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SESAME Machine
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3D drawing of the SESAME Building



Machine Design Parameters

1014
Parameter m Value
Energy GeV 2.5
Circumference m 133.2
Current mA 400
Beam Liftime hr 21.5
Magnetic field (BM) T 1.45 77777777777777777
T = - N R —— SOLEIL (400 mA) """""""" o a\
Critical energy eV 60494 eSRE Goomay
10" : L |
1 10 100
Photon Energy [keV]

SESAME machine is comparable to world class machines
SOLEIL, France and SLS Switzerland



XAFS/XRF Beamline




Brief History of the XAFS/XRF beamline

Task Period

Conceptual Design Report July 2012

Technical Design Report October 2014

Installation (Pb Hutches, Optics) March 2016

Control and alignment 2015-July 2017

Call for proposals (Sem-0) March, 2017 (36 submitted, 19 accepted)
FE installation April-September 2017

Start BL commissioning October 2017

First Monochromatic beam November 2017

First Scan November 2017

End BL commissioning July 2018 (only 3 months of operation)
First non-official User April 2018

Official beamtime for Users July 2018

Second call for proposals (Sem-1) October 2018 (61 submitted, 36 accepted)
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Beamline Design Parameters

Parameter m Value

Source (BM) T 1.45 s e e

Hor. acceptance mrad 3 E RN

Vert. acceptance mrad 0.6 210‘3

Energy range keV 4 -30 %3 ,,,,,,,

Energy resolution - ~ 104 §1012

Photon flux (S1) Ph/sec  2x10'2 (8keV) B iy

Beam size (1) mm? | ~0ax01 - Tt P\
Beam size (S2) pum? 8x10 i o l;:h;,tio;,;ﬁll“,’ergy [;(evi' B
Photon flux (S1) Ph/sec  5x10° (8keV)

Energy range

» Lower limit due to absorption of air in the EH
» Higher limit due to machine limitation




XAFS/XRF beamline optics

Donation by: Helmholtz-Zentrum Dresden Rossendorf (HZDR, Germany)
ROBL (BM20) a CRG beamline at ESRF

VCM: Vertical Collimating Mirror
DCM: Double crystal Monochromator
VFM : Vertical Focusing Mirror

WM: Wire Monitor
M-SIt: Monochromatic Slits



XAFS/XRF Beamline at SESAME
(operational since 2018)

Source (BM)

Hor. acceptance mrad
Vert. acceptance mrad
Energy range keV

Energy resolution -
Photon flux (S1) Ph/sec

Beam size (S1) mm?

Design Parameters

Parameter m Value

1.45
3
0.6
4.7-30
~ 104
2x10%? (8keV)
1x1 - 5x20



XAFS/XRF beamline: “Current Situation”

Si(111) & Si (311)
Crystals

Beamline Characteristics

Energy range 4.5 - ~30 keV

PERIODIC CHART OF THE ELEMENTS

Beam current 300 mA (decay mode)
Beam Size 2x2 mm? to 5 x 20 mm?
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Construction

Lead Hutches (OP +ES):

Constructed in May 2016 (CARATELLI)

Air Outlet Air Outlet

Chicane e i i
-, . S Electrical Fl}llds Chicane
- Chicane
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XAFS/XRF Beamline “Constructing the Hutches”

Optical Hutch




Installation of Optics |
N

| Installing
major optics: wmay2016




Installation of Optics

Installation of major optics:
May 2016

| i, N d)
| Installatmn&eay




Cooling of the VCM

U Aligning all the optics components
UTesting:

v' Motion system

v" Cooling system

v' Vacuum system

1111111

B lignment of the DCM
&
Other components

Adding a fluorescence screen
Dismantling vertical slits (alignment)






Experimental Station

5 Axis Motorized Positioning Stage
(Optics Focus)

( Fe
S® e - e e

PR for the Sample
Manipulator issued

2 short ionization chambers
1 long IC for the I, (OKEN, Japan)

5-1194A1

5-119661

PR for the Ionization
chambers issued




Experimental Station: Detectors

A typical energy selective fluorescence spectrum:

Signal output

Output connector
(analog)

Vacuum tightness

Number of
channels

Peaking time range
Software
parameters

Signal form

Digital interfaces
Channel depth
ADC

Maximum read-out
speed

Clock frequency

Low noise preamplifier (XIA DXP)

LEMO FFS.00.250

Optional; He leakage rate <10-* mbar - 1/s
max. 8192

0.1 to 24 psin 24 steps

Digital gain, threshold, peaking time etc.

