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ABSTRACT 

The abso lu t e  va lues  of t h e  pho to ion iza t ion  c r o s s  s e c t i o n s  of a tomic 

oxygen have been measured from t h e  i o n i z a t i o n  th reshold  t o  120 1. An 

au to ion iz ing  resonance belonging t o  t h e  2 ~ 2 ~ ~  ( 4 ~  )3p(  DO, 3s0, 3p0) t r a n s i t i o n  

h a s  been observed a t  479.43 1 and another  l i n e  a t  389.97 1. The 

experimental d a t a  is i n  e x c e l l e n t  agreement with r i g o r o u s  close-coupl ing 

c a l c u l a t i o n s  t h a t  inc lude  e l e c t r o n  c o r r e l a t i o n s  i n  both t h e  i n i t i a l  and f i n a l  

s t a t e s .  
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INTRODUCTION 

I n  r e c e n t  years  progress  has been made i n  the  t h e o r e t i c a l  understanding 

of photoioniza t ion  of c losed-shel l  atoms. I n  genera l ,  e l e c t r o n  c o r r e l a t i o n  

e f f e c t s  have been found t o  be very important.  E f f o r t s  a r e  now underway t o  

extend t h i s  understanding t o  open s h e l l  at0ms.l However, t h e r e  is a s e r i o u s  

lack of experimental d a t a  deal ing  wi th  open s h e l l  atoms t o  provide adequate 

da ta  f o r  comparison t o  theory. This  is understandable because of t h e  problem 

of producing these  atoms. I n  the  present  work we  have chosen t o  s tudy atomic 

oxygen because it can be produced i n  reasonable numbers i n  a  simple microwave 

discharge and because of i ts importance t o  upper atmosphere research .  

The f i r s t  measurement of t h e  abso lu te  photoioniza t ion  c r o s s  s e c t i o n  of  

atomic oxygen was made by Cairns and samson2 i n  1964. Two subsequent measure- 

ments were made by Comes e t  a1.3 and by Kohl e t  a1.4 These measurements were -- -- 
made a t  a  few d i s c r e t e  wavelengths from threshold  t o  about 4501. However, 

t h e r e  is q u i t e  a  v a r i a t i o n  between the  d i f f e r e n t  measurements, reaching a 

f a c t o r  of two nea r  threshold.  

Huffman -- e t  a1.5 and Dehmer e t  a l e 6  have s tud ied  t h e  auto ioniz ing -- 
s t r u c t u r e  of atomic oxygen from threshold  t o  6501 but do no t  p resen t  abso lu te  

c r o s s  sec t ions .  The photoelectron s p e c t r a  of atomic oxygen has been s tud ied  by 

Samson and Petrosky showing t h e  presence of exc i t ed  molecular oxygen i n  t h e  

products  of a microwave d ischarge  in  02.7 

On t h e  t h e o r e t i c a l  s i d e ,  numerous c a l c u l a t i o n s  have been made s i n c e  

t h e  e a r l i e s t  c a l c u l a t i o n s  by Bates and Seaton i n  1949.8'19 Again, a l a r g e  

v a r i a t i o n  in  abso lu te  c r o s s  s e c t i o n s  e x i s t s ,  ranging from a f a c t o r  of  50% in  

the  500-600 1 region t o  a  f a c t o r  of two near  threshold.  



The main aim of t h e  present  work was t o  measure t h e  r e l a t i v e  c r o s s  

s e c t i o n s  of atomic oxygen a s  accura te ly  a s  poss ib le  and over a l a r g e  wavelength 

range (1  20-900 1). Then t o  make an abso lu te  measurement a t  one o r  two wave- 

lengths  al lowing the  r e l a t i v e  va lues  t o  be placed on an abso lu te  b a s i s ,  The 

5841 He I and 304 1 He I1 l i n e s  were chosen f o r  t h e  abso lu te  measurement. 

EXPERIMENTAL 

Atomic oxygen was produced i n  a microwave d ischarge  by flowing a 

mixture ( i n  t h e  r a t i o  1 : 4) of 02 and He a t  - 0.2 Torr  through a pyrex tube  

coated i n t e r n a l l y  with bor ic  ac id .  The discharged products  were cons t ra ined t o  

flow pas t  a small  o r i f i c e  leading t o  t h e  ion chamber of a mass spectrometer  

( s e e  Fig. 1 ) .  A 60 R / s  r o t a r y  pump maintained a f a s t  f low of t h e  mixture t o  

minimize wall recomb i n a t  ion of the  oxygen atoms. 

The l i t e r a t u r e  desc r ibes  many m a t e r i a l s  used f o r  coat ing  flow 

tubes. 20'22 These include phosphoric ac id ,  t e f l o n ,  hydrof luor ic ,  bo r i c  ac id ,  

e t c .  However, w e  obtained b e s t  r e s u l t s  with the  b o r i c  ac id  treatment.  The 

flow tube was f i r s t  cleaned w i t h  a de te rgen t  and r insed.  When dry,  a b o i l i n g  

sa tu ra ted  s o l u t i o n  of  bor i c  ac id  was poured i n t o  the  flow tube, coa t ing  a l l  of  

t h e  i n t e r i o r  su r face ,  then poured out .  The tube was subsequently heated a t  

200°C i n  an oven f o r  about 4-6 hours. 

