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Atomic	
  absorp/on	
  spectra	
  below	
  the	
  ioniza/on	
  threshold	
  

Below	
  the	
  ioniza:on	
  threshold,	
  we	
  consider	
  electronic	
  transi:ons	
  corresponding	
  to	
  the	
  
promo:on	
  of	
  one	
  electron	
  of	
  an	
  occupied	
  core	
  orbital	
  to	
  an	
  external	
  empty	
  orbital.	
  

Corehole	
  life:me	
  

Comparison	
  of	
  the	
  Rydberg	
  serie	
  1s-­‐-­‐>	
  np	
  for	
  helium	
  and	
  argon	
  in	
  gas	
  phase	
  converging	
  
toward	
  the	
  Ioniza:on	
  Poten:al	
  (I.P.)	
  as	
  func:on	
  of	
  term	
  values	
  (excita:on	
  energy	
  -­‐	
  IP	
  (eV)).	
  	
  



Inner	
  Shell	
  excita:on	
  produces	
  instable	
  intermediate	
  state	
  which	
  decays.	
  The	
  observed	
  
resonances	
  in	
  absorp:on	
  spectra	
  correspond	
  to	
  an	
  excita:on	
  from	
  the	
  ground	
  state	
  to	
  an	
  
intermediate	
  resonant	
  state.	
  The	
  Full	
  Widh	
  at	
  Half	
  Maximum	
  (FWHM)	
  of	
  the	
  resonance	
  Γ	
  is	
  
determined	
  by	
  the	
  core	
  hole	
  life:me	
  of	
  the	
  intermediate	
  state	
  by	
  the	
  Heisenberg	
  uncertainty	
  
principle	
  Γ.τ = h/2π.	
  	
  

h/2π = 6.6	
  .	
  10-­‐16	
  eV.s	
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Absorp:on	
  spectra	
  are	
  systema:cally	
  broadened	
  by	
  the	
  photon	
  bandwidth	
  (Gaussian)	
  and	
  by	
  
the	
  core	
  hole	
  life:me	
  (Lorentzian).	
  	
  Voigt	
  profile	
  



Core	
  hole	
  life:me	
  broadening	
  of	
  K	
  shells	
  of	
  light	
  elements	
  and	
  for	
  different	
  L3	
  shells	
  as	
  a	
  
func:on	
  of	
  photon	
  energy.	
  
L3	
  shell:	
  ionisa:on	
  of	
  the	
  level	
  2p3/2	
  	
  



Molecular	
  Inner	
  Shell	
  resonant	
  excita:on	
  

The	
  electron	
  mo:on	
  are	
  much	
  faster	
  than	
  nuclear	
  mo:on,	
  electronic	
  and	
  nuclear	
  degrees	
  of	
  
freedom	
  	
  can	
  be	
  separated	
  (Born	
  Oppenheimer	
  approxima:on).	
  The	
  Franck-­‐Condon	
  principle	
  
considers	
  that	
  the	
  interatomic	
  distance	
  is	
  constant	
  during	
  the	
  fast	
  excita:on	
  process.	
  

A	
  molecule	
  XY	
  is	
  absorbing	
  a	
  photon.	
  An	
  electronic	
  transi:on	
  occurs	
  between	
  the	
  ground	
  
state	
  and	
  the	
  bound	
  excited	
  state.	
  At	
  the	
  moment	
  of	
  absorp:on,	
  the	
  excited	
  state	
  is	
  
produced	
  in	
  the	
  Franck-­‐Condon	
  region.	
  	
  	
  	
  



2	
  possibili:es:	
  
	
  -­‐	
  A	
  case,	
  the	
  two	
  poten:als	
  have	
  their	
  minima	
  at	
  the	
  same	
  internuclear	
  distance.	
  Only	
  

the	
  vibra:on	
  level	
  is	
  vf=0	
  populated.	
  
