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Abstract 

The X- r a y  abso rp t i on  spect ra  o f  H S  and D S  were s tud ied  near t h e  su lphu r  K - 
edge a t  h i g h  r e s o l u t i o n  u s i n g  synchro t fon r a d i i t i o n  as a  ~31?t l i1 i lous  background 
source. I n  a d d i t i o n  t o  t h e  well-known s i n g l e  e l e c t r o n  exc i ta t ; ion  l i n e s  we observe 
two new s t r u c t u r e s  i n  t h e  continuum. On the  bas i s  o f  s i n g l e  conf igu~ '~ t . io i . :  U z r t r e e  
- Fock c a l c u l a t i o n s  we ass ign these fea tu res  t o  two-e lec t ron t r a n s i t i o r i s  l e a d i n g  
t o  l e v e l s  of  t h e  f i n a l  s t a t e  c o n f i g u r a t i o n s  ?s2s2p63s2p34s np,ns, 4p np a r d  3d nu 
and t o  e x c i t e d  s t a t e s  o f  t h e  i o n  ls2s2p63s2p3 ns,  np, nd ~ p .  

1. Introduction 

Progress i n  t h e  unders tand ing o f  t h e  x - ray  abso rp t i on  near edge s t r u c t u r e  w i t h i n  

about  50 eV f rom t h r e s h o l d  - now named XANES o r  NEXAFS - was much slower than t h a t  

o f  t h e  extended s t r u c t u r e  - now c a l l e d  EXAFS - because o f  t h e  complex phys i ca l  

phenomena o c c u r i n g  near t h e  i o n i s a t i o n  t h resho ld .  In molecu lar  spect ra  f o r  exam- 

p l e ,  Rydberg and valence s t a t e s ,  shape resonances due t o  m u l t i p l e  s c a t t e r i n g  and 

"shake" peaks have been pos tu la ted  t o  be o f  importance /I/. The l a t t e r  m u l t i  

e l e c t r o n  t r a n s i t i o n s ,  i n v o l v i n g  t h e  simultaneous change o f  s t a t e s  o f  two o r  even 

more e l e c t r o n s ,  a r e  h a r d l y  observable i n  molecular spect ra  because o f  t h e  much 

s t r o n g e r  s t r u c t u r e  o f  molecu lar  o r i g i n .  Such t r a n s i t i o n s  were a l ready  p r e d i c t e d  

by Heisenberg i n  1925 /2 /  b u t  were detec ted n o t  be fo re  t he  mid  - s i x t i e s  i n  t h e  

a b s o r p t i o n  /3 / ,  t h e  shake-up photoe lec t ron spect ra  o f  r a r e  gases /4 /  and o n i y  

r e c e n t l y  i n  t h e  X - r a y  abso rp t i on , spec t ra  o f  s o l i d s  /5 / .  M u l t i - e l e c t r o n  e f f e c t s  

a r e  s t i l l  an o b j e c t  o f  t h e o r e t i c a l  s tud ies  o f  ground and f i n a l  s t a t e  c o r r e l a t i o n  

phenomena /6/  as t hey  suppor t  and check these t h e o r i e s .  

The purpose o f  t h e  present  l e t t e r  i s  t o  r e p o r t  our  new measurements of  t h e  K 

p t io toabsorp t ion  spectrum o f  su lphur  i n  gaseous H S  and D2S where emphasis i s  p u t  

on t h e  s t r u c t u r e  above t h e  f i r s t  i o n i s a t i o n  l i m i t  which was p a r t l y  observed by 

Bodeur and Esteva /7/ i n  t h e i r  r ecen t  synchro t ron r a d i a t i o n  abso rp t i on  exper iment .  

Because o f  much h ighe r  i n t e n s i t y  we were ab le  t o  measure t h e  s t r u c t u r e  more c l e a r -  

l y ,  t o  observe more s t r u c t u r e  a t  h i ghe r  energies and t o  reso l ve  even some f i v e  
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s t r u c t u r e  i n  t h e  broad low energy fea tu re .  Based on a  s e r i e s  o f  s i n g l e  coqf igura. .  

t i o n  Hartree-Fock c a l c u l a t i o n s  t h e  observed s t r u c t u r e s  a r e  assigned t o  atomic 

t r a n s i t i o n s  showing t h e  ex i s tance  o f  double e x c i t a t i o n  a l s o  i n  molecu lar  spec t ra .  

