1492; and 17421, were used because they  provide  l a r g e r  

abso rp t ion  than  t h e i r  r e s p e c t i v e  coun te rpa r t s .  The weaker Lines were 

used occas iona l ly  f o r  checking t h e  experimental  da t a .  Both double ts  are 

e a s i l y  e x c i t e d  i n  t h e  microwave d ischarge  and have much g r e a t e r  i n t ens i t i e s  

than  the  resonance t r i p l e t .  I n t e n s i t y  r a t i o s  very  c l o s e  t o  the  theoretical 

va lue  of 2 t o  1 were usua l ly  obtained f o r  t h e  two l i n e s  of €:ither doub le t  

i n d i c a t i n g  t h a t  t h e  popula t ions  of N ( ~ D )  and ( 2 ~ )  i n  t h e  source  were not  

l a r g e .  He-N l i g h t  sources  were used mainly, because t h e  l i n e s  excited 
2 

by Ar-N discharges  were found t o  be  absorbed t o  a l e s s e r  e x t e n t  than 
2 

those  e x c i t e d  i n  f lowing He-N2 a t  t h e  same concent ra t ions  of  N ( ~ D )  o r  c2I?) a 

This  i s  probably due t o  energy t r a n s f e r  processes  such as 



occurr ing  i n  Ar-N2 sources .  The e x c i t e d  N-atoms would then  have 0.64 t o  

0.76eV excess  k i n e t i c  energy and g ive  r i s e  t o  broadened eminsion l ines ,  ae 

had been observed e a r l i e r  i n  r a r e  gas-oxygen sources.22 Th4 emission l i ne s  

t r ave r sed  t h e  absorp t ion  c e l l  where they  were p a r t i a l l y  abscrrbed by N ( ~ D )  

o r  N ( ~ P )  atoms, which were produced upstream by a microwave d ischarge  in 

flowing He o r  A r  conta in ing  a sma l l  amount of added N 2 ,  and detected "by a 

vacuum monochromator ( Jar re l l -Ash ,  Fas t ie -Eber t ,  0 .5  meter ) ,  

Cylinder  grades of H e ,  A r ,  N 2 ,  0 and N20 were used without  f u r t h e r  
2 

p u r i f i c a t i o n .  CO was prepared from dry  i c e  by repea ted  pumping and cooling 
2 

t o  77OK followed by subl imat ion  whi le  immersed i n  a d ry  ice-.ieoprspanoa! bath. 

NO was p u r i f i e d  by slow passage over  supported NaOH a t  a tmoepharlr  p r e s s u r e ,  

condensation a t  77OK, and repea ted  subl imat ion .  

I n  o rde r  t o  f i n d  absorp t ion  flow and d ischarge  condl.t ions which 

would maximize N { ~ D )  and ( 2 ~ )  concent ra t ions  wh i l e  maintainl.sg the gas 

temperature as reproducib le  a s  p o s s i b l e ,  t h e  flow r a r e  of N and c a r r i e r  
2, 

gas a s  w e l l  a s  d ischarge  power were var ied .  Gas temperatures  were measured 

us ing  e i t h e r  a mercury thermometer o r  t h i n  b a r e  iron-consran.tan thering- 

couples  i n s e r t e d  i n  t h e  tube a t  va r ious  d i s t a n c e s  from t h e  d,ischarge. 

Under low power (<20W) d ischarge  cond i t i ons  which were employed through-- 

ou t  t h e  experimental  s tudy  of N ( ~ D ) ,  t h e  gas Cemperature decayed t o  

ambient room temperature w i t h i n  l e s s  than  15cm d i s t a n c e  f o r  a11 conditions 

of We flow and f o r  low p res su re  (<3.2 Torr )  Ar flow. A l l  r a t e  measure- 

ments f o r  N ( ~ D )  were thus  made i n  t h e  coo le r  zones of t h e  absorption tube 

i.e. nea r  300°K except  f o r  some experiments employing h igh  p re s su res  

of A r  a t  about 310°K. For t h e  s t u d i e s  of N ( ~ P ) ,  h ighe r  power is  re- 

qu i r ed  t o  produce adequate  concen t r a t ions  s o  cha t  temperatures  i n  the 

r e a c t i o n  zone were t y p i c a l l y  about 400°K. The flow v e l o c i t i e s  a t  10 Torr 



p r e s s u r e  were about  5000cm/sec f o r  A r  and 5500cm/sec f o r  He.  
- 

Two methods were employed t o  s tudy  t h e  quenching r a t e s  by var ious  

gases;  one by moving t h e  d ischarge  c a v i t y  along t h e  tube t o  d i f f e r e n t  

d i s t a n c e s  w i th  r e s p e c t  t o  t h e  f i x e d  spec t rometer  p o s i t i o n  wh i l e  measuring 

0 0 

t h e  absorp t ion  of t h e  1492A and 17428 l i n e s  f o r  each c a v i t y  p o s i t i o n s  

and t h e  o t h e r  by keeping the  d ischarge  a t  some f i x e d  upstream position 

whi l e  i n t roduc ing  vary ing  amounts of r e a c t a n t  gas through a multiperforared 

t e f l o n  loop i n l e t  and measuring t h e  decay of N ( ~ D )  and ( 2 ~ )  atoms as 

func t ion  of added r e a c t a n t  concent ra t ion .  

The former method was used f o r  e s t ima t ing  t h e  quenchling rates at 

t h e  tube  w a l l  and by c a r r i e r  gases .  The decay curves f o r  t h ~ e  metastables 

at  va r ious  p r e s s u r e s ,  up t o  15.9 Tor r ,  were obta ined  by changing the f lw 

r a t e s  of A r  o r  He whi le  main ta in ing  a sma l l  cons tan t  N2 flow, Care was 

taken t o  move t h e  d ischarge  c a v i t y  from one p o s i t i o n  t o  another  i n  such 

a manner t h a t  i t s  discharge  parameters  ( c a v i t y  geometry and tuning) 

remained una l t e r ed .  The quenching r a t e  by N was measured by varying the 
2 

flow r a t e  of added N i n  a l a r g e  cons tan t  flow of c a r r i e r  ga.s and alter- 
2 

n a t e l y  by adding v a r i a b l e  amounts of N through t h e  t e f l o n  i n l e t .  Since 
2 

t h e  flow r a t e  of  c a r r i e r  gas was much g r e a t e r  than t h a t  of N24mstan'i: 

pres su re  could b e  maintained. 

