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Introduction iy
A The 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

d

Daresbury Lab/Campus

Cockcroft
Institute

/

A CLARA 250 MeV accelerator test facility
A Cockceroft Institute; ASTeC + Universities
A
A
A

Liverpool, Manchester, Lancaster, Strathclyde
SRF capabilitieseSS, PiR, HELHC, thin films
RUEDI ultrafast electron diffraction facility
£124m recently funded
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Diamond Light Source, Rosalind Franklin
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. _ XFEL Life and Physical Science Hubs

gé%ggfnfé?&rg?gce computing, technology University of Oxford, Royal :\?IS Neutron and Muon Source
Holloway, Imperial College ational Quantum Computing Centre
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A Conceptual Design Report
and Options Analysis (CDOA)

on delivering Next Generation XFEL Access
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UK XFEL Overview

The UK XFEL Science Case (20191 2020) demonstrated the scientific need for
next-generation XFEL capability:

New Physics and X-ray Photonics Chemical Sciences, Catalysis, Energy Matter at Extreme Conditions
Shocked materials
Attosecond electron dynamics (sttosecond X-Ray Raman T and matter at extremes

New tools to reveal electron dynamics, electron-phonon and

)
photon-electron coupling in molecules, metals, semiconductors, N
dielectrics, 2D materials, liquids and amorphous systems %
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Charge transfer driven by ultrafast spin transition
Jogue. Hature Chem, 1

The Science Case:
Real-time access to the characteristic processes and

Dynamic structural biology fluctuations in matter down to the quantum scale
Optical control of ultrafast structural Visualizing the Liva repair process st
e https://www.xfel.ac.uk/documents/ Initial Science Drivers for Applied and Industrial Researc
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UK XFEL Overview

The UK XFEL Science Case (20191 2020) demonstrated the scientific need for

next-generation XFEL capability:

Physical sciences

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

Life sciences

Allen Orville (Diamond), Jasper

van Thor (IC), Xiaodong Zhang (I1C),
Shakil Awan (Plymouth), Adrian
Mancuso (Diamond), Tidaeng
(Heptare$

B
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Chemical sciences

Julia Weinstein (Sheffield), Russell

Minns Gotor), Sofia DiaMoreno
(Diamond), Alex Baidak
(Manchester), Andrew Burnett
(Leeds), Tom Penfold (Newcastle),
Rebecca Ingle (UCL), Mark
Brouard, Claire Vallance (Oxford)

The Science Team

Nano/Quantum materials

Anna Regoutz (UCL), Marcus
Newton Sotor), lan Robinson
(UCL/Brookhaven), Mark Dean
(Brookhaven), Shakil Awan
(Plymouth), Paol®aedelli
(Oxford), Simon Wall (Aarhus),
Sarnjeet Dhesi (Diamond),

Matter in extreme
conditions

Andy Higginbotham (York), Andy
Comley(AWE), Emma McBride
(QUB), Sam Vinko (Oxford), Marc
Borghes{QUB), Malcolm
McMahon (Edinburgh), Justin
Wark (Oxford)

Engineering/Materials/
Applications

DavidRugg(RR), Sven Schroeder
(Leeds), David Dye (IC) Dan Eakifis
(Oxford), Mike Fitzpatrick
(Coventry)
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Reaktime access to structural and electronic dynamics

Synchrotrons T
XFEL (future) XFEL (Current)
Electronion coupling timescales in conductors/ Material damage spallation, 4
thermalisation in hot dense plasma melting etc. -
Primary photoexcitation  Lattice dynamics, exciton dynamics, magnon dynamics etc.
Nuclear processes Vibronic cqupllng tlr_nescales Secqndgry/tertlary structure dynamics
(chemical reaction) in biomolecules timescales
Valence electron dynamics Rovibronic coupling tlmescales

| (structural fluctuation)

Inner shell electron dynamics Timescales of excited modes at thermal equilibrium (T = 10K

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

Attosecond Femtosecond Picosecond Nanosecond
I B B Y I D Y Y D R N
0= 1016 1015 1014 o= g 1oes 1010 10° 108 107 Time s
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Future Opportunities Unlocked With:

Transform limited operation across entire-iy range

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

High efficiency facility with a stejghange in the simultaneous operation of multiple end stations

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

Evenly spaced, highep rate pulses to match lasers, samples & detectors

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 n@oale imaging

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

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

Multiple colour Xrays at one enestation 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

Science and
Technology
Facilities Council



Conceptual Design and Options Analysis (CDOA) phase

How best to deliver access to a Next Generation XFEL?

