Trends in XUV synchrotron radiation
UNIVERSITY research

Svante Svensson
Dept. of Physics
Uppsala University

Beam Dynamics Hamburg 2006



Third generation facilities

UNIVERSITY

e Storage ring facilities
e Emittance <10 nmrad
e Use of Insertion elements

« Use of:
— Time structure
— Polarization incl. Circular
— Spatial high degree of coherence
— Possibility of high resolution =>E/AE~10°
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j The development of the brilliance and
UPPSALA Moore ~ s law
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UPPSALA

The energy resolution of electron

UNIVERSITY spectrometers
The diagram
° displays data that
have been repor-
0- ted as "High Re-
N solution” in the
E literature
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Core electrons excitation and decay
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re excitation, ionization an ecay processes.

O O Unoccupied valence levels
==  Occupied valence levels

=@mm@=  Core levels
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Core excitation (XAS) Core ionization (XPS)
(neutral core hole state) (ionic core hole state)
H H
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H
Participator decay Spectator decay Auger decay
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Single hole state Two-hole one-particle state Double-hole state

Beam Dynamics Hamburg 2006



Improvement of resolution
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The S2p photoelectron line in H2S
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High Resolution X-ray photoelectron
UNIVERSITY spectroscopy

New effects studied at 3-G facllities

e Core levels
— Vibrational fine structure
— Molecular field splitting
— Parity splitting
— Line profiles

» Post collision
* Inter Atomic Coulombic Decay (ICD)
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Sample handling
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« Gases

e Molecular and atomic beams
e Cluster beams

e Liquid beams

o Complex surfaces

e Bulk samples
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Lasers and SR sources
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e Laser excitation in combination with SR
and advanced spectroscopy

e Laser cooling
e | aser dissociation
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Some examples

UPPSALA
UNIVERSITY

* Inter Atomic Coulombic Decay (ICD)

Theoretical prediction:

L. S. Cederbaum, J. Zobeley, and F. Tarantelli, Phys. Rev.
Lett. 79, 4778 (1997); J. Zobeley, L. S. Cederbaum, and
F. Tarantelli, J. Chem. Phys. 108, 9737 (1998).
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Interatomic Coulombic Decay
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Ne dimer
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Interatomic Coulombic Decay
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Ne dimer
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Interatomic Coulombic Decay
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Ne-Ne (2s)1
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Interatomic Coulombic Decay

Radiative decay -> Ne-Ne (2p)
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Interatomic Coulombic Decay
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Interatomic Coulombic Decay, ICD
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Interatomic Coulombic Decay

Ne (2p)21-Ne (2p)?
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Interatomic Coulombic Decay

UPPSALA
UNIVERSITY

+ a1
485y NE 2S

Ne* 2p-

21.5eV

Ne monomer
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Interatomic Coulombic Decay
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Ne**t 2p~2
63 eV
+ a1
485y NE 2S
Ne* 2p1?
21.5 eV P

Ne monomer
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Interatomic Coulombic Decay
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Ne* 2p-2
63 eV
485y NS 28" N
hv
215 eV

Ne monomer
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Interatomic Coulombic Decay

UPPSALA
UNIVERSITY

Ne**t 2p~2
63 eV
Ne* 2s Ne-Ne*
48.5 eV 48 eV
Net 2pt
21.5 eV P 21 ev,/ Ne-
Ne monomer Ne dimer
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Interatomic Coulombic Decay
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Ne™ 2p('523 eV Ne-Ne**
485y Ne'2s” 1oy NENE e
215 ev/ NE_2P° 21 ev,/ Ne-
Ne monomer Ne dimer
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Interatomic Coulombic Decay
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Ne™ 2p('523 eV Ne-Ne**
61 eV
4B5ev S22 48 eV e e Ne*-Ne;, . :V
215 ev/ NE_2P° 21 ev,/ Ne-
Ne monomer Ne dimer

Beam Dynamics Hamburg 2006



Interatomic Coulombic Decay

UPPSALA

UNIVERSITY
++ -2
61l eV

+ 2e-1
4856y e 2S

Ne* 2p1?
21.5 eV P

Ne monomer Ne dimer

Beam Dynamics Hamburg 2006



|CD-experimental evidence
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er ’A‘H Ne-Cluster, <N>=70 ]
B E IJ{ | hv=63 eV

First observation:
Hergenhahn and co-workers
observe increase i signal of
Jl_1  low kinetic energy electrons

. above Ne 2s threshold.

