Recent progress in scattering and
|magln9 experiments at the DiProI CDI
= end station of the FERMI seeded FEL

Elettra Sincrotrone Trieste

Flavio Capotondi

X-RAY <ENSORS (on behalf of DiProI user community)



Topics

» Examples of coherent-based
imaging and scattering
experiments.

 Perspectives of FERMI in
soft X-ray Imaging.

 Conclusions.

X-RAY <ENSORS
ZURICH 12-16 JANUARY 2026 Flavio Capo tondi



Topics

X-RAYL SENRIR?

Flavio Capotondi



<= | FERMI the first seeded FEL

Trieste

o

3 N ST el FERMI@Elettra is a single-pass

o i Ty . _—g# seeded FEL user-facility in

storage Ring - (R SN XUV/soft-X-ray. Two separate
A el FEL amplifiers covering the

spectral range from 100 to 4 nm

(12-300 eV).

E. Allaria et al., Nature Photonics, 6, 699 (2012).
E. Allaria et al., Nature Photonics, 7, 913 (2013).

Fast energy tunability and variable
polarization

High temporal coherence: S U
pulses with defined Gaussian- . Useful for near edge absorption for

like time—energy profiles - probing dichroic effects, such as
spectral purity (AL/A ~ 1073) e resonant magnetic imaging

Ultrafast events with chemical
sensitivity, single shot resonant
CDI - mandatory for wave mixing
and phase controlled

experiments G. Penco et al. PRL (2014).

E. Allaria et al. PRX (2014).

. o oro
SORICH Circular Polarization ~ 95 %

12-16 JANUARY 2026 Flavio Capoto ndi



X-RAY

ZURICH

Elettra

Installed on dedicated FERMI beamline: June 2011
Open to User Experiments: December 2012

Sincrotrone
Trieste

12-16 JANUARY 2026

Flavio Capotondi

DiProI end-station

Versatile modular
construction allowing
exchange and/or
adding new
components

Review of .
AlP ‘ Scientific Instruments

INVITED ARTICLE

Further info on DiProl end station:
F.Capotondi et al. RSI 84, 051301 (2013)
F. Capotondi et al. JSR 22, 544 (2015).

polarizstion: Firstrosults an rese arch 0ppOr e oes.
by F. Capotons, E. Pederso, N Matne of at



getta, DiProI end-station

Trieste

Versatile modular
construction allowing | Akt
exchange and/or |
adding new
components

Further info on DiProl end station:
F.Capotondi et al. RSI 84, 051301 (2013)

o = S ' F. Capotondi et al. JSR 22, 544 (2015).
Installed gf dedicated FERMI beamline: June 2011

5-axis goniometer for
scattering and imaging
experiments in fransmission
and reflection geometry.
Commercial CCD or CMOS
detector

C von Korff Schmising, et al

PRL 112 (21), 217203 (2014).

C Léveillé, et al. Nat. Comm. 13 (1),
1412 (2022).

X-RAY

ZURICH

12-16 JANUARY 2026 Flavio Capo tondi



Topics

« Examples of coherent-based
imaging and scattering
experiments.

X-RAYL SENRIR?

Flavio Capotondi



gt Time Resolved-FTH

: Rare Earth metal N-edge
Trieste | Gd - Tb - Dy Magnetic transition metal
L-edge
12.40eV  24.80eV 1000w  123.98fY I24?.9?ev 413.28eV Fe - Co - Ni
| |
1 e I ! Bea panl'ameters: I
1014 B e Eurr nt 75?%| ; . . .
E R T migance 1.0 mm mra
— ] "'!.::::-l::: . Enefgy spread in the final radiator 750keV DUC TO ITS pOIClmZClTlon ConTrOI,
| | i TRemg N Avefage beta function 9m . .
mm ] FERMI-FEL-1 FERMI is appealing to the
L User experiments
Since 2012

femtomagnetism community, as
] e FEL2@0.9GeV FERMI-FEL-2 |1- enClb'eS The COmbln(lTIOn Of

1 wem FEL2@1.2GeV .
] @1.2Ge User experimentsj

| ey . high spatial and high temporal

-

o
s
X}
|

Number of photons per pulse
5,
®BE

Third harmonic FEL2@1.£ sel S2H .
resolution.
- FEL1@D_QGEV @
mmm FEL1@1_2GEV @ IR
== FEL1@1.5GeV
FEL1%1.23:\.Ir S2E pump

-y
Q
0
| I
»

'"s8 76 5 a4 3 2 'qe 706 5 4 3 3

| h 20 um pinhole
. L. wavelength (nm
Magnetic transition ‘ gth (nm) \/

-
L=
=
=]
|
I

metal M-edge
Fe-Co - Ni

Mask and sample

| -

Au mask
SiN, membrane
Magnetic film

_

Eisebitt et al., Nature, Dec. 2004

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).