Evaluate five different options
including their feasibility, costs, benefits, risks, socio economic impact sustainability.

UK Facility in the UK

UK Facility in the UK with International partnerships
Invest in an International facility within Europe
Invest in an International facility internationally

No further investment

ok wbdE

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.



Design Philosophy

®UK Facility in the UK
UK Facility in the UK with International partnerships
Invest in an International facility within Europe
Invest in an International facility internationally i

SYNCH. SOURCE SYNCH, SOURCE
DATA CENTRE 1 DATA CENTRE 2 RESERVED 1 RESERVED 2
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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).



Timeline

—

— Project launch event
M 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

Summary of R&D
activities

Preferred options
identified, socie
economic analysis

Revision to science case
published

CDOA phase completed
September 2025

xfel.ac.uk




International collaboration

A Our project has already benefitted hugely from the
kind help of the international FEL community 7 in
hosting visits, participating in our events, advising
us through our advisory board and more
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Defining the Specification

Photon Energy [keV]

0.05 0.2 0.25 1 2 3 4 5 9 10

Aim: mapping instruments/end stations to FELs

SXR: ~0.2 — 4 keV

13 20 30 40 50 _100

HXR: ~4 — 100 keV

Overview of End-Stations/Beamlines Based on Existing FELs

This is ver?' broad brush not intended as a final aspiration (and some end stations need to be

repeated for SXR/TXR and HXR applications)

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

trXRD (Diffraction on pumped crystals) [High data rate, UV-Optical synchronised laser, SXR-HXR or

electrons-HXR, sub 10fs timing]

MEC (Diffraction/Spectroscopy/Inelastic scattering) [High ener; ower laser, high x-ray pulse

energ(y/sub 20 mIEVP bandwi‘ﬂ{repnte set by Ias!e}rlhu% >100 ilyszhnuld be assumed] T

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

X-ray C i & i P pY (Scattering/TG) [High rep-rate/xray split

& delay]

HRIXs/XAS (Momentum/energy resolved inelastic 30-150° scattering, high resolution x-ray

absorption/XES) [Higher resolution, wider range of angles 0-180°, 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) [Hiih data rate, full Ipwfhigil:l'puwer delivery, quuids[snlids{gases
s es|

with XAS straight through geametry/XES and XPS options, , 1 fs time tool, xray-x-ray mod

Overview of End-Stations/Beamlines that must be considered
Other end-stations that may prove very important:

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 379
harmonic]

SXR/TXR ARPES and possibly HXARPES

lon/electron pulsed beams for by sp. py and scattering
[need pulsed + radiation shielding] (this should probably be seen as distinct
from MEC and might be done at high rep-rate)

in campaign (multiple b

Open ports — for user driven instr ) mode

Jon’s slides 24/11/23

FEL photon energy ranges in current facility design:

FEL-1 (9 — 20 keV)

]
I FEL1 (1330 keY) —

FEL-1 (20 — 40 keV}

A ldentified key end stations and relevant team
members.

A Associated end stations with specific FELs and
completed specification spreadsheet for each

Aim: mapping instruments/end stations to FELs
3 4 5 9 10 13 20 30 40 50 100

R: ~0.2 — 4 keV

Photon Energy [keV]
0.05 25 2

0.2 0.

oincidence) [High
rate, full polarisation
ontrol, UV-IR lasers, < 1 fs time

group) [High performance detectors/ high

S LCDI (Forward Scattering, in SXR and HXR

tool, option to take full, sample rate] : %"
/ >
power] [ Attosecond C (Diffraction/Spectroscopy/Inelastic scattering) [High energy/power laser, high x-
(Streaking/XAS/PES) [High data ray pulse energy/sub 20 meV bandwidth, rep-rate set by laser but > 100 Hz should be
rate, full bw/high power delivery, | - 1 FEL1
liquids/solids/gases with XAS

straight through geometry/XES,
and XPS options, , 1 fs tim,
|\ _Xray-x-ray modes

)

HRIXs/XAS (Momentum/energy/r solved inelastic 30-1500 scattering, high resolution )
x-ray absorption/XES) [Higher resoldtion, wider range of angles 0-1800, larger collection
| efficiency, full range of synchroniseq sources UV/THz, sub Sfs timing]
SXR, spectroscopy (with
no/ but short pulse modes without mono
but with down-stream spectrometer and/or
seeded machine tunin’g attaring + Spectroscopy (XAS/XES + Liquid
phase scattering) [Narrow bandwidth x-rays, or
pink beam for high tr, full range of synd