2. Experimental 

Our measurements were c a r r i e d  o u t  between 2450 eV and 2550 eV a t  t h e  Bonn 2.5 GeV 

synch ro t ron  runn ing  a t  2.0 GeV w i t h  an e l e c t r o n  c u r r e n t  o f  about 30 mA. The spec- 

t r a  were ob ta ined  by  s tandard  X-ray abso rp t i on  techn iques.  The monochrotnatized 

r a d i a t i o n  i s  moni tored by an i o n i s a t i o n  chamber before  passing through t h e  sample 

c e l l .  A  second i o n i s a t i o n  chamber i s  used as t h e  d e t e c t o r .  

A double  c r y s t a l  monochromator s i m i l a r  t o  t h e  one descr ibed by Lemonier e t  a l .  

/8/ was used and equipped w i t h  S i  (1,l , I )  c r y s t a l s ,  whereby t h e  second o rde r  

r a d i a t i o n  i s  e f f e c t i v e l y  suppressed so t h a t  h ighe r  orders  c o n t r i b u t e  l e s s  than 0 . 5  

pe r  c e n t  o f  t h e  s i g n a l .  From comparison of t h e  K - s h e l l  abso rp t i on  o f  atomic Ar 

w i t h  pub l i shed  da ta  i n  t h e  l i t e r a t u r e  /9/ and from t h e  r o c k i n g  curve o f  our cry;- 

t a l s  t h e  i ns t rumen ta l  r e s o l u t i o n  was es t imated t o  be about 0 .5  eV i n  t h e  energy 

range o f  i n t e r e s t .  The energ ies  o f  t he  repo r ted  spect ra  were c a l i b r a t e d  i n  s,in!ul-. 

taneous runs  a g a i n s t  t h e  known Ar K-edge / 9 / .  The accuracy o f  our energy p o s i -  

t i o n s  i s  es t imated t o  be b e t t e r  than z0.4  eV. Both i o n i s a t i o n  chambers were 

f i l l e d  w i t h  a i r  t o  about 100 To r r  . The sample c e l l  had a  l eng th  o f  about 1 2  cv 

and was separa ted f rom t h e  i o n i s a t i o n  chambers by vacuum t i g h f  15 mm d iameter  wjn-. 

dows c o n s i s t i n g  o f  a  12 wn t h i c k  capton f i l m .  The pressure i n  t h e  c e l l  was con- 

t r o l l e d  by  a  c a l i b r a t e d  pressure  sensor (Datamet r ics)  and was v a r i e d  between 1 

T o r r  and 20 T o r r  f o r  t h e  measurements repo r ted  here.  The p r e a m p l i f i e d  c u r r e n t s  

f rom t h e  i o n i s a t i o n  chambers were d i g i t i z e d  and were read ou t  by a  Commodore CBM 

3032 m i c r o  computer a t  l e a s t  10 t imes before  t h e  mcnochromator was s e t  by t h e  com- 

p u t e r  t o  t h e  n e x t  wavelength.  Step s i z e  was v a r i e d  between 0.02 and 0 .04 eV f o r  

d i f f e r e n t  runs .  

3. Results and Discussion 

The K -she l l  abso rp t i on  of H2S recorded a t  a  pressure o f  about 10 To r r  i s  shown i n  

f i g u r e  1. Disp layed a r e  o r i g i n a l  da ta  w i t h o u t  any process ing.  Up t o  t h e  f i r s t  

i o n i s a t i o n  l i m i t  t h i s  spectrum agrees very  w e l l  w i t h  those repo r ted  p r e v i o u s l y  by 

seve ra l  o t h e r  au tho rs .  The energ ies  o f  t h e  l i n e s  l a b e l l e d  I t o  3 i n  c h i s  f i g u r e  

(2472.4 eV, 2475.5 eV and 2476.8 eV) agree ve ry  w e l l  w i t h  those g i ven  by L a y i l i a  

