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SESAME Synchrotron Light Source NS
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SESAME Accelerator

> Circumference: 133.2 m
» Operation current: 300 mA
> Natural emittance: 26 nmrad
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. O There are now more than 60 synchrotrons and
FELs around the world
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Harfouche, Khan, L.U.; Paolucci, G. et al. Emergence of the first
XAFS/XRF beamline in the Middle East: providing studies of elements
and their atomic/electronic structure in pluridisciplinary research fields.
J. Synchrotron Rad. 29, 1-7, 2022.
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BMO08 Beamline Specifications NG

SESAME
Magnetic field (BM) 1.4554 T
Energy Range 4.7 keV - 30 keV
Energy Resolution Iy T T ]
Si(111) 104 I —Pt (2.8 mrad)| ]
Flux 5x10'! Ph/s @ 8 keV 3
Beam size (Horizontal x Vertical) determined by slits “H xV” (max: 20 x 5 :o
mm?) é
(min: 1 x 1 mm?2) o
> Al i
. . . . . . =0.1 .
Specifications of the Collimating and Focusing Mirrors 2
=
Specification VCM (M1) VFM (M2) é
Dimensions (mm) 1200 x 70 1200x150
Coatings Si, Pt Si, Pt A e
Angle of incidence Variable Variable 10 20 30 40 50
Photon energy (ke
Substrate Silicon single crystal ZERODUR . o gy (keV) o
Cooling Water cooled Uncooled Mirrors reflectivity at 2.8 mrad incident
Flatness Cylindrical Cylindrical beam angle for Pt and Si coatings
Type of bender Pneumatic Pneumatic
Minimum radius (km) 5.3 5.3
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BMO08 End Station NS

SESAME

BM-08 XAFS/XRF Experimental Station
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Techniques available available XAFS measurement Cryojet for coc-)l_ing sample (~95 K)
> XAFS Transmission mode: u(E) = log(/,/ )
> XRF

Fluorescence mode: u(E) < /:/1,
171 6/20% XEOL ICTP - School on Synchrotron Light Sources and Their Applications S
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X-ray Matter Interaction NE

SESAME

X-ray Absorption Processes

X-ray Fluorescence  ppotoelectron E, Auger
hVF Emission Ee / Electrons
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Incoming X-ray Beam mr?jﬁwb | Attenuated Outgoing Beam
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Coherent Elastic Scattering Inelastic Scattering

- Rayleigh Scattering - Compton Scattering
- Thomson Scattering

X-ray Scattering Processes
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X=ray’Absorption and Emission Mechanism
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R E Photo-electron O X-ray Excited Optical Luminescence (XEOL)
5 X-ray photon in/optical photon out technique
CB =12
Surface traps/defects - - - - h Recombination ~~ ~ 2 XEOL
11 ‘ _____ v (Luminescence) " Gd,0,8:Tb™  5p,,7F,
VB :’i e d ~FT=300K Tb L -edges:
11 312 ==
3d il ds), St 8800 eV 8708 eV (L,)
M * 3p E ____________ —_—— 1;3/2 s L 8300 :V 8252 eV (L,)
S A — Si < | —— 7600 eV 7514 eV (L)
1y Emission K |
B o
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Core electron excitation by X-ra
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% The first X-ray absorption spectrum was observed by Maurice de Broglie in 1913, after a while the discovery of
X-rays by Rontgen (1895). In his X-ray absorption experiment, de Broglie used X-ray fube as a source and
mounted a single crystal on the cylinder of a recording barometer, employing a clockwork mechanism to rotate the
crystal around its vertical axis at a constant angular speed. As the crystal was rotated, the X-rays scattered at
all angles between the incident beam and the diffraction planes, according to the Bragg law, and consequently
change the X-ray energy E:

2d,,, sine 8= A =hc/E

c: Speed of light (¢ = 2.9979 10*® m/s)
h: Planck constant (h = 6.626 x 10734 J s)
Thus, hc = 12.3984 A keV

*» He recorded the X-rays of varying intensities on a
photographic plate and observed fwo distinct
discontinuities on the film, proving to be the K-
edge absorption spectra of silver and bromine
atoms present in photographic emulsion.

< This experiment provided a foundation for the
modern monochromatic beam (Monochromator) Ag

Jeroen A. Van Bokhoven and Carlo Lamberti, X-Ray Absorption and X-Ray J. D. Hanawalt, The Dependence of X-ray Absorption Spectra upon Chemical and
Emission Spectroscopy: Theory and Applications. Wiley Online Lib. 2016. Physical State. Phys. Rev. 1931, 37, 715.

1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 8
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X-ray Absorption Spectroscopy 7;\\-’4

SESAME

» There is no sharp RN NEEEY EEE RN E R
boundary between XAl NE. S
XANES and EXAFS, SO Ty EXAFS
choosing an energy of & < »! _ _
demarcation is = E=hf=ho
somewhat arbitrary. S, — h
' ; 12.28 p=;=hk
g AdA] = —=
» The IUCr Dictionary g | Ee [eV] ,
suggests around 50 eV = 2 De Broglie o
above Eo (IUCr 2011), Pre-edge 15A<h,<04A N
but 30 eV above Eo is HJ
also commonly used. =1 3 3 ¢ g 0L 3y 2 a3 3 19 1 3
0 250 500

Relative photon energy [eV]

Eo is "necessary to remove the photoelectron from the atom.” Take care, it can
not be always the Edge Energy!!