	
  -­‐	
  B	
  case,	
  the	
  two	
  poten:als	
  do	
  not	
  have	
  their	
  minima	
  at	
  the	
  same	
  internuclear	
  

distance.	
  A	
  distribu:on	
  of	
  vibra:onal	
  levels	
  is	
  produced	
  according	
  to	
  the	
  Franck-­‐Condon	
  
factors.	
  

Core equivalent model	


	


During an electronic transition wich promotes an inner shell electron toward an 
empty orbital, a localised inner hole is produced and the electronic cloud is 
adjusted to the new apparent charge of the nucleus. The core equivalent model 
stipulates that the elctronic cloud is adjusted much faster than the inner shell 
lifetime. 	



Z	



ne-	

 (n+1)e-	



Z+1	



The core excited atom is core equivalent to its successor in the Mendeleiv 
periodic table. 	





	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  The	
  core	
  equivalent	
  model	
  allows	
  to	
  predic	
  the	
  geometry	
  of	
  the	
  
core	
  excited	
  intermediate	
  state	
  (neutral)	
  as	
  well	
  as	
  Term	
  Values	
  (posi:on	
  of	
  
the	
  resonances	
  with	
  respect	
  to	
  the	
  ioniza:on	
  trheshold.).	
  

Interatomic	
  Distance:	
  1.09	
  Angstrom	
  

Interatomic	
  Distance:	
  1.15	
  Angstrom	
  



Examples	
  

The absorption spectrum is broadened by the core hole lifetime (7 fs).	


Vibrational structures are resolved because the energy spacing is superior to the 
photon bandwidth and the lifetime broadening.	


	


The N2 absorption spectrum is THE spectrum which determines the performances 
of the beamline in terms of resolution in the soft x-ray domain.	


The figure of merit R is defined as the ratio of the hollow between the two first 
resonances and the third resonance.	



Molecule CO: absorption C1s-->π*	


CO d(C,O) = 1.12 Angström	


NO d(N,O) = 1.15 Angström	



Molecule N2: absorption N1s-->π*	


N2 d(N,N) = 1.09 Angström	


NO d(N,O) = 1.15 Angström	
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Simula:on	
  of	
  nitrogen	
  spectrum	
  with	
  Voigt	
  profiles.	
  Lorentzian	
  line	
  width	
  
of	
  112.6	
  meV.	
  Gaussian	
  width	
  variing	
  between	
  40	
  meV	
  and	
  400	
  meV.	
  	
  



Absorption spectrum of the HBr molecule around the bromine 3d threshold. 	



Z+1 model: The dissociative character of HKr explains the repulsive 
character of HBr* after promotion of a 3d electron toward the LUMO σ*, so 
a very wide resonance is measured. 	



3d-->σ*	



3d-->Rydberg	
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Example:	
  Absorp:on	
  spectrum	
  of	
  the	
  BF3	
  molecule	
  around	
  the	
  boron	
  1s.	
  

B! F!
F!

F!

D3h	
  

F!

F!F!

B! *!

C3v	
  

- Lifetime broadening≈  64 meV 
 
- Vibrational spacing: Δvib ≈  63 meV 
 
- Resonance FWHM: 350 meV 

Even with an excellent photon bandwidth, it is impossible to resolve vibrational structures due to 
geometry change plane molecule --> pyramidal molecule. 
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Inner	
  shell	
  photoioniza/on	
  

Photoioniza:on	
  

If	
  the	
  photon	
  energy	
  is	
  high	
  enough,	
  an	
  inner	
  shell	
  electron	
  is	
  ejected	
  into	
  the	
  
con:nuum	
  with	
  a	
  kine:c	
  energy	
  Ec	
  leaving	
  a	
  singly	
  charged	
  molecular	
  ion.	
  

