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X-ray Absorption Spectroscopy

Lecture outline:

e QOverview of XAS Spectroscopy and its uses
— Synchrotron sources

e Theory (a little)
e Experiment
e |nformation content
e Data Analysis examples
BioXAS examples from literature

lecture slides and learning material available



X-ray Absorption Spectroscopy

The electromagnetic spectrum
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Photon energy

X-rays are high energy photons: Energy from about 200 eV (soft) to 120
keV (hard)

wavelength A: from 100 A to 0.1 A

E is usually expressed in electron volts (eV) or kilo eV (keV) where 1 eV =
1.6101°J.
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E.g.: blue light has E=3 eV E _1.24-10
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For X-ray spectroscopy we need tunable, intense, X-ray sources

Modern synchrotrons & XFELS
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Synchrotron radiation

When charged particles, moving at RELATIVISTIC
speeds (v = ¢ ), are forced to change the direction
of their motion (acceleration), under the effect of
magnetic fields, in circular particle accelerators,
like synchrotrons, the radiation produced is called
Synchrotron Radiation.

polychromatic
radiation

®, = angular frequency in classical approximation
p = radius of instantaneous curvature of electron
trajectory

E.: critical photon energy

E (or E.) = electron beam energy

Brightness = Flux of photons of freq. w emitted
from unit source area into unit solid angle.
Flux/S-Q

Brilliance = brightness/mm?
photons

Spectral brightness (Ao/w) =

Synchrotron radiation is characterized by:

eContinuum source from IR to y-rays

eHigh brightness and high intensity, many orders of
magnitude more than with X-rays produced in
conventional X-ray tubes

eHigh brilliance, exceeding other natural and artificial
light sources by many orders of magnitude:

3rd generation sources typically have a brilliance larger
than 108  photons/s/mm2/mrad?/0.1%BW, where
0.1%BW denotes a bandwidth 103w centered around the
frequency w.

eHigh collimation, i.e. small angular divergence of the
beam.

eLow emittance, i.e. the product of source cross section
and solid angle of emission is small

*Widely tunable in energy/wavelength by
monochromatization

eHigh level of polarization (linear or elliptical)

ePulsed light emission (pulse durations less than one
nanosecond)

The relativistic electron has an
energy:
E = ymyc?

v = Lorentz factor=1/ |1 ——=

s mrad? - mm? - 0.1%BW

fiw



The universal curve of BM synchrotron radiation

The integrated spectral density up to the
critical frequency contains half of the total
energy radiated, the peak occurs
approximately at 0.3 o,

For electrons, the critical energy:
E. = 3hcy3/(4TR)

Where R is the ring radius.

Ee=1.9 GeV
ol A [ = 400 mA
B=127T
o hiwe = 3.05 keV
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Photon energy (keV)

In practical units is: Ec(keV) = 2.218 E, ,(GeV) /R(m)

For electrons and positrons, in

practical units vy is:
v=1957 E . _ (GeV)

ring




Synchrotron radiation
ESRF - Grenoble




Synchrotron radiation
Injection process

RF cavity

Booster

Storage Ring



Synchrotron radiation
SR tunnel
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Synchrotron radiation

Bending magnet
Bending Magnet

Electron bunch

Bending magnet
radiation

-
-
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Synchrotron radiation
Wigglers

Wigglers are “insertion devices” used to increase the intensity of
synchrotron radiation by lining up a series of bending magnets which
enhance the intensity simply by the number of magnet poles. In
order to add up the intensity of the individual emission cones, the
dipoles are arranged with alternating polarity such that the electrons
are essentially moving straight except for small “wiggles” where the
radiation is emitted. The emission cones overlap and the intensity

adds up by positive interference.

- .
~
- /\W|gger radiation

fiw
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LBNL/EXXON/SSRL (1982), SSRL Beamline VI
55 pole (N=27.5), \w=7Ccm

A real wiggler

The advantage of a wiggler is
that it emits intense radiation
over a wide spectral range,
very much like a bending
magnet.

Short pulses of SR = wide
spread of vawelenghts.

1
gcen > =
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Synchrotron radiation

Undulator
Magnetic undulator Ay ] N
(N periods) = =4
272
1
Ocen = v+/N

Relativistic
electron beam,
Ee = Ymc?

photon flux

Brightness =
J (BA) (AQ)

photon flux
(AA) (AQ) (AM/L)

13
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5Windulator, beamline 7.0, N =89, A = 50 mm
e e

Undulator
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Synchrotron radiation

Bending magnet
radiation
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Typical Parameters for
Synchrotron Radiation

rreeerr ‘m

BERKELEY LaABR

Facility ALS BESSYII ESRF SP-8
Electron energy 1.90 GeV 1.70 GeV 6.04 GeV 8.00 GeV
T 3720 3330 11,200 15,700
Current (mA) 400 200 200 100
Cirenmference (m) 197 240 884 1440
RF frequency (MHz) 300 500 352 509
Pulse duration (FWHDM]) (ps) 35-70 20-50 70 120
Bending Magnet Radiation:
Bending magnet field (T) 1.27 1.30 0.806 0.679
Critical photon energy (keV) 3.05 250 19.6 289
Critical photon wavelength 0.407 nm 0.50 nm 0.634 A 04204
Bending magnet sources 24 32 32 23
Undulator Radiation:
Number of straight sections 12 16 32 45
Undulator period (typical) (cm) 5.00 490 4.20 3.20
Number of periods 89 84 38 140
Photon energy (K=1.n=1) 457 eV 373 eV 550 keV 12.7 keV
Photon wavelength (K=1.n=1) 2.71 nm 332 om 0.225 nm 0979 A
Tuning range (n= 1) 230-620 eV 140-500 eV 2.6-T3keV 47-19 keV
Tuning range (n=3) 690-1800 eV 410-1100 eV 7.7-22 eV 16-51 ke'V
Central cone half-angle (K=1) 35 prad 33 prad 17 prad 6.6 nrad
Power in central cone (K =1.n=1) (W) 23 095 14 16
Flux in central cone (photons/s) 31x 10 1.6% 101 1.6 10 7.9 101
Ty Oy (m) 260, 16 31424 395.99 380,68
Oy Oy (prad) 23,39 18,12 11,39 16,1.8
Brightness (K=1.n=1)"

[(photens/s)'mm? - mrad? - (0.1%BW)] 2.3 %101 4.6 = 1018 5.1 =108 1.8 x 1020
Total power (K= 1, all n, all 8) (W) 83 32 480 2,000
Other undulator periods (cm) 3.65, 8.00.10.0 41,5.6,125 23,32,52.85 24,10.0,3.7,120
Wiggler Radiation:

Wiggler period (typical) (cm) 16.0 12.5 8.0 12.0
Number of periods 19 32 20 37
Magnetic field (maximum) (T) 21 1.15 0.81 1.0

K (maximum) 32 128 6.0 11

Critical photon energy (keV) 51 21 20 43

Critical photon wavelength 0.24 nm 0.59 nm 0624 0204

Total power (max. K) (kW) 13 1.8 4.8 18

“Using Eq. (3.65). See comments following Eq. (5.64) for the case where Gy y = Bcan.