1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 9
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XEOL Experimental Setup "

SESAME

BMO8-XAFS/XRF Experimental Station

% QE Pro-ABS high-

| ~ sensitivity spectrometer

A\ Sample i &5 (Hamamatsu scientific

e Yy Mini-Sli grade back-thinned

“TC 'S thermal electrical cooled
1024 x 58 elements CCD
array detector)

% Solarization resistant
optical fiber, 600 um
core diameter (0.22 NA

3 and 200-1100 nm)

~ % Collimating lens (0.22 NA

- and 200-2000 nm)
N <+ Basler ace GigE camera

, - o NN and focusing lens (40 mm
LASER 400 nm( | C " LA |- focal length)

EI X ray Excited OPTICG| Lummescence (XEOL) Spec’rm & Mappmg
Q Photoluminescence (1: 200 - 920 nm) Project Gant 2023: C@’ / IAEA

International Atomic Energy Agency

1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 10
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Integration of XEOL /2D Mapping NS

SESAME

| VE C:/Users/latifkhan/OneDrive - sesamey/Files_Khan/XRF-XAFS Beamline/XAF-XRF BL optics_hardware/XEOL/XEOL_Mapp/XEOLMapp_GdO252Tb-20251215T12481...  — o X - Gd,0,8:Tb*  5p 4_>7F5
|x e s %8s 5 x[HesgpAEEMEY SEAS o[ T=30K To Ledges:
5 Original Stack " 5D4-7F5 5 L 8800 eV 8708 eV (Ly)
51 5 4 o L ——8300 eV 8252 eV (Lz)
< | ——7600 eV 7514 eV (L,)
10 10 A — L
15 4 15 E | Le Hf .
20 20 % r-T trhl-_; LI:\‘
i 251 7 251 A J k r':'T: r':'Tj r':'f .:',3“ 2 = T;
2 | - 2 = : z [ o o b 9 2
_ ‘ . ajfaiyal
E -10 (] 10 20 30 40 50 -20 -10 0 10 20 30 40 50 O o —N—
ADD MCA ADD MCA MAX REMOVE MCA REPLACE MCA & ADD IMAGE & REMOVE IMAGE & REPLACE IMAGE 300 400 500 600 700 800
CICIEIETHIR X o BEEGHM S WAVELENGTH (nm)

Image Size 34 x34 Reshape lr
E Logarithmic Gamma o B 'r':' = x mm

» Aut:cale Autoscale s-su?:zuumscale 0-90 - E [mmax xE O L Mapp ing
80.00 n Tbs* | 1
. | 5.00 ey x - r.a Bea :
i, 12D Map : ’{' y ceam
| 5.00 | o L 9000 ev
= 1 ol h AN itr Step Size:

T T Channel
% m
Y:1939033.94

A Calibrate

pm—. Spatial Resolution:
e 4 T s o s s **  Beam was slit down

Type  From To Raw Counts Net Counts

1ICR Default 0 1043 1.83872e+09 1.38547e+07 1'0 eXTenT Tha-r i.r Was

2 5D4-7F5 Channel 434.894 453.567 3.45405e+07 1.08939%e+06

() Auto OFF @ Auto ADD (] Auto REPLACE disappear‘ing Gf.‘-er‘

(J3pon (J2p0n () Force McA

e | e closing slit by 100 pm

11

Column

Google  Visual Studio ROI
Chrome Code

>

IMODbaXterm
M .

Add ROI Delete ROI Reset Load Save
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Rare Earths: Importance of XEOL INE

SESAME
H He
Li |Be CIN|O|F|Ne
Na | Mg Al[Si|P cl | Ar
KC# Ti |V [Cr|Mn|Fe|[Co|Ni [Cu|dn|Ga|Ge|As |Se| Br| Kr
Rb;fr/ Zr [Nb [Mo | Tc [Ru|[Rh|Pd |Ag |Cd|In |Sn|Sb|Te| I |Xe
Cs/Ba / {aWReOslr Pt |Au|Hg | Tl |Pb|Bi [Po| At [ Rn
=

FfRa Th|Pa| U |Np|Pu |Am|Cm|Bk | Cf |Es |Fm|Md|No | Lr | Rf |Db['Sg |Bh |Hs | Mt

Sc3*

Y3*

Ce# | Pr# Th#*
Lat* | o] prot | N [P Sma+nya+ o™ | Ere T Yo+ | Lu»
Sm?*| Eu?* Tm?* | Yb?
Tm - least abundant of the RE (0.5 ppm) I]IZII:' It is more abundant than Cd, Ag, Pt, Au, Se...

1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 12
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Global Rare Earths Reserves NS

SESAME

> World total reserves (rounded about): 130,000,000 metric tons (130 million metric tons)
> China: 44,000,000 tons or 44 million metric tons (35%)

REEs Reserves Global Rare Earths Reserves 2024 B China
Countries (metric tons) Austrglik
China 44000000 _ 7 — VFarre
Vietnam 22000000 India " Greenland
Brazil 21000000 5% 1%l -

W Brazil
Russia 21000000 Russia
India - 6900000 = | ® Russia
Australia 4200000
United States 2300000 B India
Greenland 1500000
Tanzania 890000 : Australi
Canada 830000 e e H Austratia

. 17%

South Africa 790000 17% .
Other Countries 280000 B United States
Total 130000000

U.S. Geological Survey, 2023. Mineral m Greenland

commodity summaries 2023. U.S.
Geological Survey, 210 p.

1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 13
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Rare Earths: Technological Applications 7=

SESAME

. Other
Automotive catalysts

Aplicacations of Phosphors Ceramics Magnets
& . 5’\ %
Lighting and Display Glass /M N2
97% volume (9500T) additives S 30/ iz

- LN “‘\
A
L S
‘ /
Y696% Ce10,9% La8,3%
Eud49% Tbd45% Gd1,8%

Polishing

; Other Laser .
Med|cal Bateries
- . S Ni-MH FCC UV Cut Glass
. « Ceri
/11] N Metalurgical ‘€055 Gusanamimos /| S —
. Yttrium Polishing Powder By Y A
‘ « Cerium + Cerium Toyota Prius
Component Sensors
« Yttrium Hybrid NIMH Battery
e it
Optical MolorGenerato 4 i
ptica Persistant o Nacdwhh’ :
Markers luminescent ? B;‘;’;‘;ﬁ.{}:.‘l“'“ Catalytic Converter

+ Cerium
« Lanthanum

+ Terbium
J. Lucas, P. Lucas, T. Le Mercier, A. Rollat, W. Davenport, in:, Rare Earths, Elsevier, 2015

