Total scattering and PDFs using X-ray

ISIS Neutron and
Muon Source

free-electron lasers:
quality data in 30 femtoseconds

David Keen
ISIS Facility, Rutherford Appleton Laboratory, UK

ADD2026, EPN Campus, Grenoble, 11th-16th January 2026



Q
S
-
e
(O
S
Q
Q.
-
0,
)
-
O
O
S
e
q0)
-
O
O
-
®
S
(-
o0
-
o
O,
-
g
O
Vp)
(O
)
O
)
-
O
S
)
-
Q
Z

(qo c
— 8 o C
O © Q5 .=
+ o0 | Ko
- \ m (@)
e.m o C
T o S8 3

=R M o
SE % ;

N <

Qo

o.----------- --
1 .
==
. _ _—
I e — PN
(0/0) < o o0 < o
(D)S (4)a

30

J R D Copley et al, J. Phys. Chem. Sol. 53 (1992) 1353



Timescales for processes in matter

Timescale

10-6 (ps)

10-9 (ns)

1012 (ps)

10-15 (fs)

10-18 (as)

Can total scattering/PDF methods be used to usefully interrogate these processes,
even if the data could be collected fast enough?



XFELs within the history of total scattering

Qumax (A1) Timescale for Year method

Source ]
(r-resolution~7/Qmax) Measurement started

Cu/Mo X-ray ~days

Neutron ~hours

Synchrotron

~ seconds
X-ray

XFELs ~ 100fs

XFELs

(our work) ~30fs




Principles of X-ray free-electron lasers

® Bunches of electrons are formed using a 1.9km long superconducting accelerator
® Electrons pass through long (>100m) undulators where SASE of X-rays takes place
® The intense X-ray beam is pulsed, polarised and coherent

® The EuXFEL is 3.4km long and produces 27,000 X-ray pulses/s

to electron

dump
electrons from

accelerator

www.xfel.eu/facility/overview/how it _works/index_eng.html



The European XFEL
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XFELs - useful characteristics for total scattering?

® X-ray intensity is very high, ~1010-11 photons/pulse

® Each X-ray pulse is very short, ~30 fs (30 x 10-15s)

® XFEL X-ray energies are low, but are increasing

® Total scattering is a ‘snap-shot’ technique but it isn’t quick

® At an XFEL you can measure PDF ‘snap-shots’ very quickly

10 Hz burst . ultra-fast total scattering/PDF
Any experiment where the
local structure changes

0-2700 pulses/bunch

‘quickly’ in response to
external ‘stimuli’
should be possible

I BN European XFEL



Opportunities for uf-TS/PDF at XFELSs

Any transition with a structural component can be followed using uf-TS/PDF; the
method is not dependent on the state of matter.

® High-pressure, high-temperature liquid structures
(Planetary science, fundamentals of structure)

® Melting, recrystallisation, nanoparticle formation, supercooling
® Structural studies of solutions, gas phases and warm dense matter

® Phases transitioning, non-equilibrium transformative phenomena in materials.
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Charge ordering at the metal-insulator transition in Culr,S4 spinel

A difference ultra-fast PDF XFEL study
/// ’[\\\\

letters to nature

Formation of isomorphic Ir’* and Ir**
octamers and spin dimerization

in the spinel Guir,S,

Paolo G. Radaelli*, Y. Horibe 1§, Matthias J. Gutmann*,

Hiroki Ishibashis|, C. H. Chent, Richard M. Ibberson*, Y. Koyamai,
Yew-San Hors, Valery Kiryukhin$ & Sang-Wook Cheong$

.

1124 230K (M) vs 220K (1)

|
T T ]

NATURE|VOL 416 | 14 MARCH 2002 | www.nature.com

week ending

PRL 106, 045501 (2011) PHYSICAL REVIEW LETTERS 28 JANUARY 2011

Detailed Mapping of the Local Ir?'™ Dimers through the Metal-Insulator Transitions of Culr,S,
Thiospinel by X-Ray Atomic Pair Distribution Function Measurements

PDF(r)

E.S. Bozin,"* A.S. Masadeh,*? Y.S. Hor,™" J.F. Mitchell,* and S.J. L. Billinge'" 6PD F(I’ )