Quenching r a t e s  by gases  o t h e r  than  t h e  c a r r i e r  gas  were measured 

by in t roduc ing  t h e  reac tan t  gases  through t h e  t e f l o n  i n l e t  situated 10,6cm 

upstream of t h e  spectrometer  window. The r e a c t i o n  zone is  s o  s h o r t  t ha t  

t h e  v iscous  p re s su re  drop was found t o  be  n e g l i g i b l e ,  ~ 4 % .  Since t he  

l o s s  of  me ta s t ab le s  by w a l l  d e a c t i v a t i o n  i s  n e a r l y  i n v e r s e l y  ~ ] T O ~ O ~ $ / Q T P P ~  

t o  t h e  t o t a l  p re s su re ,  a r e l a t i v e l y  h igh  p r e s s u r e  i s  needed t o  maintain a 

workable me ta s t ab le  concen t r a t ion  wi th  t h e  p r e s e n t  de t ec t ion  systam. He 



and A r  pres su res  from 6.8 Torr  t o  15  Torr  conta in ing  0.5% tar %,% a$: 

N were usua l ly  employed i n  t h e  experimental  measurements. 
2 

B. Metastable  Concentrat ion Measurement 

The r e l a t i o n  between t h e  f r a c t i o n a l  abso rp t ion ,  A (Io-Il /Io9 
a 

and t h e  o p t i c a l  depth,  koR, f o r  a s i n g l e  l i n e  i n  t h e  Doppler-Doppler 

approximation i s  given i n  Mi t che l l  and Zemanski . 
For an  unresolved m u l t i p l e t  t h e  r e l a t i o n  becomes 

m W 

ci exp [ - ( 2 ) 2 1  d ui J'_ i 

where i, j = 1, 2 ....... s e r v e s  a s  t h e  index of t h e  l i n e s  wi th in  the 

m u l t i p l e t ,  and a l l  o t h e r  symbols have been def ined  i n  Ref. 23 m d  i n  

our  e a r l i e r  paper?2 The cons t an t s  C a r e  p r o p o r t i o n a l  t o  the emiss ion  
5 

i n t e n s i t i e s  and t h e  denominator i s  n S l 2  C C .  a . 
i l i  

For t h e  t h r e e  l i n e s  of  t h e  2 2 ~ 0  - 3 2 ~  t r a n s i t i o n ,  t h e  sum ru le8  

based on LS coupling r e q u i r e  t h a t  t h e  l i n e  i n t e n s i t i e s  s t and  i n  the 

r a t i o  9:1:5, t h a t  t he  corresponding absorp t ion  f-value a r e  i n  the r a t i o  

6:1:5, and t h e  peak absorp t ion  c o e f f i c i e n t s ,  ko, a r e  l i k e  9:1L:(S. For 

t h e  unresolved N I  14921 doub le t ,  t h e  f i r s t  two of t h e  t h r e e  l i ne s ,  both 

t h e  abso rp t ion  coef f  i cenes  and i n t e n s i t i e s  f o r  the 1492 .62 i  and 1492.811 

1 
l i n e s  t h e r e f o r e  have r a t i o s  of 9 : l  s o  t h a t  w e  may s e t  ko2 = - k and 

9 Ol 



1 
and C2 = g Cl where s u b s c r i p t s  1 and 2 denote t h e  1492.621 and 1492.8d 

l i n e s ,  r e spec t ive ly .  

A was evaluated by computer a s  a funct ion  of k R ,  the absorpt ion 
a 0 1 

c o e f f i c i e n t  of the  s t ronger  component, using a1=ci2=fi s i n c e  the t e q e r a t u r e  

of the  l i g h t  source  is  approximately 6 0 0 ' ~ ~ ~  and t h a t  of t h e  absorber gae 

i s  c l e a r l y  300°K; 

S imi la r ly ,  f o r  t h e  2 2 ~ 0  - 3 2 ~  t r a n s i t i o n ,  the  l i n e  inreneltles are 

l i k e  1:5:2:1, t h e  $-values l i k e  2:5:4:1, and the  ko l i k e  1:5:2:1 f o r  the 

four  l i n e s  of inc reas ing  wavelength a s  given above. For the  unresolved 

1 1 
N I  1742% doublet  w e  set ko2 = 7 ko and C2 = - C , and again o i = a 2 = n ,  

5 1 

where s u b s c r i p t  1 r e f e r s  t o  the  s t ronger  l i n e  of t h e  doublet ,  i .  e .  1742.73 i .  

Since k R i s  propor t iona l  t o  t h e  absorber  concent ra t ion ,  the  concentration 
0 

of N ( ~ D )  and ( 2 ~ )  corresponding t o  a c e r t a i n  value of k R can be calculated 
0 

i f  t h e  f-value is  known. For t h e  14921 l i n e .  The r e l a t i o n  i s  

and f o r  the  1742i  l i n e  

The r a d i a t i v e  l i f e t i m e  f o r  t h e  common upper s t a t e  ( 3 2 ~ )  of these two 

t r a n s i t i o n s  was measured by Lawrence and using t h e  phase s h i f t  

method-and t h e  m u l t i p l e t  A c o e f f i c i e n t s  given by them were lsased on the 

branching r a t i o  of t h e  two m u l t i p l e t s  given i n  t h e  NBS t a b r ~ l a t i o r r , ~  The 



NBS l i s t i n g  of f-values and A-coef f ic ien ts  f o r  t h e  m u l t i p l e r s  wae taken 

from va lues  given by ~ a b u h n ~ ~  from h i s  a r c  experiments.  We d i d  n o t  

adopt Labuhn's va lue  f o r  t h e  c a l c u l a t i o n  of t h e  N ( ~ D )  and N t121?) can- 

c e n t r a t i o n  because h i s  va lues  a r e  gene ra l ly  considered t o  be t oo  high 

a s  shown from t h e  comparison of h i s  01 and NI resonance t r i p l e t  data with  

r e c e n t  l i t e r a t u r e  va lues .22  It should a l s o  be  poin ted  o u t  t h a t  t he  NBS 

f-values2 f o r  t h e  3 2 ~  - 2 2 ~ 0  m u l t i p l e t  based on Labuhn's measurements 

do no t  obey t h e  sum r u l e  s u f f i c i e n t l y  c l o s e l y ,  and t h a t  t h e  wavelength 

of t h e  t h i r d  l i n e  i s  1492.81 r a t h e r  than  1492.67k. The l i f e t i m e  meaeure- 

m e n t ~ ~ ~  lead  t o  absorp t ion  f-values of 0.078, 0.013, and 0.06% r a t h e r  

than  t h e  l i s t e d 2  0.12, 0.019, and 0.084. For t he  3 2 ~  - 2 2 ~ 0  multipler, 

f-values of 0.021, 0.053, 0.043, and 0 .011were  adopted based on Ref. 24 

r a t h e r  than  t h e  l i s t e d  0.032, 0.082, 0.059, and 0.015. Because sf the 

sma l l  energy s p l i t t i n g  i n  t h e  2 ~ 0  s t a t e  (9.2cm-l) and t h e  n e g l i g i b l e  

s p l i t t i n g  i n  t h e  2 ~ 0  s t a t e ,  t h e  popula t ions  of t h e i r  sub-s ta tes  are pro- 

p o r t i o n a l  t o  t h e i r  s t a t i s t i c a l  weight.  T o t a l  concent ra t ions  of  metastables 

were obta ined  i n  e i t h e r  of two equ iva l en t  ways: From kol using Equation ( 2 )  

w i t h  f = 0.078 and NL = 0 . 6 [ ~ 0 ]  (because of t h e  6:4 s t a t i s t i c a l  weights 
L I? 