Headlight Glass
* Neodymium

25+ Electric Motors
* Neodymium magnets

1/16/2026 14
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RE3:Energy Levels: 4-10 eV Energy Range  7\<

SESAME

mi
il
I
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12

Energy range 4-10 eV needed for:

10

O Host band gap energy (E,) determination

— +» Essential for e.g. persistent luminescence materials
= Example: 7.1 eV for Sr,MgSi,O,:Eu?*,Dy3*
= O Study of dopant energy levels structure in the VUV range (> 6 V)
* High 4f levels and 5d levels.
= Quantum cutting materials

(e.g. KMgF;:Pr3*)
------- O Higher photon flux needed than with lab equipment
¢ High sensitivity
________ \ O Measuring fast kinetics (ns) and time resolution

oo
1
I

-

Energy / eV
(o)}
|
| IR NI | AN I
Jiy

AN
T
|

‘EI Synchrotron Radiation Source offers a high brightness, photon
. flux, funable energy and temporal stability than the most
A sophls‘rlca’red Laboratory Source.

N
1
I

- High energy limit of laboratory set-ups: 5.6 eV

O . — _—= = . s = s aam = —
1/16/2026 Ce Er Tm Yb ICTP - School on Synchrotron Light Sources and Their Applications 15
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XEOL/XAS Role: RE Persistent Luminescent

NS

SESAME

O For full understanding luminescence mechanism in solid materials (phsophors), the

optoelectronic structure need to be studied:

*|\\\\\i‘\ii!(li!|||n\sw'ff*

Persistent

luminescence
mechanism of
Tb3* in CdSiO,

AE[EU”('F ),Eu”(’S, )]

(After Glow)

. : » F—— [T [Tb"+h"T or [Tb"]* .
> Host lattice structure 6 |- Conduction ™ = Ce CdSiO,: Tb™
Band =—p + | £kT 3
I T 2 2+
= i E Eu 8
> Band gap , D, %% ehur Son
4 + i Absorption Emission E
> Rare earth (RE) (4f levels) > e s2sev oT &™)
~ | -°? 4.7 wppm5 3
L . > 2 F, 6.1
> RE local sites in host lattice S 2t Tb™ e T il
f o
> RE OXIdatIOH State | 35 E AE[EU3+(7F0),Tb3+(TF6)] ;
0t '
» Structural defects Valence Band |
Eu3+§ 7FJ

[ Goal: models for predicting the fundamnetal luminescence mechanism of after glow materials
» Combining experimental and theoretical optical and spectroscopic/strcutural methods
> Probing photormitter RE sites/oxidation sates (emission center) by XEOL/XAS

1/16/2026

ICTP - School on Synchrotron Light Sources and Their Applications
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Complementary Techniques: Eu Scintillator /;\\é

SESAME

» Probing Eu?*/Eu3* sites in BaAl,O,:Eu > XRD / XAS / XEOL

/ i XRD: Long range Structure \
— o CID . N2 A ~. AA_2 |l A .0 d_32°_ .. ~3 _a _ :

Max : T ¥ T ' T ¥ T ¥ T
3+

Eu ]
Eu L,-edge (S2) 1

Eu L -edge (S1) ]
Eu(NO,),xH.O

EuO -
Eu203

Normalized Absorption / Arb. Un

6960 6975 6990 7005 7020
Wavelengt Energy / eV

\%w%\w \ B 3 204: E:Jw | ~ow £ /

w Latif U. Khan et al. Advanced Probing of Eu2*/Eu®* Photoemitter sites in BaAl204:Eu scintillators by Synchrotron Radiation X-ray Excited Optical Luminescence
Probe. Optical Materials, 162, 116937, 2025.
1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications
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XEOL Spectrum of 6d;6a50,,:Eu3* (666:Eu) scintillator Max
3000
GGG:Eu

2 2500
RE Scintillgingo J PREAECHE L S04 8 7100 eV (> Eu Ly)
in Compufled he 2 S 7800 eV (> Eu Ly) X-ray Scintillator from
Tomograghys oo I 64, F 85 1 8200eV (> Euly) Dr. Fareeha Hameed
(CT) a A M —TW = A BEATS Beamline

£ 1000

[[:Ll?
500 T
| V8 =

350 411 472 533 594 655 717 778 839 900 Min

Wavelength (nm)
1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 18
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Sm Complex Scintillator N

SESAME

XEOL Spectrum of [Sm(dbm)3(phen)] complex (organic scintillator)

1000 | 4Gy ®Hy _[I_STZ(:S(;“}):(phe")] .
_ [ Sm L, , ;-edges: ﬂ
'c 800 F 7737 eV 7800 eV -
i’_ 7312 eV
;: 600 F 6716 eV Irt
> 1
g 400 B é_r)"0
o .
c
i SO OAY

O F

500 550 600 650 700 750 800
Wavelength / nm

Khan, L.U. et al. Tracking coordination environment and optoelectronic structure of Eu3* and Sm3* sites via x-ray absorption spectroscopy and x-ray excited optical
luminescence. Materials Today: Proceedings, 2024. https://doi.org/10.1016/j.matpr.2024.03.028

1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 19




1/16/2026

XEOL/XAS: Role of RE3"in

XEOL Spectr'a ZnSe:Mn?*,RE3* Quantum Dots

[ ZnSe:Mn?*,Yb¥* ]
ZnSe:Mn?*, Tm3*

- ZnSe:Mn?*,Nd* ]
of ZnSe:Mn2* Lu®* -
= i Ln L;-edges i
= ZnSe:Mn?* (Zn K-edge)
®))
©
=
—
= .

r = | | = | | = | | = | | = | | = q
0 1 2 3 4 5 6
Radial Distance R/ A

\\ ,/
INE

SESAME

From the journal:
Nanoscale

Ln3*-ion-mediated enhancement in UV/X-ray-
induced optical emission from Mn2*-doped ZnSe
nanocrystals

’.) Check for updates

Iram Gul,?® 7ahid U. Khan, (8) *5¢ Muhammad Abdullah Khan, () @ Gabriel A. Cabrera-Pasca,? Rubal.AlZubi,9 Santiago . A.