X'R'%XCH 51'6‘,'51.9“52? Flavio Capotondi | Willems F., et al. Structural Dynamics, 4 (1), 014301 (2017).




Time Resolved-FTH

Sincrotrone
Trieste

Heuristic model

o _ 4,

g Z

Temperature (K)
=

fooe 400
ot
spins m N
_ 02 4 06 0 2 4 6
How fast one manipulates the spin At(ps) At (ps)

moment is critical to the information
technology industry: All-Optical Spin
Switching.

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).
X'Reuxm Eﬂ\ﬁpm!?z? Flavio Ccapotondi | Willems F., et al. Structural Dynamics, 4 (1), 014301 (2017).




Elettra
Sincrotrone
Trieste

Heuristic model

t 9o )
Qu\ ’gsl g
HH a

spins

How fast one manipulates the

technology industry: All-Optical
Switching.

Time Resolved-FTH

g Z

= =

300
spin At (ps) At (ps)

moment is critical to the information

Spin

X-RAY <ENSORS

ZURICH 12-16 JANUARY 2026

Flavio Capotondi

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).
Willems F,, et al. Structural Dynamics, 4 (1), 014301 (2017).




Elettra
Sincrotrone
Trieste

Heuristic model

t 9o )
Qu\ ’gsl g
HH a

spins

How fast one manipulates the

technology industry: All-Optical
Switching.

Time Resolved-FTH

g Z

= =

300
spin At (ps) At (ps)

moment is critical to the information

Spin

X-RAY <ENSORS

ZURICH 12-16 JANUARY 2026

Flavio Capotondi

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).
Willems F,, et al. Structural Dynamics, 4 (1), 014301 (2017).




gt Time Resolved-FTH

) 51 50 49 48 b)
) i

N S R
74} \w {74
72p 3 {72

Trieste
FEL amplifier
I Electron bunch AT ~0 fs
I
|
|
_— A~20.2nm
|
Tuneq to H]4
A ~243 nm T 1~17.3 nm
- Radiators tuned at unedto Hj,
different harmonics Two FEL pulses At me same “me
- Imaging CoPt domains around Co M-edge and P+ N-edge 1 pixel = 27.5 nm A Magnetic image
I Using FEL-1 and setting radiatiators to different harmonics ~HECAUSSESTEINAEREE @ Pt - N edge
seed energy (eV) L

Magnetic image
@ Co — M edge

FEL energy (eV)
2 =2

240 245 250 255 0 0.5 1
seed wavelength (nm) FTH contrast (norm.)

1 pixel =32.1 nm
Co@20.2 nm

C von Korff Schmising, et al. PRL 112 (21), 217203 (2014).

X'Reuxm Eﬂ\ﬁpm!?z? Flavio Ccapotondi | Willems F., et al. Structural Dynamics, 4 (1), 014301 (2017).




Elettra
Sincrotrone
Trieste

Seeding laser
262.2 nm

X-RAY

ZURICH

ENSORS

12-16 JANUARY 2026

Flavio Capotondi

Multicolor rainbow imaging
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In collaboration with E.Malm and B.Pfau (in preparation)
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3D information is to simultaneously obtain multiple bidimensional visons of the same
I object. EUV stereoscopic imaging approach, similar to the natural process of
binocular vision, provides sub-um spatial resolution and single-shot capability.

