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3D structure determination with MeV electrons

REGAE: DESY‘s hidden gem for ultrafast electron diffraction (UED)
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Why MeV electron diffraction?

• Complementarity to X-rays:

• Much stronger interaction with matter -> ‚nano‘- and 2D-crystallography

• Reduced radiation damage effects -> ‚undamaged‘ structures, less sample 

consumption

• Scattering at the electrostatic potential -> better visibility of low-Z / hydrogen atoms

• Atomistic probe with fs time resolution with low investment and operating cost

• Soft- and hardware can be reused with only small modifications / adpations

• Complementarity to ‚low‘ energy (100 – 300 keV) electrons:

• Reduced space charge effects -> enabling fs-time resolved experiments with electrons

• Factor of 2-3 lower interaction -> larger tolerable sample thicknesses

• Long focal lengths optics -> extended space around the sample allows for different 

sample environments

• Relativistic electrons: -> much less sensitive to external fields such as THz and

electric fields, no velocity mismatch,  etc.  

Time resolved experiments with fs-time resolution
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REGAE MeV diffraction setup
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Total length: ∼15 m

electron gun

experimental chamber

Beam stearing

& diagnostics

Jungfrau 

1m detector

solenoids

‚Open port‘

REGAE: Relativistic Electron gun for atomic exploration
FGU[Ҳumachine for high-energy electron diffraction
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REGAE accelerator layout
Ulrashort electron pulses with additional buncher cavity 

RF-gun cavity

buncher cavity

1st focusing

solenoid 2nd focusing solenoid pair

variable collimator system
photocathode

klaus.floettmann@desy.de
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REGAE ‘beam’ parameters 

parameter ‘fs-timing’ mode

Pulse duration < 50 – 600  fs

Bunch charge 100 fC

e- beam diameter ~100 - 500 μm

Coherence length ∼ 2 - 10 nm

Repetition rate (Hz) 12.5 (50)

Total e- flux per second 2.0 x 107  ( 8 x 107)

12 keV photon equivalent (s-1) 2.0 x 1012 (8 x 1012)

Scientific applications: fs pump probe experiments of thin- 

layered samples and liquids (gases)

Sample (delivery) solid supports

(liquids, sheet jet, gas phase)

Femtosecond electron pulses for pump probe experiments

„Pancake“ mode

transversal size:

100 – 500 μm

longitudinal size: ~15 μm
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Large experimental chamber due to long focal lengths optics
High-precision eRoadrunner goniometer

• Fully UHV compatible

• High-precision rotation axis:
• Full 360 degree rotation

• Servo motor operated
• SOC:  1 μm

• Angular resolution:  0.0001 degree

• Centering stage:

• 12 mm travel range in x,y,z
• Positiiong accuracy: 1 μm

• Through-the-lense laser excitation
for pump-probe experiments

Future upgrade plans:
• Cryogenic sample cooling to 10 K

• Robotic sample loading through
load-lock system
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Reduced dark current with collimator setup
Significant improvement in particular at low-q
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Jungfrau 1M detector for direct electron detection
Integrating detector for direct electron detector

Develepment of the detector group from Paul-Scherrer-

Institut, Switzerland (Bernd Schmitt and colleagues)

• Initiallly developed for experiments at XFELs

• Direct electron detection

• Integrating detector

• high dynamical range (3 gain stages)

• about 10% absorption at 3 MeV

• gate function for suppression of dark current

• improvement of >10 in signal-to-noise ratio

compared to scintilator bases detectors

• Dynamic range of ∼1200 electrons @ 3.5 MeV
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Challenge: sample preparation
Femtosecond time-resolution requires pancake-style samples

Remember beam sizes …

• Timing (50 fs) mode mode: 250 x 250 um2

• Thickness limited by multiple diffraction events

to ideally < 500 nm …

Samples should be single-crystalline

• Aspect ratio: 1 : 1000

• No cracks / no mosaicity

• Ideally free-standing (no support material)

Technqiues:

• Focused ion beam (FIB) lamellas (cryo-fib‘ing)

• Microtome cutting / confined crystallization

• Intrinsically thin samples such as 2D crystals /

2D materials
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Pancake sample preparation
A variety of different techniques

microtome cutting

by exfoliation

Inorganic

samples

confined

crystalization

ion beam

milling

Thermofisher.com

sublimation
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3D structure determination with MeV electrons
Data collection with 50 Hz and 600 fs electron pulses