The products  of a microwave d ischarge  in  02 a r e  ground s t a t e  o ( ~ P )  

atoms and exc i t ed  s t a t e  0 2 ( l ~ )  molecules i n  a d d i t i o n  t o  the  r e s i d u a l  ground 

s t a t e  molecules. The gas pressure  used and the  geometry of the  flow tube 

insure  s u f f i c i e n t  c o l l i s i o n s  t o  de-excite  most spec ies  and thermalize the  



products.  I n  an i d e n t i c a l  arrangement used t o  s tudy t h e  photoelectron s p e c t r a  

of 02  and 0 a t  5841 we found t h e  in teg ra ted  s i g n a l  from 02(lA) t o  be - 1 %  

of o ~ ( ~ c )  .7 Other au thors  quote va lues  of 3 t o  10% .23'25 We make use  of t h i s  

information i n  t h e  de r iva t ion ,  in  t h e  Appendix, of d o )  the  photoioniza t ion  

c r o s s  s e c t i o n  of atomic oxygen. 

A photoionization-magnetic mass spectrometer  with a mass r e s o l u t i o n  of  

about 1 i n  65 was used t o  i d e n t i f y  the  ions produced i n  the  ion chamber. 

D e t a i l s  of t h i s  instrument have been described previous ly .  26 s27 I t  was esti- 

mated t h a t  about 20-30% of 02 was d i s s o c i a t e d  a s  ind ica ted  by t h e  decrease i n  

t h e  i n t e n s i t y  of the  03 s i g n a l  from the  mass spectrometer  when t h e  microwave 

genera tor  was switched on. 

The l i g h t  source was a spark d ischarge  lamp that produced a r i c h  

spectrum of i n t e n s e  l i n e s  extending down t o  about 1 0 0 1 . ~ ~  The r a d i a t i o n  was 

d ispersed  by a 2.2 m graz ing incidence monochromator. 

Our method f o r  measuring t h e  photoioniza t ion  c r o s s  s e c t i o n  of atomic 

oxygen was s i m i l a r  t o  t h a t  used by Comes e t  a1.3 but  d i f f e r s  i n  some important -- 
d e t a i l s .  The measurement procedure was a s  follows: 

The inc iden t  r a d i a t i o n  was f r e e  t o  pass  through t h e  ion chamber of  t h e  

mass spectrometer and subsequently monitored by a windowless photo-diode. The 

ions produced were mass-analyzed and detec ted  with a Johnson type e l e c t r o n  

m u l t i p l i e r .  To e l imina te  any e f f e c t s  caused by l i g h t  source i n t e n s i t y  

v a r i a t i o n s  each ion  c u r r e n t  was measured simultaneously wi th  t h e  photo-diode 

current .  Because O+ ions were a l s o  produced from d i s s o c i a t i v e  photoioniza t ion  
+ 

of 02  it was necessary t o  measure the  ion c u r r e n t s  0' and 02 with t h e  microwave 

d ischarge  - of f  and on. An a n a l y s i s  of t h e  i o n i z a t i o n  process l e a d s  t o  t h e  - 



following equation f o r  t h e  abso lu te  photoioniza t ion  c r o s s  s e c t i o n  of atomic 

oxygen d o ) ,  see  Appendix, Eq. ( A 1  41, 

Subscr ip t s  1 and 2 r e f e r  t o  atomic and molecular p r o p e r t i e s ,  r e spec t ive ly ,  and 

primes i n d i c a t e  measurements made with t h e  microwave - on. Thus, rl and I'2 
+ 

r ep resen t  t h e  secondary e l e c t r o n  emission p r o b a b i l i t y  f o r  0+ and 02 ions ,  
1 

r e spec t ive ly ,  impinging on t h e  f i r s t  dynode of  t h e  e l e c t r o n  mul t ip l i e r .  S1 

and S1 represen t  t h e  0+ ion  s i g n a l s  with t h e  microwave generator  - on and - o f f ,  
+ 

r e spec t ive ly .  S2 represen t s  t h e  02 ion s i g n a l  w i th  no microwave discharge.  
+ + 

TI  and T2 r e f e r  t o  t h e  transmission of 0 and 02 ions  through t h e  mass 

spectrometer ,  r e spec t ive ly .  o x  is t h e  d i s s o c i a t i v e  photoioniza t ion  c r o s s  
+ 

s e c t i o n  f o r  producing O2 ions  from n e u t r a l  02 ground s t a t e  molecules (microwave 

o f f ) .  These c r o s s  s e c t i o n s  have been t abu la ted  by Samson e t  a1.26 The -- 
cons tan t  a: r e p r e s e n t s  t h e  r a t i o  of  the 02 number dens i ty  with d ischarge  - on and 

1 1 

o f f .  That is, a = n1(O2)/nZ, where n 1 ( 0 2 )  = nz + n ~ ,  which is t h e  sum of the - 
number d e n s i t i e s  of the  02 molecules i n  t h e i r  31 and A s t a t e s  with t h e  

d ischarge  - on. nz is t h e  number dens i ty  of 0 2 ( 3 z )  wi th  discharge off. An 

approximate value f o r  a can be determined by t h e  d e r i v a t i o n  given i n  t h e  

Appendix, namely , 



1 

The r a t i o  S2/S2 was measured a t  numerous wavelengths within t h e  

ion iza t ion  continuum and was found t o  be cons tan t  wi th in  + 1.5%. Typical  

va lues  were 0.7 t o  0.8 depending upon t h e  condi t ion  of the  bor ic  a c i d  coat ing .  