- Left Camera Right Camera

image Image

Stereog!
Viewer

D. Fainozzi et al. Three-dimensional coherent diffraction snapshot imaging using extreme-
X-RAY ENSORS ultraviolet radiation from a free electron laser Optica 10, 1053-1058 (2023)
20ricH /1216 0aNUARY 2026 Flavio Capotondi | https://doi.org/10.1364/OPTICA.492730
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Stereo imaging

3D information is to simultaneously obtain multiple bidimensional visons of the same

I object. EUV stereoscopic imaging approach, similar to the natural process of
binocular vision, provides sub-um spatial resolution and single-shot capability.

holography HERALDO reconstraction

D. Fainozzi et al. Three-dimensional coherent diffraction snapshot imaging using extreme-
ultraviolet radiation from a free electron laser Optica 10, 1053-1058 (2023)
https://doi.org/10.1364/OPTICA.492730
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3D information is to simultaneously obtain multiple bidimensional visons of the same
I object. EUV stereoscopic imaging approach, similar to the natural process of
binocular vision, provides sub-ym spatial resolution and single-shot capability.
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shots
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Application of ptychographic @ FEL mostly as beam diagnostic tool but
modest spatial resolution compared to SR microscopy due to high
sensibility of reconstruction fo beam intensity and pointing instability.

FEL beam focused by KB optics @ FEL beam focused by KB optics @

I J XUV ptychographic with structured illumination
I B  sceded FEL. SASE FEL.

S. Sala et al.,
J. Appl. Cryst. (2020) |

K. Kharitonov et al.,
Opt. Exp. (2021)

~ 2.5 um resolution
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XUV ptychographic with structured illumination

Application of ptychographic @ FEL mostly as beam diagnostic tool but
modest spatial resolution compared to SR microscopy due to high
sensibility of reconstruction fo beam intensity and pointing instability.
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Diffractive optical elements, such as
. plates with a large numerical
———  aperture, can enhance pointing stability
compared to reflective optics like KB.
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Application of ptychographic @ FEL mostly as beam diagnostic tool but
modest spatial resolution compared to SR microscopy due to high
sensibility of reconstruction fo beam intensity and pointing instability.

Diffractive optical elements, such as

. plates with a large numerical

———  aperture, can enhance pointing stability
compared to reflective optics like KB.

I J XUV ptychographic with structured illumination

Phase fronts Intensity Phase profile

The use of structured illumination,
such as the donut shape of an OAM
beam, can improve spatial resolution.

‘ F. Tamburini, et al. Phys. Rev. Lett. 97, 163903 (2006).
X-RAY <ENSORS W. Eschen, et al. Opt. Express 32, 3480-3491 (2024)
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Single FEL shot per Ptychographic position

Pancaldi M. et al. High-resolution ptychographic imaging at a seeded free-

‘ electron laser source using OAM beams Optica 11, 403-411 (2024)
A-RAY, SENSORS Flavio Capotondi | https://doi.org/10.1364/0OPTICA.509745
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.| Ptychography with OAM
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Pancaldi M. et al. High-resolution ptychographic imaging at a seeded free-
electron laser source using OAM beams Optica 11, 403-411 (2024)
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.| Ptychography with OAM
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Pancaldi M. et al. High-resolution ptychographic imaging at a seeded free-
electron laser source using OAM beams Optica 11, 403-411 (2024)
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Nonlinear harmonics of a seeded free-electron laser as a coherent and ultrafast probe to investigate
matter at the water window and beyond
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I We use the recent demostrated polarization controll of high order nonlinear
harmonic emitted by FERMTI source to perform the first Fourier Transform

Holography in Soft X-ray regime. CDI REFINED

<y

sample CoPt ML system
Ta(3 nm)/P+(3 nm)/[Co(0.6)/P+(0.8)]x20/Pt(3nm)

Magnetic hologram (El* - EI-)
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Coherence-based imaging techniques are rapidly evolving at FEL facilities. Starting
I I from the pioneering single-shot CDI experiments by H. Chapman two decades ago,

several new approaches have been developed, including:
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Elettra

Coherence-based imaging techniques are rapidly evolving at FEL facilities. Starting
from the pioneering single-shot CDI experiments by H. Chapman two decades ago,
several new approaches have been developed, including:

33.5 eV 42 5 eV 61.5 eV

« Sterographic imaging

| 750 FEL
shots
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« Multi - color imaging

Sl 750 FEL
shots
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Conclusions

Coherence-based imaging techniques are rapidly evolving at FEL facilities. Starting
I from the pioneering single-shot CDI experiments by H. Chapman two decades ago,
several new approaches have been developed, including:

33.5 eV

42 .5 eV 61.5 eV

community demand the development of advanced detectors, especially
for soft X-ray applications.
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