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Introduction
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Rutherford Appleton Lab/Harwell Campus

Daresbury Lab/Campus

CLARA

Cockcroft

Institute

Å CLARA ς 250 MeV accelerator test facility
Å Cockcroft Institute ς ASTeC + Universities of 

Liverpool, Manchester, Lancaster, Strathclyde
Å SRF capabilities ς ESS, PIP-II, HL-LHC, thin films
Å RUEDI ultrafast electron diffraction facility 

£124m recently funded
Å High performance computing, technology 

department etc.

Å John Adams Institute - 
University of Oxford, Royal 
Holloway, Imperial College

Å Central Laser Facility ς e.g. DiPOLE laser
Å Diamond Light Source, Rosalind Franklin 

Institute
Å XFEL Life and Physical Science Hubs 
Å ISIS Neutron and Muon Source
Å National Quantum Computing Centre
Å Technology department, detector 

development etc.

ÅThe UK XFEL facility design is design is led by STFC, with team members at both Daresbury and 
Rutherford Appleton Laboratories, with important contributions from universities
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A Conceptual Design Report 

and Options Analysis (CDOA)

 

on delivering Next Generation XFEL Access
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2016
FEL Strategic Review
Highlighted a SwissFEL-
like option + increased 
international 
engagement

2018

Eu-XFEL + UK
UK becomes a member 
of Eu-XFEL

2020

UK XFEL 
Science Case
Soft x-rays &
Hard x-rays upto 1 MHz

LCLS Eu XFEL

2005 2010 2015 2020 2025

LCLS 2 SHINELCLS HE

2030

FERMISACLA PAL
SWISSFEL

Science Case Published in 2020 ς available online at xfel.ac.uk4
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UK XFEL Overview
The UK XFEL Science Case (2019ï2020) demonstrated the scientific need for

next-generation XFEL capability: 
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The UK XFEL Science Case (2019ï2020) demonstrated the scientific need for

next-generation XFEL capability: 
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Matter in extreme 
conditions

Andy Higginbotham (York), Andy 
Comley (AWE), Emma McBride 
(QUB), Sam Vinko (Oxford), Marco 
Borghesi (QUB), Malcolm 
McMahon (Edinburgh), Justin 
Wark (Oxford)

Nano/Quantum materials 

Anna Regoutz (UCL), Marcus 
Newton (Soton), Ian Robinson 
(UCL/Brookhaven), Mark Dean 
(Brookhaven), Shakil Awan 
(Plymouth), Paolo Raedelli 
(Oxford), Simon Wall (Aarhus), 
Sarnjeet Dhesi (Diamond), 

Engineering/Materials/ 
Applications

David Rugg (RR), Sven Schroeder 
(Leeds), David Dye (IC) Dan Eakins 
(Oxford),  Mike Fitzpatrick 
(Coventry) 

Life sciences 

Allen Orville (Diamond), Jasper 
van Thor (IC), Xiaodong Zhang (IC), 
Shakil Awan (Plymouth), Adrian 
Mancuso (Diamond), Tian Geng 
(Heptares)

Chemical sciences 

Julia Weinstein (Sheffield), Russell 
Minns (Soton), Sofia Diaz-Moreno 
(Diamond), Alex Baidak 
(Manchester), Andrew Burnett 
(Leeds), Tom Penfold (Newcastle), 
Rebecca Ingle (UCL), Mark 
Brouard, Claire Vallance (Oxford) 

Physical sciences

Jon Marangos (IC), Amelle Zair 
(KCL), Adam Kirrander 
(Edinburgh), Jason Greenwood 
(QUB), Elaine Seddon (Cockcroft) 

The Science Team 

UK XFEL Overview
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Synchrotrons

XFEL (Current)  XFEL (future)

Electron-ion coupling timescales in conductors/ 
thermalisation in hot dense plasma

Nuclear processes

Inner shell electron dynamics

Valence electron dynamics

Secondary/tertiary structure dynamics 
in biomolecules timescales

Ro-vibronic coupling timescales 
(structural fluctuation)

Timescales of excited modes at thermal equilibrium (T = 300 K) 

Vibronic coupling timescales 
(chemical reaction)

Lattice dynamics, exciton dynamics, magnon dynamics etc.Primary photoexcitation

Timescales of excited modes at thermal equilibrium (T = 10K) 

Material damage spallation, 
melting etc.