Figueroa, (5) © HermiF. Brito (&) € and Latif U. Khan (&) *<f
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Gul, I.; Khan, Z.U.; Khan, L.U. et al. Ln** lons-Mediated Enhancement in UV/Xray Induced Optical Emission from Mn?* doped ZnSe Nanocrystals.

Nanoscale (RSC), 17, 15393-15401, 2025
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ET.in UCNPs:Tm3"/Mn2* Emission

Gd(CH,CO0),,
Mn(CH,COO),

CF,CO,Na, 300 °C

% gx\;&g Ln(CH,CO0),,
W i Ca(CH,COO0),
a) W N —
AW v a,
v . CF,CO,Na, 300 °C

g
=%

NaGdF,:Yb3 Tm?* Ca?* NaGdF,.Yb* Tm?¥,Ca2*/ NaGdF,Yb3* Tm Ca?"/
core NaGdF,-Yb3 Er* Caz*  NaGdF,Yb® Er® Ca2/

(UCNPs-Er3+) NaGdF,:Mn2*
(UCNPs-Er®*/NaGdF ;:Mn2*)

wm
Nl
=
Ll
@ |
PR
®

Polyethyleneimine

RB, EDC, NHS (PEI) i
— (PED
25 °C, 12 h, st 25°C12h, st BF;

PEl-coated BF; -capped
UCNPs-Er#*/NaGdF ,;Mn2* UCNPs-Er*/NaGdF,:Mn2+

o3

RB/PEl-capped UCNPs-

Er**/NaGdF,,:Mn2* \%/\N],
2Mn2*+ 2H,0, — 2Mn®* + 20H" H

2Mn3* + 2H,0, + 20H — 2Mn2++0, + 2H,0 OA: M PEL: W Re:

Short-Lived Upconversion Core  Interface Long-Lived Upconversion Shell

> Energy migration mechanism among
the RE3* and Mn?* ions dopants in
core/shell lattices of UCNPs.

Pa2 P

™ 4T| [d [ [d
: = > Short-lived Tm3* blue emission and
L IH, o . .
[ N = long-lived Mn?* green emission

Yh3 T i IF, ° . . .

. ST under irradiation with 980 nm.
° 0OF ?Fr *He S Fr2 S A
Gd* Mn2* Y3+ Tm3+ Gd3+ Y3 ad3 Gd* Mn2*
b INSTITUTO DE QUIMICA Khan, Z.U. et al. Manipulation of Energy Migration in Upconversion Nanoparticles for Long-Lived Mn2* Emission and Enhanced Singlet Molecular Oxygen
R = ISP Generation. ACS Appl. Nano Mater. 7, 21104-21113, 2024. ICTP - School on Synchrotron Light Sources and Their Applications 21
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Energy;Materials: RE in Solid Oxide Fuel Cell ‘K<

SESAME
LCF: 77 % Ni mefgl and 23% NiO

; <[}, ~=—o=—Anode Pre-Cycle '
 a) Anode Pre-Cycle g-b) 2 =
<l
o w
w b
- w
3 4 5 6 7 8 9 10 1
Wave Vectork / A”!

f =—=—Anode Pre-Cycle 4

o Normalized Absorption / Arb. Unit

Fourier Transform k% (k) / A*

= - e - 325 8340 8355 8370 8385 8400 oy 5 4 F e
| 0 MW Energy / eV Radial Distance R / A
' ’\— F ;' ‘ N p i é) ¥ T T T T d) T T T T T
o A L .
Catl (‘ I e Anode Post-Cycle |

== Anode Pre-Cycle
== Ni Foil

(LaSrOMSs -~ .
¥ ZehidUllg
Research C
Engineering

~—— Anode Post-Cycle
— it

- = = Residule

e Ni FOI

== NiO (Anode Pre-Cycle)

r Greenhouse Gas Innovation |
. University of Séo Paulo u% ARS EQZP

= i
b gphttpsy//sit
B el

Fourier Transform k% (k) / A

Normalized Absorption / Arb. Unit

L il ISP
L L 'l A 1 L

8320 8340 8360 8380 8400 8420 O 1 2 3 4 5 6
Energy / eV Radial Distance R/ A

Electrolyte (8YSZ)

Gabriel A. Cabrera-Pasca, Zahid U. Khan et al. Unrevealing the Electrochemical Performance and Limitations of Anode-Supported 2R-Cell™ SOFC via Synchrotron Radiation XAFS and Impedance
Spectroscopy Journal of Power Sources (ELS) under revision 2026.
1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 22
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Catalysis'//Electrocatalysis: EXAFS Simulation )\

SESAME
> Nickel ion-implanted Coblat (IT) Oxides thin films deposited on EXAFS Simulation by Evolutionary Algorithm

the Fluorine-doped Tin Oxide (FTO) glass (Fixed fluence: 1x10% Implemented in Reverse Monte Carlo method
_(EA-RMC) - EVAX code.

............

