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Timescales for processes in matter

Timescale

10-6 (μs) Lattice dynamics; 
thermal effects; 

secondary 
structure dynamics 

in biomolecules; 
nanoparticle 

formation

10-9 (ns)

10-12 (ps) Electron-phonon 
dynamics;  

Valence electron 
dynamics10-15 (fs)

Inner shell  
electron dynamics

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

Source Qmax (Å-1) 
(r-resolution∼𝜋/Qmax)

Timescale for 
measurement

Year method 
started

Cu/Mo X-ray ∼ 16 ∼ days 1930s

Neutron ∼ 40 ∼ hours 1990s

Synchrotron  
X-ray ∼ 26 ∼ seconds 2000s

XFELs ∼ 8 ∼ 100fs 2010s

XFELs  
(our work) ∼ 20 ∼ 30fs 2023



Principles of X-ray free-electron lasers

www.xfel.eu/facility/overview/how_it_works/index_eng.html

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



The European XFEL

Image c/o Sakura Pascarelli (EuXFEL)

Injector at DESY  
campus

Experimental Hall

Undulator/photon tunnels

Linear accelerator 
1.9km  

17.5 GeV



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 10-15 s) 

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

ultra-fast total scattering/PDF 
Any experiment where the  
local structure changes  
‘quickly’ in response to  
external ‘stimuli’  
should be possible



Opportunities for uf-TS/PDF at XFELs
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.

Aurophillic bond 
formation in aqueous 
solution of Au(CN)2 

Kim et al Nature 518 
(2015) 385



Charge ordering at the metal-insulator transition in CuIr2S4 spinel
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A difference ultra-fast PDF XFEL study



Iridium pyrochlore substructure of CuIr2S4

Cubic 300K Structure Triclinic 150K Structure
Fd3m P1

Ir3.5+

Ir3+

Ir4+

Ir3.5+
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Dimer

− −

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



LCLS XFEL MFX pump-probe experiment

~70 mm from sample
2θmax ~ 60o; Qmax ~ 12.5Å-1

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



Structural response of CuIr2S4 to laser pumping 

150K (M) − 300K (I)

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



Simple modelling of ΔPDF data from CuIr2S4

Ir4+[4] Ir3+[3]Ir4+[1]Ir3+[3] Ir3+[2] Ir3+[2]

3.663Å 3.639Å 3.058Å 3.593Å 3.663Å

3.663Å ~3.44Å ~3.45Å ~3.4Å 3.663Å
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EuXFEL HED interaction chamber 1 (IC1)

Karen Appel

Ulf Zastrau



EuXFEL HED interaction chamber 1 set-up #1

4 Jungfrau detectors 
77 x 38 mm2 (75 μm pixels) 
Sample to detector > 140 mm 
Δ2θ > 90o 
24 keV X-ray beam 
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2
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High-resolution EuXFEL data from NIST silicon
In

te
ns

ity
 (c

ou
nt

s x
 1

04
)

Q (Å-1) Q (Å-1)

D(
r)

 [a
rb

. u
ni

ts
]

r (Å)

PDFFit to Silicon 
structure

1

2

3

4



High-resolution EuXFEL data from ZnO nanoparticles
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nanoparticle model 



Using an inclined area detector for total scattering

N Burns et al, J Appl Cryst 56 (2023) 510



EuXFEL HED IC1 set-up #2

Varex detector

Jungfrau  
detector

Sample  
stage

Slits

Diamond  
monitor

Shield 

   Varex detector coverage: ~9  < 2𝜽 < ~89  : PONI = 171mm at 2𝜽 ~ 75
Jungfrau detector coverage: ~1  < 2𝜽 < ~14.5  : PONI = 407mm at 2𝜽 = 0

O O O

O O O



Detector coverage (CeO2 powder)
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Detector coverage (water in silica capillary)

Green lines: previous best S(Q) Q-range 
  Yellow lines: previous best ΔS(Q) Q-range 

             Grey region: Q-region where data were merged

Normalised data



Results: NIST CeO2 674 SRM

Average vs. 
single pulse 

data

Refinement of 
average data 
using Topas



Results: silica glass



Results: metallic glass ‘standard’ Fe78B13Si9



Results: 1M tungsten Keggin cluster [W12O40]6-



First publication

Total downloads (since 22nd July 2025): 5139

Sapnik et al, IUCrJ 12 (2025) 531



Summary and Outlook

We have shown that high-quality, quantitative 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 Å-1, 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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Thank-you!