Professor David Attwood

Univ. Califomia, Barkeley Intro to Synchrotron Radiation, EE290F, 16 Jan 2007 TypicalParametersSynchRad ai

Courtesy of University of

California - Berkeley
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Synchrotron radiation

Focusing magnet




Synchrotron radiation

Front - end
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Double crystal monochromator

Si(111), Si(220), Si(311),
Ge(111)
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Synchrotron radiation
Beamline

Control cabin
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X-ray Absorption Spectroscopy

Acronyms

XAS  X-ray Absorption Spectroscopy: Generic term for various
techniques involving absorption of X-rays

XAFS X-ray Absorption Fine Structure: Name resuming the
following two techniques

XANES(NEXAFS) X-ray Absorption Near Edge Structure: Studies the
region just before and after the edge (about -20 eV +50 eV
from edge). It is a spectroscopic technique

EXAFS Extended X-ray Absorption Fine Structure: Studies the
region from about 50 eV up to 1000 (or more) eV from the
edge. It is a structural technique

21



normalized xp(E)

X-ray Absorption Spectroscopy

What is XAS?
 X-ray Absorption Spectroscopy exploits the x-ray photoelectric effect and the wave nature of the electron
to study the modulation of the X-ray absorption coefficient at energies in the vicinity of the absorption edge

of selected atomic species in the sample. The edge region and the extended region of the spectrum contain
information about the chemical state and coordination environment of the absorber.

e Unlike X-ray diffraction, it does not require long range translational order — it works equally well in
amorphous materials, liquids, (poly)crystalline solids and molecular gases.

XAS spectrum (Cu-edge)

I I I I I T I I I

il fibrille_aS_Cu2A ——

XAS characteristics

* interatomic distances, atom types

‘L[ (E) * coordination number (geometry) of absorber

NES EXAFS 7| » oxidation state of absorber

* covalency of coordination bonds

Cu K-edge of a Cu-peptide complex

| 1 1 1 | 1 1 | |

8900 9000 9100 9200 9300 9400 9500 9600 9700 22
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X-ray Absorption Spectroscopy

Mass absorption coefficient vs. E of different elements

107

10°

10°
10*
103
107
10!
10°

Pb

Cd
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X-ray Absorption Spectroscopy
The photoelectric effect

Continuum

photo-electron

A

Energy

A core-level electron is extracted
out of the absorbing atom that is
now in an excited state.

The kinetic energy of the free
photoelectron is the difference
between that of the absorbed
photon and that of the initial
electron state.

24



X-ray Absorption Spectroscopy

continuum
A E o photoelectron
E - Ilrf
/' 3s,p M-shell
932.7eV
-\—(’ gparz
2 3eV ::G:J b e 1/2
Iz el 2p L-shell
1096.7eV 25
;_-{-";; hv fluorescent photon
hv fby_\ SVAVAVAY.
8979eV O—& 1s K-shell

Cu metal absorption

-~

Y

*

Electrons are arranged in shells.
Photoionization: atom can be
ionized by absorption of an (X-
ray) photon if:

E > E.

photon ionization

Absorption/Emission Selection

rules:
AL=41; AS=0; Al =0, £1

Core-hole decay may occur by x-
ray fluorescence emission or by
Augier electron emission

25



X-ray Absorption Spectroscopy

How XAS happens — the physical process:
photoabsorption/photoionization

Transition rate: The Fermi golden rule

w(E) o« |(yrle - mlnbi)l2

Here gis the electric dipole vector associated with the photon and p is the
electron momentum, y; and y; are the electron initial and final states
wave-functions.

This relation is valid if considering only «elastic transitions», (i.e. all the
photon energy is transferred to the photoelectron so that only one core
electron changes its state and the remaining N — 1 electrons, passive
electrons, simply relax their orbitals around the core hole) and under the
so-called «electric dipole approximation», i.e. when the photon electric
field is constant over (almost all) the extension of the electron wave
function. Under such approximation, the electromagnetic field interacts
only with a core orbital, whose extension is smaller than the X-ray
wavelength. For 1s electrons, this is the case.

26



X-ray Absorption Spectroscopy

How XAS happens — the physical process:
photoabsorption/photoionization

Example: Cu 1s orbital Bohr radius of H in ground state

Cu 1s electron radius: /

Ao _ 0.53A _ 0'02 A

Z 29

Wavelength of photon at the Cu absorption edge:
hc  12.4 keVA
1.38A

E 89282 kel

1=

A> % : dipole approximation is well fullfilled

27
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X-ray Absorption Spectroscopy

XAS spectrum (Cu-edge)

Pre-edge/edge

and structural
information

|_regions: Electronic

ANES

Y

1 I | I 1 1 I

fibrille_aS_Cu2A ——

EXAFS

Structural information

| | | | | | |
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X-ray Absorption Spectroscopy
How XAS happens — the physical process

Electric-dipole electronic transitions between atomic quantum states.

U(E) < |(1/}f|£ : p|1/)i)|2 Transition probability
H(E) o [(ele - pli)|?
1. Core to bound states (pre-edge, edge regions): the excited
electron remains within the atom nuclear potential. The
electronic structure of the emitter bound to the molecule is
probed.
2. Core to quasi-bound states (XANES): multiple scattering
resonances between the excited electrons with low kinetic

energy dominate. Low kinetic energy electrons - Multiple scattering (typically
up to ~ 50 eV above the threshold, the region where bound to quasi-bound
transitions take place); e is scattered primarily by valence and shallow inner shell
electrons of the neighboring atoms - XANES region. 29



X-ray Absorption Spectroscopy
How XAS happens — the physical process

3. core to continuum (electron with sufficient kinetic energy to escape
into the continuum) - photoelectric effect. (EXAFS). High kinetic
energy electrons (50 -1000 eV) are scattered primarily by the core
electrons of the neighboring atoms, single scattering pathway
dominates - EXAFS region.

