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and very complicated, and only r e c e n t l y  have p a r t s  of i t  been succes s fu l ly  

analyzed,  Measurements of t he  f luorescence  decay r a t e  have r e s u l t e d  i n  a 

value  of t he  r e d i a t i v e  l i f e t i m e  more than two o rde r s  of magnitude i n  ex- 

cess  of t h e  l i f e t i m e  c a l c u l a t e d  from the  i n t e g r a t e d  absorp t ion  c o e f f i c i e n t .  

The csmplieated spectrum and the  anomalously Long l i f e t i m e  have l ed  t o  much 

d i scuss ion  of t h e  number of s t a t e s  involved i n  t he  v i s i b l e  t r a n s i t i o n  and 

t h e  p o s s i b l e  mechanisms which could account f o r  such a  l a r g e  l i f e t i m e  d i f -  

fe rence .  I n  a d d i t i o n ,  s t u d i e s  of t he  f luorescence  quenching have suggested 

t h a t  measurable v i b r a t i o n a l  r e l a x a t i o n  occurs i n  exc i t ed  NO Measurements 
2  ' 

of NO2 f luorescence  a r e  a l s o  of i n t e r e s t  because of t h e i r  r e l a t i o n  t o  t h e  

chemiluminescent r e a c t i o n s  of NO wi th  0 o r  0 i n  which e x c i t e d  NO2 i s  t h e  
3  

emi t t i ng  spec i e s .  

The ground s t a t e  of NO has been we l l  charac te r ized  by i n f r a r e d  and 
2  

microwave spectroscopy and i s  reasonably w e l l  understood t h e o r e t i c a l l y  a s  

we l l .  However, t he  v i s i b l e  absorp t ion  spectrum has  been a  formidable prob- 

lem f o r  many yea r s  and only r e c e n t l y  have advances been made i n  i ts  i n t e r -  

1 
p r e t a t i o n  . Calcula t ions  of t h e  low ly ing  e l e c t r o n i c  s t a t e s  have been car-  

r i e d  out  us ing  nonempirical methods by Burnel le  e t  and by Fink3. The 

r e s u l t s  i n d i c a t e  t h a t  f i v e  s t a t e s ,  2 ~ 1 ,  2 ~ 2 ,  2 ~ 2 ,  4 ~ 2 ,  4 ~ 2 ,  l i e  i n  t h e  en- 

ergy range 2 t o  4  eV above the  ground 2 ~ 1  s t a t e  and could be involved i n  

2  
the  v i s i b l e  system; however, allowed t r a n s i t i o n s  occur from A1 only t o  2 ~ 1  

and 'li2. The c a l c u l a t e d  v e r t i c a l  t r a n s i t i o n  energy f o r  2 ~ 2  i s  4.1  eV, b u t  

the  c a l c u l a t i o n s  do no t  appear t o  be s u f f i c i e n t l y  accu ra t e  a t  present  t o  3e- 

e ide  whether t h i s  s t a t e  i s  r e spons ib l e  f o r  t he  u l t r a v i o l e t  absorp t ion  be- 

2  
tween 4.8 and 5.3 eV o r  a l s o  con t r ibu te s  t o  t he  v i s i b l e  spectrum. For B b  

the ca l cu la t ed  ver t ica l  t r a n s i t i o n  energy i s  2 , L  t o  2 , 3  eV and the  s t a t e  



musr c o n t r i b u ~ e  ro  t he  v i s i b l e  spectrum. Douglas and ~ u b e r ' s '  rotational 

a n a l y s i s  of bands appearing i n  t h e  absorp t ion  spectrum near  3 eV have i den t -  

2 
i f  i ed  t h e  t r a n s i t i o n  a s  2~ + Ale Thus, from p resen t  evidence, i t  appears  

II 

;hat t h e  main i n t e n s i t y  of t h e  v i s i b l e  spectrum can be assigned t o  t h e  t r a n -  

s i t i o n  co t h e  2~ s ta te ,  which, f a  account f o r  t h e  complicated n a t u r e  of t he  
d 

spectrum, i s  most l i k e l y  perturbed by i n t e r a c t i o n  w i t h  the  o the r  low l y i n g  

s t a t e s  o r  by i n t e r a c t i o n  wi th  t h e  ground s t a t e  i t s e l f .  

I n  a s tudy  of NO2 f luorescence  us ing  f l a s h  e x c i t a t i o n ,  Neuberger and 

12uncan4 observed a 44 bsec r a d i a t i v e  l i f e r i m e  independent of t h e  e x c i t a t i o n  

wavelength between 3950 and 4 6 5 0 i .  The l i f e t f m e  ca l cu la t ed  from the  absorp- 

t i o n  c o e f f i c i e n t  measurements of H a l l  and F3lacet5 and of r)ixon6 i s  about 0,3 

psee, more t h ~ n  two o rde r s  of magnitude s h o r t e r  than  the  observed emission 

l i f  e t ims ,  This  l a r g e  l i f e t i m e  anomaly has  l e d  t o  ~ p e c u l a t i a n ~ ~  ' t h a t  more 

than one e l e c t r o n i c  s t a t e  may be involved i n  NO chemiluminescence and f l u o r -  
2 

escence. However, i t  has  been poin ted  out  by Douglas t h a t  t h i s  type of an- 

omaly may b e  due rs s e v e r a l  causes,  among them t h e  i n t e r a c t i o n  between v ib ra -  

t i o n a l  l e v e l s  of t h e  exc i t ed  e l e c t r o n i c  s t a t e  wi th  o t h e r  s t a t e s ,  and H a r t l e y  

9 
and Thrush have suggested t h a t  h igh ly  exc i t ed  v i b r a t i o n a l  l e v e l s  o f  t h e  

ground e l e c t r o n i c  s t a t e  may be  p a r t l y  respons ib le .  

I n  previous experiments on NO f luorescence ,  Myers, S i l v e r ,  and Kaufman 
10 

2 

repor ted  a l a r g e  decrease  in t he  Stern-Volmer quenching cons tan t  w i th  inc reas -  

ing energy s e p a r a t i o n  between e x c i t i n g  and f luorescent :  r a d i a t i o n ;  t h i s  Sug- 

ges ted  t h a t  s tepwise  v i b r a t i o n a l  d e a c t i v a t i o n  occurs  i n  t h e  exc i t ed  e l e c t r o n i c  

s t a c e .  More r e c e n t l y ,  Sakui-ai and 13roidaLL have scudied NO f  iuorescenee us- 
2 

ing  Laser e x c i t a t i o n ;  zhey observed a s e r i e s  of l i r res  superimposed on what 

appeared t o  be  a c s r ~ t i n t u m  es i  th  the  r e s o l u t i o n  used,  Queaching h-soi~stcanits 



obeafned f o r  $he l i n e s  and t h e  i n t e g r a t e d  continuum are aemewhat unce r t a in  

b u t  l i e  i n  t h e  same range  of v a l u e s  r e p s r c e d  p r e v i o u s l y  f o r  NO f l u o r e s c e c c e  
2 