Ec	
  =	
  hν	
  -­‐	
  Eb	
  

Binding	
  energy	
  



The	
  Auger	
  Effect	
  	
  

Inner	
  shell	
  relaxa:on	
  :	
  the	
  Auger	
  effect	
  

The	
  singly	
  charged	
  ion	
  created	
  ajer	
  the	
  photoioniza:on	
  process	
  is	
  very	
  instable.	
  Two	
  decay	
  
processes	
  are	
  in	
  compe::on	
  :	
  x-­‐ray	
  fluorescence	
  and	
  Auger	
  effect.	
  The	
  Auger	
  effect	
  
dominates	
  in	
  the	
  soj	
  x-­‐ray	
  domain.	
  

Two	
  valence	
  electrons	
  are	
  involved	
  in	
  the	
  Auger	
  effect	
  :	
  
one	
  electrons	
  fills	
  the	
  inner	
  shell	
  hole	
  and	
  an	
  other	
  one	
  
is	
  ejected	
  into	
  te	
  con:nuum.	
  	
  

The	
  Auger	
  electron	
  is	
  the	
  one	
  ejected	
  into	
  the	
  
con:nuum.	
  He	
  is	
  leaving	
  a	
  doubly	
  charged	
  ion.	
  

The	
  Auger	
  electron	
  kine:c	
  energy	
  is	
  independent	
  of	
  the	
  photon	
  energy	
  and	
  only	
  
dependent	
  on	
  the	
  molecular	
  orbital	
  involved.	
  

Photoioniza:on	
  and	
  Auger	
  relaxa:on	
  are	
  sequen:al	
  processes.	
  	
  



Comparison	
  of	
  Auger	
  and	
  fluorescence	
  yield	
  as	
  a	
  func:on	
  of	
  the	
  
atomic	
  number.	
  



Limit	
  of	
  the	
  model:	
  Post	
  Collision	
  Interac:on	
  (P.	
  C.	
  I.)	
  

Close	
  to	
  threshold,	
  the	
  photoelectron	
  is	
  leaving	
  slowly	
  a	
  singly	
  charged	
  ion.	
  The	
  Auger	
  
effect	
  occurs	
  when	
  the	
  photoelectron	
  is	
  s:ll	
  close	
  to	
  the	
  ion.	
  Ajer	
  a	
  :me	
  close	
  to	
  the	
  core	
  
hole	
  life:me	
  (few	
  femtoseconds),	
  the	
  Auger	
  electron	
  leaves	
  rapidly	
  a	
  doubly	
  charged	
  ion.	
  
If	
  the	
  Auger	
  electron	
  escapes	
  faster	
  the	
  coulombic	
  field,	
  then	
  :	
  

	
  -­‐	
  the	
  photoelectron	
  «	
  feels	
  »	
  the	
  field	
  of	
  a	
  doubly	
  charged	
  ion	
  and	
  is	
  decelerated 	
  -­‐	
  
	
  -­‐	
  the	
  Auger	
  electron	
  «	
  feels	
  »	
  a	
  singly	
  charged	
  ion	
  and	
  is	
  accelerated.	
  

	
  
	
  	
  

	
  	
  	
  	
  
Assymmetric	
  shape	
  

Example:	
  the	
  CO	
  molecule	
  close	
  to	
  carbon	
  1s	
  threshold	
  	
  

Photoelectron	
  spectrum	
  of	
  the	
  CO	
  molecule	
  measured	
  at	
  311	
  eV	
  of	
  photon	
  energy.	
  



Threshold	
  photoelectron	
  without	
  PCI	
  :	
  coincidence	
  between	
  
threshold	
  electron	
  and	
  x-­‐ray	
  fluorescence.	
  

Rubensson	
  et	
  al.,	
  PRL	
  76	
  (1996)	
  3919	
  



Courbes	
  de	
  poten:el	
  

Poten:al	
  Energy	
  Curves	
  of	
  the	
  CO	
  molecule	
  in	
  the	
  
ground	
  state	
  and	
  for	
  the	
  CO+	
  ion	
  C1s-­‐1	
  et	
  O1s-­‐1.	
  

This	
  shows	
  the	
  an:bonding	
  character	
  of	
  the	
  C1s	
  molecular	
  orbital	
  and	
  the	
  bonding	
  character	
  
of	
  the	
  O1s	
  molecular	
  orbital.	
  
