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RECENT PROGRESS ON THE MEASUREMENT OF ABSOLUTE ATOMIC PHOTOIONIZATION CROSS 
SECTIONS 

J . A . R .  SAMSON, L .  L Y N ( ' ) ,  G.N. HADDAD(') and G.C.   ANGEL'^) 

Behlen Laboratory of Physics, University of Nebraska Lincoln, NE 68588, 
U.S.A. 

Abstract - Recent measurements of the photoionization c ross  sec t ions  of  0, N ,  and Cfi 
a r e  reviewed and new data  a r e  presented f o r  Ne, A r ,  K r ,  and Xe. These l a t t e r  r e s u l t s  
a r e  compared with theory and revea l  a reas  of important disagreement. 

1 - INTRODUCTION 

Measurements of the absolute  photoionization c ross  sec t ions  of most atoms, with the  excep- 
t i o n  of t h e  r a r e  gases, is d i f f i c u l t  because of t h e  problem i n  measuring t h e  absolute  number 
densi ty of the absorbing gas o r  vapor. However, it is possible  t o  measure accurate  r e l a t i v e  
c ross  sec t ions  provided we can measure t h e  absolute  o r  r e l a t i v e  i n t e n s i t y  of t h e  incident  
rad ia t ion .  Such measurements of the i n t e n s i t y  of the incident  rad ia t ion  usual ly depend on 
knowing t h e  absolute  cross  sec t ions  of the  r a r e  gases /1,2/ 

I n  c e r t a i n  cases  the r e l a t i v e  c ross  sec t ion  can be placed on an absolute  bas i s  i f  the atoms 
form s t a b l e  dimers (eg. 02, N2, Cfip, e t c ) .  This  is achieved by measuring the  absolute  c ross  
s e c t i o n  of the  molecule i n  the  s p e c t r a l  region between about 50 t o  200 1. To a good approx- 
imation t h e  atomic c ross  s e c t i o n  is simply one half  of t h e  molecular c ross  sect ion.  If t h e  
r e l a t i v e  atomic c r o s s  sec t ion  measurements overlap t h i s  region they can be normalized t o  
one-half of the  molecular value. 

A second technique is t o  normalize the r e l a t i v e  continuum o s c i l l a t o r  s t reng th  t o  the value 
expected from the  Thomas-Kuhn sum rule .  A t h i r d  method is t o  normalize the  r e l a t i v e  data  t o  
t h e  semi-emperical atomic c r o s s  sec t ions  tabulated by Henke e t  a l .  / 3 / .  Each of these  tech- 
niques requ i res  t h e  r e l a t i v e  da ta  t o  be measured over an extended energy range. The bas ic  
technique t o  measure r e l a t i v e  c ross  sec t ions  is t o  use a mass spectrometer t o  i s o l a t e  the  
atom of i n t e r e s t  and measure t h e  r a t i o  of ions produced/incident photon. A t  t h e  low pres- 
s u r e s  used t h i s  r a t i o  is proport ional  t o  the photoionization c ross  sect ion.  

During the  l a s t  f i v e  years c ross  sec t iona l  measurements have been made f o r  0 /4,5/, CR /6 /  
and N /unpublished/ by use of t h e  above techniques. I n  add i t ion ,  p rec i s ion  measurements of 
t h e  absolute  c ross  sec t ions  of the  r a r e  gases have been made /7/. The r e s u l t s  of these 
measurements a r e  discussed below. 

2 - ABSOLUTE CROSS SECTIONS (0,  N ,  AND C9.) 

The experimental photoionization cross  sec t ions  fo r  N ,  ranging from threshold t o  the  K-edge, 
a r e  shown i n  Fig. 1 .  The r e l a t i v e  data  had t o  be taken i n  two sec t ions ,  f i r s t  with a normal 
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Fig. 1 - Photoionization c ross  sec t ion  of atomic nitrogen. Present r e s u l t s  a r e  shown by the  
small and la rge  closed data  points.  The s o l i d  l i n e  ind ica tes  the smoothed experimental 
values. A ,  Ehler ( r e f .  9 ) ;  0 ,  Comes ( r e f .  10); --- ( l e n g t h ) ,  -x-x- ( v e l o c i t y ) ,  L e  Dourneuf 
( r e f .  8).  

incidence monochromator . (small  s o l i d  data  points)  and then with a grazing incidence mono- 
chromator ( l a r g e  s o l i d  data  points) .  The s h o r t  wavelength data  were normalized t o  one- 
h a l f  of t h e  molecular c ross  sect ion.  The long wavelength data  were a w _ t e d  t o  give a smooth 
f i t  t o  the  extrapolated shor t  wavelength data ( s o l i d  l i n e ) .  Because the  extrapolated da ta  
covers a span of about 200 a the threshold data  could e a s i l y  be located within about + 10% 
of its present  posi t ion.  However, the  present  choice was influenced with its agreement with 
the  ca lcu la ted  values (dipole  length) of  Le Dourneuf e t  a l .  /8/. The e a r l y  experimental 
d a t a  of Ehler arid Weissler /9/ and'comes and Elzer  / lo /  a r e  a l s o  shown i n  Fig. 1. 