Beam spot: 0.5 to 8 mm Ni, Cu, Fe, Au . '
& . |
. . . . «~ ———— 2
> Exploring point defects/oxygen vacancies in these —— I
samples via XRD and XAFS +to enhance their i
. . . . . . FT-Modulus 4
efficiencies for application as electrocatalysts in Ko |
Hydrogen Evolution Reaction - HER (Fuel Cells). Rt =
k/A
Muhammad Usman, Sibgha Sajid, Latif U Khan, et al. Defect engineering in ZnO Nanorods via LaFif U Khan, Naila Jabeen et al. Investigating Local Structure O_f Ion-.Implan‘.[ed
phosphorous ion implantation and post-annealing recovery. Journal of Alloys and Compounds, (Ni*") and Thermally Annealed Rocksalt CoO film by EXAFS Simulation Using
184075, 2025. https://doi.org/10.1016/].jallcom.2025.184075 Evolutionary Algorithm. ACS Applied Energy Materials (ACS) 4, 2049-2055, 2021.

https://doi.org/10.1021/acsaem.0c02676
1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications 23
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Emission Color-Tunable CdSe/ZnS /l\\/

SESAME

Yellow-QDs (I) Green-QDs (II) Blue-QDs (III)

LB

QDs 1) QDs (m)
@ Dz '. , b INSTITUTO DE QUIMICA

Khan, Z.U.; Khan, L.U. et al. Singlet Molecular Oxygen Generation via Unexpected Emission Color-Tunable CdSe/ZnS Nanocrystals for Applications RN ISP
in Photodynamic Therapy. ACS Appl. Nano Mater. 6, 3767-3780, 2023
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EXAFS k

— Fit

Fourier Transform k% (k) / A*

L b) ' Cde’S ;o—QDs (///) |
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.
— Flt
/N IN7X
v \
-

—— QDs (Il)
—— Fit

——QDs (I)
——QDs (Il) ]

i —— QPS () — QDs(ll)
. ZnSe
& R CR “W(r««« Zn Foil -

Normalized Absorption (a. u.)

— QDs (I)
— QDs ()
— QDs (I1l)
— CdSe
Se Foil

Normalized Absorption (a. u.)

3 4 5 6 7 8 9 10 0 1 2 . 3 4 5 6 9660 Qﬁgger 97?2\/ 9720 9740 12650 112;”795” }297\30 12725
Wave Vector k/A’ Radial Distance R / A gy gy
L 'C) T QDs (///) d) ' —_— QE')s (1ll) ' Table 1. Derived EXAFS fitting parameters, including N: number of neighboring atoms, R: distance between
B ~ A Fit :'< “\ Fit absorbing atom and its neighbors, 62: mean square relative displacements (MSRDs) or Debye—Waller factor,
- ' ', \ / \ ;"“':{,\ PN B =l 8%, amplitude reduction factor and Ry, goodness of fit for the QDs (I), QDs (II), and QDs (III).
NAYAR WY/ < o Bond ) c2(A?) Y;
g. R ) e ,(:Qit s (1) e —— QDs (Il) Type
- x<I R :" N E / \‘:‘\‘ Flt T
e | "v, 7 ) & ‘e;, 58 A S ; 1
IV ANARAVEAVAYA iz e A Cd Se 2.531%0.008  0.01048+0.00088 0.0210
| / ‘; ‘,' 6*'(««' 4 X ‘:"" ’ "'n:" E
<1 T TR0 = Cd-S 2 2.494:0.009  0.001890.00055 0.9  0.0092
- N % Cd-Se 2 2.567+0.009 0.01368+0.00710 0.9 0.0092
Y M Y TR opsqny IS 27  2516:0005  0.00929:0.00334 0.7  0.0211
3 4 6 8 9101112 0 1 2 3 4 5 6 Cd-Se 1.3  2.589%0.005  0.00160+0.00092 0.7 0.0211
Wave Vector k / A Radial Distance R/ A
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Cultural Heritage: SR-XRF Mapping /;\\é

SESAME

b) —— Whole Top
Fe-Kap Spot Area

> Data Format:
HDF5 File 174
importable in ‘*"3 ;,

Intensity / Arb. Unit

Normalized Absorption / Arb. Unit

S o Glass Top ]
PyN\CG | 1“ 3o [ —— PbO ]
: —— Pb Foil
» XRF i ]
ElemenTal 1 1 1 1 |
- 5 '3 4 5 6 7 8 9 10 11 13025 13050 13075 13100 13125
mapplng.' ROI Energy / KeV Energy / eV
BGTCh FlT’ 1 1 1 1 1 1 1 1 1 25000 B T T
—— Whole Bottom  Fe_Kop e) f) .
| —— Spot Area 4 :
- 20000 '.k

15000 |

Fe Ka

10000 [

Intensity / Arb. Unit

5000

150 225 300 375
K Ka

2 3 4 5 6 7 8 9 10 11 75

Energy / KeV

Xray Tomography and XRF mapping of Roman glass sample from Petra, Jordan

Gianluca lori, Latif U. Khan et al. Non-destructive examination of ancient vitreous materials from Southwest Asia: synchrotron computed tomography at the BEATS beamline

of SESAME. Journal of Cultural Heritage, 160-168, 2025.
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I-Driven XAS Data Analysis NS

SESAME

Unlocking Unknown? Need for AI assisted XAFS data analysis

New Structure

New Material

O Accelerates processing of
large-scale XAFS datasets

O Enhances accuracy of local
structural determination
around absorbing atoms

A Though latest generation
beamlines produce big data
in minimal time, posing
inherent challenges for

Powering XAFS — Al traditional XAS data

analysis techniques,

however, no available well-
developed AI pipeline for
real-time XAS prediction.

Faster Interpretation

AT is revolutionizing XAFS by transforming complex spectral interpretation
into faster, smarter, and more accurate insights.

R 2
1/16/2026 ICTP - School on Synchrotron Light Sources and Their Applications Research Grant 2023: e OF CHEMISTRY 27
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Machine Learning-Driven XAFS Analysis NS

SESAME

Continuous Efforts in Literature on implementing Machine Learning Models in XAFS

d PyFitI+/FDMNES: Implementing neural network for probing local atomic structure of metal
site from XANES

0 EvAX code: Implementing evolutionary algorithm with reverse Monte Carlo modeling for
EXAFS data analysis to probe local structure

[ Supervised learning models in probing nanoparticles’ size and structural transformation

XANES
EXAFS ® ® ®
A S A £
R-Space @ @ @ @
@ @ @ @
e o 9 o Metal
eta
/ U - § o Oxidation
- o ) @
pace : : : : . S’ra.fe |
- - - ~ Coordination
@ @ @ geometry /
- -4 ~ Local 3D structure
: Output of metal site
Input Datasets Deep Learning / Neural Network
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Theoretical XANES Calculation - FDMNES 7;\\..’4