However, when we s e l e c t e d  wavelengths t h a t  coincided with auto ioniz  ing 

t r a n s i t i o n s  i n  t h e  02 spectrum we found some v a r i a t i o n  i n  t h e  r a t i o .  The 
f 

maximum v a r i a t i o n  was 10%. From the  Appendix w e  see t h a t  t h e  r a t i o  S2/S2 is 

weakly dependent on t h e  r a t i o  of the  ion iza t ion  c r o s s  s e c t i o n s  of O ~ ( ' A )  and 

o2(3z) .  I f  t h i s  r a t i o  shows l a r g e  v a r i a t i o n s  with wavelength, a s  is l i k e l y  i n  

auto ioniz ing regions ,  we can expect t h e  v a r i a t i o n  observed above. 

The r e l a t i v e  atomic photoioniza t ion  c r o s s  s e c t i o n  can be obtained from 

Eq. ( 1 )  a s  shown i n  t h e  Appendix. The term (S2/uz) is propor t ional  t o  t h e  

abso lu te  i n t e n s i t y  I, of t h e  r a d i a t i o n ,  which i n  t u r n  is propor t ional  t o  

( i p h / n ) ,  where iph  is t h e  photodiode c u r r e n t  and n is t h e  pho toe lec t r i c  

e f f i c i e n c y  of the  cathode. From t h i s  we  ob ta in  the  r e l a t i o n  given by Eq. (A18) 

i n  the  Appendix, namely, 

Our procedure was t o  measure t h e  r e l a t i v e  c r o s s  s e c t i o n  over t h e  e n t i r e  

wavelength region by use of Eq. (3) .  I t  was important t o  keep the  gas pressure  

cons tan t  during the  measurements. This  was achieved by use of a  Baratron 

capacitance manometer with a servo-control led leak  valve.  Af ter  accura te  

r e l a t i v e  c r o s s  s e c t i o n s  were made they were placed on an abso lu te  b a s i s  by 

determining o ( 0  from Eq.  ( 1 ) a t  304 and 5841. 

When using Eq. ( 1  ) the  assumption was made t h a t  the  transmission 

+ + 
f a c t o r s  T2 and T1 were equal  because both 02 and 0 ions were formed with 



thermal e n e r g i e s  and were e x t r a c t e d  from t h e  mass spectrometer  ion chamber wi th  

equa l  ene rg i e s .  To avoid mass d i s c r i m i n a t i o n  wi th in  t h e  ion chamber a r e p e l l e r  

p l a t e  i n s i d e  t h e  ion chamber produced a f i e l d  of  approximately 100 V/cm t o  

d r i v e  t h e  ions o u t  i n t o  t h e  a c c e l e r a t i n g  f i e l d  of  t h e  mass spec t rometer  where 

they rece ived  a n  a d d i t i o n a l  800V of  energy be fo re  e n t e r i n g  t h e  mass ana lyze r .  

I n  t h e  development o f  Eq. ( 1 )  i n  t h e  Appendix t h e  va lue  of  t h e  r a t i o  

T ~ ~ / T ~  is important.  Th i s  is t h e  r a t i o  o f  t h e  t ransmiss ion  of e n e r g e t i c  atomic 

oxygen ions  produced i n  t h e  d i s s o c i a t i v e  i o n i z a t i o n  process  t o  t he  t r ansmis s ion  

of thermal  energy oxygen ions produced i n  t h e  microwave discharge.  The 

t ransmiss ion  o f  ions i n  any mass spec t rometer  with narrow en t r ance  and e x i t  

slits, a s  in  t h e  p re sen t  instrument ,  w i l l  be  smal l  f o r  i ons  o r i g i n a l l y  c r e a t e d  

wi th  excess  k i n e t i c  energy a s  i n  t h e  p roces s  of d i s s o c i a t i v e  i on i za t i on .  Th i s  

r a t i o  can be determined a s  fol lows:  By measuring t h e  number of ions/photons 

t r a n s m i t t e d  t h e  r e l a t i v e  apparent  d i s s o c i a t i v e  i o n i z a t i o n  c r o s s  s e c t i o n  can be 

measured. This  q u a n t i t y  is normalized t o  t h e  t r u e  d i s s o c i a t i v e  i o n i z a t i o n  

c r o s s  s e c t i o n , 2 6  , at threshold  where t h e  ion energy is c l o s e  t o  z e r o  and t h e  

t ransmiss ion  is e s s e n t i a l l y  TI .  The r a t i o  o f  t h i s  normalized curve t o  t h e  t r u e  

D D va lue  of uz y i e l d s  T1/T1. The ind iv idua l  cu rves  are shown i n  Fig. 2. I t  can 

be  seen  t h a t  t h e  r a t i o  v a r i e s  from 0.2 and 1 .0  between 120 and 6501. 

The s t e p s  i n  t h e  s o l i d  l i n e  near  t h r e sho ld  f o r  t h e  abso lu t e  curve  

r e p r e s e n t  t h e  v i b r a t i o n a l  space o f  t h e  B 2 ~ -  s t a t e  of  02. The h e i g h t s  of t h e  
g 

s t e p s  a r e  p ropor t i ona l  t o  t h e  t r a n s i t i o n  p r o b a b i l i t i e s .  T r a n s i t i o n s  i n t o  t h i s  

. state a r e  followed by p r e d i s s o c i a t i o n  producing t h e  observed 0' ions.  