Ramped reset type +1 Vto -2 V; 5 mV/keV

USB 2.0, RS232 (on request)
24 bit
14 bit

1 ms (@1024 channels)

40 MHz

1,0E406

1,0E+05 9

e e
[=] [=]
2 2
a +
w E

Counts [a.u.]

1,0E+02 o

1,0E+01 4

40 mm? SDD chip collimated to 30 mm? active area
Peaking time 1 ps
FWHM 124.2 eV
P/B 23,581
P/T3,842

6 7 8

a4 5
Energy [keV]



New Fluorescence Detector System: 64 Silicon Drift Detectors

\
=4 INFN (ltaly), Elettra (italy) & SESAME [JgR&

1. Front-end PCBs
2. Conditioning PCBs

3. Brass profile with cooling
liquid flowing inside

4. Insertion guides at flanks
of detecting heads

5. Rails for eight detection
heads

6. Power supply and filters
7. Back-end PCBs

8. Inlet cooling distribution
9

Outlet cooling distribution

10. Ethernet PCBs

11. Power supply connectors

8 Modules x 8 SDDs with a Total
collimated sensitive area of 499 mm?



Beamline Experimental Setup
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Commissioning of the beamline: (searching for Mono beam)

16-11-2017 — 22-11-2017




First spectrum collected on the XAFS/XRF beamline at SESAME

K-edge XANES on Cu foil

1.4

normalized xp(E)
o =
© - ()

o
o

——SESAME - RT
Elettra -10K

Normalized Absorbance

o
IS

Nt
)

8950 9000 9050 9100
Energy (eV)

d XANES data collected at the K-edge of a Cu metal foil (Cu*?)
» Binding Energy: 8.979 keV
» Good resolution compared to other beamlines

First user of the XAFS/XRF beamline was in July 2018




XAFS Experiment




Summary XAFS

give access to the modulations in the x-ray absorption
coefficient ( ) as a function of incoming photon energy ( ) related to the ion
probed in the sample.

 selective chemically,

e available for almost all elements,

o efficient as low as ppm level,

e sensitive to redox-, and coordination,

» sensitive to medium range environment,

e work in aperiodic-, and other structurally complex
structures such as liquids, soils, glasses, alloys...

* highly used nowadays in biochemistry, environmental
sciences, geochemistry, archaeology, catalysis...




XAFS study: from experiment to results

Data collection




Suitable samples

There are good reviews on sample preparation, for example:
» Matt Newville, Anatomy of an XAFS Measurement
» Rob Scarrow, Sample Preparation for EXAFS Spectroscopy

» General requirements
« uniform on a scale of the absorption length of the material (typ. ~ 10 ym)
« prepared without pinholes

» Shape, aggregative state
* Solids: powders, foils etc.; single crystals and thin foils can utilize
polarization properties of SR.
« Liquids
» Gases

» Concentrations

« for transmission: typ. > 1 wt% (depending on the stoichiometry of the sample matrix)
» for fluorescence: typ. >100 ppm and 1mM



Before arriving at the beamline

Which detection mode to use:
 concentrated samples, transparent to x-rays — transmission
* dilute samples — fluorescence

* not transparent samples (low-E or thick) — total electron yield
or fluorescence (with self-absorption correction)

Probing depth:

* transmission: the full sample thickness (bulk sensitivity)

» fluorescence: ~(absorption length) * sin(¢), 0.1 — 10 ym
» total electron yield: ~electron mean free path, 10 — 100 A

Make your plan ahead before starting the measurements




Should | measure Transmission or Fluorescence?