SESAME
Localized final 1 Non localized final A A
states states
4 H
.-' e
— :_|
—' 4p I+: 4p
| — i | ! 1
= [ —
—_— T —
M cross section T 3s cross section
& Pm} ;
Py 2p | P3/2],
2% z L-edge : P,,[ 2P > K-edge
b>13 2s ;
E X-ray \ %n
\ =
= %%'ﬁbg_ =
—_—— 15 1s
Multi-electronic approach Mono-electronic approach
) ) ) Hol El
Multiplet ligand field theory O Hole IO eetron | Ground state theory: DFT

Yves Joly and Stephane Grenier, Theory of X-Ray Absorption Near Edge Structure, Ch. 4, In book: X-Ray Absorption and X-Ray Emission Spectroscopy, 2016.
1/16/2026
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Selection'Rules/Electron Transition - FDMNES /;\\é

SESAME
Electronic Transition Operator O is expanded as:

AN AN Py

E1 E2 E3 M1
Electric Dipole Electric quadrupole Electric octupole Magnetic dipole transition
A =+1 AY=0,12 AP=+1,43 AM=0
/ / / / Ac=0, 1
. ~ I ~ 1 A _
Ogr=er 0_==(enkn  Op==(en) (kr)? Opz = cm(kXe). (L+25)
2 6 _ h
Where ¢,,, =

2m(Ef — Eg)
Cross section formula: () = 472 aha Z (£101g)128(hw — Eq+E,)
F

» In X-ray absorption edges, E1 is highly dominant: FDMNES code and PyFitlt consider ET as default parameter
> E2typically represents some percentages of E1, and user defined in FDMNES/PyFitIt
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PyFitlt Package: Machine Learning &

SESAME

. . . . . ‘ . '(points:;ps:tectrum) . ‘. . . . . .

Convolution layer
(100 filters)

= PyFitlt, a machine learning (i.e., implementing neural network)
based XANES simulation technique, exploiting the PyFitlt Python
library with Python codes in Jupyter notebooks.

~

=\ 7

N

= Direct (prediction of a XANES spectrum for a given set of structural \NS=""
parameters) and indirect (prediction of a set of structural parameters
for a given XANES spectrum) approaches for the XANES prediction
and the corresponding 3D structural refinement.

Structural parameter

= FDMNES or FEFF or ADF codes to calculate the ab initio theoretical Neural network implemented in PyFitlt
XANES.

» These methods developed for the Big Data or multidimensional data
tasks and appropriate to run on the multicore’s clusters (local
computer very long time).

= 3D structure (XYZ) as input data and sampling points P,, P,, . . ., Py
for the training set can be selected by grid and improved Latin '\
hypercube sampling (IHS). F P

A. Martini, S.A. Guda, A.A. Guda et al. PyFitit: The software for quantitative analysis of XANES spectra using machine-learning algorithm. Computer 3D Structu re ’
Physics Communications 250 (2020) 107064.
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/~Diketonates: XANES Simulation /;\\é

SESAME

0 Sm3*, 6d3* and Eu3* g-
diketonates

O Fabrication of single-layer
organic light-emitting memory
devices

0 Modern optical quantum
memories

O Organic light emitting diodes
(OLEDs).

O Gd (1ll) complex, an excellent T,
contrast agents in MRI imaging

Samples provided by Prof. Hermi F.
Brito, Laboratory of -block elements,
Institute of Chemistry University of

Sao Paulo Brazil b INSTITUTO DE QUIMICA

Universidade de Sao Paulo

Khan, L. U. et al. Strategy to Probe the Local Atomic Structure of Luminescent Rare Earth Complexes by X-ray Absorption Near-Edge Spectroscopy Simulation
Using a Machine Learning-Based PyFitlt Approach. Inorganic Chemistry (ACS), 62, 2738-2750, 2023.
Brazilian Synchrotron
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SESAME

Intramolecular Energy Transfer

4 Efficient: Absorption (L) — Transter of energy

Ligand-Eu™ — Emission (Eu)
S,
_ IC
g Sl . ISC T EEE— 5D2
o SD
o 1
> %
~ Fl
- uoresc. - D,
= Abs UV Phosphor.
5 Emission
S - Light-Converting
L 0 _ L JJ e Comploxes Molecular Devices
v v (LMCDS)
Ligand Eu’*
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= PyFitlt, indirect approach to
simulate the experimental
XANES spectrum of Eu3*
tetrakis complex .

= FDMNES code to calculate
the ab initio theoretical
XANES.

= 3D structure (XYZ ) with
experimental XANES were
used as an input data.

C @ localhost:8888/notebooks/Documents/PyFitit/EuDbm_xanes/xanes_EudbmFit/Eu-DBM_xanesArtemisFit_OK-New?2.09/50%20Fitting%20XANES%20by%20sliders.ipynb

it Apps [H Materials Project G Atomic Simulation.. Compute X-ray Abs.. @ BDEC ®§ ADF: accurate & eff..

: Jupyter 50 Fitting XANES by sliders Last Checkpoint: 09/15/2021 (autosaved)

File Edit View Insert Cell Kemel Widgets Help

B |+ @ B| 424 ¥ MNRun B C W Code v e

5.2 Importing XANES calculated for training set

In [2]: sample = readSample('IHS_729")

5.3 Fitting XANES by sliders

In [8]: def addextra(energy, intensity, params, context):

sp = parseFdmnesFolder('fdmnes_grounde')

smoothed, norm = smoothInterpNorm(smooth_params=context.getTransformParams( 'fdmnes smooth'),
spectrum=sp, smoothType="fdmnes’,
exp_spectrum=context.expSpectrum,
fit_norm_interval=context.project.intervals['fit_norm'])

context.plotData['ground'] = {'type’': 'default’, 'xData':smoothed.energy, 'yData':smoothed.intensity,

‘label’:‘ground’, ‘color':'red'}
return energy, intensity
fitResult = fitBySliders(sample=sample, project=project,

theoryProcessingPipeline=[ 'approximation’,
‘fdmnes smooth', ‘L2 norm', addExtra])

Figure 1 n centralRing1_Shift

centralRing2_Shift

sideRings1_Elong

> 2 ground sideRings1_Shift
—— theory
—— experiment sideRings2_Elong
25

sideRings2_Shift

J Workflow Dashboar... @B (23) Machine Learni.. @8 (115) But what is a...