The va lue  of  t h e  r e l a t i v e  response  of  t h e  e l e c t r o n  m u l t i p l i e r  ( r 2 / r l )  
t + 

t o  O2 and 0 i o n s  was measured and found t o  be  1.08 when t h e  ions  impinged 

wi th  e n e r g i e s  - 3.9 kV. 



RESULTS AND DISCUSSION 

The measured abso lu te  photoioniza t ion  c r o s s  s e c t i o n s  of atomic oxygen 

a r e  tabula ted  i n  Table I and a r e  shown i n  Fig. 3 along with t h e  previous 

experimental r e s u l t s .  The r e s u l t s  by Cairns and samson2 were influenced by 

autoioniz ing s t r u c t u r e  i n  atomic oxygen5s6 and poss ib ly  by s t r u c t u r e  i n  t h e  

exc i t ed  02(16) molecular species .  Thus, we have s e l e c t e d  from t h e i r  r e s u l t s  

only the  da ta  p o i n t s  t h a t  appear t o  be f r e e  from the  e f f e c t s  of s t r u c t u r e ,  and 

w e  have shown a l l  t h e i r  d a t a  po in t s  i n  the  non-structured region below 6651. 

The l a t t e r  d a t a  a r e  i n  very good agreement with our  p resen t  r e s u l t s .  The d a t a  

of Kohl e t  a l . 4  f a l l  between our e a r l i e r  r e s u l t s  and t h e  p resen t  ones and aver- -- 
age about 10% higher than the  present  da ta .  This agreement is s i g n i f i c a n t  

because of the  d i v e r s e  na tu re  of the  t h r e e  experiments. The r e s u l t s  of  Comes 

e t  a1.3 are c o n s i s t e n t l y  30 t o  50% lower over most of t h e  wavelength range from -- 
threshold  t o  4501. Moreover, t h e i r  equation f o r  obta in ing o ( O )  appears  t o  be 

missing a f a c t o r  of  2 i n  the  denominator when compared t o  our Eq. ( 1 )  express- 

ing the  same r e l a t i o n .  This  would f u r t h e r  reduce t h e i r  va lues  r e l a t i v e  t o  t h e  

present  r e s u l t s .  

The experimental da ta  c l e a r l y  show t h e  con t r ibu t ion  t o  t h e  c r o s s  

s e c t i o n  f o r  producing O+ ions  i n  t h e i r  4 ~ 0 ,  2 ~ 0 ,  and 2 ~ o  s t a t e s .  Care was 

taken t o  avoid measurements t h a t  coincided with the  auto ioniz ing s t r u c t u r e  

preceding t h e  2 ~ o  and 2 ~ o  thresholds  ( t a b u l a t e d  by Huffman e t  a1.5 and Dehmer -- 
e t  a1. 6 ) .  However, a t  wavelengths s h o r t e r  than t h e  2 ~ o  threshold d a t a  were -- 
taken a t  a l l  poss ib le  wavelengths because the  p o s i t i o n  of s t r u c t u r e  is unknown 

i n  t h i s  region.  There is c l e a r  evidence of an auto ioniz ing l i n e  a t  

approximately 479 . h a ,  presumably belonging t o  a Rydberg s e r i e s  leading t o  t h e  



4~ l e v e l .  Less evident  is poss ib le  s t r u c t u r e  a t  3901. These were chance 

coincidences wi th  our d i s c r e t e  emission l i n e s .  A continuum source of radia-  

t i o n  w i l l  be used t o  explore t h i s  region i n  more d e t a i l .  

The random rms e r r o r s  of t h e  measured q u a n t i t i e s  cause a f 7% 

uncer ta in ty  i n  t h e  r e l a t i v e  c r o s s  s e c t i o n  curve,  Eq. ( 3 ) .  The abso lu te  va lue  

of a ( 0 )  obtained from Eq. ( 1 )  has  an est imated random rms e r r o r  of + 9%. 

However, the  s c a t t e r  among the  da ta  p o i n t s  is much l e s s  than the  quoted e r r o r s  

a s  can be seen from Fig. 3. 

We measured t h e  abso lu te  value of ~ ( 0 )  a t  5841 and 3041 by use of 

Eq. ( 1 )  and obtained c ross  s e c t i o n s  of 13.7 Mb and 7.8 Mb, r e spec t ive ly .  The 

r a t i o  of these  two abso lu te  va lues  is 1.76, whereas t h e  r a t i o s  of t h e  r e l a t i v e  

va lues  obtained by us ing Eq. ( 3 )  g ives  1.72. The good agreement of these  two 

r a t i o s  is encouraging because they a r e  independent measurements. I n  Eq. ( 3 )  we 

must use t h e  c r o s s  s e c t i o n  of Ne t o  determine n ,  whereas Eq. ( 1 )  r e q u i r e s  t h e  
-I- 

d i s s o c i a t i v e  i o n i z a t i o n  c r o s s  s e c t i o n s  f o r  producing 02 from 02. 2 9 