Real-time access to structural and electronic dynamics
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Femtosecond Picosecond NanosecondAttosecond

10-17 10-16 10-15 10-14 10-13 10-12 10-11 10-10 10-9 10-8 10-7 Time s



Future Opportunities Unlocked With:

Transform limited operation across entire X-ray range

High efficiency facility with a step-change in the simultaneous operation of multiple end stations

Evenly spaced, high-rep rate pulses to match lasers, samples & detectors

Improved synchronisation/timing data with external lasers to < 1 fs

Fully resolving dynamics at the combined limits of temporal and energy resolution from 
uncovering the fastest electron dynamics to subtle excitations in quantum materials 

Expanding access to researchers by providing scope for many hundreds of unique experiments every 
year to ensure science and technology reaps the full benefits of XFELs

Enabling the most advanced measurement methodologies whilst supporting high throughput 
measurements with standard capabilities using the most suitable combinations of lasers, sample delivery 
and detectors for time resolved studies and nano-scale imaging

Realising the full temporal resolution of x-rays and lasers to see dynamics unfold across multiple timescales 
down to ~ 1 fs or better

Multiple colour X-rays at one end-station and full array of synchronised sources: 

To interrogate multiple electronic, vibronic, excitonic etc. modes to completely uncover the complex 
dynamical pathways and couplings in matter and to access extreme states of matter

xfel.ac.uk

UK XFEL Science Case Overview
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How best to deliver access to a Next Generation XFEL?

Evaluate five different options

 including their feasibility, costs, benefits, risks, socio economic impact sustainability.

1. UK Facility in the UK

2. UK Facility in the UK with International partnerships

3. Invest in an International facility within Europe

4. Invest in an International facility internationally

5. No further investment

The science case will also undergo a refresh during this period along with research and development 
into new technologies required to deliver a sustainable next generation XFEL. 

£3.2 million over three years, Project timescale Oct 2022 to Oct 2025.

Conceptual Design and Options Analysis (CDOA) phase



1. UK Facility in the UK

2. UK Facility in the UK with International partnerships

3. Invest in an International facility within Europe

4. Invest in an International facility internationally
5. No further investment

Design Philosophy 

To develop a next-generation XFEL concept, we initially assume a new-build facility at an international scale, 

without constraints from location or from upgrading an existing machine. 

Aspects of this design will later be mapped onto and compared against the different options 

(i.e UK-based/international investments).
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Project launch event 
January 2023

Initial conceptual design 
and layout

Preliminary engagement 
with overseas XFEL 
facilities

Survey of the science 
team, workshops and 
town halls meetings 
begin
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Developing the concepts

R&D targeting gaps in 
key physics and 
technology areas

Collaborative activities 
and working groups with 
overseas XFEL facilities

Workshops and town hall 
meetings continue
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Summary of R&D 
activities

Preferred options 
identified, socio-
economic analysis

Revision to science case 
published

CDOA phase completed 
September 2025

Timeline 

11
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International collaboration
ÅOur project has already benefitted hugely from the 

kind help of the international FEL community ï in 
hosting visits, participating in our events, advising 
us through our advisory board and more

12



Over 500 participants

User Engagement

13



ÅIdentified key end stations and relevant team 

members.