3 10 
2 

I.: --- k of t h e  J = 3 and - s u b s t a t e s ) ,  o r  from t h e  t o t a l  ko = kol + ko2 

~i t h  an average f-value , E gLfLUI gL , and NL - [ 'D I The ko in the 
L L 

subsequent t e x t  and f i g u r e s  is t h e  t o t a l  kO and should be used with the  

average f-value (0.052 f o r  t he  2~ double t  a t  1492i)  and wi th  the t o t a l  

metas t ab le  concen t r a t ion  i n  Equation (2) o r  (3) .  

In  normal exper imenta l  condi t ions  w i t h  low d ischarge  power, the  

concent ra t ion  of ~ ( ~ 0 )  i n  t h e  absorp t ion  c e l l  was l e s s  than  2,4.~10~~crn-~ 

and t h a t  of N ( ~ P )  less than  4 ~ 1 0 ~ ~ c m - ~ .  The ground s t a t e  at:ornrie ni t rogen 

concen t r a t ion  was es t imated  t o  be  of t h e  o r d e r  of 1 t o  2 x 1 0 ~  4cm-3 by 



t i t r a t i o n  of N w i th  NO t o  t h e  v i s u a l  endpoint  o r  t o  zero 

0 

absorp t ion  of t h e  1200A resonance t r i p l e t .  

C. The Flow Equations 

A s  w i l l  be shown l a t e r ,  t he  decay of N ( ~ D )  and N ( ~ P )  i n  f lowing 

A r  o r  Re con ta in ing  t r a c e s  of N is  mainly d i f fus ion -con t ro l l ed ,  i,e, t he  
2 

quenching r a t e s  by c a r r i e r  gases  and by N a r e  n e g l i g i b l e  i n  comparison 
2 

wi th  t h a t  by t h e  wa l l .  I f  w e  assume t h a t  a l l  N metas tab les  are pra- 

duced i n  t h e  d ischarge  and t h a t  t h e r e  a r e  two major mechanisms respon- 

s i b l e  f o r  t h e  decay of me ta s t ab le  atoms, namely, t h e  d i f f u s i o n  of meta- 

s t a b l e s ,  Xk, t o  t h e  w a l l  and chemical r e a c t i o n  wi th  r e a c t a n t  gas ,  YZ, 

then t h e  r a t e  of change of metas tab les  i s  given by 

where D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of X* and assumed t o  b e  constant, 

u i s  t h e  flow v e l o c i t y ,  x i s  t h e  a x i a l  coord ina te ,  n i s  the  coneentra- 

t i o n  of x*, N i s  t h e  concent ra t ion  of t h e  r e a c t a n t  gas YZ and k i s  the 

t o t a l  rate cons tan t  f o r  quenching and/or  chemical r e a c t i o n  

S ince  t r a n s p o r t  a long  t h e  a x i a l  d i r e c t i o n  by convection i s  m.uch fas ter  

than by d i f f u s i o n ,  we need only cons ider  r a d i a l  d i f f u s i o n .  Equation ( 4 )  

then becomes 





Reynolds numbers a r e  l e s s  than 70 f o r  He and l e e s  than 500 f o r  Ar, 

w e l l  below t h e  onse t  of turbulence.  Consequently, t h e  v e l o c i t y  profile 

can be  expressed a s  

S u b s t i t u t i n g  i n  Equation (5) , t h e  lowest  mode so lu t ion26"  30 is now 

~h~ 1 S E  

= n exp {-b02 + ( 
0 

 NIX] 
'0 

U 
0 

where ho = 2.710 and = 0.237 a s  given by Cher and Hollingswareh. 

This  i s  i n  good agreement w i th  t h e  r e s u l t  ob ta ined  by Ferguson e& a l e  2 8  

with  E~ = 0.230 whereas Huggins and ~ o h n ~ ~  and ~ a r r a ~ h e r ~ ~  gave a some- 

what h ighe r  va lue  of 0.258. Equations (8) and (6) a r e  s i m i l a r  except 

f o r  t h e  empi r i ca l  cons t an t s  a s s o c i a t e d  w i t h  t h e  d i f f u s i o n  and reaction 

terms. Thus t h e  d i f f u s i o n  c o e f f i c i e n t s  and r a t e  cons t an t s  obta ined  

based on Equation (6) have t o  be increased  by f a c t o r s  of 1.58 and 1 . 6 2 ,  

r e s p e c t i v e l y ,  i f  t h e  p l ana r  flow model (Equation 6) i s  used, 

111. RESULTS 

A. The Rate Constants  

Typica l  decay curves of N ( ~ D )  a t  va r ious  p re s su res  of  i n e r t  

gas .(z 43% of W2 i n  Ar) a r e  p l o t t e d  i n  F igure  2 a s  k us. time. The 
0 

corresponding f i r s t  o rde r  r a t e  cons t an t s  a r e  l i s t e d  i n  Table P as a 



P 2 

func t ion  of p re s su re .  S imi l a r  d a t a  f o r  N ( ~ D )  i n  He a r e  l i s t e d  i n  Table 2 

and f o r  N ( ~ P )  i n  Table 3 .  k1 con ta ins  mainly two con t r ibu t ions ,  one f rom 

t h e  d i f f u s i o n  of t h e  metas tab les  t o  t h e  w a l l  followed by s u r f a c e  deacti- 

va t ion  and t h e  o t h e r  from volume d e a c t i v a t i o n  by c a r r i e r  gas ,  These 

correspond t o  t h e  two terms i n  t h e  r i g h t  hand s i d e  of Equation (6), A t  

low p res su res ,  t he  decay w i l l  be governed e n t i r e l y  by d i f f u s i o n  and the 

con t r ibu t ion  from quenching by c o n s t i t u e n t  gases  w i l l  be n e g l i g i b l e -  Since 

d i f f u s i o n a l  quenching i s  i n v e r s e l y  p ropor t iona l  t o  and d e a c t i v a t i o n  by 