Iridium pyrochlore substructure of Culr;S4

Cubic 300K Structure Triclinic 150K Structure

Griffiths et al, Nature Mater. (2024) doi.org/10.1038/s41563-024-01927-8



LCLS XFEL MFX pump-probe experiment

N, cryostream

LLE _Sam

23.1 keV probe
~100 fs

800 nm pump
CIS sample 100 fs

CCD detector
~70 mm from sample

zemaXN 600, QmaXN 12 .SA_]'

300 K

Cu-S lr—Ir

150-300 K

Griffiths et al, Nature Mater. (2024) doi.org/10.1038/s41563-024-01927-8 : Interatomic distance, r (A) °



Structural response of Culr,Ss to laser pumping

-25 0 25 50

Pump-probe delay (ps) I |

AF(Q) (a.u.) F(Q) (a.u.)
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Interatomic distance, r (A)

Griffiths et al, Nature Mater. (2024) doi.org/10.1038/s41563-024-01927-8
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Simple modelling of APDF data from Culr,S4

Ir3+[3] Ir3+[2] Ira+[4] . Ira+[1] Ir3+[3]
2 d @M@ 9
3.663A 3.639A 3.058A 3.593A
3.663A ~3.44A ~3.45A ~3.4A
1.5 — Expt. [¥5ps — <0ps]
f — Calc. [One ‘broken’ dimer - ideal P1]
10— — Calc. [All dimers ‘broken’ - ideal P1]
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EuXFEL HED interaction chamber 1 (IC1)

Karen Appel



EuXFEL HED interaction chamber 1 set-up #1

\:;\@@ 4 Jungfrau detectors

\‘] 77 x 38mm?2 (75 um pixels)
Sample to detector >140mm
A26 > 900

24 keV X-ray beam




High-resolution EuXFEL data from NIST silicon
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High-resolution EuXFEL data from ZnO nanoparticles

— D(r) GudrunX (1 minute)
ﬂ D(r) PDFgetX3 (1 shot)
— D(r) GudrunX (1 shot)
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Using an inclined area detector for total scattering

Intensity (a.u.)
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EuUXFEL HED IC1 set-up #2

Shield Varex detector

Diamond Samp]e
monitor E stage

Slits

Varex detector coverage: ~9°< 20 < ~89°: PONI =171mm at 20 ~ 75°
Jungfrau detector coverage: ~1° < 20 < ~14.5°: PONI =407mm at 26 = 0°



Detector coverage (CeO; powder)

0 40
- 300 L 1x105
500
- 250 ~20-
> 8x10¢
1000 200 X< .
Q
G<) 5 3 6x10*
[} 150 < X
S 2 1500 o 20 -
(C 0o =
> 100 3 4%10¢
2000 ¥ 40 -
50
) 2x10%
2500 60
0
1 1 1 1 1 | | | 0
0 500 1000 1500 2000 2500 10 20 30 40 50 60 70 80
500 250 0 Pixels Scattering Angle 26 (°)
0 _
140 =50 1 175000
3 O) 200 120 -4 + 150000
E 400 100 % -20 4 125000
B : M-
C 600 60 :g . 75000
3 . 50000
ﬁ 800 . 25000
20
50 4

1000 0 ; H ('S E'i 1'0 0

Scattering Angle 26 (%)




Detector coverage (water in silica capillary)

Normalised data
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Results: NIST CeO> 674 SRM
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Results: silica glass
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Results: metallic glass ‘standard’ Fe;gB13Sis
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Results: 1M tungsten Keggin cluster [W12040]¢
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Summary and Outlook

® We have shown that high-quality, guantitative total scattering data and pair
distributions functions are measurable using an XFEL.

® The data are far higher quality than measured on any XFEL to date, covering
0.35< Q< 16.6 AL, simultaneously to lower and higher Q than elsewhere.

® The data have an unprecedented time-resolution.

® There are still challenges when the technique is combined with pump-probe
techniques and more complex sample environment, but none are
insurmountable.

® Our next experiment will measure total scattering from high pressure high
temperature liquids from shocked samples.

® Total scattering/PDF methods will undoubtably benefit from even higher
energy XFEL beams - which are under development.

® The EuXFEL total scattering/PDF facilities are available for others to use.
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