10'12 a 

R e l a t i v e  i n t e n s i t y  v a r i a t i o n s  w i t h  NO p r e s s u r e  were i n t e r p r e t e d  i n  
2 

terms of c o l l i s i o n a l .  d e a c t i v a t i o n  i n  t h e  upper s t a t e ,  

The purpose  of t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  s t u d y  ehe  v i b r a t i ~ n a l  

d e a c t i v a t i o n  of e x c i t e d  NO i n  more d e t a i l  and t o  de te rmine  t h e  p o s s i b l e  con- 
2 

t r i b u t i o n  of more t h a n  one e l e c t r o n i c  s t a t e  t o  NO f l u o r e s c e n e e .  A pre l im-  
2 

i n a r y  r e p o r t  of our  r e s u l t s  h a s  been publ ished13.  While t h i s  work was i n  

p r o g r e s s ,  we l e a r n e d  of p a r a l l e l  exper iments  an  NO f l u o r e s c e n c e  by Schwartz  
2 

and .Jahnston14, who used a similar e x p e r i m e n t a l  approach.  However, ~ h e  r e -  

s u l t s  of our  measurements d i f f e r  s0me~7ha.t f-com t h e i r s  and i t  was thought  

a p p r o p r i a t e  t o  r e p o r t  them h e r e  i n  some d e t a i l ,  

I n  t h e  f o l l o w i n g  s e c t i o n s  we f i r s t  r e p o r t  t h e  r e s u l t s  o f  f l u o r e s c e n c e  

exper iments  w i t h  s t e a d y  i l l u m i n a t i o n  a t  a s e r i e s  a f  e x c l t a e i o n  and f l u o r -  

e s c e n t  wavelengths  i n  t h e  v i s i b l e  and n e a r  i n f r a r e d  r e g i o n s  and d i s c u s s  t h e  

r e s u l t s  i n  terms of a v i b r a t i o n a l  cascade  model, Then, r e s u l t s  a r e  g i v e n  of 

r a d i a t i v e  l i f e t i m e  measurements u s i n g  modulated r a d i a t i o n  a t  s e v e r a l  e x c i t a -  

t i o n  wavelengths  and modulat ion f r e q u e n c i e s .  

Exper imental  

The sys tem used i n  t h e s e  exper iments  is  shown s c h e m a t i c a l l y  i n  F i g u r e  

l. F l u o r e s c e n c e  i s  e x c i t e d  by means of a 500 w a t t  h i g h  p r e s s u r e  mercury 

a r c  (Osram HB6-500) or  900 w a t t  xenon a r c  (Osram XBO-900) powered by a 

seandard  d , c .  power supp ly  w i t h  added f i l t e r i n g  t o  reduce   he 60 H e r t z  r i p -  

p l e  below 2 % ,  A f t e r  c o l i i m a t i o n ,  t h e  e x c i t i n g  Light  i s  modulated u s i n g  a 

4 



mechanical  chopper which c o n s i s t s  of two q u a r t z  d i s k %  ( D y n a a u i ,  

Corg,  , Stoneham, Mass ,) on each of which 512 sli ts  had been f ~ i n e d  ;la) ntc-21- 

l i c  d e p o s i t i o n .  One of t h e  d i s k s  i s  s t a t i o n a r y ;  t h e  o t h e r  i s  r s t d ~ z d  de  ii 

c o n s t a n t  speed by a d , c .  motor powered by a  r e g u l a t e d  v ~ l t a g e  s u p p l y ,  and 

t h e  two d i s k s  a r e  mounted 0.15 mm a p a r t ,  The motor speed is  s2..ntina,~vsLy 

v a r i a b l e  up t o  a maximum s f  5000 rpm; t h i s  p r o v i d e s  moduLation t r e q m n c i e s  

from 2 kHer tz  up t o  40 kHertz .  Most o f  t h e  p r e s e n t  exper iment6 on NG2 were 

done a c  8 o r  20 H e r t z .  For  exper iments  w i t h  s t e a d y  i l l u m i n a t i a & % ,  the mod- 

u l a t o r  i s  r e m ~ v e d  from t h e  l i g h t  p a t h .  The wavelength  or che exciiing La- 

d i a t i o n  i s  v a r i e d  by means of a 1 / 4  mete r  Jarre lP-Ash monuehramaiar;, 505 p 

s l i t  w i d t h s  are used ,  g i v i n g  f u l l  band w i d t h s  a t  h a l f  height.  ut d b c b i ~   OX, 

A f r e r  emerging from t h e  monochromator, t h e  e x c i e i n g  l i g h t  beam is coliimated 

s o  t h a t  i t  i s  approx imate ly  1 cm i n  d iamete r  as i t  p a s s e s  rhfaugh %he i i u L > r -  

escence  c e l l .  A 1P28 p h o t o m u l t i p l i e r  t u b e  i s  used t o  m s n i r o r  t h r  inceasiry 

of t h e  e x c i t i n g  l i g h t ;  i t  a l s o  p r o v i d e s  t h e  r e f e r e n c e  s i g n a l  f u r  che Life- 

t i m e  measurements. 

F luorescence  s i g n a l s  a r e  observed a t  r i g h t  a n g l e s  t o  t h e  exeiLing beam 

through t h e  s i d e  window of a  g l a s s  T-shaped c e l l  24 cm i n  l e n g t h  with d n  

i n s i d e  d iamete r  of 1 4  cm. The wavelengch a t  which f l u o r e s c e n c e  is 1;t~e:~:e3 

i s  v a r i e d  by u s i n g  a  s e t  of i n t e r f e r e n c e  f i l t e r s  (Thin E l l m  P r a d l ~ t i s ,  Inc,) 

o r  C o m i n g  g l a s s  f i l t e r s  p l a c e d  between t h e  c e l l  and t h e  PMT d e t e c t c l ,  f h z  

t r a n s m i s s i o n  wavelengths  o f  t h e  i n t e r f e r e n c e  f i l t e r s  a r e  spaced at. 300-s00k 

i n t e r v a l s  i n  t h e  v i s i b l e  and n e a r  i n f r a r e d ;  t h e  f i l t e r s  h a v s  a 50-75x band 

width  a t  h a l f  maximum t r a n s m i s s i o n .  

An EMR 641E p h o t o m u l t i p l i e r  t u b e  i s  used t o  d e t e c t  che t l u ~ r ~ s c e n ~ e  

s i g n a l ,  T h i s  t u b e  h a s  a n  S-20 response  w i t h  a quantum e k f ~  ?iezic;r t i"r II % ~ n l  



6 3 0 0 ~ ;  'or mosc exper iments ,  i t  is  o p e r a t e d  a t  i g i i n  of 10' which g i v e s  a 

dark  currenr  of  3 x 10- l2  amps o r  2-3 photon pu l se s  p e r  second when c o o l e d .  