6 
c a r r i e r  gas i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p r e s s u r e ,  a  p l o t  of k P 

a g a i n s t  P2 should yf e l d  a s t r a i g h t  l i n e  wi th  i t s  s l o p e  equa l  t o  the  

second order  quenching r a t e  cons t an t  f o r  c a r r i e r  gas and i t s  i n t e r c e p t  

equal  t o  t h e  f i r s t  o rde r  r a t e  cons tan t  due t o  d i f f u s i o n  a t  u n i t  pressure, - 

ki, which i s  equal  t o  -- i n  Equation (6) where D i s  t he  d i f f u s i o n  
r o 
0 

c o e f f i c i e n t  a t  P Tor r ,  

I 
k P i n  Table 2 i s  n e a r l y  cons tan t  w i t h  an average va lue  of 

8000 sec'l Torr  i n d i c a t i n g  t h a t  d i f f u s i o n a l  quenching is  domfnanc and 

t h a t  d e a c t i v a t i o n  by He i s  n e g l i g i b l e  even a t  a  p re s su re  as h i g h  as 

15.8  Torr .  I f  we a s c r i b e  t h e  decay of N ( ~ D )  i n  He wholly t o  df f f u s i a n a l  

quenching, then k 
1C DJ: 

= 8000 sec-' = --;? = 16 D o ,  s i n c e  the r a d i u s  a ,  He 
0 

of t h e  tube i s  0.6cm, g iv ing  a  va lue  of DoHe = 500 cm2/sec. Muiriplying 

by t h e  c o r r e c t i o n  f a c t o r  of 1 - 5 8 ,  D He becomes 790cm2/sec i n  good agree- 
o 

ment w i th  t h e  va lue  of 700cm2/sec r epo r t ed  by Morgan and s c h i f f 3 1  f o r  

0 i n  He, This  means t h a t  s u r f a c e  d e a c t i v a t i o n  i s  very  e f f i c i e n t  i , e ,  

occurs  a t  n e a r l y  every c o l l i s i o n ,  I f  a t  most 10% of kL i s  due to 

quenching by He, an upper l i m i t  of 1 ~ 1 0 - ~ ~ r n ~ / s e c  can be assigned t o  



For t h e  A r  case ,  t h e  d i f f u s i o n  is  about a  f a c t o r  of three slower 

I 
than i n  H e  and t h e r e  i s  a s l i g h t  i n c r e a s e  of k P with  inc reas ing  pressure 

I 
i n  Table 1. P l o t s  of k P a g a i n s t  p2 i n  F igure  3 y i e l d  va lues  o f  

Ar z 270cm2/sec and 
I I 

Do %q2D) , A r  
l x l ~ - ' ~ c m ~ s e c - l .  The D~* '  value i s  

aga in  c l o s e  t o  t h e  l i t e r a t u r e  va lue  of 209cm2/see f o r  atomie oxygenO3l 

Simi l a r  t rea tment  of t h e  d a t a  f o r  N ( ~ P )  i n  Table 3 results i n  

T I  
Do 

L 330cm2/sec f o r  N ( ~ P )  and $(2p) ,Ar 7 ~ 1 0 - ~ ~ c m ~ s e c - ~  a factor 

of 7 h ighe r  than  t h e  N ( ~ D )  value .  

To ob ta in  t h e  quenching r a t e  cons tan t  of N ( ~ D )  by N a series 
;? " 

of experiments were done by vary ing  t h e  flow of N i n  a  very  large flow 
2 

of He o r  A r ,  t y p i c a l l y  a t  1 4 . 7  Torr of He o r  608 Torr  of A r  a s  shorn. 

i n  P igure  4 ,  The f i r s t  o r d e r  r a t e  cons t an t s  a r e  p l o t t e d  i n  F i g u r e  5 

a g a i n s t  t h e  p a r t i c a l  p re s su re  of N The s l o p e s  i n  F igure  5 g i v e  
T -,. 

a va lue  of Y. 6x10'~ Scm?sec"a when t h e  laminar  £].OW cor rec t ion  

is  app l i ed ,  

The i n t r o d u c t i o n  of r e a c t a n t  gases  through t h e  p e r f o r a t e d  

t e f l o n  i n l e t  lO06cm above absorp t ion  c e l l  t o  r e a c t  wi th  me ta s t ab le  

atomic n i t r o g e n  produced 26em ( i n  some eases  19.5em o r  32,5em) above 

t h e  absorp t ion  c e l l  was t h e  primary means of ob ta in ing  r a t e  coef f ic ien t s  

i n  t h i s  s tudy.  The s l o p e  of t h e  decay curve p l o t t e d  as l og (ko i )  against 

I T  
added r e a c t a n t  gas concen t r a t ion  i s  equa l  t o  -k t / 2 , 3  from which the 

second order  r a t e  cons tan t  kl' was obtained.  The decays of N ( ~ D )  and 

N ( ~ P )  were a l s o  measured wi th  N added through t h e  i n l e t  anti y ie lded  
2 

va lues  f o r  
11 

Z 2x10-"cm3/see a t  310YK and kN 2 : 6x10-l'em4jsec 
P> SN7 -. 

a t  400°K, r e s p e c t i v e l y .  The former agrees  w e l l  w i th  t h a t  obltafned from 

t h e  e a r l i e r  method by v a r i a t i o n s  of N p a r t i a l  p re s su re  f n  a Large flow 
2 

of c a r r i e r  gas.  The l a t t e r  i s  i n  c o n t r a d i c t i o n  wi th  the  eonelus lsns  of 



Noxon13 who r epor t ed  a  quenching r a t e  cons tan t  of  t h e  o r d e r  o f  l ~ " ~ ~ c r n ~ / s e e .  

F i  gures  (6)  , ( 7 )  and (8) show t h e  decay of N ( 2 ~ )  i n  H e  and Ar with 

added 02 ,  N 0 and CO and t h e i r  corresponding r a t e  cons tan ts  are given in 
2 2 

t h e  second column of Table 4 ,  assuming t h e  s imple cons tan t  flow model s f  