Intersity (arb. units)
@ @ D [ =1
o [=] (=] [=] (=] o

ST S, Marburger et all.
" 2 PRL 90, 203401 (2003)

4
Kinetic Energy (eV)

Beam Dynamics Hamburg 2006



|CD-experimental evidence
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COLTRIMS
L1 IWy 2000 300 400 SN hV:588 eV
[ [ [ [ T T
s N\ @ Below DIP
p !"\ photoelectron
;-;.5 J' | KER from dimer
E ) Coulomb explosion
| . ;L T. Jahnke et al.,
L e LI T PRL 93, 163401 (2004)
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|CD-distance dependence
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Dimer equilibrium distance
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ICD-size dependence
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Size dependence of decay rate
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R. Santra et al., PRB 64, 245104 (2000)
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Cluster production
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High pressure Vacuum

Distribution of sizes around <N>

Rare gases: <N>= f(p,T,nozzle, gas)
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|CD-cluster PES
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Ne 2s™ <N>-900
hv=100 eV

Intensity (arb. units)

Relative Binding Energy (eV)
G. Ohrwall et al., PRL 93, 173401 (2004)
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|CD-cluster PES
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Lorentzian
needed to
describe

bulk peak!

(I'*100 meV)

). | | W Gaussian

Surface peak
close to
Gaussian.

(I'<20 meV)

Intensity (arb. units)

0.5 0.0 -0.5 -1.0 -1.5 -2.0
Relative Binding Energy (eV)
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Intensity (arb. units)

ICD-size dependence

Ne (2s) ™
hv=100 eV

<N>-1100

<N>-250

0.5
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Binding Energy (eV)
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Width independent
of size for range
100-1000 atoms:

[, ,~100 meV
I <20 meV

surface



Rare-gas clusters Core levels

UPPSALA
UNIVERSITY

A

1. Polarization screening

Ar 2p XPS

2. Vibrations

Gaussian limit of Linear
coupling approximation

lonization Energy (eV)

3. Size distribution
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UPPSALA
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Vibrations in molecules

CH, C 1s XPS

Well described in terms
of the Franck-Condon
principle

Harmonic approximation:

| iIndependent contributions
_ from each normal mode

292 201

—>
290

lonization Energy (eV)
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Vibrations In clusters
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Vibrations In clusters
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Vibrations In clusters
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Vibrations In clusters
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UrrSALA Vibrations in clusters
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Complication: many modes
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Vibrations In clusters

Complication: many modes

BUT

Intra-molecular: strong

Force constants:
Inter-molecular: weak
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= Vibrations in clusters
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Complication: many modes

BUT

Intra-molecular: strong
Inter-molecular: weak

Force constants:
A

Separation of
contributions

Hydrogen bonding can be studied!
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Vibrations resolved in core
UPPSALA electron spectrum of cluster
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Core hole states have short lifetimes
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Core holes look like a positive charge for
the outer electrons

The Auger transition
fills the core hole
on very short
timescale
Life-times
typically
shorter
than 3 fs
(100 meV)
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Example Nels
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o te Early example
Ne 1s lifetime

A width of 0.28 eV
: A (At=1,2 fs)
E _i \,ﬂfﬁw

/ Analysis of
// \ Voigt Profile
) ' — i (Lorenztian tails)
B70.37 ev
BINDING EMNERGY

Figure 15, A high resolutbon recording of the Me 14 line, The measured full widih ai half maximum,

FWHM, is 0,30 L 0002 el

L, GELILS, E, BASILIER, 8 SVENSSON, T. BERGMARK and K, SIEGHAHN

Journal af Electron Speciroscopy and Related Phenomena, 1 (1974) 405-434
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Why short lived core hole states ?
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 The Auger transitions

: Local character
e Coulomb matrix element

One center
* * 1
| 4(0)EE) = . (Dedr,)drdr, Integrals
\ / by \ dominate for
Valerice Core contuum molecules
orbitals orbita

«Continuum orbital can have any symmetry.