It is suggested that the boundary between XANES and EXAFS regions is that where the
wavelength of excited electron is equal to the distance between the absorbing atom and its
nearest neighbors. (A(A) =12/[E(eV)]%.

30



X-ray Absorption Spectroscopy

How XAS happens — electron scattering

Free electron (plane wave) scattered by an atom (spherical
potential) travels away as a spherical wave.

Electron with kinetic energy: KE > 0 in a molecular environment is
scattered be the surrounding atoms.

Low KE e is scattered by valence electrons, undergoes multiple
scattering in a molecular environment (XANES).

High KE e is scattered by core electrons, favors single scattering
(EXAFS).

The number of absorbed photons is proportional to the

absorption probability (the absorption cross-section for the
absorber A is given by: 0 = % - %; where % is the mass absorption
A

coefficient, m,is the atomic molar mass and N, is the Avogadro’s

number.
31



X-ray Absorption Spectroscopy

Example: Linear Absorption Coefficient of Cu & Ag

wp [em?/g]

] 1 | L III 1 1 |} | L L III ] ] ] 1 | L L . .
ot 12 — | @ mainly atomic
| -edges effect!
. @ strong depen-
107 = T dence on energy
DCE—Z.‘}'E
10° - @ strong depen-
dence on atomic
number:
10" - ] :xZ”
& inner shell electr.
contribute most
o | -1 III L B--4--k-1-1 I | % =i
10 4 5 6?891 2 3 4 5 6?3910 2 3 4 5678 StrDHQIY!

E [keV]
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X-ray Absorption Spectroscopy
The EXAFS equation

| 5 | < it ) |
obsor ber
o — ¢ o @
canstructive destructive
terference
EXAFS [t — i

X(k) = o

where E, is the absorption edge energy and mis the33

1 _
= — ). ¢ — ' 2
K I \/-m{E Eo) electron mass. k=0.513 AEY2(A1)




X-ray Absorption Spectroscopy
The EXAFS equation

EXAFS: Oscillatory Part of p beyond the edge

30{} D‘ T T T T T T T ¥ T T T T !‘.L - }‘.L []

' ' X(k) = EXAFS
'Iclrjl‘ﬂ}: M : " "
2009:— -

1000 -

-

canstruchive destructive

l 9000 I I I I 9500 I E{E."u'r:l I1DDDI:I interference

0

Constructive (destructive) interference:

probability to excite electron is increased (reduced)

. . 34
U has maximum (minimum)



X-ray Absorption Spectroscopy

EXAFS

How can the emitted electron influence the absorption
of the photon?

Naive picture:

1. photon is absorbed
2. electron is emitted

3. electron is scattered back by neighbors

How can scattering of electron (step 3) influence absorption
(step 1)?

35



X-ray Absorption Spectroscopy
EXAFS

How can the emitted electron influence the absorption
of the photon?

Quantum mechanical process:

photon (with given energy) is absorbed by atom and
electron is excited into (free) state!

This is a one step process!

Final state of electron is given by the local environment of
the atom!

Final state determines transition probability!

H(E) o [(Yele - Pl

36



X-ray Absorption Spectroscopy
EXAFS

How can the emitted electron influence the absorption
of the photon?

Other way of looking at the same process:

absorption of photon takes a certain time 1,

[given by the length of the wave train of the photon
(monochromaticity)|]

During that time the excited electron has time to probe the
local environment of the atom.

37



X-ray Absorption Spectroscopy

EXAFS: Monochromaticity and Coherence Time

Example: leV =1.60218 x 1013 )
energy: 9000eV h=4.13667x10"1>eV-s =
band width: ~1eV = 6.62607x10734J-s

E
=1 = 2.3-101% g7, T =44.1071
wave train contains ~ 9000 oscillations:
o = 4:101°s
In copper:

energy of electron: ~ 20-100 eV
In time 1, electron could travel ~ 50-100 A and back!

In practice, travel range limited by inelastic scattering

processes to about 10A.
38



X-ray Absorption Spectroscopy: the experiment

Experimental hutch

Monochromator
Si(111), Si(311)

@

Slits & miirrors

reference Beam stop

\
[ %
— = e_“ (E)x uC . RS, X‘A‘S‘EIuor‘eﬁcsn')c‘e Detector
I >Absorpﬁon = ¢ ol
| mode
U(E)x=In2
| _

| Fluorescence
F)_F
)=

mode
39




L L Lo Lo P | T

O ==PIMd

(5] 07
)=

O WL |

712
9/2

172

9/2
3/2
3/2
1/2
1/2

3/2
1/2
1/2

1/2

X-ray Fluorescence Emission

KII Kl]z

Cu Kg, = 8,048 eV (1.541A)
Cu Kg, = 8,028 eV (1.544A)
Cu Kg, = 8,905 eV

Cu La1 =930 eV
Cu Lc..‘2 =930 eV
Cu L[_J,_I =950 eV

Ny 4f72
Npy 4dap
NI 4s

My 3dsp
v 9d3p
3pajp

Mg 3pip
MI 35

L 2pap

Lo 2p12
LI 25

] = |l+s], [I+s-1

K 1s

Absorption edges

for copper (£ = 29):

EN1I abs = 7.7 eV

EME, abs = ?5 EV
Ep,, abs = 123 &V

EL, abs = 1,097 eV
, ..., |[-S| subshells

EK abs = 8,979 eV
(1.381A)
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Sample requirements and limitations

v" Samples can be measured in any state:
Solid (pure or solution)

Liquid (pure or solution)

Gas (also mixtures)

Frozen solutions

v" Concentrations and volume requirements depend on
energy, flux, beamline characteristics

e 1 mM (typical) - 50 uM (possible)

e Small volume (10 uL with focused beam)

41



The experimental XAS spectrum

Example: Absorption of Cu

U(E): linear absorption coefficient

3000

metallic “1
copper: (cm™)
2000

1000

0

In condensed

! Cu (K-edge) .