To i l l u s t r a t e  the r e l i a b i l i t y  of the  normalization procedure we show, i n  Fig. 2, our normal- 
ized data  along with the c ross  sec t ion  of atomic ni t rogen o(N), obtained by equating o(N) t o  
the value of one-half o(N2) and t o  the  value Co(NH3) - 3o(H)]. The tabulated data of Henke 
e t  a l .  /3/ and t h e  experimental data  of Denne /11/ a r e  a l s o  shown. The s o l i d  l i n e  repre- 
s e n t s  the  curve o(N) = CE'm, where E is the  incident  photon energy and C and m a r e  constants  
se lec ted  t o  g ive  a good f i t  t o  the  experimental data .  This  i l l u s t r a t e s  the  hydrogenic na- 
t u r e  of t h e  c r o s s  sec t ion  f o r  photon energies  g r e a t e r  than 60 eV. The t h e o r e t i c a l  data  of 
Le Dourneuf e t  a l .  a r e  included i n  t h i s  Figure t o  show t h e i r  c l o s e  agreement with t h e  ex- 
perimental r e s u l t s .  The dashed l i n e  is an est imate of the t r u e  o(N) value a t  lower photon 
energies. 

Figure 3 shows our 1985 /4/ and 1988 /5/ photoionizat ion c r o s s  sec t ions  f o r  0 along with the  
t o t a l  c ross  s e c t i o n s  of  Kohl e t  a l .  /12/ and Comes e t  al.  /13/. P a r t i a l  c ross  s e c t i o n a l  
da ta  of severa l  groups a r e  a l s o  included /14-16/. Our l a t e s t  data  reproduces the broad peak 
observed e a r l i e r  i n  the  2~ continuum ( i n  the  v i c i n i t y  of 19 eV). This  r e s u l t  is i n  disa- 
greement with most t h e o r e t i c a l  data. Another source of disagreement with theory occurs a t  
the  ion iza t ion  threshold. Several  groups /17-19/, using the  R-matrix technique or varia-  
t i o n s  of t h i s  method, c a l c u l a t e  a threshold value of 4 Mb f o r  the  c ross  sec t ion ,  whereas, 
our l a t e s t  data indicates  a value of about 3 Mb. This  discrepency is a s  ye t  unresolved. 

The autoionizing s t r u c t u r e  caused by the  2s2p4np Rydberg s e r i e s  has recen t ly  been s tudied by 
Krause e t  al. /20/ using photoelectron spectroscopy techniques. Their r e s u l t s  show t h a t  
s t rong  au to ion iza t ion  occurs i n  each of the 4.5, ZD, and 2~ continua. 
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Fig. 2 - Photoionziation cross section of atomic nitrogen. 0,  Present data (nnr!-irlized); 0, 
from 1/2 o (N2); @, from o(NH3) - 3o(H); 0 , Denne (ref. 1 1  ); A, Kenke (ref. 3); 8 , Le 
Dourneuf (ref. 8). 

Fig. 3 - Photoionization cross section of atomic oxygen. 0 (1985) and (19881, Samson 
(refs. 4,s); V, Kohl (ref. 12); A, Comes (ref. 13). Partial cross sections; 4 , Hussein 
(ref. 14); 0 , Dehmer (ref. 15); 3 , Samson (ref. 16). 
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Figures 4 and 5 show the absolute  photoionization c ross  sec t ions  of atomic ch lor ine  /6/ 
compared t o  severa l  t h e o r e t i c a l  r e s u l t s  /21-26/. There is general ly  good agreement between 
theory and experiment a t  the  higher photon energies. However, the  various t h e o r e t i c a l  re- 
s u l t s  d i f f e r  s e r i o u s l y  between each o ther  and with the  experimental r e s u l t s  near threshold 
/15-21 eV). 