Sample:

Muskovit (Mica)

Layer silicate

Space group:

Cell parameters:

a = 5.18 Å, b = 8.99 Å, c = 20.03 Å, 

ß = 95,76

REGAE data collection parameter:

Energy: 3.48 MeV

bunch charge: 60 fC

pulse duration: 600 fs

Beam size: 500 µm

Jungfrau 1M detector

Total rotation range: +/- 60° 

rotation increment: 0.01°

Frames per increment: 12

Mica samples: Thin sheets

( ∼670 nm) mounted on 

silicon support structure
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Muscovite sample preparation
Exfoliation yielded samples with a thickness <  1 µm    

A B

C D E
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Muscovite diffraction data
Very good signal-to-noise ratio
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Muscovite structure refinement
Data processing with PETS2 and dynamical refinement with Jana2020

Dynamical refinement

virtual frames Δαv, Δαo (°) 2.8, 1.0

No. of scale parameters 67 (one per virtual 

frame)

No. of structural parameters 96

No. of refinement parameters 164

Refined thickness (nm) 634 (3)

Reflections used in refinement 

Nobs, Nall

4120, 4426

Robs, Rall, wRall 0.098, 0.099, 

0.108

Post-refinement merged MNobs, 

MNall

1756, 1874

MRobs, MRall, MwRall 0.092, 0.094, 

0.100

Data collection

Acceleration (kV), λ (Å) 3480, 0.0031

Sample temperature (K) 293

Rotation range αmin, αmax, 

Δαstep (deg.)

−60.0, +60.0, 0.01

Rotation range per saved 

frame (deg.)

0.1

Mosaicity (PETS2) (°) 0.4

Data set statistics

High-resolution limit (Å) 0.56

Completeness (%) 66.5

Multiplicity 2.4

<I/σ> (based on counting 

statistics)

16.1

Measured reflections 4608

Unique reflections 1968

Unique reflections I > 3σ 1945
Refinement done by Paul Klar, Bremen University, Germany
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Muscovite diffraction data
MeV electron allow for high sample thickness 

• Sample thickness from dynamical refinement

with (Jana2020): 630 nm

• Independently measured sample thickness: 

670 nm

• Effective sample thickness increases 

during data collection to rotation of the 

crystal

• Dose of   0.0028 e-/ Å-2

• No obvious signs of radiation damage
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Hydrogen atom(s) in Muscovite

… almost similar quality to neutron data 

• data quality allowed anisotropic refinement of the hydrogen ADP’s

• Very good agreement with neutron diffraction data*  

ND

ED

method O-H bond length

Neutron* 0.939(4) Å

MeV ED 0.95(4) Å

X-ray 0.81(6) Å

* Gatta et al., Am. Mineral. 96, 34ς41 (2011). 

http://arxiv.org/abs/2507.06936
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REGAE: 3D structure determinations of quantum materials
Charge density wave super lattice reflections from a 30 nm thin TaS2 sample

3D reciprocal space representation of the hexagonal 

1T-TaS2 super lattice from REGAE diffraction data

(a= 12.1 Å, c=17.6 Å ).

Series of diffraction images of TaS2 

recorded at REGAE with 3.48 MeV 

electrons, 50 um beamsize, < 15 fC 

charge per pulse 

From: Murayama, H. et al., 

(2020). Physical Review 
Research. 
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TaS2 sample preparation
Microtome cutting 

TaS2

single

crystal

epoxy

resin

block

diamond

knife

Microtrome head

crystallographic c-axisA B Cepoxy resin

block with

crystal on 

top 
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TaS2 diffraction data
High visibility of charge-density-wave (CDW) satellite reflections

group (m,n) <I/σ> Nobs Nall Robs Rall wRall

(0,0) 239.4 589 589 0.049 0.049 0.057

(1,0) 50.1 3249 3335 0.083 0.084 0.082

(1,1) 16.5 2773 3400 0.096 0.106 0.089

(2,0) 7.7 2113 3289 0.114 0.146 0.116

(1,2) 5.6 1569 3349 0.154 0.232 0.167

(2,1) 2.3 898 3253 0.286 0.400 0.332

(3,0) 2.0 724 3414 0.382 0.808 0.404
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Data collection and structure refinement of TaS2
Data processing with PETS2 and dynamical refinement with Jana2020

Refinement done by Paul Klar, Bremen University, Germany

Data set statistics overall main refl. satel. refl.