The choice of Transmission v. Fluorescence depends solely on the sample, and
particularly the concentration of the element of interest.

Transmission Samples Concentrated samples — element of inter-
est is above ~10 wt. %, and a thin enough sample can be
made.

Sample preparation is more stringent for transmission mea-
surements than fluorescence measurements.

Fluorescence Samples Dilute samples — element of interest is be-
low ~10 wt. %.

For concentrated samples that cannot be made thin enough
for transmission, use fluorescence, but pay attention to self-
absorption effects and consider using grazing-exit geometry.

Also consider Electron Yield: Like fluorescence, but measures electron current
emitted from the sample surface. This works best for metallic samples.

Because the electrons are emitted from a few 100A from the surface, this is very
surface sensitive, but is always in the Thin Sample limit, so there are no self-
absorption effects.




Preparing samples for Transmission Mode

Program XAFSmass: (see its web-page for detailed description):

powder:

XAFS mass !. E
| Powder L"

v =[|.|.Td]~S~[Z Mo, 21, A £i17% m=Mw
compound (example: Nd_2CuD_4 or Fe%55Si0_2):
[Cuz45i0_2 |
M (a/mol)=62.5883

=
S

Elev)=|8979 ~|

data table: | Henke L" Plot f*

v[mol] =8.53016e-4 m(mg) = 53.389
absorptance step= I Culm=2.136): 0.734 L’I

slgfem)= | dlum)=

Calouiats | About. | Help

foil:
XAFS mass !.E

| Foil Fiim, Glas etc. ~|
d=(odIMRE NN 21, AfL 1
compound (example: Ag%25Ge_0.45e_0.6):
[Cu |
M (a/mol)=63.5460

urd-
s/on’)-[{% |

Elev)=(8979 ~|

data table: | Henke L" Plot f*

dfum) = 10.212
absorptance step= I Cu: 2.266 L"

Calculates About... Help

gas:

XAFS mass !. H
I Gas L"

p=-In(1-ohslevel [KT(dZH.2r,Af; |

compound [example: Ar_0.1Kr_0.9):
e |
M (a/mol)=39.9480

absorption level = 1 - expl-u-d) =

dem -
Elev)=(9500 ~|
data table: | Henke ﬂl Plot f*

p(mbar] = 203.391

Calculate About... Help

A typical value for total absorption is about 2 for an edge jump of 1.
It can be as twice as smaller or bigger without significant change in spectrum quality.

More important is the sample uniformity (particle size).




Dies for ™
&5 mm
pellet

Dies for
@13 mm
pellets

@5 mm pellets 13 mm pellets

weights 2-20 mg, weight 10-100 mg
less consumption but
more difficult to handle

easier to remove from dies

more samples in the holder




Dilute your powder with a supporting agent: BN (boron
nitride), polyethylene, cellulose, sugar etc.

Probably, the mostly used one is BN. To my experience, it
gives fragile pellets strongly adhesive to dies.

With PE and cellulose the pellets are more durable and
easier to press. We will provide cellulose.

Do not put more than 1 ton! By pressing stronger you
destroy the pellets rather than make them firmer. For @ 5
mm dies 0.5 ton is enough.




Sample Preparation: Diluted Powder

We start with a blank sample holder with known dimensions, and cover
one side with tape.

We calculate the necessary mass of material (from absorption thickness,
sample holder cross-section, and sample density).

The powder should be ground to give very fine particle size (< 1/Ap!!).
Many people use a sieve to separate particle sizes. A 400-mesh sieve has
wires ~ 37 .um apart. That’s a good start, but not fine enough for most
transmission XAFS samples.