*No selection rules (except parity).

*This integral is large whenever Auger process is energetically
possible.

Core Hole states are short lived
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From Chen& Crasemann 1974 (Ar)
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TABLE VII. Radiationless transition probabilities (in
multiples of 1072 a.u.) and fluorescence yields (in multi-
ples of 1074 for an Ar 2p vacancy in the presence of a
partially filled 3p shell, for given initial multiplet

states.
Initial
Initial hole multiplet Auger Fluorescence
configuration term rate vield
@p)1@p)! ls 9.210 0.954
® p 0.479 18.34
1)) 10.235 0.859
© 3 0.133 66.15
p 10.906 0.806
© p 0.347 25.31
@p)"1@3p)~? 2p ) 9.556 1.000
p(2) 3.38 2.828
p(3) 1.686 5.669
eP)%s 0.544 17.566
2p(h) 14.690 0.651
p(? 0.481 19.832
ép)’s 15.859 0.603
ép)ip 0.150 63.635
pP)ip 0.285 33.56
(D)F 0.2676 35.717
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Extensive calculations Chen et al 1990
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 Hunt for an x-ray laser ?
* Extensive calculations

« A few core excited states with longer
ifetimes

* No explanation of narrow lines only
output from code

M. H. Chen, F. P. Larkins, and B. Crasemann, At. Data
Nucl. Data Tables 43, 1 (1990).
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First clue: Quenched Auger transition?
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The molecular field splitting of S2p in H,S
UNIVERSITY resolved 1994 using SR

i g 8y

o [l CLEARLY OBSERVED
fie wj w%m QUENCHED TRANSITION

Kiress Heergs (2%

Svensson et al PRL 72, 3021
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Propensity rule is the clue!
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The Auger decay

Is strong only to the 2px
Orbital oriented along the x-
AXis as the 2b1l orbital

Molecular field splitting:

Oriented core orbitals!

PROPENSITY RULE
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The Auger lines have different widths
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The 3el/2 lines are narrower than the 5el1/2 lines
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Calculations
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TABLE IV. Experimental and theoretical lifetime widths of the
3¢, and Sey), core-hole states of H,S™.

Core-hole state Experiment (meV) Theory (meV)
3eq 64+2 68
5e 74+2 83

Bueno et al PHYSICAL REVIEW A 67, 022714 (2003)
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»»» How can we produce long lived states????
wesas  ULTRAFAST DISSOCIATION
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) . Disisociated
Dissociative core at

xcited state

Molecular
decay

Dissociate on same
time scale as the
\ core hole decay (2-

4fs).

Final state

Energy

Ground state

Internuclear distance
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EXTREMELY WEAK atomic signals in RAES

UPPSALA But strong signal in X-ray fluorescence
UNIVERSITY
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Preferred orientation in L, ;MM Auger decay
And SPIN FLIP IS FORBIDDEN!
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continuum Q_,a-' »’&
channel ©) < DG @

DU T .
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L
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19% 2 X26% 23%

95%
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Calculation of S2p53p5 states
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term weight (%) E (eV) T'a (meV) I'x (ueV)
'So 94 164.28 201.1 22
' Dy 92 162.95 214.6 20
Py 90 161.86 213.6 21
* Py 94 161.71 234.1 21
° P, 92 161.21 229.5 21

OCS (S 2p~'o™)
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General phenomenon
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e "Atomic grenade”
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General phenomenon
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*The lowest terms of 2p>3p" configurations.

sLong-lived atomic 2p core-hole states are generally the
energetically lowest ones with their configuration.

*These states will be preferentially populated in a dissociation
process of a core-excited molecular state where transitions
via a multitude of avoided crossing typically lead

to the energetically lowest states.
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UNIVERSITY Final comment

| have been active in SR based electron spectroscopy
for over 30,years. I have been surfing on a wave of
Brilliance $110f fde s ofmagnitude high! We are now
facmg aﬂﬂtl’ier \fery blg (7 orders?’m‘,.magmtude)

", and..poherer\t AWave of brilliances.

: ‘30 MORE YEARS %THANKS' i

‘a“‘
oﬂ‘ﬂaﬁ:m‘aﬁ o
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