The Q41E t u b e  i s  housed i n  an evacuab le  m e t a l  dewar and cooled r a d i a t i v e l y  

by a  copper  h e a t  s h i e l d  a t  -77°C.  

I n  che exper iments  u s i n g  unmodulated e x c i t i n g  l i g h t ,  ehe 64lE o u t p u t  

i s  a m p l i f i e d  ( K e i t h l e y  417 picoammeter) and d i s p l a y e d  on a s t r i p  c h a r t  re- 

c o r d e r  (Bausch & Lomb VOM5). At v e r y  low f l u o r e s c e n c e  intensities ( low 

p r e s s u r e  and l o n g  e x c i t a t i o n  wave leng th) ,  t h e  f l u o r e s c e n c e  s i g n a l  i s  mea- 

su red  i n  d i g i t a l  form by means of a p u l s e  a m p l i f i e r  a t  t h e  64PE o u t p u t ,  

p u l s e  heighe d i s c r i m i n a t o r ,  and e l e c t r o n i c  coun&er ,  Counting t i m e s  of 10 

s e e  Are a d e q u a t e  t o  o b t a i n  s i g n i f i c a n t  f l u o r e s c e n t  i n t e n s i t y  s i g n a l s .  

For  the. L i f e t i m e  measurements t h e  p u l s e  c o u n t i n g  d e t e c t i o n  system 5s 

used;  a schemat ic  d iagram of t h e  exper imenta r  ar rangement  is shown i n  F i g .  

2, The o u t p u t  of t h e  lP28 t r i g g e r s  a v a r i a b l e  d e l a y  p u l s e  which starts a 

cirne t o  ampl i tude  c o n v e r t e r  (E.G.&G. TN200A modi f ied  t o  g i v e  a 130 psec  

lamp f c z  8 kHercz modula t ion) .  A star t  p u l s e  is g e n e r a t e d  once d u r i n g  each  

modulat ion c y c l e  and a t  a known phase  w i t h  r e s p e c t  t o  t h e  e x c i t i n g  L i g h t  

as observed on a d u a l  t r a c e  o s c i l l o s c o p e .  Afcer a m p l i f i c a t i o n  and low l e v -  

e l  d f s c r i m i n a c i o n ,  t h e  o u t p u t  p u l s e s  of t h e  64YE a r e  f e d  t o  t h e  Cime r s  

ampl i tude  c o n v e r t e r .  The f i r s t  photon p u l s e  subsequen t  co t h e  star t  p u l s e  

s t o p s  t h e  ramp and t h e  r e s u l t i n g  v o l t a g e  p u l s e  i s  transmitted t o  a  m u l t i -  

channel  a n a l y z e r  where t h e  f l u o r e s c e n t  wave form is s t o r e d  f a r  la ter  gro-  

e e s s i n g .  For most exper iments  coun t ing  t imes  of 10 minutes  (real  t ime) 

are s u f f i c i e n t  t o  accumulate  f l u o r e s c e n c e  s i g n a l s  w i ~ h  an average  of 500 

counts  p e r  1,s  p s e c  t ime  channe l ,  The t ime  b a s e  of  t h e  a n a l y z e r  i s  c a l i -  

brated ts. a t i m e  mark g e n e r a t o r .  Using t h i s  method of d e t e c t i o n ,  no 



more than  one f luorescence  photon pu l se  may be  counted during each c y c l e  of 

t h e  e x c i t i n g  l i g h t  modulation; thus ,  d i s t o r t i o n  of t h e  de tec ted  s i g n a l  wave 

form w i l l  occur i f  t he  average countfng r a t e  approaches t h e  modulation f r e -  

quency. The h ighes t  counting rate used i n  t hese  experiments is  600 counts  

pe r  s e c  which i s  s u f f i c i e n t l y  low compared t o  t h e  lowest modulation frequen- 

cy (8 kHertz) t h a t  d i s t o r t i o n  e f f e c t s  may be ignored.  The phase s h i f t  i n -  

troduced by t h e  d e t e c t i o n  system i t s e l f  is  e s t a b l i s h e d  by measuring t h e  

phase of s c a t t e r e d  l i g h t  wi th  no NO2 i n  t h e  c e l l .  An e l e c t r o n i c  counter  

(Hewlett-Padcard 5512A) is  used t o  measure photon counting r a t e s  and the  

modulation frequency,  

P re s su res  of NO i n  t he  range 0 , 5  t o  500 mTorr a r e  measured wi th  a 
2 

p re s su re  t ransducer  (Pace P90D) which ts c a l i b r a t e d  a g a i n s t  a McLeod gauge 

us ing  helium gas t o  minimize t h e  mercury s t reaming e f f ec t15 .  The NO2 ob- 

t a ined  from Matheson a t  a s t a t e d  p u r i t y  of 99.5% i s  f u r t h e r  p u r i f i e d  by 

r e a c t i o n  wi th  excess  oxygen gas followed by s e v e r a l  subl imations a t  -770C. 

The p u r i f i e d  NO2 is  s to red  i n  t h e  dark  a t  -1960C. A t  t h e  start of each 

s e t  of experimenes, a f r e s h  sample of NO is d i s t i l l e d  from the  s t o r a g e  
2 

bulb  i n t o  a s e p a r a t e  t r a p  a t  -770C from which i t  i s  admit ted t o  t h e  f l u o r -  

escence c e l l  a s  needed. During an experimental  run,  t h e  c e l l  and one 

s i d e  of t he  p re s su re  t ransducer  a r e  i s o l a t e d  from the  remainder of t h e  

NO handling system by means of a s t a i n l e s s  steel bellows va lve ,  Typica l  
2 

pres su re  i nc reases  i n  t h e  i s o l a t e d  c e l l  a r e  l e s s  than 0 . 1  mTorr p e r  hour ,  

Steady Exc i t a t i on  

Fluorescence of NO was exc i t ed  by s teady  iPluminatfon a t  a s e r i e s  of 
2 

wavelengths,  hE = 4050, 4360, 5460, and 5780%; f o r  each e x c i t i n g  wavelength, 



 he riuorescent i n t e n s i t y  was determined as a f u n c t i o n  ~f NO p r e s s u r e  and 
2 

t l u c r e s c e n t  wavelengrh o a r  t o  7850a. The d a t a  o f  each exper iment  c o n s i s t  

of 40 ~ o  50 i n t e n s i t y  v s .  p r e s s u r e  r e a d i n g s  over  a p r e s s u r e  r a n g e  of 0.5 

t o  125 mTorr. R e p r e s e n t a t i v e  Stern-Volmer p l c t s  of- t h e  r e s u l t s  f o r  435& 

e x c i t a t i o n  a r e  shown i n  P i g .  3 ,  where Lor c l a r ~ t y  o n l y  t h r e e  t l u o r e s c e n t  

wavelengchs have been incl.uded. R e s u l t s  a t  o t h e r  f l u o r e s c e n t  wavelengths  

l i e  between r h e  curves  shown, S i m i l a r  curves  a r e  o b t a i n e d  a t  o t h e r  e x c i t a -  

t i o n  e n e r g i e s .  