T T T T T T

& ——
atomic

spectrum |

un
T

=

|
Wlog(p-cm)

LS N W

--------

0 5000 E(eV) 10000

—

" 1 A i L L | i L L " 1
9000 9500 E(EV) 10000

matter: absorption fine structure
X-ray Absorption Fine Stucture

42



X-RAY & ABSORPTION EDGE ENERGIES (keV)

Element | K., | Ka, | KB, | L-lll,, | Lo, | LB, | M-V,
9F 0.687 | 0.677
11 Na 1.072 | 1.041 | 1.067

12 Mg 1.305 | 1.253 | 1.295

13 Al 1.559 | 1.486 | 1.553
14 Si 1.838 | 1.740 | 1.829
15P 2142 | 2.013 | 2.136
16 S 2472 | 2.307 | 2.464
17 ClI 2.822 | 2.622

18 Ar 3.202 | 2.957 | 3.190
19K 3.607 | 3.313 | 3.589

20 Ca 4,038 | 3.691 | 4.012 0.346 0.341 | 0.345




X-RAY & ABSORPTION EDGE ENERGIES (keV)

21 Sc 4.496 4.090 4.460 0.403 0.395 0.400
22Ti 4.965 4.510 4.931 0.454 0.452 0.458
23V 5.465 4.951 5.426 0.513 0.511 0.519
24 Cr 5.989 5.414 5.946 0.574 0.573 0.583
25 Mn 6.540 5.898 6.489 0.641 0.637 0.649
26 Fe 7.112 6.403 7.057 0.709 0.705 0.718
27 Co 7.709 6.929 7.648 0.779 0.776 0.791
28 Ni 8.333 1477 8.263 0.855 0.851 0.869
29 Cu 8.979 8.046 8.904 0.932 0.930 0.950
30 Zn 9.659 8.637 9.570 1.021 1.012 1.034
38 Sr 16.105 14.163 15.833 1.940 1.806 1.871
40 Zr 17.998 15.772 17.665 2.223 2.042 2.124
56 Ba 37.441 32.188 36.372 5.247 4465 | 4.827
57 La 38.925 33.436 37.795 5.483 4.650 5.041 0.854
58 Ce 40.449 34.714 39.251 5.724 4.839 5.261 0.902
60 Nd 43.571 37.355 42.264 6.208 5.229 5.721 0.996
72 Hf 65.351 55.781 63.222 9.561 7.898 9.021 1.697
82 Pb 88.006 74.965 84.922 13.035 10.550 | 12.612 2.484 2.345 2.442
90 Th 109.646 93.334 105.591 16.300 12.967 | 16.199 3.332 2.996 3.145
92 U 115.036 98.422 111.281 17.167 13.612 | 17.217 3.552 3.170 3.336

IS
NS




The experimental XAS spectrum

X-Ray Absorption Spectrum

& edge position: 3000
oXxidation (u4:
state cm)p
2000 |-
1000 |
|
7 9p00



The experimental XAS spectrum

X-Ray Absorption Spectrum

@ edge position: 3000
oxidation IJ'_q i
state (cm)r

@ near edge
spectrum:

local free projected 1500k

density of states

2000

L

~3poo

L 1 . L " 1 |
9500 10000
E(eV)
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The experimental XAS spectrum

X-Ray Absorption Spectrum

& edge position: 3000
oxidation : |.L-1 :
state cm)

2000

@ near edge
spectrum:
local free projected 4900
density of states

@ extended fine
structure: 0

local atomic
neighborhood

1M :
_—

'gIloniL 3500 E(LeV} 0000

XANES

X-ray Absorption Near Edge Structure
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The experimental XAS spectrum

EXAFS: Data Analysis

L Subtract
- ot contribution of
- ontribution
. other shells and
of K-shell
05l elements
L
= '
< T
-—1.5-— /
_ Contribution of other shells
-z~ and elements
T D R T T R R TR S T O TS T

Jaaa 8080 8808 E t EV]
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The experimental XAS spectrum

EXAFS: Data Analysis

3 Position of ab-
1.5 .
ud T Ni sorption edge:
; Eo not well defined
T | < rule of thumb:
E J i J“_QELEO)\ . ﬁr;t inflection
§ 3 € point on edge
" £, =8332.8eV
B-l g a g b oac ki g g ol § ¥
70009 8000

= B9 EleV)
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The experimental XAS spectrum

EXAFS: Data analysis

pd

hod |

40

20

k= 0.26245 (E-E,)

= %\/Qm(E — Fy)

LA A

S~ cubic
yﬂév v UV spline
TN B R T T T R R TR TR N SR B

subtract background
(without introducing
additional oscillations)

Oscillations:

L — [Lp
(k) =21
10

Plot oscillations
over k rather
than E.

50



The experimental XAS spectrum

EXAFS: Data Analysis

Input to EXAFS

data analysis: f )1 Ni 77K
5 I
oscillations:
o~
H— [ ;
o u\N\/\\W
Ho )

1 I i I I ] I 1 I I 1 I I I I I L
F___-__=.

|

S WO TN NN N N T A R M AN NN NNNN MNNN NN NN UNNN NN AN AN

8 5 18 18 k{A_‘;l 28
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The EXAFS formula
Elementary EXAFS formula (Lytle, Sayers, Stern)

2
x(k) = Z A;’if F;(k)D;j(k) exp(—20/k?) sin(2krj + ®@;(k))
j -

interference:

2
sin(2kr;) = sin (%Q;ﬂj)

r;» distance to neighboring shell ;
F;(k): backscattering amplitude
®,(k): scattering phases in absorber and backscatterer
N;: number of neighbors in shell ;.

SZ : amplitude reduction factor due to intrinsic inelastic effects
within the absorbing atom (0.7 — 0.9) -



The EXAFS formula
Elementary EXAFS formula (Lytle, Sayers, Stern)
C2
x(k) = Z kjr; F;(k)D;(k) exp(—Zajzkz) sin(2kr; + ®;(k))
j J
interference:

2
sin(2kr;) = sin (;TQTJ,-)

r.. distance to neighboring shell ;
F;(k): backscattering amplitude

®;(k): scattering phases in absorber and backscatterer

N;: number of neighbors in shell ;.

a.R 4 =
' A—lg\/go_rs/zln _3/2ﬂr2
21 E. ° o2 R "

Ak | s

D; = exp(—



Essential structural information from EXAFS

Frequency of distance 0.005 - 0.02 A

oscillations

Phase shift Type of atoms in /t2(Z=6-17)
shell Z+3(Z=20-35)

Amplitude of Type of atoms in N+5-25%

oscillations shell Depending on the

Number of atoms in system and data
shell (coordination quality
number
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EXAF Sk