ÅAssociated end stations with specific FELs and 

completed specification spreadsheet for each

Defining the Specification
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ÅEvenly spaced, high repetition rate pulses to match samples, lasers, and detectors

- ~100 kHz per FEL, with flexibility of repetition rate 

ÅHigh efficiency facility, with a step-change in the simultaneous operation of multiple end stations

- Minimum of six FELs with capacity for 10, and upwards of ten end stations to be simultaneously operated

ÅNear transform-limited operation across the x-ray range

- Photon energies from ~0.05-20 keV

- Pulse durations from ~100 as to 100 fs

- Non-transform-limited operation at ~20-50 keV

ÅWidely separated, multiple colour x-rays to at least one end station

ÅFull array of synchronized sources

- XUV-THz, e-beams, ion beams, high power & high energy lasers at high repetition rate

Å Improved synchronization/timing data with external lasers to <1 fs

ÅData and computing systems matched to the demands of high repetition rate acquisition

ÅMinimal carbon footprint with minimal energy consumption for both operation and build

UK XFEL Next Generation Definition

15
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Facility design

16
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Introduction to XFELs

ÅXFEL = X-ray Free-Electron Laser

Åófree-electronô means the electrons are not bound in atoms but ófreelyô propagating in a 
particle accelerator

17

~ 0.5-1 km of 

linear 

accelerator

Electron 

source

Undulator (period ɚu ~0.01 m)

Electron 
energy 

modulation

Electron 
micro-

bunching

Radiation 
emission

~100 m

Lasing 

(exponential 

amplification)

Output
High brightness, 
short pulse of coherent
soft to hard X-rays

XFEL radiation wavelength

r˂ ~ ˂ u   
-2 

~ 4 ς 15 GeV, 
Lorentz factor  ~ 
several thousand
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XFEL challenges and opportunities
ÅXFEL lasing spoils the electron bunch quality (bunches canôt 

be re-used). So XFELs are based on linear accelerators: 
less straightforward to serve many simultaneous 
experiments

18

t

ÅThe X-ray pulses are naturally far from transform 
limited (amplified noise). In the default SASE mode, 
there is an intrinsic coherence length of ~hundreds 
of wavelengths (hundreds of attoseconds at X-ray)

But bunch repetition rates are increasing by a factor of 10,000 

compared to first-gen XFELs (~100 Hz -> ~1 MHz)

Multiplexing to more simultaneous experiments, with much 

higher average flux and much higher data rates

There are many demonstrated or emerging techniques 

for near-transform limited pulses (i.e. high quality 

pulses across a range of pulse durations)

Increasing capacity and capability go hand in hand
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User Requirements from the Science Case & Survey

~1-1.5 GeV ~2-3 GeV ~6-8 GeV җмл GeV

Preliminary focus for 
UK-based option:

~8 GeV SRF CW

Electron Beam Energy:

HRR NC

NC

SRF 
(Pulsed)

SRF 
(CW)

ERLs

Acceleration 
Technology:

ÅMax. photon energy 

strongly influences the 

required electron beam 

energy

Å Repetition rate largely 

dictates the type of 

acceleration technology

ÅRequirements suggest 

~8 GeV superconducting 

RF linac

19

Å Physics and X-ray Photonics
Å Matter in Extreme Conditions
Å Quantum and Nanomaterials
Å Chemical Sciences and Energy
Å Life Sciences
Å Industry

Top-level

facility design 

choices



xfel.ac.uk

Fixed accelerator 

energy ~8 GeV, 

electron bunches at  ~1 

MHz

Kickers to split MHz bunch 

train to ~100 kHz per line

Electron bunch properties 

tailored per FEL

Energy boost for 

higher pulse 

energy/high 

photon energy

FEL-1

FEL-2

FEL-3

FEL-4

FEL-5

FEL-6

100 kHz Kicker

~6-10 FELs independently tuneable in terms of 

photon energy, pulse duration etc.