X-ray Absorption Measurements

Fluorescence
It
X-ray source

Slits
S L Ts

Monochromator Sample

XAS measures the energy dependence of the x-ray absorption coefficient pt(E) at and
above the absorption edge of a selected element. 1+(E) can be measured in two ways:

Transmission: The absorption is measured directly by measuring what is

transmitted through the sample:

= [0(?'_“(E)t

—In(1/1Io)

p(E)t

Fluorescence: The re-filling the deep core hole is detected. Typically the
fluorescent x-ray is measured, but sometimes emitted electrons are mea-

sured. Either way,

p(E) o< Iy /1o




X-ray Absorption Measurements: Experimental Design

Important items for an XAFS measurement:

Monochromatic x-rays: Need x-rays with a small energy spread or bandwidth:
AE = 1 eV at 10keV.

Linear Detectors: The XAFS x (k) ~ 102 or smaller, so we need a lot of
photons and detectors that are very linear in x-ray intensity (ion cham-
bers). These usually means using a synchrotron source.

Well-aligned Beam: The x-ray beam hitting the detectors has to be the same
beam hitting the sample.

Homogeneous sample: For transmission measurements, we need a sample
that is of uniform and appropriate sample thickness of ~2 absorption
lengths. It should be free from pinholes. If a powder, the grains should be
very fine-grained (absorption length) and uniform.

Counting Statistics: For good data jt(E) should have a noise level of about
1072, That means we need to collect at least 10° photons.

Transmission: Fluxes at synchrotrons are > 10® photons /sec.

Count rate is not much of an issue.

Fluorescence: May be a concern, especially when concentra-

tions are very low.




X-ray Absorption Measurements: The Experiment

Energy Scanning The monochromator gives an energy-tunable x-ray source,
so we can scan energy across the absorption edge. We’ll scan from
~ 200 eV below to ~ 800 eV above the selected edge energy F), like this:

Region Starting Energy (eV) Ending Energy (eV) Step Size (eV)
Pre-edge Fo — 200 Eo — 20 5.0-10
XANES Eo — 20 FEo + 30 0.25-1.0
EXAFS Eo + 30 Eo+ ~ 800 0.05 A~

e In the EXAFS region, it's common to step in k rather than energy.

e Typical count times are 1 to 15 seconds per point, so that a spectrum
is collected in 10 minutes to several hours (dilute samples take longer

than concentrated samples!). Multiple sweeps is common.

e Very fast measurements (1 second for the whole spectra) can be

made at specialized beamlines.




Characteristics of a XAFS spectrum

i o P_xlq
uo:' - - XANES - Post edge R -
i | ‘ atomic — pre
_ T background
a
. -L|5§ EXAFS |
x Edge Ener
\\r\ 9 gy |
of
|
Pre-edge
background
o [
‘ 11500. ‘ . .12000‘ ‘ A ‘12500‘ ‘ 13000‘

E (eV)
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Data Pre-Processing and
XANES Analysis and Interpretation
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XAFS study: from experiment to results

Data collection

Preliminary data
treatment




Some vocabulary

Words commonly used to describe specific parts of the XANES spectrum.

Ramsdellite: Mn K edge

LaTiO,N: La Ly edge

T T T T T T
14 - YMnO; 7 T T T T T T
pre-edge region YMnO,
c 12+ edge region _ 3+ white line -
2 near-edge region <
= 1k 2
8 B 25 | -
0 w
< 08 - R,
o e 2+ -
S o6 i 8
© ©
E
E oaf i 5 s J ]
o =
=
0.2 - -
Tt 1 1 | L L 1 il
0 L | 1 L | 1 = 5450 5500 5550 5600 5650 5700 5750 5800
6500 6550 6600 6650 6700 6750 6800 6850 Energy (eV)

Energy (eV)

pre-edge Small (possibly large,

certainly meaningful!) features between

the Fermi energy and the threshold
edge The main rising part of XAS spectrum
near-edge Characteristic features above the edge

white line Large, prominent peak
just above the edge, particularly
in L or M edge spectra



 normalizing the spectra at zero before and at 1 after the
edge :

] U (B) -y (E) |
| v (E) = el
] AI'IO(EO) B
@ ] I
g |
S 1] [
-E B
(@)
(/)]
o]
o i
0. i
8000 8400 8800 9200

Energy (eV)



e normalizing the XANES region at zero before the edge and
at 1 after the edge :

N

absorbance

w

8250 8300 8350 8400 8450
Energy (eV)

their pre-edge studies are now possible
on these normalized XANES spectra...