€ Lab 3.1: Write inpu...

-017

-0.25

-0.12

0.12

0.18

0.04
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o
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» Reading list
i"' Logout
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Khan, L. U. et al. Strategy to Probe the Local Atomic Structure of Luminescent Rare Earth Complexes by X-ray Absorption Near-Edge Spectroscopy Simulation Using a Machine Learning-Based
PyFitlt Approach. Inorganic Chemistry (ACS), 62, 2738-2750, 2023.

1/16/2026
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Validating PyFitlt Structures via EXAFS Fit 7,2

SESAME

Experimental 1

Experimental

> EXAFS Fit: Artemis — Fit

from Demeter

» [C,mim][Eu(dbm),]
complex (left)

> EEu(tt)a)3(H20)2]complex e e e S R T
right

» The XYZ 3D structures
obtained from the PyFitlt
XANES simulation were
used in EXAFS fit

» feff input files were
generated from the
corresponding 3D
structures in MOLDRAW
software

— Fit

EXAFS K’y(k) / A?

EXAFS K’y(k) / A?

Experimental _
— Fit

Experimental
— Fit

Fourier Transform k’y(k) / A
Fourier Transform k’y(k) / A*

1 2 3 4 ) 6 1 2 3 4 ) 6
Radial Distance R/ A Radial Distance R/ A
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Validating PyFitlt Result via Optical Properties 7, &

SESAME
I SN [Eu(tta),(H,0),] 1 | 5 _JF  [C,mim][Eu(dbm)] |

| TT 1e=398m 1 ) "% 5 =350nm |
5[ T=28K 15| T =208K
| gl .
<[ 1 <
=] |
‘» 4 oF 4
% GCJ 5 7
E i E [ DO—) Fo

5 7 5 7 5 7 5 7

D S5'F 1 L D—~F, \ D—F, D—F,

0 4 J
MM__- I\ ’\J k i

580 600 620 640 660 680 700 720 580 600 620 640 660 680 700 720
Wavelength / nm Wavelength / nm

Emission spectra of the [Eu(tta);(H,0O),] (left) and [C,mim][Eu(tta),] (right) complexes recorded in

solid state at 298 K temperature under excitations corresponded to the S;—S, transitions of the

corresponding organic ligands.

b {NSTMI;TE]E?PDIE QUIMICA  Khan, L. U. et al. Strategy to Probe the Local Atomic Structure of Luminescent Rare Earth Complexes by X-ray Absorption Near-Edge
E R ISP Spectroscopy Simulation Using a Machine Learning-Based PyFitlt Approach. Inorganic Chemistry (ACS), 62, 2738-2750, 2023. BasianSycvovon

UL N L S LightLaboratory
v srius
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41 Intensity Parameters (€2,) /;\\,/

SESAME

Refractive index

4e’w, ,, | n(n’+2)

Ay, (eXp.) = —— <5D0 HU(MH 'F, >2 €2, (exp.)
3hc (2T +1) 9
N J \ J
Y Y
Lorentz local field e \—Reduced
correction (y) element matrix

Experimental and theoretical intensity parameters (Q,, A = 2 and 4) for the [Eu(tta)y(H,0),] Ihe spontaneous emission
and [C,mim][Eu(tta),] complexes. coefficients (A, _,,) are

glven by
Complex
Experlmental PyFitlt Experlmental PyFitlt \

4m|m][Eu(dbm)4] 29 + 1 28.99 +0.08 58=+0.7 5.80+0.14 A (SO—’]) A
O_)] — S 0—-1
32+1 32.00 £ 0.01 6.8+0.8 7.07 £0.01 0-1

Oscar L. Malta et al. JOYSpectra: A web platform for luminescence of lanthanides. Optical Materials: X 11 (2021) 100080.
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L XAES: Photoelectron Waves /l\\/

SESAME
Scattering (Single/Multiple) of photoelectron in
‘LLL. form of waves called stationary waves from the
neighboring atoms generate backscattering waves
, that undergoes interference to generate maximum
1L, —~\\ and minimum of oscillations.

f,é -;% Measured XAFS
‘\
\\\ \ k
T k(AT : “\\ E(eV)
\%\ \\ /’
1SN v’ 4
\ S N /
“\ \\\ /)\
k): EXAF ati k _M
X(K): So§0| a |on %2(() N

k: Photoelectkon wave nyﬁﬁber related to photon
N; k) —2k26?
energy E by—ik sze(E Eo) x(k) = Zsﬁk_lém(k’ R;)|e 2Ri/%10e=2K°%] gin[2kR; + d;(k)]
j J
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Machine Learning-Driven XAFS Analysis

SESAME
Continuous Efforts in Literature on implementing Machine Learning Models in XAFS

O PyFitIt/FDMNES: Implementing neural network for probing local atomic structure of metal
site from XANES

O EvAX code: Implementing evolutionary algorithm with reverse Monte Carlo modeling for
EXAFS data analysis to probe local structure

[ Supervised learning models in probing nanoparticles’ size and structural transformation

XANES

EXAFS

i @ @
@ @ @
@ @ @

@ @ @ @

@ @ @ @

g fiis

o e - P Mejml .