Equation ( 6 ) "  Contrary t o  t h i s  prediction, t he  p re sen t  d a t a  show some 

discrepancy between t h e  k ' s  of He and A r  experiments ,  e s p e c i a l l y  when t h e  

r a t e  cons tan ts  a r e  small.- 

The o r i g i n  of t h ~ s  discrepancy i s  somewhat obscure,  b u t  it i s  

very l i k e l y  due t o  an i n l e t  e f f e c t "  For t h e  slow r e a c t i o n s ,  r e l a t i v e l y  

l a r g e  q u a n t i t i e s  of added r e a c t a n t  gas a r e  requi red  t o  produce a s f g n i f i -  

can t  decrease  i n  absorp t ion .  I f ,  because of imperfect  po in t  o r  p lane  

source  geometry, t he  r a d i a l  d i f f u s i o n  s f  metas tab les  t o  t h e  wall is pre- 

tu rbed ,  a  sma l l  change i n  t hac  l o s s  term may be of t h e  same magnitude as 

t h e  homogeneous l o s s  term due t o  added gasf l  It does seem c l e a r ,  moreover, 

t h a t  i n  view of t h e  s h o r t  r eac t fon  l eng th ,  t h e  gross  p e r t u r b a t i o n  of  the 

laminar  flow by t h e  f a i r l y  l a r g e  i n l e t  tube ,  and t h e  non-planar r e a c t a n t  

gas  a d d i t i o n ,  t h e  c s r r e c t i o n  f a c t o r  by which t h e  s l o p e  of t h e  l o g  (k R )  
0 

us- added gas concent ra t ion  i s  t o  be m u l ~ i p l i e d  muse be somewhere between 

1 .0  (cons tank v e l o c i t y )  and 9,62 (pa rabo l i c  weloci t y  prof  i l e )  . A f i i t r a r i E y ,  

a mean va lue  of 1 . 3  has been adopted by which the  average of the  He and 

A r  r a t e  cons t an t s  i s  m u l t i p l i e d  and shown i n  Column 4 sf Table 4 ,  The 

corresponding e r r o r  l i m i t s  have a l s o  been widened t o  t ake  accounc of the 

l a r g e r  u n c e r t a i n t y ,  The f u l l  c o r r e c t i o n  f a c t o r  of 9,6 was used i n  the 

l a s t  two rows of Table 4 ,  because no gas add i r ion  was made 1:hraugh the  

IF. 
i n l e t  tube  i n  t h e  kHe and experiments,  

For t h e  r e a c t i o n  of N ( ~ D )  wi th  NO, t he  determinatiore of t h e  

r a t e  cons tan t  was d i f f e r e n t  from t h e  previous r e a c t i o n s  whose ra te  



cons tan ts  a r e  based on Equation ( 6 ) ,  because of t h e  presence of large 

concent ra t ions  of ground s t a t e  atomic n i t r o g e n  which a l s o  r e a c t s  with 

NO wi th  g r e a t  speed. Therefore,  t h e r e  a r e  two p a r a l l e l  r e a c t i o n s  

r e spons ib l e  f o r  removal of N O ,  namely 

The r a t e  equat ion  f o r  t h e  decay of N ( ~ D )  w i l l  now be 

- a= k l [ 2 ~ ]  [NO] 4- kw L2D1 

d t 

where [ 2 ~ ]  i s  t h e  concent ra t ion  of N ( ~ D ) .  I n t e g r a t i o n  of Equation 69) 

from t = 0 t o  t r e s u l t s  i n  

iC2D1 
.t 

- 2% = L [NO]  d t  + kw t 
L-Dl,  "0 

where [ 2 ~ ] 0  i s  t h e  i n i t i a l  concent ra t ion  of N ( ~ D )  and k is the f i rs t  
W 

o r d e r  r a t e  cons tan t  s f  w a l l  d e a c t i v a t i o n o  I n  t h e  p re sen t  experiments ,  

t i s  known from t h e  flow v e l o c i t y ,  NO i s  v a r i e d  i.e. added t a  t he  

r e a c t i o n  tube  a t  d i f f e r e n t  flow r a t e s ,  and t h e  equat ion can be  re- 

w r i t t e n  a s  



- ~ I [ ~ D ]  = kl " i [Nolo - XI d t  + cons tan t  ell> 

where [Nolo i s  t h e  i n i t i a l  NO concent ra t ion  and x i s  t h e  ecmcenrration 
t t  

of NO r eac t ed .  P l o t s  of 2n12D] US. < [Nolo t - x d t l  have a s lope  
* o 

of kl. Since [N (%s) I? [N ( 2 ~ )  1 , we can c a l c u l a t e  x from the  i n t e -  

g ra t ed  second o rde r  r a t e  equat ion of t h e  N ( ~ s )  f NO r e a c t i o n ,  

Rn 
b ( a - x )  , 
a (b  - x) - k2 t 

a - b  

where a  i s  t h e  i n i t i a l  N ( ~ s )  concent ra t ion  and b t h e  i r r i . t i a l  can- 

s e n t r a t i o n  of added NO. a  was measured by v i s u a l  t i t r a t i o n  with NO 

and t h e  i n t e g r a t i o n  o f  x dx was done by computer assuming k =. 
2 

3 ~ 1 0 - ~ ~ c m ~ s e e - ~ ,  a  r a t e  cons tan t  which i s  w e l l  known and was discussed 

prev ious ly ,22  A t y p i c a l  p l o t  s f  log  k R a g a i n s t  [ (NO) dt] is shown 
0 It 

0 
i n  F igure  9 and t h e  r a t e  cons t an t  i s  given i n  Table 4. 

B. Reaction o r  Quenching? 

The ques t ion  of r e a c t i o n  or quenching f o r  some of t h e  reac t ion@ 

s t u d i e d  i s  important  i n  upper atnosphere chemical k i n e t i c s ,  especia l ly  

f o r  N ( ~ D )  + 0 2 ,  s i n c e  t h e  l a r g e  NO concent ra t  ion  found i n  t h e  upper 

atmosphere may come from t h i s  r e a c t i o n .  To g l o r i f y  t h i s  que~sftion far 

t h e  r e a c t i o n s  of N('D) wi th  0 2 ,  N20, o r  CO we have de t ec t ed  the  
2 

r e a c t i o n  products  quantitatICvePy by monitoring the  0-atom product ion 

r a t e  a g a i n s t  r e a c t a n t  gas  concent ra t ion ,  I n  each of t he  f o l l w i n g  three 



processes  t h e  upper arrow rep resen t s  p h y s i c a l  quenching and t h e  Lower 

arrow chemical r eac t ion .  

no 0 formed 

L N 2 + o  1 two 0 p e r  N ( ~ D )  

no 0 formed 

NO + N 2  

E N ~ + o  ] one o p e r  N ( ~ D )  

no 0 formed 

N O  1 one 0 pe r  N ( ~ D )  (R4a) 

I n  the case of N ( ~ D )  quenching, no 0-atoms would be formed. If reaction 

d i d  occur ,  t h e  N ( ~ D )  + 0 r e a c t i o n  i s  capable of producing two 0-atoms 
2 



f o r  each N ( ~ D )  because of t h e  r ap id  NO + N('s) + N 2  + 0 r e a c t i o n ,  whereas 

f o r  t h e  N ( ~ D )  + N20 o r  N ( ~ D )  + CO r e a c t i o n s ,  one 0-atom could be pmduced.  
2 