Peeling the XAFS spectrum Step by Step

S —
7?_»%4
$ - XANES Post edge R
[ | ' atomic pre
T background
a
~ -L|5 EXAFS
> Edge Ener
~-
~Hd | g gy
o [ \
|
| | Pre-edge
| | background
N
1 A A A A 1 A A A A 1 A A 1 A
11500 12600 12500 13000

E (eV)



W< FUNDAMENTALS OF X-RAY ABSORPTION FINE STRUCTURE: XANES

Transition metals K pre-edge peaks
Transition with a quadrupolar character

Pure octahedron

Centro-symmetry: no p-d mixing allowed
only (weak) quadrupolar transitions

No, or very low intensity prepeak

Distorted octahedron
Centro-symmetry broken: p-d mixing allowed
dipole transition in the edge
moderate intensity prepeak

Tetrahedron
No Centro-symmetry : p-d mixing allowed dipole
transition in the edge high intensity prepeak




XANES Pre-edge Analysis

- redox

- Sym r f'/ ' /‘//

0.03

0.00;

7110

7112 7114
energy

7116




FUNDAMENTALS OF X-RAY ABSORPTION FINE STRUCTURE: XANES
XANES Interpretation

The EXAFS Equation breaks down at low-k, and the mean-free-path goes up.
This complicates XANES interpretation:

There is no simple equation for XANES

XANES can be described qualitatively (and nearly quantitatively) in terms of
coordination chemistry regular, distorted octahedral, tetrahedral, . . .

molecular orbitals p-d orbital hybridization, crystal-field theory, . . .
band-structure the density of available electronic states

multiple-scattering multiple bounces of the photoelectron
These chemical and physical interpretations are all related, of course:

XANES calculations are becoming reasonably accurate and simple. These can help explain
what bonding orbitals and/or structural characteristics give rise to certain spectral features.

Quantitative XANES analysis using first-principles calculations are still rare, but becoming
possible...




Pre-edge

® rutile (TiO,) at the Ti K-edge

| Energy (eV)



caveats :

* need resolution

* need high S/N

normalized absorbance

e some other transitions
(rare) quadrupolar or

metal/metal 3 T
I 7108 7112 7116

7100 7140
Energy (eV)




Edge position:

Many edges of many elements
show significant edge shifts
(binding energy shifts) with
oxidation state.

1.5

| |Mn oxides

10}

05}

Normalized Absorption

0.0

Energy (eV)



caveat. interferences from pre-edge and scattering

KAUCI,-2H,0

11924(1) eV
11922(1) eV
11918(1) eV

Au(0) ;

<—11926(1) eV

absorbance

™ -
-
-

M (experiment)

i B} (|)| — ’ /I R M, (extrapolated)
—3 AU(I|I)203 [ I I | I I | | I | |
i 1 glzol o 1 1 gled | 11900 11950 12000
energy energy

edge for Au(lll) before that for the metal !!
because the edge is a gigantic pre-edge !



Edge position:

Finger print

The simplest way of using XAS is to simply identify chemical species

in a sample of unknown composition.

Compare the signal from your with the
standards to identify the dominant species.

Qualitative

1.8

0.0

7100

/////

——————

S

7110

7120

7130
E(eV)

7140

7150

7160

There are a variety of quantitative tools available for interpreting XANES data.




XANES: Linear Combination Fitting

1.5
| — MDX5806 Tooth

Cu-acetate (38%)
Clinoclase (36%)

» Can be used in heterogeneous/Natural samples
» Bulk XAFS

Absorbance (a.u.)