Kempgens	
  et	
  al.	
  J	
  Phys	
  B	
  30	
  L741-­‐L747	
  (1997)	
  	
  

Photoelectron	
  spectra	
  of	
  the	
  CO	
  molecule	
  above	
  the	
  
oxygen	
  and	
  carbon	
  1s.	
  



High	
  resolu:on:	
  Chemical	
  shij,	
  basis	
  of	
  ESCA	
  
Nobel	
  price	
  in	
  1981	
  of	
  K.	
  Siegbahn	
  

Saethre	
  et	
  al.,	
  JACS	
  123	
  10729-­‐10737	
  2001	
  	
  



1s Photoemission of nitrogen adsorbed on Ni (100) c(2x2).  	





Energy	
  shij	
  between	
  C1sσg	
  and	
  C1sσu	
  orbitals	
  of	
  acethylene	
  

!" g = 1/ 2(!
1
+ !

2
)

!" u = 1/ 2(!
1
#!

2
)

For	
  acethylene	
  the	
  CC	
  chemical	
  bond	
  is	
  short	
  (1.2	
  
Angstrom)	
  and	
  the	
  energy	
  shij	
  is	
  105	
  meV	
  	
  

Thomas	
  et	
  al.,	
  Phys.	
  Rev.	
  Lef.	
  82	
  (1999)	
  1120	
  	
  



Effet	
  Auger	
  

Auger	
  relaxa:on	
  

The	
  Coulomb	
  interac:on	
  between	
  the	
  core	
  
hole	
  and	
  the	
  valence	
  electrons	
  :	
  the	
  core	
  hole	
  
is	
  filled	
  and	
  one	
  electron	
  is	
  ejected	
  into	
  the	
  
con:nuum.	
  

< !i"
1

r12
! j!k >Matrix	
  element:	
  

ini:al	
  final	
  

i	
  

j	
  
k	
  

For	
  molecules:	
  the	
  matrix	
  element	
  is	
  higher	
  when	
  the	
  j	
  and	
  k	
  orbitals	
  are	
  localized	
  close	
  
to	
  the	
  core	
  hole	
  i.	
  	
  

Intra-­‐atomic	
  Auger	
  >>	
  Inter-­‐atomic	
  Auger	
  



Auger	
  electron	
  kine:c	
  energy:	
  
	
  

EA = Eb

i
! Eb

jk

Binding	
  energy	
  of	
  the	
  core	
  hole	
  

Binding	
  energy	
  of	
  the	
  
doubly	
  charged	
  ion	
  with	
  the	
  
two	
  holes	
  j	
  and	
  k.	
  

(Eb
jk > Eb

j + Eb
k )

Spectroscopy	
  of	
  doubly	
  charged	
  ions.	
  

Example:	
  Auger	
  spectrum	
  of	
  the	
  NO	
  molecule	
  ajer	
  oxygen	
  K	
  shell	
  ioniza:on.	
  

Rq	
  The	
  spectrum	
  is	
  broadened	
  by	
  the	
  life:me	
  broadening	
  and	
  the	
  analyser	
  resolu:on	
  but	
  not	
  
by	
  the	
  photon	
  bandwidth.	
  





Resonant Auger relaxation after inner shell 
resonant excitation.	



(1) : Inner shell resonant excitation. (2) Participator resonant Auger. (3) Spectator resonant Auger.	


(1)	

 (2)	

 (3)	





With moderate resolution, the resonant Auger lines are broadened 
by the corehole lifetime broadenings.	


	


With the development of Synchrotron Radiation facilities (2nd and 
3rd) generation, the SR brilliance became very high.	


	


Parallely, electron analysers and x-ray emission spectrometers 
became performant	


	


 High resolution spectra became measurable	


	


Surprises arrived…	





Resonant	
  Raman	
  Scafering:	
  the	
  width	
  become	
  less	
  
broad.	
  