+ potential direct uses of electron beam

Facility concept: a step change in the simultaneous 

operation of multiple end stations
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SCRF 8GeV Linac Cu Linac
FEL 1

MEC

FEL 2

FEL 6

FEL 5

FEL 4

FEL 5B

FEL 3

8GeV Beam Utilisation Expansion

SpreaderLinac FELs Photon Transports Experimental Halls 

FEL 6X

FEL 5X

FEL 4X

FEL 5Bx

FEL 3X

Expansion

FEL 2X

Injector

Injector 1

Injector 2

Gun

ά5ŀȅ м  Ҍέ 

A more detailed schematic

ÁUltimately aim for ~10 FELs in 
simultaneous operation (this 
appears to be the general direction 
for SRF XFELs)

12 GeV8GeV
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FEL-6 (0.05 ς 1.0 keV)

~100 kHz

FEL-5 (0.25 ς 3 keV)
FEL-4 (1 ς 5 keV)

FEL-3 (3 ς 13 keV)
FEL-2 (5 ς 20 keV)

FEL-1 (9 ς 20 keV)
FEL-1 (13 ς 30 keV)

~100 HzFEL-1 (20 ς 40 keV)

SXR: ~0.2 ς 4 keV HXR: ~4 ς 100 keV

TXR: ~2 ς 7 keV

0.05 0.2 0.25 1 2 3 4 5 9 10 13 20 30 40 50 100

SXR/TXR X-ray spectroscopy (with 
mono/ but short pulse modes without mono 
but with down-stream spectrometer and/or 
seeded machine tuning)[High rep-rate]

Very HXR scattering for trXRD and trPDF 
measurements [High rep-rate/ maybe 3rd 

harmonic]

SXR/TXR ARPES

CDI (Forward Scattering, in SXR and HXR 
group) [High performance detectors/ high 
sample rate]

HRIXs/XAS (Momentum/energy resolved inelastic 30-1500 scattering, high resolution 
x-ray absorption/XES) [Higher resolution, wider range of angles 0-1800, larger collection 
efficiency, full range of synchronised sources UV/THz, sub 5fs timing]

Scattering + Spectroscopy (XAS/XES + Liquid 
phase scattering) [Narrow bandwidth x-rays, or 
pink beam for high tr, full range of synchronised 
sources UV-MIR/THz, sub 5fs timing]

AMO (PES/Coincidence) [High 
data rate, full polarisation 
control, UV-IR lasers, < 1 fs time 
tool, option to take full laser 
power] Attosecond 

(Streaking/XAS/PES) [High data 
rate, full bw/high power delivery, 
liquids/solids/gases with XAS 
straight through geometry/XES 
and XPS options, , 1 fs time tool, 
xray-x-ray modes]

MEC (Diffraction/Spectroscopy/Inelastic scattering) [High energy/power laser, high x-
ray pulse energy/sub 20 meV bandwidth, rep-rate set by laser but > 100 Hz should be 
assumed] 

Ion/electron pulsed beams for radiolysis measurements by 
spectroscopy and scattering [need pulsed accelerators + 
radiation shielding] (this should probably be seen as distinct 
from MEC and might be done at high rep-rate)

Open ports ς for user driven instrumentation in campaign 
(multiple beam time) mode

SFX (Diffraction/nanocrystals)  [High rep 
sample delivery/High data rate detectors]

HXARPES

FELs sequentially distributed in photon energy:

REVISED VERSION (v2)
still under development
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X-ray Correlation Spectroscopy & 
Nonlinear Spectroscopy (Scattering/TG) 

[High rep-rate/xray split & delay]

trXRD (Diffraction on pumped crystals) 
[High data rate, UV-Optical synchronised 
laser, SXR-HXR or electrons-HXR, sub 10fs 
timing, Very HXR for high Z materials and 
PDF]

Photon Energy [keV] Development of end station specifications
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100 eV ï 20 keV
100 as to 100 fs