The EXAFS signal

Frequency - Shape—+
bondlength scatterer
{0 e /
[Phase—+ : : _fj
5 _..=l:'1|1'[E'1’E'I E —n F'_I'-T ¥ |4
l /‘| | ﬁ T' Amplitude -
0 i coordination
W |I ‘ l | 1|lﬁ(-l ‘w number
5 - 'JI WJ !
10 +—
o 2 -fl IS E 1[} 12
E(A -1)
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The EXAFS formula

Elementary EXAFS formula (Lytle, Sayers, Stern)
2

NJ'SO 21,2 o
X)) = ) T2 F (0D, () exp(~207K?) sin(2kr; + @) (k)
i ]
Too many unknowns for measured data:

Some parameters must be determined in reference
experiments or by theory:

@ amplitudes F;(k)
@ phases @ (k)
@ loss factors D (k)

EXAFS: local probe of atomic arrangement
N, r;, oj, (Eo: additional fit parameter)
in neighborhood of atomic species of interest. 56



Backscattering Amplitudes (and Phases)

12

Teo & Lee
backscattering

amplitudes for
- C, Si, Ge, Sn, Pb

photoelectron is scattered in
absorber and backscatterer:

k-dependent
@ backscattering amplitude F(k)
@ phases ®(k) = @_(k) + ®,(k)

@ F(k) decreases with increasing k.

€@ superposed may be 1, 2 or 3
resonances:

Ramsauer-Townsend-
resonances

(Backscatterer becomes transparent for
certain energies of the photoelectron!)
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Scattering Phases

¢, (rad)

with Ramsauer-Townsend-Osc.

124

5 B

backscatterer

|
\

5 0 gy 15

absorber
12
B(k) = 8-
[I)I}('f‘:) + (I)a(;{) . Fe
‘ |
E ,:}.. Sni
e
-#: \G'
-84 BKN—(ST
GALisaa U SRR R T = '.l.'"" T c
5 0 iy

monotone in &

Ul

8



Fourier analysis

Identify Different Shells: Fourier Transform of x(k) - k™

N;S§
k =Z :

.C2

j J

Multiplication with k”

220E f—

1508 —

FTix-k")

M TTH

HH

‘r\||1l1'uw”

F;(k)D;(k) exp(—Zajzkz) sin(2kr; + @;(k))

n = 0, 1: short data set
n = 2, 3: long data set
(with low noise)

n = 3: enhances high k data,
makes data set effectively

longer and separates shells
better in Fourier transform
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Fourier analysis
Isolate Shell

For given shell j fit
N;S?
x;(k) = L5 F(k)D; (k) exp(—202k?) sin(2kr; + ®;(k))

kr?
Example:
EEEE?AEE b,(k) from model _ Ni 77K

oscillations: ~ o[

2kry + @1 (k) ! |
with known r, = 2.486A o ¥

i + first shell
—F(Il'l(k’) N T |

° & T K 16 {A-I] 20
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Fourier analysis
[solate Shell

For given shell j fit
Nng 27,2 o
xj(k) = F;(k)D;j(k) exp(—20/k?) sin(2kr; + ®;(k))

2
kr;

Example:

determine ®,(k) from model

substance Ni

1. Schale
oscillations:

2kry + O (k) :
with known r;, = 2.486A “F

® (k) (rad)

—:."'(I)I(k’) 4:11||||||||||LL|1¢|||

@ g @ k 15 [A_.I.j b ]
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Fourier analysis
Example: Cu at Room Temp. Analysed with 77K Data

iﬂ——
25 -
o
> al-
-rﬁ-
- reference data for
- (k) and F(k):
-5 |-
C L | 1 ' 1 L 1 1 [ 1 i L L [ I L1 L i Copper at 77K
Q

8 19 K 18 {4&-1) 29
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Fourier analysis
Example: Cu at Room Temp. Analysed with 77K Data

Fourier transform:

Main difference:

4
) ’fi damped oscillations due
. Cu to thermal motion of
150@ {— - 77K atoms
i + 25°C
% % 9
' 1899 —
— T : .
w r Fit of first shell at
ol RT with 77K data
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Input: F, @, D;

for Cu at 77K

Fourier analysis
Example: Cu at Room Temp. Analysed with 77K Data

fit expected
ri 2.5464 2.556A
N1 12.06 12
5012 0.0044A2
5Eo1 -1.48eV

jr i Ny, O3, Eg;

xk3

i

18

LI B L I

g. ﬁ F\ e




Fourier analysis

EFxample: Cu at Room Temp. Analysed with 77K Data

|
i : P[ Cu 77K
- } \ . 28 3.shells
% b
> [ :
-||-_ _" !
a-zn: RO U T N R TR T T T ST R R RN BN B R
g 3 18 _ 15 20
k(A™)

inelastic scattering length: A = 214

fit expected
ra 3.6094 | 3.603A
Na 6.4 6
5022 0.0030A2
oEon2 2.57eV

fit expected
r 4.4098 | 4.413A
N 19.4 24
5032 0.002042
oEon3 -4.61eV
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Accuracy

Accuracy of r, E,, N & o?

N;S3
x; (k) = k’r,f F;(k)D; (k) exp(—207k?) sin(2kr; + @;(k))
J

r; has little correlation with other parameters:

1
X (k) o sin(2r;k + ©(k)) k= E\/Qm(E — FEy)
High accuracy r;: 0.01Aand less 21 (k + k)
However:

N and o are 100% correlated!

—errors are compensated

—accuracy: 5-25%
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The X-ray Absorption Edge
Position of Absorption Edge

Edge is shifted
toward higher
energies with
increasing formal
valence

Screening of
nucleus by
valence electrons
decreases:

+ Cu(I),0
* Cu(IT)O
# KCuO,

0.5

Core electrons are
more tightly
o . " bound!
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The X-ray Absorption Edge
Position of Absorption Edge

Shift increases with electronegativity of ligants

L | A | strongest for:
* + As,0; oxides and
I * As,O: fluorides
0 KAsF,
(up to 13eV)
2_

;aatl PP S
11870 11880 11890

E (eV)

19850 11860
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€A

b\,
A\

The X-ray Absorption Edge
Shape of Absorption Edge

D(€)
-

DOS:
Distribution of available
states of a given energy in
a energy interval per unit
volume of a condensed
phase

|

1s

local projected density of empty
states:

U proportional to transition rate:
Rys = 2057 [(FHali) 6(Ey — E: — )
fi h. - Y 1[4/ : f T
matrix element M(E) = (f|Hq|i) only
weakly energy dependent:
(ox M(E) - p(E)

density p(F) of free final states
determines edge structure.