High-resolution limit (Å) 0.45

Completeness (%) 62.4

Multiplicity 3.1

<I/σ> (counting statistics) 1241.1 189.7 14.2

Measured reflections 35016 867 34091

Unique reflections 11069 296 10773

Dynamical refinement

No. of structural parameters 77

No. of refined parameters 141

Reflections refined Nobs, Nall 20629, 11915

Robs, Rall, wRall 0.101, 0.150, 0.072

MRobs, MRall, MwRall 0.086, 0.120, 0.054



22| Alke Meents | SLAC UED workshop | August 2025  

Structure refinement of TaS2

Incommensurate structure structure can be well modelled 

Refinement done by Paul Klar, Bremen University, Germany

http://arxiv.org/abs/2507.06936
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MBE grown samples of 3D volume samples
Collaboration with Alice Galdi from Salerno (Italy)

REGAE diffraction pattern of a MBE-

grown sample (courtesy of Alice 

Galdi, Salerno, Italy)
LiMnO4 structure
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Diffraction from anthracene single crystals 

On the way to protein crystallography

¸ Crystals grownby
sublimation

¸ рл ˃Ƴ ōŜŀƳ size

¸ Monoclinic P21/c

¸ a=5.8 Å, b=12.8 Å, c=18.0 
Å, ß=100°

work by: Sreevidya
ThekkuVeedu

X-ray structure



Ultrathin crystals with confined crystallisation

Si  200µm

SiN 20-60 nm

Spacer

Side view

Si-chip with 

Si3N4 windows of

300µm x 2500µm

15mm

with Al spacer

Large sample holders with space for several crystals

Large single crystalline Lysozyme plates 
( > 100  µm) with thickness < 1 µm
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Future direction: Pump–probe experiments
Providing sub-atomic spatial resolution with femtosecond temporal resolution

3 MeV electron diffraction pattern of a TaS2 sample, 

recorded at REGAE, showing superlattice reflections 
of a charge density wave

THz pump laser pulse 

for sample excitation

Diffracted 3 MeV

electron beam

High-precision 

e− roadrunner 
goniometer

Sample (<100 nm thick) 

Á Unique buncher cavity for <20 fs time resolution

Á Various pumping schemes including THz, IR, Vis, UV
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Life Science case for REGAE 

Potential applications:

• Time resolved diffraction experiments with laser excitation 

including THz with reduced radiation damage compared to 

X-rays

• High-throughput compound screening experiments for drug

discovery with 1/1000 of sample required compared to X-

rays

• Structure determinations from nano- and microcrystals 

benefitting from reduced radiation damage effects (damage 

free structures from metal-containing enzymes)

• Better visibility of hydrogen atoms -> investigation 

protonation states and hydrogen transfer reactions 

SARS-CoV2 main-

protease 
microcrystals on a 
SiN-membrane -

Ready for micro-
electron diffraction 

experiments at 
REGAE

Diffraction experiments from biological samples with microsecond time resolution

-> these experiments ideally require a micrometer 

size electron beam with a large coherence 

lengths. 
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Micro-beam mode at REGAE

parameter microbeam mode

(3 GHz multibunch)

Pulse duration 1.5 μs

Bunch charge 100 fC  (in 4500 micro-bunches)

e- beam size 1 x 1 μm2

Coherence length ∼ 10 nm

Repetition rate (Hz) 12.5 (50)

Total flux per pulse (s-1) 3.1 x 107 (2.5 x 108)

12 keV photon equivalent 3.1 x 1012 (2.5 x 1013)

Scientific applications: μs time resolved experiments from 

nano-crystals, static structure 
determinations, 
(microscopy / tomography)

Possible Sample delivery 

techniques

Fixed-targets with extremely thin 

substrates

Bunch train mode with 1.5 μs time resolution

„bunch train “ mode

vertical size: 1 – 2 μm

Train length: ~ 1.5 μs

4500 microbunches form a ‚train‘

ideally suited for

serial data
collection from
(protein-) 

microcrystals in a 
time-resolved

fashion
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3 GHz laser for micro-beam experiments

1.5 microsecond bunch train

Coherent micro-beam mode with 3 GHz laser

ücoherence length ~10 nm with beam size on 
target ~1 µm

üEmittance: 38 pm
ü4545 bunches×2.2∙10−17C=100 fC

Assembly of the 3 GHz burst mode laser at REGAE 

(work by C. Mahnke and I. Hartl from FS-LA)
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3 GHz laser – first experiments
still requires some fine-tuning  