/ l o /  and Mazalov e t  a l .  1 Inc luded i n  t h i s  f i g u r e  a re  p o s i t i o n s  o f  sinr;!e 

e l e c t r o n  e x c i t a t i o n s  I s  -9 np (n23) c a l c u l a t e d  us ing  a Ha r t ree  - Fock program 

/12/. The c a l c u l a t e d  energy p o s i t i o n s  were ad jus ted r e l a t i v e  t o  t h e  measurec 

i o n i s a t i o n  p o t e n t i a l  o f  2478.5 eV /13/.  A  comparison o f  t h e  measured ana r a l c ; t -  

l a t e d  l i n e s  s t r o n g l y  suppor ts  t he  assignment o f  these l i n e s  as g i ven  by L a v i l a  

/ l o /  and and Mazalov e t  a l .  /14/ which was conf i rmed a l s o  by Bodeur and i s t e v a  

/ 7 1  on t h e  b a s i s  o f  unpubl ished r e s u l t s  o f  Langhof f .  The f i r s t  l i n e  i s  molecu!ar 



i n  o r i g i n  and i s  assigned t o  a t r a n s i t i o n  t o  the antibonding o r b i t a l s  3b2 and 6al 

Lines No 2 (2475.4 eV) and No 3 (2476.8 eV) may w i t h  good confidence be assigned 

t o  t h e  second and t h i r d  member o f  the 1s 2s2323p4np (n23) Rydberg ser ies.  

ENERGY [eVl 

F ig .1 :  Sulphur K-shel l  photoabsorption cross sect ion i n  H S 

Above the  f i r s t  i o n i s a t i o n  po ten t ia l  we observe some f i n e  s t r u c t u r e  w i t h  small 

ampli tude which i s  bare ly  v i s i b l e  i n  f i g u r e  1. This s t r u c t u r e  turned ou t  t o  be 

reproduc ib le  regard ing shape and p o s i t i o n  under d i f f e r e n t  experimental cond i t i ons  

and was a l s o  observed i n  our D 2 S  spectra. I n  f i g u r e  2 we show on an enlarged 

scale the p a r t  o f  the H2S spectrum extending beyond peak No 3. To make the  f i n e  

s t r u c t u r e  observed i n  t h i s  reg ion stand ou t  more c l e a r l y  a smooth background was 

subtracted from t h e  spectrum i n  f i g u r e  1 where the form o f  the background d i d  n o t  

change e i t h e r  the  shape o r  the  p o s i t i o n  of the repor ted bands. We observe a broad 

fea tu re  (4-6)  between about 2482 eV and 2490eV w i t h  some f i n e  s t r u c t u r e  a t  tne  low 

energy s ide  and a second less  broad l i n e  ( 7 )  centered a t  about 2491.7 eV. As 

suspected by Bodeur and Esteva who observed the f i r s t  p a r t  o f  the  low energy 

s t r u c t u r e  these s t ruc tu res  could be e i t h e r  shape resonances o r  double e x c i t a t i o n s .  

I I I 
2480 2485 2490 2495 

ENERGY 1 eVI 

F ig .2 :  Sulphur K-shel l  photoabsorption i n  the double e x c i t a t i o n  reg ion 

An assignment t o  a molecular shape resonance seems t o  be u n l i k e l y  as hydrogen i s  a 

very weak backscat terer .  Therefore we bel ieve a l l  s t ruc tu re  t o  be due t o  atomic 
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double  e x c i t a t i o n s .  To c o n f i r m  t h i s  assignment we have performed a  s e r i e s  o f  
s i n g l e  c o n f i g u r a t i o n  Hartree-Fock c a l c u l a t i o n s  the  r e s u l t s  o f  which a re  a l s o  

i nc luded  i n  f i g u r e  2. As t h e  exc i t ed  core  i o n i s a t i o n  l i m i t s  o f  H  S a r e  n o t  known 

a l l  l i n e  p o s i t i o n s  i n  f i g u r e  2  a re  n o t  ad jus ted b u t  g iven as c a l c u l a t e d .  
I n  our c a l c u l a t i o n s  we have inc luded the  lowest poss ib je  shake-up t r a n s i t i o n s  as 

w e l l  as some con jugated shake-up s e r i e s .  As the s t i c k i n g  diagrams i n  f i g u r e  ; 

show, a l l  t r a n s i t i o n s  i n t o  doubly e x c i t e d  s ta tes  o f  t h e  atom i n c l u d i n g  t h e  e x c i t a -  

t i o n  o f  a  3p e l e c t r o n  severe ly  over lap i n  t he  reg ion  o f  t h e  broad s t r u c t u r e  ( 5 - 6 ) .  