The 0-atom product ion due t o  t he  r e a c t i o n s  between ground-state N and the  

r e a c t a n t  gases  i s  known t o  be  very slow a t  300QK. This  was csrnflrmed by 

measuring t h e  0-atom product ion due t o  r e a c t i o n  wi th  ground s t a t e  N-atoms 

alone.  Here N ( ~ s )  was produced by p l ac ing  t h e  microwave d ischarge  70cm 

above t h e  spectrometer  window which a s su re s  t h e  complete decay of rneta- 

s t a b l e s  be fo re  r e a c t a n t  a d d i t i o n  a 

To measure the  0-atom concent ra t ion  produced i n  t he  reactions, 

t h e  s t r o n g e s t  l i n e  (1302k) of t h e  0 1  resonance t r i p l e t  was used as the 

l i g h t  source  and was e x c i t e d  i n  t h e  same way as i n  t he  measurements of the 

0 1  f -va luen2* Figure  10 shows t h e  va lue  of koR f o r  t h e  1302i  l i n e  p l o t  red 

a g a i n s t  t h e  concent ra t ion  of added 0 The apparent  k  R conta ins  the 
2 "  0 

absorp t ion  due t o  r e a c t a n t  gas i t s e l f  a s  w e l l  a s  t h a t  due t o  0-atoms 

produced from t h e  r e a c t i o n  when t h e  microwave d ischarge  was placed 70em 

upstream, i . e .  due t o  t h e  r e a c t i o n  involv ing  ground s t a t e  N-atoms alone, 

These con t r ibu t ions  were sub t r ac t ed  from t h e  apparent  k  R and the r e s idua l  
0 

k R i s  regarded a s  e n t i r e l y  due t o  t h e  absorp t ion  by 0-atoms resulting 
0 

from t h e  r e a c t i o n  of N ( ~ D )  and N'f2p) with  r e a c t a n t  gas.  These co r r ec t ed  

k R were then c ~ n w e r t e d  t o  0-,63~icom e o n c e n t t ~ t i o n  and a r e  p l o t t e d  i n  F i g u r e  
0 

11 a s  func t ion  of 0 concent ra t ione  S imi l a r  d a t a  were p l o t t e d  f o r  N20 

and CO add i t i ons .  The N ( ~ P )  con t r ibu t ion  t o  t h e  0-atom product ion was 
2 

0 

es t imated  from Equation (3)  and absorp t ion  a t  1742A, and sub t r ac t ed  from 

t h e  t o t a l  0-atom curves,  The "true" f r a c t i o n a l  0-atom y i e l d e ,  ( d o t t e d  

curve) i . e .  
[O Iproduced -/ I N  ( 2 ~ ) 1  reacted 

f o r  l a r g e  r e a c t a n t  add i t i on ,  

were found t o  be 2 .4 ,  1.3,  and 1.05 f o r  u N 0 and C02, r e s p e c t i v e l y ,  
2' 2  

and agree  reasonably w e l l  w i th  t h e  s t o i c h i o m e t r i c  r a t i o s  2,Y, and k 



from t h e  r e a c t i o n  schemes (R2 t o  4) .  The s l i g h t  excess  of t h e s e  r a t i o s  

above t h e  t h e o r e t i c a l  va lue  may be  due t o  i n c o r r e c t  f-values f o r  the 

N ( ~ D  and 2 ~ )  l i n e s  o r  i t  may arise from concurrent  r e a c t i o n s  of species 

such a s  v i b r a t i o n a l l y  e x c i t e d  N 2  molecules ,  N:, w i t h  added r e a c t a n t .  

Kretschmer and ~ e t e r s e n ~ ~  r epor t ed ,  f o r  example, t h a t  a t  s h o r t  "rdmes 

a f t e r  a N2 d i scha rge ,  when t h e  N 2  v i b r a t i o n a l  temperature was h i g h ,  

t h e  d i s s o c i a t i o n  r e a c t i o n  N $ + 0 -+ N + 0 + 0 occurred.  H.owever, 
2 2 2 

w i t h  our  d ischarge  condi t ions  of s m a l l  N t o  c a r r i e r  gas r a t i o s ,  the 
2 

N$ concen t r a t ion  should be  s m a l l  s i n c e  no c h a r a c t e r i s t i c  "pink glow" 

was eve r  observed. The agreement of ou r  measurements w i t h  t h e  stoichio- 

m e t r i c  va lues  thus i n d i c a t e s  t h a t  t h e  t h r e e  processes  r ep re sen t  quanti- 

t a t i v e  r e a c t i o n  r a t h e r  than quenching. 

I V .  DISCUSSION 

It i s  an important  assumption i n  t h e  d e r i v a t i o n  of t h e  f l o w  

equat ions  t h a t  t h e  N-metastables a r e  produced only i n  t h e  discharge and 

n o t  i n  t h e  a f te rg low.  This  i s  v a l i d  because f i r s t l y ,  t h e  decay curves 

i n  F igure  2 ,  where t r a c e s  of N i n  va r ious  flows of c a r r i e r  gas were 
2 

discharged showed a f i r s t  o r d e r  decrease  along t h e  tube,  indicating 

t h a t  t h e r e  was no f u r t h e r  source  term a f t e r  t h e  d ischarge  and the decay 

curves i n  F igu re  4, where t h e  p a r t i a l  p re s su re  of N2 was v a r i e d  i n  a large 

cons t an t  flow of  c a r r i e r  gas through t h e  microwave d i scha rge ,  also 

showed t h e  expected l i n e a r  semilog p l o t  of k R us. t ime; secondly,  
0 

t h e  emission at  12001 and 1492 i  coming from t h e  a f t e rg low i n  the 

absorp t ion  c e l l  w a s  measured f o r  va r ious  d ischarge  t o  absorp t ion  ce l l  

d i s t a n c e s  w i t h  t h e  l i g h t  sou rce  turned  o f f .  Weak emission was observed 

a t  very  sma l l  d i s t a n c e s ,  dropping r a p i d l y  t o  zero  a s  t h e  d i s t a n c e  was 



increased .  This  may be  taken a s  s l i g h t  a d d i t i o n a l  evidence that s t r o n g  

sou rce  terms a r e  absent  i n  t h e  a f te rg low.  