Mica diffraction with 3 GHz micro-beam modeElectron beam shape in 3 GHz micro-beam mode
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New laser system for pump probe experiments
From UV to THz excitation

New: Ti-Saphire laser ‚Astrella‘ from Coherent

- delivery in February 2026

- Repetition rate: 12.5 Hz (1000 Hz)

- Energy per pulse: 7 mJ @ 800 nm

3 mJ @ 400 nm

- spot size at sample position: 100 – 1000 um 

- potentially extended by a seperate PHAROS laser for

the electron gun

NOPA system ‚Topas‘ from Light Conversion

-current laser system ‘Legend’ is from 2012 and frequently causes extremely downtimes of REGAE
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Low temperature diffraction setup
Static structure determinations and pump probe experiments down to 10 K. 

• 2-stage closed cycle helium cryostat

• sample temperatures < 10 K

• expected temperature stability < 0.5 K

• Cryo-shield to prevent ice formation

• Crystallography goniometer with +/- 120 degree rotation

• Large sample holders for up to 12 different samples

• Installation planned for end of 2025

• automatic sample changer with load lock system under 

development

Applications:

• Time-resolved investigation of light induced phase 

transitions (e.g. in quantum materials)

• Diffraction from biological samples (with 3 GHz laser)
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Low pressure humidity chamber for biological samples 
Room temperature studies of hydrated specimens 

…inspired by Parsons 1974
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Operando electron diffraction
Utilizing the higher penetration power of MeV electrons in combination with 3 GHz microbeam mode 

Battery research
Catalysis

• Catalyst particle size of 1 um ideally suited for MeV electron

     diffraction

• Catalytic hydrogen transfer mechanism not fully understood yet

• MeV electron diffraction ideally suited for operando experiments

     due to better visibility of hydrogen and higher penetration power 

(collaboration with Juri Dedecek (CAS Prague, Czech republic))

• operando investigation during cycling of the battery

• MeV electron diffraction in microbeam mode will allow 

studying Li+ incorporation / distribution, defect 

formation, and phase transitions at high spatial 

resolution.   

 (collaboration with J. Hadermann (Uni Antwerpen, 

           Belgium) and A. Hardy (Uni Hasselt, Belgium.)

2 Zeolite-Fe2+ + O2

2 Zeolite-Fe4+=O2- + 2 CH4

2 Zeolite-Fe2+=OHCH3

2 Zeolite-Fe2+ + 2 CH3OH
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Outlook & Conclusions
On the way to becoming a user facility …

• MeV electron diffraction is capable of high quality 3D structure determinations

• Reduced radiation damage compared to X-rays, good visibility of hydrogen atoms

• UED allows femtosecond time-resolved diffraction experiments

• Green diffraction facility with only 20 – 30 KW power consumption

• 3 GHz laser enables microbeam experiments and structure determinations from nanocrystals

• Next steps: Installation of new laser system, NOPA setup, and cryo-cooling for pump-probe 

experiments

• in planning: automatic robotic sample changer and liquid jet setup (foreseen for 2026) 

Long term plan: REGAE 2.0

• Relocation to the former DORIS tunnel with less magnetic interference

• Higher repetition rate of up to 1 KHz will enable short measurement times
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People involved & Tanks to …

Max Hachmann

Vincent Hennicke

Patrick Reinke

Tim Pakendorf

Jan Meyer

Sreevi Thekku Veedu

…. and DESY support groups ! 

Joined effort between DESY’s M and FS divisions 

Juna Wernsmann

Karel Peetermans

Francois Lemery

Matthias Hofmann

Sven Falke

Paul Scherrer Institut (PSI)

Bernd Schmitt

Aldo Mozzanica

Erik Fröjd

Kiel university / DESY

Kai Rossnagel

Simon Marotzke

Markus Scholz

EuXFEL FXE team

Stuart Hayes

Chris Milne

Yifeng Jiang

Hossein Delsim-Hashemi

Klaus Flöttmann   

Lars Gumprecht

Pontus Fischer

Alke Meents

Arlinda Qelaj

Miriam Barthelmess

Christoph Mahnke

Ingmar Hartl

Henry Chapman

Wim Leemanns

Bremen University

Paul Klar 
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