The §tern-volmer16 model of f l u o r e s c e n c e  quenching c o n s i d e r s  on ly  one 

exci ted  Level  which a f c e r  f o r m a t i o n  by photon a b s o r p t i o n  may radiate o r  b e  

c a l l l s i o n a l i y  quenched t o  t h e  ground Level.  Under s t e a d y - s t a t e  c o n d i t i o n s ,  

t h e  f o l l o w i n g  r e l a t i o n  i s  e a s i l y  o b t a i n e d  

where P i s  t h e  NO2 p r e s s u r e ;  F, t h e  f l u o r ~ s c e n t  i n t e n s i t y ;  a ,  t h e  quenching 

c o n s t a n t ,  d e f i n e d  as t h e  r a t i o  of t h e  quenching r z t e  c o n s t a n t ,  E ,  r o  t h e  

r a d i a t i v e  r a t e  constanr; ,  R; and B i s  an  exper i rnenta l  c o n s t a n t  which i n c l u d e s  

such  f a c t o r s  a s  t h e  a b s o r p t i o n  c r o s s  s e c t i o n ,  t h e  e x c i t i n g  l i g h t  i n t e n s i t y ,  

and t h e  e f f i c i e n c y  of t h e  o p c i e a l  sys tem used t o  d e t e c t  t h e  f l u o r e s c e n c e ,  

To f a c i l i t a t e  comparison of exper imenta l  r e s u l t s  ac d i f f e r e n t  e x c i t i n g  and 

f l u o r e s c e n r  wavelengchs,  B i s  determined f o r  each combinat ion of h and A 
E F 

by l i n e a r  e x t r a p o l a t i o n  of P/P  v s .  P p l o t s  ~o zexo p r e s s u r e .  

Examination cf t h e  quenching results shown i n  P i g .  3 ,  mhere P/BF i s  

p l o t t e d  vs.  P ,  shows t h a t  t h e  e x p e r i m e n t a l  p l o t s  are  Linear throughout  t h e  

pressure range  on ly  L f  t h e  f l u o r e s c e n c e  f requency ,  3 is  c l o s e  t o  t he  e x c i -  
3' ' 



t a t i o n  f requency  u A t  low NO p r e s s u r e s ,  t h e  r e s u l t s  shaw P n i r e a s f n g  
E" it 

Lurva tQre  as A v  = v - 
E 

i n c r e a s e s . ,  At Inigbes NO, p r e s s u r e s  (above 18 t o  
2 

20 mTorr) t h e  c u r v e s  become l i n e a r  and it i s  p o s s ~ b l e  t o  o b t a i n  a n  e f f e c -  

t i v e  quenching c o n s t a n t  from t h e  h i g h  p r e s s u r e  s l o p e ,  Observed quenching 

c o n s t a n s s  Eos v a r i o u s  e x c i t i n g  and fluorescent wavelengths  a r e  g i v e n  i n  

Tab le  I. A s  A t  i n c r e a s e s ,  a s h a r p  d e c r e a s e  i n  t h e  magnitude of t h e  quench- 

i n g  c o n s t a n t  is  o b s s r v e d ,  t h e  v a r i a t i o n  b e i n g  as l a r g e  as a f a c t o r  cf f i v e  

over  the range  of 3v observed.  Within  e x p e r i m e n t a l  s ca t t e r ,  t h e  quenching 

c o n s t a n t s  a r e  dependent  on ly  on Av and appear  t o  b e  independent  sf t h e  

v a l u e  o f  L CY v 
E P ' 

The r e s u l t s  sumnlarized above show t h a t  a s i m p l e  Stern-Volmer d e s c r i p -  

t i o n  w i t h  on ly  one exefrsed l e v e l  is n=l; a p p l i c a b l e  t o  che v i s i b l e  f l u o r -  

e scence  o f  NO because  (I) t h e  quenching curves ( F i g ,  3) d e v i a t e  s u b s t a n -  
2 

t i a l l y  from l i n e a r i t y  f o r  NO2 p r e s s u r e s  below 20 m ~ o r r ' ~  and (2)  -the ob- 

s e r v e d  quenching c o n s t a n t s  show a s t r o n g  dependence on A v .  These observa-  

t i o n s  s u g g e s t  a cascade  model w i t h  s t e p w i s e  v i b r a t i 3 n a l  d e - e x c i t a s i o n  i n  a 

s i n g l e  e x c i t e d  e l e c t r o n f c  s t a t e  of NO2 concurrent with i t s  e l e c t r o n i c  and 

r a d i a t i v e  de-excic ;a t ion0 Such a v i b r a t i o n d i  cascade model may b e  d e s c r i b e d  

i n  terms of t h e  f o l l s w i n g  e q u a t i o n s ,  

-d M2 

d t  
(R + EM + UM) M2 - VMMl 

-d Mi 
-------- = (R 4- EM 4- VM) Mi - VM Miel. 

(9% 

where Fa is &he ground a c a t e  p o p u l a k i a r ~  cilerrsitg of  t he  l l . ~ d ; e s c e i ~ ~  m~leclr le ,  

9 



t he  M i v  s are t he  popular ion d e n s i t i e s  of e x c t t e d  l e v e l s ,  R i s  t he  radiat ive 

r a t e  cons t an t ,  E is t he  e l e c t r o n i c  quenching r a t e  cons t an t ,  V is  t h e  v ib ra -  

t i o n a l  quenching r a t e  cons tan t ,  A i s  t h e  absorp t ion  c o e f f i c i e n t ,  end Ie i s  

the  i n t e n s i t y  of t h e  e x c i t i n g  l i g h t *  I n  E q s .  ( 2 ) ,  a number of s imp l i fy ing  

aesumptions have been made: 

(1) The r a t e  cons tan ts  a r e  independent of t h e  p a r t i c u l a r  l e v e l  of ex- 

c i t a t i o n ,  i . e .  R1 & R2 = Ri R, El - E2 - Ei = E, and Vl = V p  * 

Vi a V ,  This  i 8  ~ u g g e ~ t e d  by t h e  r e l a t i v e  independence of t h e  

observed quenching cons t an t s  on t h e  va lue  of uE f o r  a  given Av. 