Our p resen t  technique should provide accura te  r e l a t i v e  photoioniza t ion  

c r o s s  s e c t i o n s  of atomic oxygen. To check t h a t  our normalizat ion of t h e  d a t a  

a t  304 and 5841 t o  provide abso lu te  c r o s s  s e c t i o n s  is reasonable we first  

consider  the  assumption t h a t  the  atomic c r o s s  s e c t i o n  should be approximately 

equal  t o  one-half the  t o t a l  absorpt ion  c r o s s  s e c t i o n  of molecular oxygen f o r  

I high energy photons. Figure 4 shows t h i s  comparison between u(0)  and ~ ( 0 ~ )  

1 from 500-1 201. Over most of the  range ~ ( 0 ~ )  is wi th in  k 10% of t h e  atomic 

c r o s s  s e c t i o n ,  and t h e r e  appears t o  be a convergence between t h e  two curves  a s  

they approach 1208 ( 1  03 eV). Of course,  t h e r e  is no reason t h a t '  t h e  two 

curves should p r e c i s e l y  coincide  i n  t h i s  wavelength region. Ejec t ion  of 

valence s h e l l  e l e c t r o n s  from t h e  molecules a r e  s t i l l  important and t h i s  can 



move molecular o s c i l l a t o r  s t r e n g t h s  from one s p e c t r a l  region t o  another .  I n  

1 f a c t ,  t h e  bump i n  the  -u(0 ) curve around 3001 is caused by an increase  i n  2  2  

d i s s o c i a t i v e  i o n i z a t i o n  of 02 ( s e e  r e f ,  26) ,  which presumably has  s t o l e n  

o s c i l l a t o r  s t r e n g t h  from t h e  longer wavelength region.  However, w e  might 

expect  t h e  two curves t o  agree  a t  higher photon energ ies ,  p a r t i c u l a r l y  when 

inner-shel l  e l e c t r o n s  a r e  involved ( e. g. K-shell e l e c t r o n s )  . The work by 

Henke and co-workers c e r t a i n l y  suppor t s  t h i s  p r e m i ~ e . 3 ~  

A more accura te  check on the  accuracy of t h e  abso lu te  d a t a  is t o  meas- 

u re  the  t o t a l  o s c i l l a t o r  s t r e n g t h  f o r  t h e  absorpt ion  process. According t o  t h e  

Thomas-Reiche-Kuhn sum r u l e  the  t o t a l  o s c i l l a t o r  s t r e n g t h  f ( t o t a 1 )  should equal  

t h e  number of  e l e c t r o n s  i n  an atom o r  m0lecule.3~ 

AZIP 2  Thus, f ( t o t a 1 )  = 1 f S  + 113 1 a a ( A ) / A  . dA , 
S 0 

where t h e  f i r s t  term is t h e  o s c i l l a t o r  s t r e n g t h  f o r  t h e  d i s c r e t e  spectrum and 

t h e  second term a p p l i e s  t o  t h e  ion iza t ion  continuum. U a  is t h e  t o t a l  

absorpt ion  c r o s s  s e c t i o n  a t  wavelength A .  For an atom t h e  absorpt ion  and 

ion iza t ion  c r o s s  s e c t i o n s  a r e  i d e n t i c a l  a t  wavelengths s h o r t e r  than t h e  

ion iza t ion  threshold.  Thus, we evaluated t h e  continuum o s c i l l a t o r  s t r e n g t h  

from t h e  ion iza t ion  threshold ,  9101, down t o  1201 using the  p resen t  d a t a  

and from 1201 t o  01 from t h e  compilation by Henke e t  a 1 . 3 ~  The r e s u l t s  -- 
were 4.58 and 2.58, r e spec t ive ly ,  y i e l d i n g  a  t o t a l  continuum f-value of  7.16. 

The problem now is t o  determine the  con t r ibu t ion  from d i s c r e t e  l i n e s .  f -va lues  

of seve ra l  d i s c r e t e  l i n e s ,  inc luding autoioniz ing t r a n s i t i o n s ,  have been 



measured by many groups.6s32'37 A c r i t i c a l  compilat ion of the  d a t a  h a s  been 

given by Wiese -- e t  a 1 . 3 ~  We have s e l e c t e d  a l l  t h e  allowed absorpt ion  

t r a n s i t i o n s  from these  compilat ions along wi th  the  d a t a  repor ted  by Dehmer - e t  

a l e 6  and ob ta in  Zfs = 0.71. T h i s  g ives  a  t o t a l  o s c i l l a t o r  s t r e n g t h  of 7.87, - 
which is only 1.6% l e s s  than t h e  requi red  value  of 8. Of course, t h e r e  w i l l  

be a small c o n t r i b u t i o n  from t h e  remaining d i s c r e t e  t r a n s i t i o n s  s t i l l  t o  be 

analyzed. 

Although t h e  uncer t a in ty  of t h e  l i n e  o s c i l l a t o r  s t r eng ths ,  quoted by 

Wiese e t  a l .  a r e  25 t o  50% t h i s  only a l t e r s  t h e  f i n a l  t o t a l  o s c i l l a t o r  s t r e n g t h  -- 
by a few percent .  Thus, the  above a n a l y s i s  of the  t o t a l  o s c i l l a t o r  s t r e n g t h  

provides a s e l f  c o n s i s t e n t  check on t h e  accuracy of t h e  present  da ta .  