Feature  No 7 i s  probably  due t o  the  lowest t r a n s i t i o n s  t o  e x c i t e d  s t a t e s  o f  t h e  

i o n  though t h e  correspondence i s  n o t  as c l e a r  as f o r  t he  s t r u c t u r e  ( 4  - 6 ) .  One 

has t o  keep i n  mind though, t h a t  t he  energies g iven i n  t h e  s t i c k i n g  diagram a re  

n o t  ad jus ted  and c a r r y  an u n c e r t a i n t y  o f  several  eV as est imated from the  d i f f e r -  

ence between experiment and our c a l c u l a t i o n  o f  t he  f i r s t  i o n i s a t i o n  l i m i t .  I n  

v iew o f  t h i s  u n c e r t a i n t y  t h e  assigned t r a n s i t i o n s  q u i t e  s a t i s f a c t o r i l y  f i t  t h e  

observed f e a t u r e s .  It even appears poss ib le  t h a t  t he  t r a n s i t i o n  due t o  the  doubly  

e x c i t e d  s t a t e  ls2s23s3p44s4p con t r i bu tes  t o  the  second s t r u c t u r e .  A  more s p e c i f i c  

assignment i s  n o t  warranted s ince severe over lap i s  expected i n  v iew o f  th,e calcu--  

l a t e d  l i n e  d e n s i t y  and the  n a t u r a l  w id ths  o f  t he  l i n e s  which i n  most cases exceed 

t h e  l i n e  spacing w i t h i n  a  Rydberg se r ies .  The s i t u a t i o n  i s  even worse than i n d i -  

ca ted as ou r  s t i c k i n g  diagrams g i v e  on l y  t h e  centers  o f  g r a v i t y  of  t h e  ccnf.ig!:ra- 

t i o n s ,  whereas most o f  t h e  con f i gu ra t i ons ,  having up t o  f o u r  open s h e l l s ,  c o n s i s t  

o f  numerous l e v e l s  spread sometimes over several  eV and more. Thus t h e  app l i ca -  

b i l i t y  o f  t h e  s i n g l e  c o n f i g u r a t i o n  ca l cu la t i ons  used here i s  a t  l e a s t  quest ion- 

ab le .  We b e l i e v e  t h i s  t o  be an example where the  method o f  unresolved t r a n s i t i o n  

a r r a y s  (UTA's l  developped by Bauche-Arnoult e t  a l .  /15/ f o r  t r a n s i t i o n s  o f  h i g h l y  

i o n i z e d  i o n s  c o u l d  be favourab ly  app l ied.  

4. Conclusion 

I n  t h e  r e g i o n  above the  f i r s t  i o n i s a t i o n  p o t e n t i a l  we have observed a  weak b u t  

r e p r o d u c i b l e  f i n e  s t r u c t u r e  i n  t h e  spect ra  o f  H2S and D2S. The double e x c i t a t i o n  

Rydberg s e r i e s  which we have ca l cu la ted  w i t h  a  non r e l a t i v i s t i c  Hartree-Fock pro-  

gram c o i n c i d e  favou rab l y  w i t h  these features.  From t h i s  f i n d i n g  we f e e l  compelled 

t o  ass ign  a l l  observed s t r u c t u r e  t q  doubly e x c i t e d  s t a t e s .  Since t h e  va lues f o r  

t h e  e x c i t e d  core  i o n i s a t i o n  l i m i t s  are  unknown and va r ious  se r ies  severe ly  ove r lap  

each o t h e r  a  more d e t a i l e d  assignment i s  n o t  appropr ia te .  
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