For Ri, moreover, t h i s  canetancy i~ f u r t h e r  supported by t h e  l i f e -  

time meaeuremente d iscussed  belowe 

( 2 )  The only  energy t r a n s f e r  o r  l e e s  processes  important i n  t he  pre-  

s e n t  ca se  a r e  those deecribed by Eqs. ( 2 ) .  This  ignores  d i f f u s i v e  

loss ,  r a d i a t i v e  t r a n s f e r  among t h e  exc i t ed  v i b r a t i o n a l  l e v e i e ,  

and c o l l i a i o n a l l y  induced v i b r a t i o n a l  e x c i t a t i o n ,  a l l  of which 

ahould b e  r e l a t i v e l y  unimportant compared t o  t h e  r a t e s  32, E, and 

v ,  

( 3 )  A l l  t h e  exc i t ed  s t a t e  Levels l y i n g  wi th in  Au of vE c o n t r i b u t e  t o  

t h e  f l u o r e s c e n t  i n t e n s i t y  i n  p ropor t ion  only t o  t h e i r  r e l a t i v e  

populat ion d e n s i t i e s .  This  ignores  t he  f luo rescen t  s p e c t r a l  dis- 

t r i b u t i o n  which was shown t o  have r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  

ca l cu la t ed  r e s u l t s  of t he  s i m p l i f i e d  model by s p e c i f i c a l l y  inc lud-  

i ng  i n  one of t he  c a l c u l a t i o n s  a s c a l e d  s p e c t r a l  d i s t r i b u t i o n  

1 8  
s i m i l a r  t o  t h a t  of t h e  0 .I. NO emission 

Under s t eady- s t a t e  condi t ions ,  t h e  popula t ion  d e n s i t i e s  i n  t he  e x c i t e d  

l e v e l s  may be  r e a d i l y  obtained:  



where a  = E/R and aV = V/R are t h e  e l e c t r o n i c  and v i b r a t i o n a l  quenching 
E 

cons t an t s .  Using t h e  above assumptions, t he  f l u o r e s c e n t  i n t e n s i t y  may b e  

summed over a l l  exc i t ed  l e v e l s  and the  r e s u l t  is  given by: 

where F is  t h e  t o t a l  f l u o r e s c e n t  i n t e n s i t y ,  B is  an  experimental  cons tan t  

p rev ious ly  def ined ,  S = aE/aV = E/V, and the  ground s t a t e  popula t ion  d e n s i t y  

has  been replaced by t h e  corresponding p re s su re ,  P .  The exponent n  repre-  

s e n t s  t h e  number of e x c i t e d  l e v e l s  which con t r ibu te  t o  t he  f l u o r e s c e n t  s i g -  

n a l ;  t h i s  number depends on the  average s i z e  of t h e  v i b r a t i o n a l  quantum 

t r a n s f e r r e d  per  quenching c o l l i s i o n ,  
Avvib' 

and on t h e  energy s e p a r a t i o n  

between the  e x c i t i n g  and f l u o r e s c e n t  l i g h t ;  i .e. ,  n may be w r i t t e n  a s  

A t  s u f f i c i e n t l y  h igh  p re s su res ,  P >> l/%; Eq. ( 4 )  becomes l i n e a r  i n  P ,  

and the  observed quenching cons t an t s  def ined  above and given i n  Table 1 can 

then be w r i t t e n  as 



The f a c t o r  G(n,S) has  been eva lua ted  %or  var iou8  valuao of n and S and 

t h e  r e s u l t @  a r e  given Sn Table XIo whese &a &nczeaoe i n  n f o r  f i x e d  8 cot-  

responds t o  experimental ly  i nc reae ing  Au, Ex~mina t ion  of Table II ehowa 

t h a t  i n  o rde r  t o  account f o r  t h e  l a r g e  v a r i a t i o n  i n  aobe9 9 must be  0.10 

of beoeg t h a t  is, t h e  vibra69onal  quenching r a t e  muet bo considergibly 

faattar then e lec t ronic ,  quenching i n  exoftad NOZ.  

A more d e t a i l e d  comparison af  t h e  calculatcad and experimental  quench- 

ing  cons t an t s  i s  shown i n  F ig ,  4, where r e l a t i v e  value@ of t he  quenching 

cons tan t@ axe p l o t t e d  v s ,  Av, To o b t a i n  the  c a l c u l a t e d  ourvea, va lues  of 

"vib 
ere chosen between 500 and 2000 c m l i  end S i e  v a r i e d  between 0 . 1  and 

and 0 (aE = 0 ) .  For a given Avvib, n i s  ca l cu la t ed  ueing Eq. (51,  end t he  

r e l a t i v e  quenching conetan te  can then be obtained from Table XI. While t h e  

b e s t  o v e r a l l  agreement occurs  a t  Auvib = 1000 2 500 cm-I, t h e  experimental  

s c a t t e r  and r e l a t i v e  insensitivity of t h e  c a l c u l a t i o n  t o  v a r i a t i o n  &n S a t  

bow va lues ,  permit: onllly a choice of an upper bound f o r  S ,  t h a t  is ,  S .2 0.01, 

Por Avvib = 1000 cm1 end S - 0.01, % can be  obta ined  from t h e  observed 

quenching c o n ~ t a n t s  us ing  Eq. (7 )  and t h e  va lues  of G(n,S) i n  Table TI, 

The average va lue  of % obtained i n  t h i s  way i a  about 700 %'om-'; ag is 

then ? ~or r - I .  Quenching r a t e  cons t an t s  may then be obta ined  from t h e  da- 

f i n i t i o n  of 5 i f  t h e  r a d i a t i v e  l i f e t i m e  i s  known. Taking rR 5.5 x loM5 
3 

s e c  ( s e e  fol lowing Sect ion)  , E 1 3.9 x 10-l2 and V - 3.9 x lomb0 c,m /mole- 

cule-sec,  A t  low va lues  of S, V is eppzoxfmately independent: of S whi l e  

E varies as S; thus  f o r  values of S less than 0'01, V di f fers  l i t t l e  from 

the value given above, 



Quenching curves ca l cu la t ed  from Eq.  ( 4 )  f o r  Av = 1000 cm-I and S = 
v i b  

8.01 a r e  compared wi th  experimental  p o i n t s  i n  F ig .  3; t he  agreement is very  

good cons ider ing  t h e  many approximations of t h e  model. However, t h e  ca lcu-  

l a t e d  curves a r e  a l s o  i n s e n s i t i v e  t o  t h e  choice  of S a t  low va lues  and can- 

not  b e  used t o  determine t h i s  parameter beyond the  previous ly  e s t a b l i s h e d  

l i m i t  of S 0.01. 

Fluorescence Li fe t ime 

The l i f e t i m e  of NO2 f luorescence  e x c i t e d  a t  s e v e r a l  wavelengths was 

19 
determined by means of t h e  phase-sh i f t  method . For t h e  l i f e t i m e  exper i -  

ments, modulated e x c i t i n g  l i g h t  is  used; t h e  i n t e n s i t y  i s  given by 

where w i s  t h e  angular  frequency of modulation, is  t h e  average e x c i t i n g  
e  

l i g h t  i n t e n s i t y  (d.c .  l e v e l ) ,  m i s  t h e  f r a c t i o n  of modulation defined a s  t h e  

r a t i o  of maximum amplitude t o  t h e  d.c .  l e v e l ,  and + i s  t h e  zero o r  r e f e r -  
0  

ence phase of t h e  system. Only t h e  fundamental Four ie r  component i s  inc luded  

i n  t h e  d i scuss ion ;  Four ie r  a n a l y s i s  of t h e  experimental  r e s u l t s  shows t h a t  

t he  fundamental accounts f o r  approximately 90% of t ho  amplitude i n  b a t h  t h e  

e x c t t a t i o n  and f luo rescen t  waveforms. 