Fig. 4 - Photoionization c ross  sec t ion  of atomic chlorine.  . (normalized), 0 and from 7/2 
cr (CE2), Samson re f .  6 ) ;  - - -, Cherepkov, e t  a l .  ( r e f .  21 ); ---- , Yarzhemsky, e t  a l .  
( r e f .  22). 

Fig 5 - Photoionization c ross  sec t ion  of atomic chlorine.  0, smoothed experimental data ,  
Samson ( re f .  6 ) ;  -, Drown, e t  a l .  ( r e f .  24);-*-• -7 Lamoureux, e t  a l .  ( r e f .  23); ..*.. 
Fie lder ,  e t  al .  ( re f .  25);  - - - -, Shahabi, e t  a l .  ( r e f .  26). 



3 - ABSOLUTE CROSS SECTIONS (Ne, A r ,  K r ,  and Xe) 

Accurate values of the photoionization cross  sec t ions  of the  r a r e  gases a r e  very important 
because they provide a  standard t o  t e s t  the v a l i d i t y  of the various t h e o r e t i c a l  r e s u l t s .  
However, i f  we compare the  ca lcu la t ions  using the  R e l a t i v i s t i c  Random Phase Approximation 
(RRPA) /27,28/ with the tabulated recommended experimental values /29,30/ we see s i g n i f i c a n t  
deviat ions i n  c e r t a i n  s p e c t r a l  regions. These vary from a few percent t o  150%. This has 
prompted us t o  make new precis ion measurements t o  an accuracy of 1% or  l ess .  Deta i l s  of the 
experimental techniques have been published / 7 / .  The prec i s ion  c r o s s  sec t iona l  measurements 
f o r  Ne, Ar, K r ,  and Xe, along with some unpublished data  w i t h  a  + 3% accuracy, a r e  presented 
i n  Figs. 6-12 and compared with the R R P A  r e s u l t s  of Huang e t  a l .  /28/. We have a l s o  in- 
cluded the experimental data of Watson /31/ and Lang and Watson /32/ who quote an accuracy 
of + 3%. We a r e  i n  excel lent  agreement with t h e i r  r e s u l t s . f o r  Ne and A r  but fo r  K r  and Xe 
our respec t ive  data  f a l l  outs ide of the quoted e r r o r  limits. 

Fig. 6 - Photoionization c ross  sect ion of Ne. o (55%).  Samson ( r e f .  2 ) ;  (+3%) ,  present 
da ta ;  - - -; Marr and West ( r e f .  29).  
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Fig. 7  - Photoionization c ross  sec t ion  of Ne. (+3%) ,  present data;  o, 7etson ( r e f .  31);  
--- , Marr'and West ( r e f .  29);-..-, Huang, e t  a l .  ( r e f .  28). 
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Fig. 8 - Photoionization c ross  sec t ion  of Ar. ( * 3 % ) ,  present da ta ;  o ,  Watson ( r e f .  31 ); --- , Marr and West ( r e f .  2 9 ) ;  ---.--, Huang e t  al .  ( r e f .  28).  
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P i g .  9 - Photoionization c ross  sec t ion  of  Kr. @ (6 .P t o  3$ ) ,  present da ta ;  ---, Narr and 
West ( r e f .  29); -.. ---- Huang e t  al .  ( r e f .  28). 
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Fig. 10 - Photoionization cross section of Kr. (+3%), present data; o, Lang and Watson 
(ref. 32); ---, Marr and West (ref. 29); -.a-..- , Huang, et al. (ref. 28). 
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Fig. 1 1  - Photoionization cross sections of Xe. (0.8 to 3%) and (+3%), present data; --- , West and Morton (ref. 30); -"-"- , Huang, et al. (ref. 28). 
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Pig. 12 - Photoionization c ross  sec t ions  of Xe. (+3%), present  data;  o ,  Lang and Watson 
( re f .  32) ;  ---, West and Morton ( r e f .  30);**-*-- , Huang, e t  a l .  ( r e f .  28). 

I n  general ,  our new r e s u l t s  bring the experimental and t h e o r e t i c a l  r e s u l t s  c loser  together. 
However, the re  a r e  s t i l l  some s u b s t a n t i a l  deviat ions,  a s  can be seen i n  t h e  Figures. The k 
percent values shown i n  t h e  Figures represent  the  deviat ion above(+) o r  below(-) our new 
da ta  fo r  both the  calculated data and the tabulated experimental data. 

We a r e  continuing our p rec i s ion  measurements t o  f u r t h e r  reduce the  experimental uncertain- 
t i e s .  However, it would appear worthwhile t o  have f u r t h e r  t h e o r e t i c a l  s t u d i e s  performed. 
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