local: at atom of interest

free: Pauli-principle
projected: selection rule AL = 41
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The X-ray Absorption Edge
Shape of Absorption Edge

£ A local projected density of empty
states:

0 D[E],., density p(FE) of free final states

£ determines edge structure.

local: at atom of interest
free: Pauli-principle
projected: selection rule AL = 41

Angular momentum conservation:

K-, Ly-shell: s — p

A_F»JE L,-, Ly-shell: p — d, (s)

1s o

A\
hAY
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The X-ray Absorption Edge

Shape of Absorption Edge

1.0F Ni Mn
- p-DOS

" 0.8k * My
W L
o w :
= 06
: -
(W] =y L
2 04fF
o i
r / “ o2k

/ e _ EI' | N "
- A — //C::j; e 10 0 10 20 30 40

life time of excitation and
experimental energy
resolution:

pE]

— edge smoothed
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The X-ray Absorption Edge

Near Edge Spectrum

0.5}

* Cu(I)O
# KCuO,
PP :

E(eV)

9010

Finger print for
chemical state of
element of interest

Determine
concentration of
chemical compounds
in mixtures

Example:
inhomogeneous

- specimens
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X-ray Absorption Spectrum

Summary: X-Ray Absorption Spectrum

& edge position: 3000
oxidation ( “'_1 :
state cm)

2000

@ near edge
spectrum:
local free projected 4gq0
density of states

@ extended fine
structure:
local atomic
neighborhood

—

L

EXAFS

Extended X-ray Absorption
Fine Structure

lM:

=

—

5

XAN

y ] " 1 M 1 |
9500 10000
E(eV)

ES

X-ray Absorption Near Edge Structure
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EXAFS spectrum analysis
EXAFS Curve fitting

» Evaluate data quality (how many shells can be
analysed?)

» Make hypothesis about the structure of atom shells
around absorber

» Use theoretical amplitude and phase shift functions for
each atom species

» Choose initial values for ri, N;, csjz (for each shell)

» Optimize fit of y (k) by varying r,, N;, 6%, AE,
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BioXAS case studies
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EXAFS*’

-10 -

=15

10~

o
1

&
1

The case of Ni-UreE

40 + ”
30 -

<

’é 204

(1]

=

l_

L 10+
04

o - 0 1' 2 3 4 5 8

Ni — UreE

Biochemistry 2006, 45, 6495-6509

76



1(k)'K’

Close shells in Cu(l)-CopZ

FT (1(k)'K)

Biochemistry 2003, 42, 2467-2474

—— Exp. 16 4
14 -
124

104

[ N - - -]
P T TR ST TR ST SN NN TR

77



Bond Valence Sum to check EXAFS fitting results

Bond Distances and Formal Valence

For inorganic solid-state chemistry:
e there are nearly universal ionic sizes.

e Bond lengths between atoms are correlated
with formal valences of the species.

Pauling’s “2nd Rule” of electrostatic valence (Pauling, 1929) gives a

common sense view of charge balance at the atomic scale:

The total strength of the valency bonds which reach an ion

from all neighboring atoms is equal to the charge of the ion.

This works well for ionic and covalent bonds, and considers only the

near neighbors.

How can we use this information in EXAFS analysis?

L. Pauling, J. Am. Chem. Soc., 51, pp 1010 (1929)

L. Pauling, J. Am. Chem. Soc., 69, pp 542-553 (1947).

A. Bystrom and K. A. Wilhelmi, Acta Chem. Scand., 5, pp 1003-1010 (1953).
W. H. Zachariasn, Acta Cryst, 16, pp 385389 (1963).

I. D. Brown, Chem. Soc. Rev. 7, pp.359-376 (1978).
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Bond Valence Sum to check EXAFS fitting results

The Bond Valence Model

Following the description of |. D. Brown and D. Altermatt:

1. For inorganic structures, “bond” means all neighboring cation-
anion distances (a local structural view).

2. The oxidation state of a cation 7 can be written as
V, = E Siq
J
where the sum is over neighboring atoms j, with each bond
between atoms 7 and j having bond valence s;;.

3. This bond valence is most commonly parameterized as
sij = exp[(Ri; — Rij) /U]
where F;; is the bond distance between atoms 7 and j and

4. R;j and D are parameters to be determined empirically.

D. Altermatt and I. D. Brown, Acta Cryst. B41, pp.240-244 (1985).
I. . Brown and D. Altermatt, Acta Cryst. B41, pp.244-247 [1985).
M. E. Brese and M. O’Keefe Acta Cryst. B4T, pp.192-197 (1991).
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Bond Valence Sum to check EXAFS fitting results

The Bond Valence Model

Brown and Altermatt considered other functional forms, such as
! \N
sig = (Raj/Rijz)

but preferred the exponential form, because there seemed to be a

universal value for the empirical parameter b:

b=03TA

Which makes a One-Parameter Model relating Formal Valence |/,

coordination number NV, and bond distance [?:

N

V, = Z exp[(R;; — Ri;)/0.37]

=1

D. Altermatt and 1. D. Brown, Acta Cryst. B41, pp.240-244 (1985).
|. D. Brown and D. Altermatt, Acta Cryst. B41, pp.244-247 (1985).
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Bond Valence Sum to check EXAFS fitting results

Bond Valence Parameters

Altermatt and Brown (1985) analyzed ~~15000 cation environments
from the Inorganic Crystal Structure Database, and determined
reliable bond valence parameters R’ for ~150 bonds, mostly metal-

oxygen, and metal-sulfur.

Some Typical Bond Valence Parameters R’ (in A) for metal-oxides
from Altermatt and Brown:

Bond R’ (A) | Bond R’ (A)
Cu(l)-0 1.593 Cu(ll)-0 1.679
Fe(ll)-O 1.734 Fe(ll)-0  1.759
Mn(ll)-O 1.790 Mn(ll)-0  1.760
Mn(IV)-0  1.753

Brese and O’Keefe (1991) and others have tabulated additional bond

valence parameters for more anions (F, Cl, Br, Se,H ...).

N..E. Brese and M. O’Keefe Acta Cryst. BAT, pp.192-197 (1991).
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Bond Valence Sum to check EXAFS fitting results

Bond Valence Examples: Does it work?