When t h e  frequency sepa ra t ion  between t h e  e x c i t i n g  and the  f l u o r e s c e n t  

r a d i a t i o n ,  Av, is smal l ,  o r  f o r  any Av a t  s u f f i c i e n t l y  low p r e s s u r e s ,  on ly  

one upper l e v e l  c o n t r i b u t e s  t o  t h e  observed f luo rescen t  s i g n a l .  A t  low 

p res su re ,  t h e  time v a r i a t i o n  i n  t he  f l u o r e s c e n t  s i g n a l  may be obta ined  by 



so lv ing  E q s .  ( 2 )  f o r  i = 1 wi th  re given by E q .  (8). The f l u o r e s c e n t  s i g -  

n a l  may then be w r i t t e n  

F ( t )  = P [ l  + Am cos (wt - A $ ) ]  

where t h e  phase angle ,  A $ ,  by which t h e  phase of t h e  observed f l s lorescent  

s i g n a l  i e  s h i f t e d  w i t h  r e s p e c t  t o  mO, i s  simply r e l a t e d  t o  t h e  l i f e t i m e ,  T ,  

by 

and 

t an  44 = WT 

The f r a c t i o n  of modulation i n  t h e  f luo rescen t  s i g n a l  is  a t t enua ted  by t h e  

f a c t o r  A,  where 

Eqs. (10) and (12) show t h a t  e i t h e r  t he  phase s h i f t  o r  t he  a t t e n u a t i o n  

f a c t o r  can be  used t o  measure t h e  l i f e t i m e ;  however, t h e  phase s h i f t  i s  the  

more accu ra t e ly  measured and t h i s  is  t h e  method used here .  

A r e p r e s e n t a t i v e  f l u o r e s c e n t  waveform is  shown i n  F i g ,  5 ,  where t h e  

c o u ~ t s  per channel a r e  p l o t t e d  vs .  time s i n c e  t h e  start  t r i g g e r .  To o b t a i n  

t h e  phase s h i f t ,  the r e f e rence  phase of t he  system i s  e s t a b l i s h e d  by record-  



i ng  t h e  e x c i t i n g  l i g h t  waveform wi th  no NO2 i n  t h e  c e l l ,  Both the  f luo res -  

cent  and t h e  e x c i t i n g  l i g h t  s i g n a l s  a r e  cor rec ted  f o r  a smal l  dark c u r r e n t  

19 
background and t h e  f l u o r e s c e n t  s i g n a l  is  co r rec t ed  f o r  s c a t t e r e d  l i g h t  . 
Both waveforms a r e  expanded i n  a Four ie r  s e r i e s  (up t o  t he  f i f t h  harmonic) 

and the  r e s u l t i n g  fundamental c o e f f i c i e n t s  a r e  used t o  determine the  phase 

s h i f t  by computer a n a l y s i s .  

Typica l  r e s u l t s  of l i f e t i m e  measurements u s ing  8 kHertz modulation a t  

low NO pres su res  a r e  shown i n  Fig. 6. Table I11 summtirizes t h e  r e s u l t s ;  
2 

t he  r a d i a t i v e  l i f e t i m e s  and quenching cons t an t s  were obta ined  from a l i n e a r  

l e a s t  squares  f i t  of t h e  experimental  da t a .  I n  experiments where Av i s  

l a r g e  o r  where sharp  c u t  f i l t e r s  were used i n  t h e  f l u o r e s c e n t  beam, t h e  1 / ~  

v s .  P p l o t s  were non- l inear  and -cR was obtained from ,n e x t r a p o l a t i o n  of 

the  low p res su re  p o i n t s ,  E r r o r s  quoted a r e  t h e  s t acda rd  dev ia t ions  obta ined  

from t h e  l e a s t  squares  a n a l y s i s .  Quenching c o n s t a n t s  obtained from t h e  

s teady  i l l u m i n a t i o n  experiments (Table I) are i n  s a t i s f a c t o r y  agreement wi th  

these  r e s u l t s  where cond i t i ons  a r e  comparable, 

Frequency Var i a t ion  

Var i a t ion  of t h e  modulation frequency may b e  used t o  determine whether 

a p o r t i o n  of t h e  NO v i s i b l e  f luorescence  is  due t o  emission from a s t a t e  
2 

with  a much s h o r t e r  l i f e t i m e  than 55 psec. I f  only me s t a t e  c o n t r i b u t e s  

t o  t h e  f luorescence ,  t h e  observed l i f e t i m e  is  independent of t h e  modulation 

frequency w; however, i f  t h e r e  a r e  two o r  more exc i t ed  s t a t e s  involved,  t he  

observed l i f e t i m e  v a r i e s  w i th  u .  A t  low w, t h e  observed phase s h i f t  i s  due 

mainly t o  r e l a t i v e l y  long-l ived s t a t e s ;  b u t  a s  w i nc reases ,  t he  long-lived 

s t a k e s  cannot fol low t h e  r ap id  modulation and t h e  observed phase s h i f t  is  

L 5 



due mainly t o  t he  shor t - l ived  s t a t e s .  Thus, t h e  observed l i f e t i m e  should 

decrease  wi th  inc reas ing  w i f  a shor t - l ived  s t a t e  con t r ibu te s  t o  t he  NO2 

f luorescence .  

I f  emission occurs  concurren t ly  from two exc i t ed  s t a t e s ,  t h e  fo l lowing  

r e l a t i o n  between the observed l i f e t i m e ,  T ~ ~ ~ ,  and t h e  l i f e t i m e s  of t h e  ex- 

c i t e d  s t a t e s ,  T~ and T ~ ,  is obtained:  

2  2 2 2 
( 1  + W T 2  ) p1 T1 + ( 1 W T1 ) (1 - PI) T 2  

T r 
, obs 

( 1  + w 2 T~ 2 ) (1. - ~ 1 )  + ( 1  + w 2 ~ 2 2 )  P1 

where P1 and ( 1  - P ) r ep re sen t  the  f r a c t i o n  of f l u o r e s c e n t  i n t e n s i t y  due 
1 

t o  s t a t e  1 and s t a t e  2 r e spec t ive ly .  Using the  measured va lue  of 55 ysec  

f o r  rl, and f o r  -c2 a va lue  of 0.25 psec  ca l cu la t ed4  from t h e  abso rp t ion  

c o e f f i c i e n t ,  T~~~ a s  a  func t ion  of w is  shown i n  F ig ,  7 f o r  va r ious  va lues  

of P1. A t  h ighe r  modulation f requencies  t h e  phase-shif t  measurement becomes 

s e n s i t i v e  t o  t he  presence of even sma l l  con t r ibu t ions  from a r e l a t i v e l y  

sho r t - l i ved  state; f o r  example, w i th  a  change i n  frequency from 8 t o  20 

kHertz,  t h e  observed l i f e t i m e  should change by a  f a c t o r  of about  1 . 4  i f  1% 

of t h e  f l u o r e s c e n t  i n t e n s i t y  comes from a s t a t e  w i th  0.25 ysec l i f e t i m e ,  

A s  shown i n  Table 111, t h e r e  is no s i g n i f i c a n t  change i n  l i f e t i m e  as 

t he  frequency is va r i ed ;  t he  average observed l i f e t i m e  a t  8 W e r t z  is  56 

usec,  wh i l e  a t  20 H e r t z  i t  is 54 vsec.  This  shows t h a t  t h e  v i s i b l e  NO2 

f luorescence  o r i g i n a t e s  from one exc i t ed  s t a t e  wi th  a l i f e t i m e  of 55 usec;  

and a s  seen  i n  F ig .  7 ,  any con t r ibu t ion  from a s e p a r a t e  sho r t - l i ved  s t a t e  

must b e  cons iderably  l e s s  than 1% of t h e  t o t a l  i n t e n s i t y .  