Figure 5 compares our experimental r e s u l t s  ( s o l i d  c i r c l e s )  wi th  t h e  

t h e o r e t i c a l  c a l c u l a t i o n s  of S ta race  -- e t  a1. , I 6  Taylor and Burke,l7 and with 

Pradhan.Ig The da ta  of S t a r a c e  -- e t  a l .  ( s o l i d  l i n e )  were derived by use of 

Herman-Skillman (HS) wave funct ions .  These c a l c u l a t i o n s  do not  inc lude  any 

e l e c t r o n  c o r r e l a t i o n  e f f e c t s .  The agreement wi th  t h e  experimental data is 

extraordinary!  There is p r e c i s e  agreement i n  shape and magnitude with 

experiment from 120 t o  5001 and less than 10% dev ia t ion  from 5001 t o  t h e  

*DO threshold at  731.81. 

I n  c o n t r a s t ,  t h e  c a l c u l a t i o n s  of Taylor and Burke (dashed l i n e )  used 

the  more r igorous  R-matrix method. They po in t  out  t h a t  a l l  channels  a s soc ia ted  

with t h e  main f i n a l  s t a t e s  along with a l l  channels  of t h e  i n i t i a l  s t a t e  (viewed 

a s  a  bound s t a t e  of t h e  electron-plus-ion system) were included i n  t h e i r  c r o s s  

s e c t i o n  ca lcu la t ion .  Thus, in addi t ion ,  they were ab le  t o  c a l c u l a t e  t h e  posi- 

t i o n s  and shapes of many autoioniz ing l i n e s .  Their  r e s u l t s  ( d i p o l e  l eng th )  



a r e  near ly  i d e n t i c a l  t o  t h e  HS c a l c u l a t i o n s  from t h e  2 ~ o  threshold t o  s h o r t e r  

wavelengths. Their  agreement with experiment from threshold  t o  4001 is even 

b e t t e r  inc luding t h e i r  p red ic t ion  of the  2 ~ 2 ~ ~  ( 4 ~  ) 3 p ( 3 ~ 0 ,  3s0, 3p0) autoion- 

i z ing  l i n e s .  They p r e d i c t ,  i n  agreement with experiment, the  qlow rise i n  

c r o s s  s e c t i o n  near ly  201 away from t h e  peak shown i n  Fig. 5 by t h e  dashed l i n e .  

They a l s o  p r e d i c t  t h e  peak p o s i t i o n  of t h e  resonance l i n e s  t o  occur a t  479.31, 

477.61, and 475.61. The p o s i t i o n  of t h e  observed resonance can be es t imated  

only from the  p a r t i a l  coincidence with the  resonance of an emission l i n e  from 

our l i g h t  source  a t  479.431. Taylor and Burkest r e s u l t s  near  t h e  4 ~ 0  threshold 

a r e  shown i n  the  d ipole  length  ( s h o r t  dashes)  and d ipo le  v e l o c i t y  ( long  dashes)  

approximations. A t  th reshold  t h e i r  c r o s s  s e c t i o n s  a r e  4.1 and 3.4 Mb, 

r e spec t ive ly .  

The c a l c u l a t i o n s  by pradhan19 ( c r o s s e s )  and e a r l i e r  by Pradhan and 

saraphf  a l s o  used t h e  close-coupling approximation with c o r r e l a t i o n s  i n  both 

the  i n i t i a l  and f i n a l  s t a t e s .  However, t h e r e  a r e  s l i g h t  d i f f e r e n c e s  i n  t h e  

number and t y p e s  of channels included i n  t h e i r  c a l c u l a t i o n s  compared t o  those 

of Taylor and Burke. Again the  agreement with the  present  d a t a  is exce l l en t .  

They have c a l c u l a t e d  t h e  pos i t ions  of many au to  ion iz  ing resonances. We 

reproduce t h e i r  c r o s s  s e c t i o n s  before and a f t e r  t h e  3 p ( 3 ~ 0 ,  3s0,  3p0) 

resonance t o  show the  agreement with Taylor and Burke and with experiment. 

The good agreement between the  HS and close-coupling c a l c u l a t i o n s  with 

the  experimental r e s u l t s  suggests  t h a t  c o r r e l a t i o n  e f f e c t s  a r e  no t  t o o  

important in  c a l c u l a t i n g  t h e  t o t a l  photoioniza t ion  c r o s s  sec t ions  of  atomic 



oxygen, except near thresholds and in predicting the shape and positions of 

autoionizing structure. However, good calculations that only partially take 

into account correlations show poorer agreement with the present -data, at 

least from threshold down to about 450fi. Towards shorter wavelengths most of the 

calculations agree with experiment. 

The one remaining discrepancy between theory and experiment is the shape 

and magnitude of the cross section between the 2 ~ o  threshold and the first 

resonance line. It is possible that there is still some correlation lacking 

that might explain this peak in the cross section. 
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TABLE I. Absolute photoioniza t ion  c r o s s  s e c t i o n s  of atomic 

oxygen measured i n  Megabarns (1 Mb = 10-I 8 cm2). 

o Cross o Cross 
Wavelength ( A )  Sec t  ions  (Mb ) Wavelength ( A )  See t ions  (Mb) 



TABLE I (continued) 

o Cross o Cross 
Wavelength ( A )  Sec t ions  (Mb) Wavelength ( A )  Sect  ions  (Mb) 



FIGURE CAPTIONS 

1 .  Diagram of pyrex flow tube and microwave cav i ty  f o r  the  production of 

atomic oxygen. 