FEL6 + FEL 3? |HXARPES /

FEL2

crystals)
- 5 High data rate, UV-Optical synchronised
X-ray Correlation Spectroscopy & laser, SXR-HXR or electrons-HXR, sub 10fs
Nonlinear Spectroscopy (Scattering/T§ timing, Very HXR for high Z materials and
[High rep-rate/xray split & delay] PDF]
H SPRSEaction/nanocrystals) [Figh rep
sample delivery/Figtrde g detectors]

R ARPES

Very HXR scattering for ) ard
measurements [High rep-rate/ maybe 3rd
harmonic]

Blue/red outline = slide 1/2 of Jon’s list (copied below)
e

n instrumentation in campaign

| FEL3(3-18keV) [ |

lon/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)




UK XFEL Next Generation Definition

A Evenly spaced, high repetition rate pulses to match samples, lasers, and detectors
- ~100 kHz per FEL, with flexibility of repetition rate

A High efficiency facility, with a stejghange 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

A Near transformlimited operation across the xay range
- Photon energies from ~0.62%0 keV
- Pulse durations from ~100 as to 100 fs

- Nontransformlimited operation at ~2660 keV
A Widely separated, multiple colourxays to at least one end station
A Full array of synchronized sources

- XUVTHz, ebeams, ion beams, high power & high energy lasers at high repetition rate
A Improved synchronization/timing data with external lasers to <1 fs
A Data and computing systems matched to the demands of high repetition rate acquisition
A Minimal carbon footprint with minimal energy consumption for both operation and build

& Science and
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Facility design
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Introduction to XFELSs

A XFEL = X-ray Free-Electron Laser

A6fredectrond

particle accelerator

~ 0.5-1 km of
linear
accelerator

Electron
source

~ 4¢ 15 GeV,
Lorentz factor ~
several thousand

Science and
Technology
Facilities Council
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AXFEL | asing spoils the electr OP{S‘TbeL}Xl‘f@WUIS@
be re-used). So XFELs are based on linear accelerators:
less straightforward to serve many simultaneous
experiments

EuXFEL Accelerator Ry W o < EX
= :elzectron gun Z, 2 ‘ _ : j ”‘ _ P Enve|0pe A(t)

superconducting linear
accelerator |

V\} i/ > t

| " Elactiic fiol Ef)

Main electron beam dumps u u

P SIS/ Ve & o /" Plajauayas 2
"Q|O& Siyeg- loqj /A f'” \ uiog JapopsQ . 3

C 1 j Na ;:&‘ - -"f#r’:-—« m’:@ yﬁ*

"“‘ & \\\ \ [, -:, - \ \\

There are many demonstrated or emerging techniques

But bunch repetition rates are increasing by afactor 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

for near-transform limited pulses (i.e. high quality
pulses across a range of pulse durations)

Increasing capacity and capability go hand in hand

Science and

Technology
Facilities Council  Xfel.ac.uk




: : Acceleration
User Requirements from the Science Case & Survey Technology:

Top-level
facility design .. ERLS
1071
] EUV Lithography
choices . :
10%4 SRF
- “ondensed Ph CW
A Max. photon energy - Photo-Electron Spectiosi ] (CW)
Strong|y influences the % 105 Chemical Physics , .
req UII’ed electron beam -E Attosecond Science
en ergy 5 Photo-Chemistry SRF
o D 107/ . ® \
A Repetition rate largely g A (Pulsed
dictates the type of 5
acceleration technology 10°1 @ —Nand HSESEy HRR N(
] Plasma Acc. Quantum Materials
A Requirements suggest o
., I A Physics and Xay Photonics
8 Gev Superconducnng 109 | A Matter in Extreme Conditions ‘ Plasma Physics® @@ @ @ - - @ NC
RF |inaC 1| A Quantum and Nanomaterials Extreme Conditions
A Chemical Sciences and Energy
A Life Sciences - « o o 0 0
A Industry Other 1u)  10u) 100uj 1Im| 10mj 100m]
10! . . ;
10t 102 103 10 10°
- Science and Photon energy [EV] 19
echnolo
%E Facilties Coun Electron Beam Energy: ~1-1.5 GeV ~2-3 GeV ~6-8 GeV X mGeV