Discussion 

The combined r e s u l t s  of t he  s t eady  and t h e  modulated e x c i t a t i o n  experi-  

ments i n d i c a t e  t h a t  NO f luorescence  involves  a  s i n g l e  e l e c t r o n i c a l l y  e x c i t e d  
2 

s t a t e  i n  which e f f i c i e n t  v i b r a t i o n a l  r e l a x a t i o n  occurs  at  approximately gas 

3 
k i n e t i c  rate, V = 3 . 9  x 10-lo,  compared t o  about 2  x  10-lo cm /molecule-sec 

f o r  t h e  gas k i n e t i c  c o l l i s i o n  r a t e  of ground-state NO2. However, e l e c t r o n i c  

quenching r equ i r e s  about a  hundred c o l l i s i o n s .  The s i z e  of t h e  v i b r a t i o n a l  

- 1 
quantum t r a n s f e r r e d  per  quenching co l l i s ion ,1000 500 cm ,is i n  t h e  range 

of t h e  880 cm-l bending frequency of exc i t ed  NO2 Observat ion of r ap id  

c o l l i s i o n a l  quenching i n  exc i t ed  NO2 is  c o n s i s t e n t  wi th  t h e  r e s u l t s  of s t u -  

d i e s  I n  SO f luorescence  where r ap id  v i b r a t i o n a l  r e l a x a t i o n  has  a l s o  been 
2 

r epo r t ed  
20,21 

9 

No s i g n i f i c a n t  v a r i a t i o n  i n  t h e  f l u o r e s c e n t  l i f e t i m e  was observed f o r  

e x c i t a t i o n  ene rg i e s  from 16,700 t o  24,700 cm-I, which f u r t h e r  argues a g a i n s t  

t h e  e x i s t e n c e  of a shor t - l ived  s t a t e .  I f  more than one s t a t e  were involved,  

t he  r e l a t i v e  con t r ibu t ions  of t h e  exc i t ed  s t a t e s  may b e  expected t o  change 

wi th  e x c i t a t i o n  energy and lead  t o  a  l a r g e  v a r i a t i o n  i n  t he  observed l i f e -  

t ime, The conclusion of only one e m i t t i n g  s t a t e  i s  thus  supported by t h e  

frequency v a r i a t i o n  experiments,  by t h e  e x c i t a t i o n  energy experiments,  and 

by t h e  very  d i r e c t  r e s u l t  of ~ o u ~ l a s ~  t h a t ,  a f t e r  sudden cut-of f  from s t eady  

i l l umina t ion ,  t h e  t o t a l  f luorescence  i n t e n s i t y  decayed wi th  a s i n g l e  l i f e -  

time of about 50 psec. 

Other i n v e s t i g a t o r s  498y14  have a l s o  repor ted  l i f e t i m e s  from 44 t o  90 

psec. Our work i s ,  however, i n  disagreement wi th  t h e  sha rp ly  f l u c t u a t i n g  

-r (between 60 and 90 usec) as func t ion  of vE of Schwartz and Johnston 
14 

R 

( S J ) .  As these r e s u l t s  of S J  were obta ined  with a  Corning 2-73 o r  o the r  

17 



sharp-cut f i l t e r s  i n  t h e  f luo rescen t  beam whereas ours  were usua l ly  obta ined  

wi th  an i n t e r f e r e n c e  f i l t e r  of wavelength c l o s e  t o  t h a t  of t he  e x c i t i n g  

l i g h t ,  we c a r r i e d  out  a  few experiments under cond i t i ons  c l o s e l y  matching 

those of SJ  and corresponding t o  t h e i r  sharp  peaks of rR a t  5600 and 60008. 

e x c i t a t i o n .  The r e s u l t s  i n  Table III show no apprec i ab le  change of 'rR. It 

should a l s o  be  emphasized (a )  t h a t  S J ' s  l i f e t i m e s  (Fig.  3) were obta ined  a t  an 

NO pres su re  of 1 . 3  mTorr whereas ours  a r e  r a d i a t i v e  l i f e t i m e s  a t  zero pres-  
2  

s u r e  ex t r apo la t ed  from 20 t o  30 experiments a t  p re s su re s  of 1 t o  15 mTorr. 

This  widens l i f e t i m e s  a r e  t o  be 

increased  by about 30% us ing  the  s lopes  of our  l / ~  v s .  P curves; (b) our  

l i f e t i m e s  a r e  based on a  f u l l  waveform a n a l y s i s  of each experiment whereas 

S J ' s  a r e  based only on t h e  i n t e n s i t i e s  of i n  phase and out  of phase compon- 

e n t s  of t he  f luorescence ,  S t i l l ,  t h e  o r i g i n  of t h e  discrepancy i s  unc lea r ,  

b u t  t h e  p re sen t  r e s u l t s ,  v i z .  t he  i n s e n s i t i v i t y  of T t o  smal l  v a r i a t i o n s  
R 

of v seem reasonable.  
E' 

The magnitude of  is a l s o  a f f e c t e d  by t h e  s i z e  of t he  f luo rescence  

c e l l  and of t he  o p t i c a l  reg ion  of observa t ion ,  because t h e  exc i t ed  molecules 

move an apprec i ab le  d i s t a n c e  be fo re  r a d i a t i n g .  The e f f e c t i v e  observa t ion  

diameter used by SJ  was 20 cm i n  a c e l l  of 33 cm diameter whereas our  ob- 

s e r v a t i ~ n  was confined t o  8 cm i n  a  c y l i n d r i c a l  14 cm c e l l .  Both S J ' s  (Table 

I )  and our r e s u l t s  w i th  var ious  c e l l  s i z e s  would sugges t  t h a t  t h i s  e f f e c t  

may inc rease  our  T by only c 10%. 
R 

There i s  good agreement w i th  S J ' s  e s t i m a t e  of t h e  v i b r a t i o n a l  re laxa-  

3 
( ion r a t e  cons tan t  ( 4  x 10-lo cm Isec)  and s a t i s f a c t o r y  agreement w i th  t h e i r  

3  
e l e c t r o n i c  quenching (L 2 x lo-'' cm /set) and energy removed per  c o l l i s i o n  

- 1 
(2000 - 40Q0 c m  ) The l a t t e r  seems too l a r g e  i n  view of f i nd ings  of chem- 



2  2 
i c a l  a c t i v a t i o n  experiments f o r  l a r g e r  molecules . 