N
/ ——
Veum = E exp|(R;; — Rij)/0.37]
=1
Mineral/Site Oxygen Coordination Vsum Viormal

Cu; 0 (cuprite)

Cu(l) 2@ 1.849A 1.002 1
CuO (tencrite)

Cu(ll) 2@1.951A,2 @ 1.961A, 2 @ 2.784A. 1.993 2
FeO (ferrous oxide)

Fe(ll) 6 @ 2.1387A 2.010 2
Fe; 05 (hematite)

Fe(lll) 3 @ 1.946A, 3 @ 2.226A. 2.955 3
CuFeO; (cuprous ferrite)

Cu(l) 2 @ 1.898A 0.877 1

Fe(lll) 6 @ 1.982A 3.284 3
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Bond Valence Sum to check EXAFS fitting results

Using Bond Valence Sums in EXAFS Analysis

Several groups (G. E. Brown, et al.) have used Bond Valence Sums as
an a posteriori check on results of EXAFS analysis:
1. Do EXAFS Analysis.

2. Do Bond Valence Sum on Resulting Local Structure.

3. Check for “Reasonableness”.
This has proven successful and useful for several real experimental
systems (Pb-0O, Ti glasses, ...)
Conclusion #2:
Bond Valence Sums provide a simple, independent check
on the Formal Valence, Coordination Number, and Bond

Lengths determined from EXAFS analysis.

F. Farges, G. E. Brown, Jr., A. Navrotsky, H. Gao, J. J. Rehr, Geochim. Cosmichim. Acta 60, pp.3039-3053 (1996).
J. R. Bargar, G. E. Brown, Jr., and G. A. Parks, Geochim. Cosmichim, Acta 61, pp.2617-2637 (1997).

K. Xia, W. Bleam, P. A. Helmke, Geochim. Cosmichim. Acta 61, pp.2223-2235 (1997).

F. Farges, D. Neuville, G. E. Brown, Jr., Am. Mineralogist 84, pp.1562—1568 (1999).

M. I. Davis, et al., Inorg. Chem. 38, pp.3676-3683 (1999).
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X-ray Absorption Edges in proteins
edge energy reflects redox state




X-ray Absorption Edges in proteins

Cu(l)-edges
In different 8001.4 oV
coordination \, 89954 eV
environments i

8983.9 eV

16

1,4P-
DTT reduced 3mM Cu(l) 12}
DTT reduced 1 mM Cu(l)
Dithionite reduced 3mM Cu(l)

Ascorbate reduced 3mM Cu(l)

10}
usf
0.6 l
OAf

0.2

Normalized Absorption

0.0

8960 8970 8980 8990 S000 9010 9020 9030 9040 9050 9060
Energy (eV)
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X-ray Absorption Edges in proteins
pre-edge transitions reflect coordination symmetry
(model compounds)

Support
coordination
number
determination
from EXAFS
analysis




X-ray Absorption Edges in proteins
(and model compounds)

1s—>4p |
Ni(l1)-N, D4y, (cyclam) Direct 1s—4p 1s—>4p+ LMTC

3d4* %Sp :ZIP %3 iﬁ%

Ni(I1)-Cl, T, ((Me,N),Cl,

18% 1s —l— 1s %

83I20 83|4O 83'60 83'80 Ground state 1s core-hole excited state

Energy (eV) Example for d?
Colpas, G. J et al. Inorg. Chem. 1991, 30, 920928

The greater intensity for square—planar complexes may be due to decreased mixing
between the empty 4p orbital (4p,) and the ligand orbitals. This intensity of the 1s—4p

transition is even more dramatic for 2-coordinate Cu(l)
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Normalized Fluorescence
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o

X-ray Absorption Edges in proteins
(an model compounds)

...... Mn(11)N,CI,
- - - Mn(IV)N,(OH),
___ Mn(IV)N,(O)(OH)

6-coordinated
complexes with
different ligands

I' L] L L] Li I' Li L] L] 'I' L L]

6530 6540 6550 6560 6570 6580
Energy (eV)

D.F. Leto & T.A. Jackson Inorg. Chem. 2014, 53, 6179-61-94
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Multi-technique approach for determining the
structure of a metallo-protein

Establishing the nature, the oxidation state and
the coordination parameters of a metal ion bound
to a protein is usually beyond the capability of
either X-ray crystallography or NMR spectroscopy

Many experimental difficulties:

‘Limitations of the technique

‘Redox reactions occurring during data acquisition
‘Radiation damage (X-ray)

‘Chemistry occurring with sample components (buffer,

additives)
‘Contamination of the sample by other metal ions



Multi-technique approach for determining
the structure of a metallo-protein

NMR = structure of the protein in solution (little
info on the metal center)

PX = structure of the protein in the crystal

XAS-EXAFS = Accurate metal-ligand distances
(constraints for NMR). Oxidation state, electronic
structure, and coordination geometry of the metal ion

XAS-NMR: XAS-PX = complete structure
determination of the protein in solution or
solid state

Banci, Bertini, Mangani J. Synchrotron Rad. 12, 24 (2005)



Multi-technique approach for determining the
structure of a metallo-protein

One example from previous work:

The structure of the copper resistance protein CopC
from P. syringae



The copper resistance system in Gram
negative bacteria (P. syringae - E. coli)

¢« L, e e _ o Outside
CopC CopB
Periplasmic

CopA oce
Cop$S \CopD
Plasmid for Cu o o s
resistance ‘ ' Cytoplasm
-]

Cha and Cooksey, PNAS 88, CopR ot Cu
8915 (1991)

Puig, Rees & Thiele
Structure, 10, 1292 (2002) ° LA B ﬂ “ E>E>
35 kb

Ccop operon




Solution structure of apoCopC

A cupredoxin-like protein involved in

copper homeostasis
70 -

B-sandwich
cupredoxin fold

Met-rich region N-term His & 6lu

Arnesano, Banci, Bertini, Mangani, Thompsett, PNAS 100, 3814 (2003)
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C1‘2-

8
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00,8
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©
£0,2
(e}
Z 0,0

Redox-driven metal transfer
The Cu(II) - CopC sample

EXAFS results:
2 Cu-His 1.9

9
2 Cu-0O/N1.97

2+
/CU

8970 8980 8990 9000 9010 9020 9030 9040

Energy (eV)

Arnesano, Banci, Bertini, Mangani, Thompsett, PNAS 100, 3814 (2003)

Do Do
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Redox-driven metal transfer
The Cu(II) - CopC sample

Arnesano, Banci, Bertini, Mangani, Thompsett, PNAS 100, 3814 (2003)



Redox-driven metal transfer

The Cu(I) - CopC sample reduced from an aliquot of
the Cu(II) sample

EXAFS

EXAFS results:

1 Cu-His 195 A

3 Cu-S (Met)2.30 A
b
6

1,4-
3
C1‘2-
3
81,0'
§o,8- ,_TSD—_
= 5 4
80,6- ; 325’ ;
NQ 4 4 1
T Edges © 20 i
£02; = 15- [
o = '
Z0,0- ] ;o
T T T T T T 1 % 1 07 a3 :
8970 8980 8990 9000 9010 9020 9030 9040 = 1 v
Energy (eV) 51
— ] 4
LL 0 5
Arnesano, Banci, Bertini, Mangani, Thompsett, PNAS 100, 3814 (2003) ‘
3
r (A)



Redox-driven metal transfer

The Cu(I) - CopC sample reduced from an aliquot of
the Cu(II) sample

EXAFS results:
1 Cu-His 195 A
3 Cu- Met 2.30 A

Arnesano, Banci, Bertini, Mangani, Thompsett, PNAS 100, 3814 (2003)



Redox-driven metal transfer

NMR + EXAFS
constraints

Fit
Cu(I)-CopC NMR(cyan)

Arnesano, Banci, Bertini, Mangani, Thompsett, PNAS 100, 3814 (2003)



Redox-driven metal transfer

Cu migrates from Cu(II) binding site to Cu(T)
binding site upon reduction!

> f
\e-Cu(ll)

The process is reversible and it can be
proposed as a trigger mechanism for copper
traffiCking Arnesano, Banci, Bertini, Mangani, Thompsett, PNAS 100, 3814 (2003)



XRF+UXANES coupled to optical
microscopy of
fluorescent-tagged proteins



Normalized XANES spectra at arsenic K-absorption edge in the cytosol, mitochondrial network,
nucleus and lysosomes of HepG2 cells exposed to As(OH),. Light microscopy of a single cell (a);
epifluorescence microscopy of the same cell showing in green the mitochondrial network (labelled
with rhodamine 123) and in blue the lysosomes (labelled with lysotracker) (b); micro-XRF distribution
of potassium (c) and arsenic (d). XANES spectra in the subcellular compartments show that the
main arsenic oxidation state is As(lll) in all organelles, with a mixture of trivalent and pentavalent

arsenic in the nucleus (e).

(a) (c)

4 .
R LA A
e F4 4NN
S O4% '

potassium
min

(b) (d)

max

arsenic

min

Richard Ortega, Guillaume Deves and Asuncién Carmona
J. R. Soc. Interface 2009 6, S649-S658

- t‘
(e) :I‘-

v, 7 lysosome
s 77 ., 6: lysosome
Ly ;
s F . u., d: lysosome
iC A
L ['!
u S | K".n
5 Y4 4 nucleus
Q [ VA
7 [ )\‘_‘_’ A\ e 5 s
L J i NG G
g /,.Pfl IL.A A
= . 3:nucleus
3 e
N ; . o
e 2: mitochondrial
(3]
= | network
o |
= l

"4, 1: cytoplasm
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11850 11900 11950
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NIH 3T3 fibroblast cell grown in
medium supplemented with 150 uM

- CuCl,.

14558 - (A)False-color XRF micrograph

e / ' showing the copper distribution
04 A

05 ‘ . .

5 »/ (B) XANES spectra acquired at various
O'o;c' " | locations (marked with white rings in
o T A).

159 .... cus _/

1.0

05 JL/_/ (C) XANES reference spectra: CuS2:
00 [Cu(SC,H45),][N(C5H,),] and CuS3:

r——t
896 897 BE8 889 S00 9501

energy [keV] [CU(SC6H5)3][P(C6H5)4]

UXRF experiments at the Advanced Photon Source of the Argonne National
Laboratory.

The instrument at the 2-ID-D beamline: detection limit of 10-1° mol-um-2 for Mn, Fe,
Cu, or Zn and a spatial resolution of 200 nm.

Yang L. et al. PNAS 102, 11179-11184 (2005)
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QLS - O8N 2

Copper trafficking
in fibroblasts upon
metabolic
stimulus (Vascular
Endothelial
Growth Factor)

colocalization

When cells are stimulated with VEGF and bFGF and plated onto the basement
membrane surface, copper translocates outwards toward the periphery of the cell
within 30- 60 min and a substantial amount is excreted.

Finney L. et al. PNAS 104, 2247-2252 (2007)



XAS reference material

International XAS Society:

https://www.ixasportal.net/ixas/

Books and Review Articles:

EXAFS: Basic Principles and Data Analysis, B.K. Teo, Springer, 1986
X-ray Absorption: Principles, Applications, Techniques of EXAFS, SEXAFS,
and XANES, in Chemical Analysis 92, D. C. Koningsberger and

R. Prins, ed., John Wiley & Sons, 1988.

Basic Principles and Applications of EXAFS, Chapter 10 in Handbook

of Synchrotron Radiation, pp 995-1014. E. A. Stern and S. M. Heald,

E. E. Koch, ed., North-Holland, 1983.

G. Bunker Introduction to XAFS, Cambridge University Press 2011
Tutorials and other Training Material:
http://gbxafs.iit.edu/training/tutorials.html Grant Bunker’s tutorials
http://srs.dl.ac.uk/XRS/courses/ Tutorial from Daresbury Lab, UK
http://bruceravel.github.io/XAS-Education/ Bruce Ravel’s XAS Education materials.
Software Resources:

https://bruceravel.github.io/demeter/
http://www.esrf.fr/computing/scientific/exafs/
http://gnxas.unicam.it/pag_gnxas.html
http://leonardo.phys.washington.edu/feff



BioXAS beam lines

https://www.elettra.trieste.it/elettra-beamlines/xafs.html Elettra general purpose XAS
http://www.esrf.eu/UsersAndScience/Experiments/CRG/BMO08 ESRF Italian XAS beamline
http://www.esrf.eu/home/UsersAndScience/Experiments/MEx/BM23.html ESRF multi purpose
beamline

http://www.esrf.eu/home/UsersAndScience/Experiments/MEx/ID24.htm| ESRF Energy dispersive XAS
http://photon-science.desy.de/facilities/petra_iii/beamlines/p64_advanced_xafs/index_eng.html
Petra lll

https://www.diamond.ac.uk/Instruments/Spectroscopy/B18.html Diamond general purpose XAS
https://www.psi.ch/sls/superxas/superxas Swiss Light Source XAS & XES

https://bioxas.lightsource.ca/ CLS spectroscopy & imaging