It has  been shown h e r e  t h a t  t h e  decay of N ( ~ D )  i n  f lowing after- 

glows of He o r  A r  conta in ing  sma l l  amounts of N2 i s  pr imar i ly  due t o  

w a l l  deac t iva t ion .  The reason t h a t  N-metastables su rv ive  from the 

discharge  i n  l a r g e  flows of i n e r t  gas w i th  small flows of N2, b u t  ncat 

i n  pure  n i t r o g e n  i s  t h a t  t h e  quenching r a t e  cons t an t s  by He and Ar are 

at least two o rde r s  of magnitude sma l l  than  t h a t  by N This  r e s u l t  i e d  
2' 

i n  accord w i t h  t h e  f ind ings  of Foner and ~ u d s o n l l  whose mass ~pectrometri- 

c a l l y  measured N ( 2 ~ )  and ( 2 ~ )  concent ra t ions  i n  a d i scharge  of 1.8  Torr  o f  

pure  N were two o r d e r s  of magnitude sma l l e r  than  those  from a discharge 
2 

i n  2.2 Tor r  H e  wi th  0.016 Torr  of N2.  For t h e  l a t t e r  they  repor ted  eon- 

c e n t r a t i o n  r a t i o s  of N ( ~ s )  : N ( ~ D )  : N ( ~ P )  = 100:17:6 sampled 1 msec after  

l e av ing  t h e  d ischarge  a s  a g a i n s t  ou r  r a t i o s  of about 100: 4.0:3_,3 a t  similar 

flow cond i t i ons ,  b u t  a t  lower power. 

The p r e s e n t  r a t e  cons t an t s  were mainly obta ined  i n  experiments 

i n  which r e a c t a n t  gases  were in t roduced  through a t e f l o n  loop i n l e t  15.5cm 

below t h e  d ischarge  cav i ty .  This  d i s t a n c e  corresponds t o  a flow rime 

of about 3 msec under normal experimental  condi t ions .  One must then 

cons ider  t h a t ,  i n  a d d i t i o n  t o  a l l  of t h e  s p e c i e s  examined s o  f a r ,  electron- 

-& 
i c a l l y  e x c i t e d  s t a t e s  of N and He (o r  Ar), most l i k e l y  N ~ ( A ~ c ~  ) and 

2 

H ~ ( ~ s )  o r  A ~ ( ~ P ) ,  a r e  probably a l s o  p re sen t  i n  t h e  immediate d ischarge  

+ 
a f t e rg low and may i n t e r f e r e  w i th  t h e  k i n e t i c s .  N ~ ( A ~ L ~  ) has  been 

s t u d i e d  by ~ u ~ a n ~ ~  i n  an N discharge  a f te rg low,  and i t s  concen t r a t ion  
2 

sampled 9 msec downstream a t  a p r e s s u r e  of 7 Tolcr was r epo r t ed  t o  be 

l e s s  than 2 ~ 1 0 ~ ~ c m ~ ~ .  Deac t iva t ion  by N ( ~ s )  was found t o  be t he  major 

d e a c t i v a t i o n  process  f o r  which s e v e r a l  i n v e s t i g a t o r s 3 4  have r epo r t ed  



a r a t e  constant of about 5x10'11cm3/sec. With ground state $S coneen- 

t r a t i o n s  of 1 t o  2 ~ 1 0 ~ ~ c m - ~  i n  t h e  a f t e rg low,  t h e  N2-A s t a t e  w i l l  be 

destroyed w i t h i n  a few mi l l i seconds .  Though t h e r e  is r ecen t  e ~ i d r n c i ~ ~ ~  

t h a t  t h i s  d e a c t i v a t i o n  r e a c t i o n  produces N ( ~ P ) ,  such a  source  t e rm 06 

metas t ab le s  i s  q u i t e  small i f  i t  i s  assumed t h a t  i n  t h e  a f te rg low the 

N2A-state i s  formed p r i n c i p a l l y  a s  t h e  product  of t h e  chemiluminescant 

recombination of N ( ~ s )  i n  t h e  1st p o s i t i v e  system of N Tlhe second- 
2 ' 

o r d e r  chemilumines cen t  r a r e  cons t a n t  i s  about  10-1 7cm3sec"1 which makes 

t h i s  sou rce  term about l ~ ~ ~ c m - ~ s e c ' ~  compared wi th  observed l a a s  rates 

of l o 1  t o  l ~ ~ ~ c r n - ~ s e c ' l .  H ~ ( ~ s )  concen t r a t ions  have been measured by 

Huggins and ~ a h n ~ ~  under s i m i l a r  d i scharge  flow condi t ions  a s  o u r s  (He 

flow v e l o c i t y  5 x l 0 ~ c m / s e c  i n  1 cm diameter  tube) who found peak densities 

c l o s e  t o  t h e  d ischarge  c a v i t y  of l e s s  than  1 . 8 ~ 1 0 ~ ~ c m - ~  a t  ]Be p r e s s u r e s  

between 1.5 and 20 Torr  and t h e  d e n s i t i e s  were found t o  decay exponen t i a l l y  

along t h e  tube.  H ~ ( ~ s )  i s  known t o  have f a s t  Penning i o n i z a t i o n  reactions35 

wi th  O2 and N2 (k * 5 x 1 0 ~ ~ ~  and 
$2 

" 1 . 4 ~ 1 0 - ~ ~ c m ~ / s e c )  resul t i rzg i n  
0 2 

t h e  e x c i t e d  molecular  i ons  0 +* which emit an i n t e n s e  b r i g h t  yellow-green 
2 

flame owing t o  t h e  e x c i t a t i o n  of bo th  t h e  f i r s t  nega t ive  system of 

- 
0:(b4x -r a nu ) and t h e  second nega t ive  system of O;(A~II + x211 ) 

g U ES 

and an i n t e n s e  b r i g h t  b l u e  flame due t o  t h e  f i r s t  nega t ive  system of 

N ~ + ( B ~ z +  -r x2x+). No b l u e  flame was eve r  observed i n  t h e  a f t e rg low 
u g 

i n d i c a t i n g  t h a t  H ~ ( ~ s )  concen t r a t ions  a r e  smal l .  The p o s s i b l e  reaction 

of H ~ ( ~ s )  w i th  O2 molecules was a l s o  checked by in t roduc ing  O2 through 

a t e f l o n  i n l e t  15.5cm below t h e  d i scha rge  c a v i t y  i n t o  t h e  r e a c t l o n  zone 

i n  1 5  Tor r  of pure  He. Ne i the r  0-atom product ion nor  a  yel low green 

flame was eve r  observed. I n  t h e  case  of A r ,  because of t h e  lower energy 

of t h e  A ~ ( ~ P )  me ta s t ab le  s t a t e ,  w e  may expec t  a  l a r g e r  me ta s t ab le  



concen t r a t ions ,  b u t ,  s i n c e  t h e  r e a c t a n t  gas concent ra t ions  are l a rge ,  

t h e  l o s s  of r e a c t a n t  molecules can be  neglec ted .  The ground s ta te  N- 

atom r e a c t i o n s  wi th  r e a c t a n t  gases  s t u d i e d  a r e  t oo  slow t o  be important 

except  i n  t h e  case  of added NO where the  r e a c t i o n  has  been taken into 

account i n  t h e  d e r i v a t i o n  of t h e  r a t e  equat ion .  Therefore ,  the appl i -  