I n t e r a c t i o n  of exc i t ed  e l e c t r o n i c  l e v e l s  of NO with  upper v i b r a t i o n a l  
2 

l e v e l s  of t he  ground e l e c t r o n i c  s t a t e  ( o r  of o t h e r  non-radiat ing e l e c t r o n i c  

s t a t e s )  is a  p o s s i b l e  explana t ion  of t h e  long r a d i a t i v e  l i f e t i m e  of NO2. 

This  type  of i n t e r a c t i o n  has been suggested by s e v e r a l  authors8" and poss i -  

b l e  mechanisms have been d iscussed  2 3 ' 2 4 .  I n t  e r a c t i o n  l eads  t o  t he  e s t a b l i a h -  

ment of an equi l ibr ium between t h e  l e v e l s  (assuming t h a t  t h e  c ros s ing  r a t e  I s  

g r e a t e r  than t h e  d e a c t i v a t i o n  r a t e  o r  t h a t  t h e  e l e c t r o n i c  s t a t e s  a r e  t r u l y  

mixed), and s i n c e  a t  equal  ene rg i e s  t h e  d e n s i t y  of l e v e l s  is much g r e a t e r  i n  

t h e  ground than i n  t h e  exc i t ed  e l e c t r o n i c  s t a t e ,  t he  equi l ibr ium assumpticri 

decreases  t he  t r u e  r a d i a t i v e  l i f e t i m e  of t he  exc i t ed  s t a t e  by t h e  f a c t o r  K * 

1, where K i s  t h e  r a t i o  of level. d e n s i t i e s  of ground and exc i t ed  s t a t e s ,  be- 

cause t h e  observed r a d i a t i v e  decay inc ludes  t h e  continuous replenishment ,.? 

e x c i t e d  s t a t e  from v i b r a t i o n a l l y  exc i t ed  (non-radiating) ground s t a t e .  In-  

c l u s i o n  of t h i s  type of i n t e r a c t i o n  modif ies  t h e  i n t e r p r e t a t i o n  of t h e  ob- 

served l i f e t i m e s  and quenching parameters  d i scussed  i n  t h e  preceding Sec t ions .  

The q u a n t i t i e s  der ived  from t h e  equi l ibr ium model may then b e  w r i t t e n  i n  

terms of t he  observed va lues  as fol lows:  

Using a  va lue  of K = 20Q which would a s c r i b e  t h e  e n t i r e  l i f e t i m e  anomaly .. :his 

e f f e c t ,  and us ing  tihe"va1ues of 9 and S  obta ined  from the  s t eady  e x c i t a t l i n  

experiments ,  rR(eq) = 0.28 psec,  aV(eq) 3.5 ~ o r r - l ,  and aE(eq) 7 ~ o r r - ~  

3 For t h i s  va lue  of .rR, V = 3.9 x lo-'* and E r: 7.8 x lo-" m /molecule- 

s ee ;  only an upper l i m i t  has been given f o r  E because of t h e  u n c e r t a i n t y  i n  



S. For t h i s  h igh  va lue  of M, t h e  equi l ibr ium model r e s u l t s  i n  h igh  quenqhing 

r a t e  cons t an t s  f o r  both v i b r a t i o n a l  and e l e c t r o n i c  quenching, However, K 

should be a measure of t he  r e l a k i v e  degeneracy at. equal  ene rg i e s  i n  t he  ex- 

c i t e d  and ground s t a t e s .  Es t imates  of t h i s  degeneracy r a t i ~  g ive  values be- 

tween about 5 and 30 over t h e  energy range s tud ied .  Thus, t he  equ i l i b r ium 

model i s  u n l i k e l y  t o  provide the  s o l e  mechanism of t he  l i f e t i m e  lengthening.  

It is  poss ib l e ,  however, t h a t  such an equi l ibr ium e x i s t s ,  b u t  t h a t  K i s ,  

8 
say ,  10 o r  20, and t h a t  o t h e r  exp lana t ions  b r idge  t h e  remaining gap between 

t h e  r a d i a t i v e  l i f e t i m e  and t h e  i n t e g r a t e d  absorp t ion  c o e f f i c i e n t .  
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Table I .  Quenching constants, a 
obs ' for steady excitation 

* -1 * -1 Jt 
Av 

* 
A v a ,Torr Av a ,Torr Av 

-1 

obs ob s 
a ,Torr 
obs 

a ,Torr 
obs 



Table IT. Values of G(n,S) 



Table 111. Radiative lifetime and quenching constants of NO2 

-I 
a 

obs " Torr 

a 
1 / ~  vs ,  P plots curved. 

Corning sharp cut filters. 



Pi gure Captions 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig. 4, 

Pig. 5. 

Fig, 6. 

Fig. 7. 

Diagram of apparatus. 

Diagram of detection system used for lifetime measurements. 

Stern-Volmer plot of representative NO2 fluorescence results. 

Excitation wavelength is 4 3 6 0 i .  Theoretical curves calculated 

for S = 0.01 and Avvib 1000 an-'. 

Comparison of calculated and experimental relative quenching 

constants as functions of Av = v 
E - v ~ o  

Calculated curves 

obtained using Eq. (5) and Table 11; reference value is at 
-1 

Av = 1600 cm . Excitation wavelength for the experimental 

points: @ = 4050A, 43601, A = 54601, and = 5780i0 Numbers 

next to curves indicate Av 
vib * 

Fluorescent signal wavefom; exciting wavelength = 436063~ 

fluorescent wavelength = 47001 at 8.2 mTorr NO2. Counting 

time, 8 minutes, 

Reciproeal lifetime vs. pressure of NO , exciting wavelength = 
2 

4360i, fluorescent wavelength = 4700i, 8 kHertz modulation £re- 

quency. The line through the points is the least square fit 

with radiative lifetime = 55 psec and quenching constant = 

262 ~orr-lo 

Observed lifetime vs. modulation frequency; lifetime calculated 

using Eq. (13) with rl a 55 psec and T~ = 0.25 usec. Numbers 

give fraction of total intensity due to 55 usec state. 



I B 4  METER 

LIGHT MONOCHROMATOR 

REFERENCE 
PMT 

- - 

SOU 

HIGH PRESS. 

Hg or Xe 
MODULATOR 

FLUORESCENCE 
BMT 

AMMETER 

TIME TO 1 
AMPLITUDE 1 

ANALYZER CONVERTER 



EXCITING 

OSCILLOSCOPE DELAY 
TRIGGER 

Figu re  2 .  



Figure  3 .  



Figu re  eta, 





6 8 

A Y  loq3, 

Figure 4 c ,  





Ffgure 6 .  