Eisenberger	
  et	
  al.,	
  Phys.	
  Rev.	
  Lef	
  36	
  (1976)	
  623	
  

Comparison	
  experiment/theory	
  
Kα2	
  of	
  coper.	
  



Auger	
  Raman	
  resonnant	
  

The	
  width	
  of	
  the	
  Kr	
  and	
  Xe	
  resonant	
  
Auger	
  lines,	
  Kr	
  4s	
  and	
  Xe	
  5s	
  
photolines	
  as	
  a	
  func:on	
  of	
  slit	
  size	



Kr	
  4s	
  photoelectron	
  spectra,	
  recorded	
  using	
  
different	
  monochromator	
  exit	
  slit	
  
corresponding	
  to	
  different	
  photon	
  
bandwidth.	
  

A. Kivimaki et al., Phys. Rev. Lett. 71 (1993) 4307	



Photoelectrons	
  



Kramers-Heisenberg  formula :                          
 

Excita:on	
  and	
  relaxa:on	
  cannot	
  be	
  considered	
  as	
  a	
  
two	
  step	
  mechanism.	
  
The	
  excita:on	
  and	
  the	
  relaxa:on	
  occur	
  
simultaneously.	
  

i:	
  ini:al	
  state	
  
k	
  :	
  intermediate	
  state	
  
f	
  :	
  final	
  state	
  
Γk	
  :	
  life:me	
  broadening	
  of	
  the	
  intermediate	
  state	
  

! (","
1
)!

f D ' k k D i

"
1
""kf " i#kk

$
2













Core	
  hole	
  clock	
  spectroscopy	
  
Using	
  the	
  core	
  hole	
  life:me	
  to	
  measure	
  a	
  fast	
  process	
  
(nuclear	
  mo:on,	
  fragmenta:on,	
  Charge	
  Transfer…)	
  

Time	
  evolu:on	
  
Effec:ve	
  :me	
  (Ω2 + Γ2)-­‐1/2	
  

o	
  

i	
   i	
  

f	
  

Ω
	
  

ω	



ω’	



In	
  the	
  soj	
  x-­‐ray	
  domain,	
  life:me	
  are	
  in	
  the	
  order	
  of	
  a	
  few	
  femtoseconds	
  
In	
  the	
  hard	
  x-­‐ray	
  domain,	
  life:me	
  are	
  equal	
  or	
  lower	
  than	
  one	
  femtosecond	
  



Actual	
  State	
  of	
  the	
  art	
  Instrumenta:on	
  
	
  
The	
  best	
  synchrotron	
  beamlines	
  can	
  now	
  reach	
  a	
  resolving	
  
power	
  between	
  10000	
  and	
  100000.	
  Typically	
  1meV	
  at	
  100	
  
eV.	
  
	
  
High	
  Resolu:on	
  Electron	
  analysers	
  are	
  commercially	
  
available	
  (resolu:on	
  befer	
  than	
  10	
  meV).	
  
	
  
Intense	
  compe::on	
  in	
  development	
  of	
  x-­‐ray	
  emission	
  
spectrometers.	
  The	
  best	
  spectrometer	
  has	
  a	
  resolving	
  power	
  
of	
  10000.	
  
(50	
  meV	
  at	
  500	
  eV).	
  



KER

EAuger

Ground State

Core-excited state

Ultrafast fragmentation observed in the soft X-rays 

HX* 

H + X* 

H + X+ 

HX 

X= Br, Cl, I, F, NH2, OH, HS, CH2Cl, SiH3,	
  CH2F… 

O2 , SF6 

Dissociative core excited state 

Lifetime of several femtoseconds 

Fragment emission	
  









Doppler Splitting of In-Flight Auger Decay of Ultrafast 
Dissociating Oxygen Molecules 

General effect predicted by F. Gel’mukhanov et al., Phys. Rev. A (1998) and 
first observed on O2 by O. Bjorneholm et al., Phys. Rev. Lett. (2000) 

Observed on O2, O3, CF4, CH3F, SF6, doubly excited CO… 



O.	
  Kugeler,	
  G.	
  Prümper,	
  R.	
  Hentges,	
  J.	
  Vieuaus,	
  D.	
  Rolles,	
  U.	
  Becker,	
  S.	
  Marburger	
  and	
  U.	
  Hergenhahn	
  
Phys.	
  Rev.	
  Le:.	
  93	
  033002	
  (2004)	
  

Intermolecular electron scattering and electron transfer after 
primary emission.  