+ 
2. Dissoc ia t ive  photoioniza t ion  c r o s s  s e c t i o n s  f o r  the  production of 0 ions 

D from 02( o z ) .  curve ( a )  : Absolute values.  curve ( b )  : Rela t ive  va lues  

influenced by instrumental  d iscr iminat ion  a g a i n s t  ene rge t i c  ions. Data 

normalized a t  threshold  t o  abso lu te  value where t h e  k i n e t i c  energy of t h e  

fragment ions is e s s e n t i a l l y  zero. The r a t i o  of t h e  two curves is equal  t o  

t h e  transmission T~ of the  ene rge t i c  O+ ions  through t h e  mass spectrometer.  
1 

3. Absolute photoioniza t ion  c r o s s  s e c t i o n s  of  atomic oxygen a s  a func t ion  of 

wavelength. e Present  da ta ;  o Cairns and Samson ( r e f .  2 ) ; A K o h l  e t  a l .  -- 
( r e f .  4 ) ;  0 Comes e t  al. ( r e f .  3 ) .  -- 

4. Comparison of  d i r e c t  photoioniza t ion  of atomic oxygen, a ( ~ ) ,  with one ha l f  

I t h e  molecular c r o s s  s e c t i o n  -o(02), a s  a func t ion  of wavelength. 2 

5. Comparison of the  abso lu te  photoioniza t ion  c r o s s  s e c t i o n  of atomic oxygen 

with t h e o r e t i c a l  r e s u l t s .  e presen t  experimental da ta ;  x c l o s e  coupling 

ca lcu la t ions  by Pradhan ( r e f .  19) ; S o l i d  l i n e  ( excluding resonances) ,  

Herman-Skillman ca lcu la t ions  by S ta race  e t  a l .  ( r e f .  1 6 ) ;  Shor t  and long -- 
dashed l i n e s ,  d ipo le  ve loc i ty  and l eng th  approximations, r e spec t ive ly ,  i n  

t h e  close-coupling c a l c u l a t i o n s  by Taylor and Burke ( r e f .  17 ) .  
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APPENDIX 

Determination of o ( 0 )  

When atomic oxygen is produced by a microwave d ischarge  in  02 t h e  prod- 

u c t s  of t h e  d ischarge  a r e  pr imar i ly  o ( ~ P ) ,  o2(x3C), and 02(a1 A ) .  Each of 

these  spec ies  can be ionized i n  the  s p e c t r a l  region of i n t e r e s t .  I n  add i t ion ,  

both t h e  31 ground s t a t e  and t h e  1~ exc i t ed  s t a t e  of O;! produce atomic ions  

through the  process  of d i s s o c i a t i v e  photoionizat ion.  The fol lowing a n a l y s i s  t o  

determine t h e  d i r e c t  photoioniza t ion  c r o s s  s e c t i o n  of atomic oxygen o(0)  t akes  

i n t o  account the  presence of these  products.  

From t h e  Lambert-Beer Law t h e  number of ions of a given s p e c i e s  t h a t  

a r e  produced per  second is given by, 

where I, is t h e  inc iden t  number of photons/s,  o is t h e  photoioniza t ion  c r o s s  

s e c t i o n  f o r  producing a s p e c i f i c  ion,  n is t h e  number dens i ty  of the  n e u t r a l  

gas, and R is t h e  path length  from which t h e  ions a r e  co l l ec ted .  The above 

expression is t r u e  f o r  an% << 1 . 
After  t h e  ions have passed through a mass spectrometer ,  of t ransmission 

T ,  and a r e  de tec ted  by an e l e c t r o n  m u l t i p l i e r  the  output  s i g n a l  S is given by 

where G is t h e  m u l t i p l i e r  ga in ,  r is t h e  e f f i c i e n c y  f o r  secondary e l e c t r o n  

emission f o r  a s p e c i f i c  ion, and e is the  e l e c t r o n i c  charge. 

Applying Eq. (A2) t o  the  de tec t ion  of 0+ and 02+ ions  under t h e  

condi t ions  with the  microwave generator  switched OFF and ON (primed q u a n t i t i e s )  

and l e t t i n g  the  cons tant  C = RGe we obta in  t h e  fol lowing equat ions ,  



Microwave OFF 

02+: 

Microwave ON 

The s u b s c r i p t s  1 and 2 r e f e r  t o  atomic and molecular p roper t i e s ,  r e spec t ive ly ,  

and t h e  s u p e r s c r i p t  D r e f e r s  t o  d i s s o c i a t i v e  ion iza t ion  processes.  For 

D example, TI r e p r e s e n t s  t h e  transmission through t h e  mass spectrometer of  t h e  

ene rge t i c  atomic ions  produced by d i s s o c i a t i v e  photoioniza t ion  and a D 
C 

r e p r e s e n t s  t h e  d i s s o c i a t i v e  ion iza t ion  c r o s s  s e c t i o n  f o r  producing O+ from 02 

i n  t h e  ground 32 s t a t e .  The s u b s c r i p t  A r e f e r s  t o  02 i n  t h e  exc i t ed  alA s t a t e  

and n k q A  r e p r e s e n t s  t h e  number d e n s i t i e s  of 02  i n  t h e i r  C and A s t a t e s ,  

r e spec t ive ly ,  when the  microwave generator  is on. 