Facility concept: a step change in the simultaneous
operation of multiple end stations = 5o ety tﬁﬂfﬁﬂﬁ 'quermso

Kickers to split MHz bunch
trainto ~100 kHz per line

Electron bunch properties
tailored per FEL

+ potential direct uses of electron beam

Fixed accelerator
energy ~8 GeV,
electron bunches at ~1
MHz

Energy boost for
higher pulse
energy/high

photon energy

FEE3

FEE2

FEEL

' 100 kHz Kicker




A more detailed schematic

FELs

8GeV Beam Utilisation Expansion
EELD

FEL5
1

Photon Transports  Experimental Halls

Injector Linac Spreader
doSyl1ie” ™ b€
A Ultimately aim for ~10 FELs in
simultaneous operation (this J
appears to be the general direction 9=
for SRF XFELS) O
S =
Gun @ &= £ e [
B | SCRF8GeVLnac | @ [_Culinac | |
[ 8GeV=P 12GeV=P>
B Swm gy
& =
OJ
O
O

Expansion
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Photon Energy [keV]

0.05 02025 1 2 3 4

Development of end station specifications
S

910 13 20 30

40

| SXR~0.2¢ 4 keV
( AMO (PES/Coincidence) [High)
data rate, full polarisation

HXR ~4¢ 100keV

(CDI(Forward Scattering, in SXR and HX

REVISED VERSION

control, UVIR lasers, < 1 fs time] i
tool, option to take f?‘unmr !
power] Attosecond i
(Streaking/XAS/PES) [High data !
rate, fullbw/high power delivery, }
|
|
|
|
|
|
|
\

|
group) [High performance detectors/ high i
sample rate] }

still under develqpme

MEC(lefractlon/Spectroscopy/lnelastlc scattering) [High energy/power laser, high x
ray pulse energy/sub 2feVbandwidth, reprate set by laser but > 100 Hz should be

\assumed]

|

| liquids/solids/gases with XAS ~—
| straight through geometry/XES

| and XPS options, , 1 fs time tool

i>\ayx—ray modes]

e

)

HRIXs/XA$8Viomentum/energy resolved inelastic 31(500 scattering, hlgh resolution Q m‘ ‘

x-ray absorption/XES) [Higher resolution, wider range of angte80D, larger collectio
efficiency, full range of synchronised sources UV/THz, sub 5fs timing]

A
SXR/TXR-¥ay spectroscopywith % o
mono/ but short pulse modes without mon g
but with downstream spectrometer and/or —~—
seeded machine tun'fSca\'rtering + SpectroscoXAS/XES + Liquid
i phase scattering) [Narrow bandwidthrays, or
! pink beam for higtr, full range of synchronised
} sources UWIR/THz, sub 5fs timing] ‘
HXARPES
| |

X-ray Correlation Spectroscopy &
Nonlinear SpectroscopyScattering/TG)
[High reprate/xraysplit & delay]

————

Al

trXRD(Diffraction on pumped crystals) Very HXR scattering fdrXRDandtrPDF
[High data rate, UNDptical synchronised | measurementgHigh reprate/ maybe 3rd
laser, SXARIXR or electronklXR, sub 10fs | harmonic]

timing, Very HXR for high Z materials and } 1 1
PDF] ‘ ‘

SFXDiffraction/nanocrystals) [High rep
sample delivery/High data rate detectors

A
FEL3 '3 13ke

[SXR/TXR ARPES

FELs sequentlally

FEE6 (0.05¢ 1.0ke Open portsg for user driven instrumentation in campaign

(multiple beam time) mode

FEL5 (0.25¢ 3 keV)

E—=
FEE2 (5¢ 20ke

lon/electron pulsed beamsor radiolysis measurements b
spectroscopy and scattering [need pulsed accelerators +
radiation shielding] (this should probably be seen as distinct
from MEC and might be done at high regie)




Near transform-limited pulses

Transform
FEL | Tuning Mode Technique| Limited
Pulse Duration
FEE | 0.05¢1.0 Seeded EEHG 5¢ 100 fs
6 keV
0.25¢ 3.0 Long pulse | EEHG/HB| 100 fsg 20 fs
keV Short Pulse| XLEAP | 2 fs¢ 350 as
1.0¢5.0 [Long Pulse | HBSASE | 40fsq15fs
keV Short Pulse | XLEAP | 800 as; 275 as
FEL | 3.0¢13.0 Long Pulse | HBSASE | 20fs¢ 10 fs
3 keV Short Pulse| XLEAP | 400 as; 200 as
Long Pulse | HBSASE | 16fs-12fs
;EL ié(if 20.0 I'short pulse| XLEAP | 300 ast 200 as
Cavity XFELO ~ 100 fs
9¢20keV | High Power
FEL | 13¢30kev | HIONENSIOY) opce | _ 30 45 (nofrL)
1
20¢ 40keV High Energy