U Determine the percentage of each oxidation state
(quantitative)

U Identify the possible species
(semi quantitative)

8950 9000 9050 9100
Photon Energy (eV)

Need to measure model compounds and references (not always available)



normalized xp(E)

XANES: Principle Components Analysis

PCA is a bit of linear algebra which breaks down an ensemble of related
data into abstract components.

Time series PCA components PCA components
12 T T T T T T T T 05 T T T T I I 02 T T T T
A Component 1| —— Component2 ——
1k ) /’\ | 0+ —_—A— ————————-Compenent2—— H 015 - Component 3 —— ||
; — Component 3 —— i Component4 ——
= o5l Component4 —— | | — Component§ ——
08 |- . 5 ' Compaonent 5 5 01k Component 6 H
g Component6 —— g Component 7 ——
a -1r Component7 —— H o Component8 ——
06 L 012 H £ Component 8 € o005}
(o] o]
242 —— O -15F - o
473 —— < <
041 703 — o o 0r .
9.33 o -2r 1 o
20 ——
02} 33— a5 L B 0.05 |- .
720
0 1 B | 1 1 1 1 I -3 1 1 1 1 1 1 -0.1 1 1 1 1 | 1
11880 11900 11920 11940 11960 11980 12000 12020 11900 11920 11940 11960 11980 12000 11900 11920 11940 11960 11980 12000
Energy (eV) Demeter 0.5.6 @ Bruce Ravel 2006-2011 Energy (eV) Demeter 0.5.6 © Bruce Ravel 2008-2011 Energy (eV) Demeter 0.5.8 @ Bruce Ravel 2008-2011

The components can then be used to try to construct a standard as a test to see whether that
standard is present in the ensemble.

The number of species represented in the ensemble is related to the number of statistically
significant components.



XAFS study: from experiment to results

Data collection

Preliminary data
treatment

Extraction of XAFS
structural signal: % (k)




EXAFS: Data Processing

energies are recalculated
into the photo-electron
momentum, k :

K =¢ 2m /h2 . (E- E,)

with E, is the edge energy, h is Plank constant and m is the electon’s mass

I | 1 1 1 | L L 1 | 1 1 1 | L 1 1 | 1 1 L |

101 A |
EXAFS spectra are 0
weighted by k%/k?3 to < 0 -
enhance high-k signals W / :
-10 | 71 T T v [ T T T T T T T [ T T T [ T T T T




FT (EXAFS)

EXAFS: Data interpreting

Fourier Transform of EXAFS signal
provides a photoelectron scattering
profile as a function of the radial
c‘lis"carycel frpm the lab‘so!'b(‘er. 1

! 2nd
40 -
] d I
20‘_ 1st 3 4th K
5th
0- U e SR L U PR T U N UL
0 2 4 6 8 10
R+¢ (A

Fourier Transforms are used to visualize the
various contributions to the EXAFS arising
from the shells of neighbors

IX(R)| (A%)

Similar to XANES
Compare the signal from your with the standards to identify
the possible similarities with references

N

—Cu O
2

—CuO
— Cu Metal
—Cu-C.N

3 4

0 Cu

N
N

Cu

2 3 4 5 6
R+AR(A)



EXAFS: Data interpreting

» wavelet studies of EXAFS provides a clearer view on the k-R dependencies :

Ln (o3} -1

~

R+ ¢ (A)

— N

2 4 6 8 10 12 14 16 il .
k(A k(A7) R+ (A)

« Si near 3 and 4 A are detected but not near 6 A

- also, cutting data at k=13 A is fine for O but not OK for Th



EXAFS: Data analysing (fitting)

« EXAFS are modelled to derive
structural parameters

| S 37 L] IR SN Y SN 1o |LOSS (AN | VAN ] [N, W 1SS VA [N (S 1 Jn SN [CLT

10] :

i n i -
<
| ——

' 5 ~
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1 2 3 4 5 6
R+AR(A)
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