A.	
  Pietzsch	
  et	
  al.,	
  Phys.	
  Rev.	
  Lef.	
  106,	
  153004	
  (2011)	
  



A.	
  Pietzsch	
  et	
  al.,	
  Phys.	
  Rev.	
  Lef.	
  106,	
  153004	
  (2011)	
  



Ultrafast	
  nuclear	
  mo:on	
  of	
  core	
  excited	
  molecules	
  
Wave	
  packet	
  propaga:on	
  



B1s -> 2a2
 ’ ’ 

B! F!
F!

F!
F!

F!F!

B! *!

D3h C3v 

↑ 
F+ 

↓ 
 

← B+ → ← B+ → ← B+ → ← B+ → 

B1s -> 2a2
 ’ ’ 

170 
eV  

195.5 eV  206 
eV  

225 
eV  

M. Simon et al., Chemical Physics Letters 238, 42	
  (1995)  

Resonant excitation of the BF3 molecule around the boron 
K edge: PEPIPICO measurements 

B1s -> 2a2
 ’ ’ 

Fragmentation of doubly charged ions 



E
ne

rg
y 

Out of plane boron displacement 

Dynamical Auger emission 

Dynamical	
  Auger	
  process	
  observed	
  on	
  the	
  BF3	
  molecule	
  
excited	
  around	
  the	
  Boron	
  1s	
  edge	
  

F!

F!F!

B! *!

B! F!
F!

F!

D3h 

C3v 

Life/me	
  :	
  several	
  femtoseconds 
Geometry change within the intermediate state 

B! F!
F!

F!
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h  = 195.7 eV
 (flanc droit)

h  = 195.3 eV
 (flanc gauche)

h  = 195.5 eV
 (sommet)

M. Simon et al., Phys. Rev. Lett. (1997) 
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Bent cristal spectrometer developped for a bright source 

Polarization measurements 
Reabsorption limited 
Angular distribution 
Resolution : 500 meV at 3 keV 
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  al.,	
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Core hole lifetime : 1.05 fs	



Elastic peak broadened by nuclear motion	



Chemical bond elongation: 10 picometers within 1 femtosecond	



M. Simon et al., Phys. Rev. A 73 (2006) 020706 
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Resonant Inelastic X-ray Scattering 



Absorption spectrum of gas-phase 
HCl around the Cl 1sthreshold. 

Potential Energy Curves 
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Absorption spectrum of the HCl molecule around the K edge 
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Parallelism of 1s-1σ* and 2p-1σ* P.E.S. 



General features for molecules in RIXS 

Comparison with atomic RIXS 

In CF3Cl, (1s-1) and (2p-1) 
have parallel PES. 
 
General conclusion: RIXS 
in molecules driven by the 
topology of  PES of the 
initial, intermediate, and 
final states.  
 
 



Excitation-emission interferences in resonant x-ray emission 
after K-shell excitation in HCl 

Very short lifetime : 1 fs 
 
Coherent excitation of 
several electronic 
intermediate states 
 
 



Excitation-emission interferences in resonant x-ray emission 
after K-shell excitation in HCl 

M. Kavcic et al., Phys. Rev. Letters (2010) 

with interferences 
 
without interferences 
 
 
 
 
 



Ultrafast Charge Transfer 
Sulfur Atoms chemisorbed on Ruthenium 
S2s core hole lifetime : 500 attoseconds 
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Multiple ionization of Neon atoms  
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