*via booster, ssiblyat lower rep. rate

— Envelope A(t)

Each FEL has3Jrimary operating
modes, covering both shaoulse
and longpulse options

FEL METHODS FOR TRANSFORM LIMITED PULSES

™\ Electric field E(t)

10 as 10-0

10

FWHM Bandwidth

100 as
102

103

Pulse Length

10+

10°

Seeded

10°®

100eV 1 keV 100 keV

23
Pulse durations estimated from simulations/scaling, intermediates between short and long pulse modes also acc

Photon Energy



Other key capabilities

FEL for matter in extreme
conditions

Next-gen XFELs are
expected to be

A 58YIyR mbose vn 8one of the biggest

energy at 510keV, and to
reach 40keV
A NCRF booster to ~12 GeV
A Potential to use dual
period undulators

Superconducting undulator coils with period length
doubling

To cite this article: S Casalbuo

ni et al2019 J. Phys.: Conf. Ser. 1350 012024

£ 2 (period doubled)

Science and
Technology
Facilities Council
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data machines on
the planet
Unprecedented
requirements in data
rates (towards TB/s)
and scale (PB per
data set). Al and
exascaleeomputing
potential, e.qg. for
reaktime experiment
steering

A laser facility as well ac
an accelerator facility

High rep. rate lasers
over a wide range of

JJ

spectral/temporal @

regimes using'bbased

technology + high pulse
energy laser for MEC,
e.g.DIPOLELaser or
acceleratorbased THz

(c)

Widely-separatedtwo -

colour capability could be a |

key feature of a next
generation XFEL

' 100kHz Kicker Magnet

@ GHzSubharmonic Deflecting Cavity

Direct uses of
the e-beam, e.g.
PWFA test area M—
and potential =
output

enhancements

article-driven stage
PWFA
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Facility layout progress
o "\ Q}Qe . i 5/4
?\(\0‘ o\ : o . T
$€ 5 2 > \.\o“
Feof : s ' \:iff\j@c X
A preliminary layout has been developed, featuring: P = NG
C g ; S
. . . 7T s = f"x‘
A Two photo-injectors, with multiple A =
' oet o 2l o e N4 “ N\
lasers each - for flexible bunch o 55002l P s 0
properties and redundancy £ /2, : ﬁi;&.« 2" wy/“‘%‘/ @7 Lt
A & € " e f"’e ?,‘,%7;;;/ r,«‘%a \0‘ 2
. - & 3 207 W 00 o
A At least 6 FELs covering a wide “Qf,(«%‘; /2:'» : M‘;,-%f:v“;?/ /1@«_‘““2 FEL | Tuning
W A ' P e NS> B o
photon energy range Iy ,X»Z“;M%& /2' - {@/* /Vw“ FEE6 | 0.05¢ 1.0 keV
. . 0T Q. o =
A Capacity for 10 FELs and direct "4“;“@9 15/” /7 ﬂ(,e\‘ 0.25¢ 3.0keV
uses of the electron beam (e.g. R ol R |
accelerator test line) 2 S -oo‘?"’os\@“*\l\ 106 5.0keV
e P LT O\ FEL3 | 3.0¢13.0keV
A igating flexible bunch o> RS
Investigating flexible bunc L s FEL2 | 5.0¢ 20.0keV
charge/compression modes #® o~ PR
& 2 © A %? 9¢20keV
ae® @& - FELL
@\)1\ ‘ 20¢ 40 keV
?&\-\oac o~ | T With booster
SC ) e,a\,..-" 9&0 )
. R oY ey -9 . »
( | (:26“\65 KEY]| e £ - ot
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Facility layout progress
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Summary and next steps

A 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

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 + Al/exascale, etc.

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

Clearly these are major investments; our next steps are:
A to compare socioeconomic benefits of UK vs international investment options
A identify key R&D areas, including those to improve sustainability, reduce cost
A this phase finishes October 2025: plan for Technical Design phase

Science and

Technology o Contact:ukxfel@stfc.ac.uk
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