[ — : : : : Oxidation
\ EXAFS @ @ @ @ p State

: : : : ® Coordination
@ @ @ geometry /
: : : Local 3D structure

" Input Datasets  Deep Learning / Neural Network Output  of metal site
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Artificial Neural Network NS

SESAME

Artificial neural networks: Inspired by Combining hundreds / thousands (or more) neurons in

structure and function of human brain, neural network, the interconnectivity produces

translated to computer. relationships and results that frequently outperform
dendrites any other machine learning methods.

axon
terminals

Layer sizes: 10, 16, 16, 16, 2

nucleus

Weights (w): 704

0000000000
OOOOQQQ?_QQQOOOOO
2005000000005506
OOOOOOOOX;OOOOOOO

Biases (b): 50 8
Params: 704
v Neural network with 3 hidden layers of 16 neurons in each

TensorFlow is an open-source machine learning framework developed by Google. It provides
excellent support for implementing Convolutional Neural Network (CNN) or Physics-Informed
Neural Networks (PINNs), which can be utilized to train on specific spectral datasets.

1/16/2026 T, ICTP - School on Synchrotron Light Sources and Their Applications 40



Physics Informed Neural Network (PINN)

PINNs in EXAFS data prediction

Aspect

Data Requirement
Physical Consistency

Generalization
Interpretability

Noise Robustness

Training Objective

Computational
Efficiency

Model Output Quality

1/16/2026

Physics-Informed Neural Networks (PINNs)

Require relatively small datasets due to embedded
physics constraints

Predictions strictly obey governing physics laws (e.g.,
EXAFS equation, scattering theory etc.)

High generalization to unseen spectra of materials’
EXAFS

Provides meaningful parameters and insights in local
structure prediction (e.g., coordination numbers, bond
distances etc.)

Handles noisy experimental data effectively

Combines data loss and physics-informed loss
Slightly higher training cost due to PDE constraints,
but yields more reliable solutions

Generates smooth/physically valid EXAFS data
[x(K)/x (R)]

..x\;
—
NS

SESAME

Conventional Deep Learning CNNs

Require large labeled datasets to achieve good
performance

May produce non-physical outputs that violate known
scientific relationships

Poor extrapolation to unseen spectra

Limited physical interpretability

Sensitive to noise and performance degrades with
noisy data

Optimizes only data loss

Faster training but may need more data and post-
corrections

May produce unrealistic EXAFS oscillations or
artifacts in spectra

ICTP - School on Synchrotron Light Sources and Their Applications
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EXAFS Prediction: Model Training &

SESAME

Data
Processing

x(k)-k? (A-2)

x(k)-k? (A-2)

Scalin '
25 50 7.5 100 125 150 17.5 E R S R L
b Physics Informed Neural Network (PINN 09/ KA
Database Inout ystesintormed RetraiNetwore (PN Ry % Label: yexpermentac(k)-K?
npU @@ ,/”
(Input Data) 2 ////‘ \\\f// ‘\\\\
ZFEFF/XrayLarch( k)-k b Ve // ogd Ij

z’/ Export Trained

> < PINN Model !

£ 'A INA :'

LR o L XA KN
RN NG 7R
"\\\‘ TN

~e
-~
-~
-~
-
-~
S
S
-~
S
-
~e
-

—~d
\\\ Sw
o 2 3
S~ " m \ -
~ A~ A

7/
177

\w/ 2w/ 2 _. .
In context of XAFS spectral modeling (EXAFS x(k) or x(R) analysis), Z4,, 9guides the neural
network to reproduce experimental spectra accurately, while Z; ensures that the learned

solution remains consistent with the underlying EXAFS theory (FEFF/XrayLarch). This hybrid
loss enables the model to generalize effectively, even in regions with noisy data.

https://github.com/khanlatifO01/PINNmodel EXAFS-Prediction
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..x\;
~
NS

SESAME

Model Training & EXAFS Prediction

train_pinn_exafs.py ® exafs_fit_and_prediction.py 1 X
@ train_pinn_exafs.py » .. % exafs_fit_and_prediction.py > ...
- SESAME Synchrotron Light Source
29 June 2025

By Latif ullah Khan
BMO8-XAFS/XRF Beamline
SESAME Synchrotron Light Source

02 June 2025
wan import sys

sys.setrecursionlimit(5000)
oo import numpy as np
import re
import joblib
import py3Dmol
import plotly.graph objects as go
from plotly.subplots import make subplots
from pathlib import Path
from scipy.interpolate import
from pymatgen.core import Structure
from multiprocessing import cpu_count
from multiprocessing.dummy import Pool as ThreadPool

import os
import shutil

THE MODEL CAN TRAIN SUCCESSFULLY IN HYBRID MODE ONLY! OTHER OPTIONS NO

train from scratch and save artifacts
python3 train_pinn_exafs.py

run prediction only on new spectra

Hybrid PINN )
from larch import Group
from larch.xafs import (
feff8l, autobk, feffpath, feffit transform,

mode : X FEFF(k)-kz = x exp(k)-k?
feffit_dataset, feffit, feffit_report

e “blind” mode : k-grid - x exp(k)-k2?

o “hybrid” mode : [k , x FEFF] = x exp(k)-k? (default) )
from larch.xafs.xafsft import xftf

Set "MODE = "hybrid" | "blind" | “"theory"™ in ~main() from larch.xrd.struct2xas import Struct2XaAs
nan from larch.io import read_ascii
from larch.fitting import param, param_group

tensorflow.keras.models import load _model

ABSORBER_ATOM =
FEFF_RADIUS
EXP_DATA FILE =
RMAX

ARTIFACT DIR

{} Python & 3.123(base) 0
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EXAFS Prediction Result NS

SESAME

EXAFS Simulation - Experimental vs FEFF/Larch Fit vs PINNs Prediction
Chi(k).k2 Chi(R): Magnitude & Real Parts

== Expt. x(k)-k2

— FEFF/Larch x(k)-k2
PINNs x(k)-k2

——Expt. [X(R)|

= FEFF/Larch |x(R)|
PINNs |x(R)|

-=: Expt. Re x(R)

-« FEFF/Larch Re x(R)
PINNs Re x(R)

IIETTRI LR roeT =

-~
N
o(
~
~~
-
S~
f‘:r<05
Y .
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