, 7 
d a t i o n  of Equation (6) t o  t h i s  s tudy  is ,  i n  gene ra l ,  jus t i f : l ed .  The 

gene ra l  agreement of ou r  r e s u l t s  w i t h  those  of Black e t  aZ. l 6  who studied 

t h e  vacuum U . V .  pho to lys i s  of N 0 i n  t h e  presence  of added gases (Coburn 
2 

5 of Table 4) is ,  f o r  t h e  most p a r t ,  a s ton i sh ing ly  good, For the  three 

important  r e a c t i o n s  wi th  0 N20, and C02, t h e  agreement i s  wall, wi th in  
2 ' 

t h e  e r r o r  b a r s  of t h e  two i n v e s t i g a t i o n s .  For N our r a t h e r  imprecise 
2 

va lue  f o r  k  i s  a l i t t l e  more than twice t h e i r s  whereas f o r  NO,  where 

t h e r e  is  competi t ion wi th  t h e  much g r e a t e r  n e t  r a t e  of t h e  ~ ( ~ 5 )  4- NO 

r e a c t i o n ,  t h e i r s  i s  a l i t t l e  over  a f a c t o r  two g r e a t e r  than  ours, Even in 

those  very  d i f f i c u l t  a p p l i c a t i o n s  t h e  t a t e  cons tan t  i s  w e l l  e s t ab l i shed  

t o  w i t h i n  a  f a c t o r  of two. The t h r e e  r e a c t i o n s  of ground s t a t e  atomic 

n i t r o g e n  wi th  0 2 ,  N20 and CO have been found t o  be  very  slaw. ~ i i l s c n ' s ~ ~  
2 

ESR r e s u l t  f o r  ko = 2 . 4 ~ 1 0 - " e - ~ *  9kca11RT (cm3/sec) which -bs i n  excellent 
2 

agreement w i th  ~ c h o f i e l d ' s ~ ~  composite of o l d  d a t a ,  2 . 5 ~ 1 0 ' ~  lexa(-7. 8/B$T) 

g ives  a  r a t e  cons tan t  of 5 . 3 ~ 1 0 - ~ ~ c m ~ / s e c  at 300°K. Kistiakowsky and 

~ o l ~ i ~ ~  r epor t ed  
%20 

$ 2x10-l6 a t  553%.  erron on and ~ u i e " ! ; ~ ~  mass spec-- 

t r o m e t r i c  s tudy  of t h e  CO r e a c t i o n  gave k $ 1 , 6 x 1 0 - ~ ~  a t  550°K. The 
2 C02 /' 

slowness of t h e  l a s t  two r e a c t i o n s  i s  undoubtedly due t o  t h e i r  f a i lu re  

t o  conserve s p i n .  The s u b s t i t u t i o n  of N ( ~ D )  f o r  N ( ~ s )  i n  t he  above reactions 

t hus  i n c r e a s e s  t h e  r a t e  cons t an t s  a t  300°K by t h r e e  t o  f i v e  o rde r s  a f  

magnitude, probably because i t  removes t h e i r  s p i n  forbiddenness  and pro- 

.*bides a d d i t i o n a l  r e a c t i o n  channels due t o  t h e i r  much g r e a t e r  exothermicities, 
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Table 1. F i r s t  o rde r  r a t e  cons t an t s  f o r  N ( ~ D )  decay a t  
d i f f e r e n t  p re s su re s  of A r ;  T "OO0K. 

P 

(Torr) 
k1 k1 P 

(sec'l) ( t o r r  sec-l) 



Table 2.  Fi r s t -o rde r  rate cons t an t s  f o r  N ( ~ D )  decay a t  
d i f f e r e n t  p re s su re s  of H e ;  T 2 300°K 

P 
(Torr) 

Average 8000 



Table 3 F i r s t  o rde r  ra te  cons t an t s  f o r  N ( ~ P )  decay a t  d i f f e r e n t  
p r e s s u r e s  o f  A r ;  T = 400°K. 

P 
(Torr) 

k1 P 
(Torr  see-I) 



Table 4 Rate cons t an t s  (cm3/sec) f o r  r e a c t i o n s  of N ( ~ D )  
with va r ious  gases  

Reactant  

(Simple P l a n a r  Flow Model) 

Di luent  Gas Corrected Black et a1. l 6  



FIGURE CAPTIONS 

Figure  1. Light  source  and absorp t ion  c e l l .  A-absorption c e l l ;  
W - MgF2 windows. 

F igure  2. Decay curves f o r  N ( ~ D )  a t  va r ious  A r  pres su res .  T = 300°K. 

I 
Figure  3.  k P us. p2 f o r  N ( 2 ~ )  i n  A r .  

Figure  4. Decay curves f a r  ~ ( ~ 1 3 )  a t  va r ious  p a r t i a l  p re s su re s  of  N2: 

' ~ e  
= 14.7 Torr ;  T = 300°K. 

I 
Figure  5. k vs .  PN ; 

'He 
= 14.7 Tor r ;  T = 300°K. 

2 
F igure  6. Decay of N ( ~ D )  a s  func t ion  of added O2 concent ra t ion ;  

(a)  PHe = 14.8 Torr ;  L = 1.85msec; 

(b) PAr = 14.8 Torr ;  t = 1.96msec. 

F igure  7. Decay of N ( ~ D )  a s  func t ion  of added N20 concent ra t ion ;  
(a )  PHe = 14.6 Tor r ;  t = 1.80msec; 

(b) PAr = 6.8  Torr ;  t = 2.25msec. 

F igure  8. Decay of N ( ~ D )  a s  func t ion  of added C02 concent ra t ion ;  
(a )  PHe = 14.5 Tor r ;  t = 1.80msec; 

(b) PAr = 12.8 Torr ;  t = 1.98msec. 

F igure  9. Decay of N ( ~ D )  as func t ion  of added NO concent ra t ion  Ln- 
t e g r a t e d  over r e a c t i o n  time of 2.0msec; PAr = 12.8 T o r r ;  
[N] = 1 . 2 7 ~ 1 0 ~ ~ c t n - ~ .  

F igure  10. 0-atom product ion i n  N ( ~ D )  + O 2  a s  func t ion  of added 0 
concent ra t ion ;  PAr = 1 3  Torr ;  t = 2.02msec. 

2 

Figure  11. Corrected 0-atom product ion and i n i t i a l  N ( 2 ~ )  concent ra t ion .  
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