FEL Tuning Mode Technique
Transform 
Limited 
Pulse Duration

FEL-
6

0.05 ς 1.0 
keV

Seeded EEHG 5 ς 100 fs

FEL-
5

0.25 ς 3.0 
keV

Long pulse EEHG/HB 100 fs ς 20 fs

Short Pulse XLEAP 2 fs ς 350 as

FEL-  
4

1.0 ς 5.0  
keV

Long Pulse HB-SASE 40 fs ς 15 fs

Short Pulse XLEAP 800 as ς 275 as

FEL-
3

3.0 ς 13.0 
keV

Long Pulse HB-SASE 20 fs ς 10 fs

Short Pulse XLEAP 400 as ς 200 as

FEL-
2

5.0 ς 20.0 
keV

Long Pulse HB-SASE 16 fs  - 12 fs 

Short Pulse XLEAP 300 as ς 200 as

Cavity XFELO ~ 100 fs

FEL-
1

9 ς 20 keV High Power

SASE ~ 30 fs (not TL)13 ς 30keV* High Energy

20 ς 40keV* High Energy

Near transform-limited pulses 

Pulse durations estimated from simulations/scaling, intermediates between short and long pulse modes also accessible.

Seeded

Cavity

High 
Energy

FEL-6

FEL-5
FEL-4 FEL-3 FEL-2

FEL-1

*via booster, possibly at lower rep. rate

Each FEL has 1-3 primary operating 
modes, covering both short-pulse 

and long-pulse options

23
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Other key capabilities
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FEL for matter in extreme 
conditions

Å 5ŜƳŀƴŘ ŦƻǊ млΩǎ mJ pulse 
energy at 5-10 keV, and to 
reach 40 keV

Å NCRF booster to ~12 GeV
Å Potential to use dual-

period undulators

Widely-separated two-
colour capability could be a 

key feature of a next-
generation XFELNext-gen XFELs are 

expected to be 
some of the biggest 
data machines on 

the planet
Unprecedented 

requirements in data 
rates (towards TB/s) 

and scale (PB per 
data set). AI and 

exascale computing 
potential, e.g. for 

real-time experiment 
steering

A laser facility as well as 
an accelerator facility

High rep. rate lasers 
over a wide range of 
spectral/temporal 

regimes using Yb-based 
technology + high pulse 
energy laser for MEC, 
e.g. DiPOLE. Laser or 

accelerator-based THz 
options

Direct uses of 
the e-beam, e.g. 
PWFA test area 
and potential 

output 
enhancements
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252m APPLE-X2m Planar 

Undulator

1.25m APPLE-X
With delay chicane

2m HELICAL SCU

Cryomodule Delay Chicane Kicker + Septum Passive Wakefield 

Structure

KEY

FEL Tuning

FEL-6 0.05 ς 1.0 keV

FEL-5 0.25 ς 3.0 keV

FEL-4 1.0 ς 5.0 keV

FEL-3 3.0 ς 13.0 keV

FEL-2 5.0 ς 20.0 keV

FEL-1
9 ς 20 keV

20 ς 40 keV*

* With booster

Facility layout progress
A preliminary layout has been developed, featuring:

ÅTwo photo-injectors, with multiple 
lasers each - for flexible bunch 
properties and redundancy

ÅAt least 6 FELs covering a wide 
photon energy range 

ÅCapacity for 10 FELs and direct 
uses of the electron beam (e.g. 
accelerator test line)

ÅInvestigating flexible bunch 
charge/compression modes

Space to distribute 

FELs both sides of 
the central axis
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Facility layout progress
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Individually shielded undulator lines for independent operation

FEL + end station layout

Photoinjector schematic
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Summary and next steps
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Å XFELs are a revolutionary technology with further orders of magnitude enhancements still to be 

realised: they are well positioned to be leading scientific facilities for decades

Å UK users and accelerator community are highly enthusiastic about next-generation XFEL capabilities, 

enabled by SRF acceleration, other high-rep. rate sources, advances in data + AI/exascale, etc.

Å There is clear demand for more regular access and reducing the barriers to entry

Å Clearly these are major investments; our next steps are: 

Å to compare socioeconomic benefits of UK vs international investment options 

Å identify key R&D areas, including those to improve sustainability, reduce cost 

Å this phase finishes October 2025: plan for Technical Design phase

Contact: ukxfel@stfc.ac.uk

mailto:ukxfel@stfc.ac.uk
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