The t o t a l  number dens i ty  of molecular oxygen with t h e  microwave o f f  is 

n~ (on ly  ground s t a t e  molecules p resen t ) .  With t h e  microwave on some of t h e  

molecules a r e  l o s t  i n  producing atoms and some a r e  exc i t ed  i n t o  the  ' A  state. 

Thus, the  new number dens i ty  of molecules is given by, 

The l o s t  molecules a r e  then represented  by t h e  quan t i ty  [nz - n1(02) ] .  



The number dens i ty  n v ( 0 )  of t h e  atomic oxygen produced by the  microwave 

d ischarge  and appearing i n  the  ion chamber must be twice t h e  number of 02  

molecules t h a t  disappear i n  the  ion chamber when t h e  d ischarge  is on, This  

w i l l  be t r u e  provided t h a t  any atoms formed i n  t h e  f low tube and l o s t  by wall  

recombinations o r  any o t h e r  mechanism reform i n t o  02. To check t h e  v a l i d i t y  of  

t h i s  assumption t h e  mass spectrum was seamed  with and without the  microwave 

d ischarge  t o  search  f o r  new products ,  f o r  example, 03. However, no a d d i t i o n a l  

products  were observed. Thus, 

The fol lowing defined q u a n t i t i e s  he lp  t o  s impl i fy  t h e  above equat ions ,  

namely, 

F i r s t ,  e l iminate  IoC from Eq. (A6) by use of Eq. (A31 and solve f o r  o ( O ) ,  

obta in ing,  



Factor  ou t  the  quan t i ty  (nz /nv  (0 )  ) and e l imina te  a l l  number d e n s i t i e s  by use of 

Eqs, (Ag), (AlO), and ( A 1  1 ) .  Then Eq, ( ~ 1 2 )  becomes, 

D Although no measurement of u has  ever  been made it  is reasonable t o  e s t ima te  
A 

D t h a t  i t  is of the  same order  of magnitude as o z ,  and each is < ox.  Thus, 

D D 
(c: - sz)/crz w i l l  range from 0 t o  < 1 .  From Fig. 2 we  see t h a t  (T1/T1 ) ranges 

from 0.23 t o  1 .  We es t ima te  t o  be - 0.01 t o  0.05. a was t y p i c a l l y  0.7 t o  

0.8. So, t o  a  good approximation we can s e t  the  middle term t o  zero. 

D Rearranging Eq. (1213) and e l iminat ing  terms i n  (uE/cz)  by use of Eqs. (13) 

and (A61 we ob ta in  a usable expression f o r  t h e  Absolute Cross Sect ion ,  namely, 

The r e l a t i v e  c r o s s  s e c t i o n  can be obtained from Eq. (Al4) by not ing  t h a t  

(S2/uC) is propor t ional  t o  t h e  abso lu te  i n t e n s i t y  I, of t h e  inc iden t  r a d i a t i o n ,  

s e e  Eq. (A3). Fur ther ,  from the  d e f i n i t i o n  of t h e  photon d e t e c t o r  e f f i c i e n c y  

n ,  namely, 

where iph  is t h e  d e t e c t o r  s i g n a l  i n  amperes and e is t h e  e l e c t r o n i c  charge, we 

s e e  t h a t  



S u b s t i t u t i n g  i n t o  Eq. (A141 w e  obta in  the  R e l a t i v e  Cross Sect ion ,  namely, 

s ( 0 )  a ( n l i  )(s; - a s l )  ph ( A 1  7  ) 

Only t h e  r e l a t i v e  value of t h e  de tec to r  e f f i c i e n c y  nr  is required  i n  Eq. (A17) 

and t h i s  can be found a s  a  funct ion  of wavelength i n  a  sepa ra te  and 

independent experiment. When neon gas  is used i n  the  mass spectrometer  w e  

ob ta in  t h e  r e l a t i o n ,  

where o(Ne) is t h e  known c r o s s  s e c t i o n  of Ne and s ( N ~ + )  is t h e  output  s i g n a l  of 

t h e  e l e c t r o n  m u l t i p l i e r  t h a t  measures the  Ne+ ion  ~ u r r e n t . ~ g  The value of a 

can be found i n  terms of measurable q u a n t i t i e s  by use of Eqs. (A31 and (A51 and 

from t h e  d e f i n i t i o n s  of u and B .  Solving f o r  S;/S2 we obta in ,  

The quan t i ty  B is t h e  f r a c t i o n  of the  molecules t h a t  a r e  in t h e  exc i t ed  I A  

s t a t e .  Typica l ly ,  B l i e s  between 0.01 and 0.1 ,23"25 Fur ther ,  t h e  c r o s s  

s e c t i o n  of most diatomic molecules i n  t h e  ion iza t ion  continuum a r e  s i m i l a r ,  

w i th  t h e  f r a c t i o n a l  d i f f e rences  varying between zero  and + 30% between 120 and 

70011. For t h e  i so -e lec t ron ic  molecules CO and N2 t h e  v a r i a t i o n  l i e s  

between 0 and 1 65-31 Thus, we would not  expect  t h e  c r o s s  s e c t i o n s  o f  such 

s i m i l a r  molecules a s  02(32) and 02( l  A )  t o  show a l a r g e r  devia t ion .  

Consequently, we take  

T h i s  should in t roduce  l e s s  than 1 % e r r o r  i n  a. However, t h i s  assumption is not  

v a l i d  where auto  ioniz ing s t r u c t u r e  is present .  
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