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Overview

ASustainable accelerator technologies
AThin film superconducting RF
APermanent magnets

AThe CESA proposal: a new UK centre of excellence
AAccelerator carbon footprint: the RUEDI case study



Accelerator Context

A UKRI has committed to readtet Zero by 2040
A Electricity usage i85%2 T { ¢ C/ Q§ mdStly higifaciitiagy” 4

A Particle Accelerators are core to many of our major science facilities:
A ISIS Neutron and Muon Source
A Diamond Light Source
A CLARA electron beam test facility
A Large Hadron Collider at CERN
A European Xay Free Electron Laser in Hamburg
A ESRF in Grenoble
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A They are essential tools for enabling green reseayctzil X
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A They consume large amounts of electrical power and other resources

you are here

AThe UK electricity grid is decarbonising not to zero
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Bigger and Better?

Aln general, the next generation facilities are physically larger and
consume more power and other resources during operations than
their predecessors

TWh per year

AExample: 0 1 2 3 4 5
AFuture Circular Collides being proposed B ico75
as a potential successor Hi-LHC

ATunnel: 268 90km I 0 7
AEnergy consumption: 0.7 4.0 TWh/year

FCCh.00

Manchester
(2022) 2.38

JP Burnett, FCC Week 202:
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Thin Film Superconducting RF



Why a TF SRF programme?

AFuture challenge identifiedniobium reaching
performance limit

ATechnology development required for next
generation of machines to meet challenging
specifications

AFits our skills and strategy
ASustainability advantages can not be ignored

AVision:To deliver high performing
cryomodules to future infrastructure projects
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ReplacindNb bulk cavities

Use Of Thin Films On Improve Accelerator More Sustainable
Copper Performance Accelerators

oReducecosts uReach highe@, andE .. oBulk Cu vs Bulk Nb
wEasier tanachine cJtilise varioushigh T, «Reduce cryogenic power
uHigherthermal materials | consumption
conductivitythan Nb e.9. NSn, (SLNbN NDTINMAB, ,ghorter accelerator
«Multilayers structures

olJp-cycling existing cavities
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Strategy

Hi-LUmiLHC

A Infrastructure to buildcryomodules
A Experience ofryomoduleproduction

ESS Hi Beta Cavities PIP Il
A Infrastructure to test cavities A Infrastructure to buildcryomodules
A Experience of cavity production A Experience oéryomoduleproduction

ISISII and
UK-XFEL

5 for ISIS 1l or UKXF
1.3 GHz Cavity wPerformance of thin film at

D geometry: wPerformance of suitable frequency cavity

6 GHz Cavity :ohci)\r/]vzlr? at high

wCoating and testing
of 3D geometry

QSRF Thin Films

wSurface
preparation
wFilm dzg
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For more info,
wCIeanlng etching, Thln Fllm SR seeDaniel Sedba 0l £ 1|
P

(Sl eL=1eNilo]al () Polishing, passivating at IOP PAB conference

— WPVDY 5/ % LJdzft aSRZ | Lt L a{ semimageofsbnhinfim
LUURIUEE ; (PE)CVD, (PE)ALD
(S eSII[eg BN (b, NbN, Nb,Sn MgB, SIS, etc.

wSEM, FIB, AFM,
w-t{x -wbzZ

Superconducting Ty " o W X
properties DC magnetic susceptibility,

ey Field penetration

S Test cavity
HP2 ‘

Film deposition

evaluation
Real CaVity w1.3 & 6 GHz elliptical
w1.3 & 6 GHz split
measurement cavities
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Antoine, IPAC 20280YD3

Thin Films: impact on cost and energy usage

ACa'pl'ta'l COStS - E -‘_18K.Refn?erat|on.un|t E
ACooling to 1.8 K represers&-40%of the total A ] K remgarator |

AOperating costs:

A Combination of Carnot efficiency (thermodynamic limit)
and refrigerator efficiency (technological limit) — TSt

o LHC =
w |

1

"Y "Y I C 06% 14% s 1.8Krefr:geration capzacity kW] G
" 1520% 25-30%
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~ESS

Investment Cost [MCHF]

A3x lower cooling power at 4.2 K
AApprox annual figures for an 8 GeV SC linac

.Sy { KSLIKSNR w {dzaidl AxOPPAE Juhe®@@@8f SNI 62NAR w { dzal 9t10



https://accelconf.web.cern.ch/ipac2023/doi/jacow-ipac2023-moyd3/

Permanent Magnets



Shepherd et al, IPAC2014 TUPRO113

16unj2011 15:34:36

The ZEPTO concept

AZeo-Power TuneableOptics

AHighly adjustable PM quadrupole and dipole
magnets to replace electromagnets
A Largetuning rangeusing motors to move PMs
A Samephysical footprint

A Noenergy usage
(except a tiny amount when adjusting)

A Lesdnfrastructure required
(no big current cables, power supplies, cooling)
ATwo prototype quads built at Daresbury Laboratory
A 27 mmaperture
A 230 mmlength
A 1560 T/m, 435 T/mranges
A Fixed poles, movable PMs
A Simple control system with one motor



http://jacow.org/IPAC2014/papers/tupro113.pdf

ZEPTO Diamond Quadrupole [P

A Aim: demonstrate operation of a ZEPTO BTS
guadrupole on a working accelerator

A Install atuneablePM quad as a drom

replacement for an EM quadrupole A Similar design to ZEPTO-Q2

A Outer shell for large tuning range

A Max gradient 19 T/m

N A\ \Engragient Oéagégrmﬁam

A Installedat Diamond Light Source,
on the BTS transfer line

Adyl of SR oé {¢C/ Qa
A Step towards commercialisation of ZEPTO
A Assembledandtested at Daresbury

A Installation at Diamond
In August 2022 shutdown

A Operatedsuccessfully at
Diamond forl2 months

2 F
A’ Movement range

A Aperture diameter 32 mm

A Improvements to design:

A SmCo blocks
A improved temperature stability
A radiation resistance

A Splittable to allow installation
around vacuum chamber

A Two independent motors for
magnetic centre correction

A Ice cube tray concept for easy
installation of PM blocks

A Next steps: remove, retest,
ensure no radiation damage
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Olli Tarvaineret al, Nuclear Physics 2022

" 0.Iuner at O.mm (i'n> — 26mm —— 80 mm (out)
ECRIS. adJUStabIe 0.08_::(t:))::::_::i:::'::‘ U
PM dipole for ion sou "
ACompact ion source applicableto = RAN N\
A Thin Films centre T

A Materials characterisation at ISIS

Alncludes PMbased m/q separator
A Simpler than traditional ENdased system

AMechanical adjustmen65-87 mT
AAssembled and tested at DL in 2022
AExcellent agreement with modelling
AField qualitysx104 B AW P
Alnstalled and operating at Jyvaskyla, Finland o e er=s = W

ATransported A" to Arl2*beams, May 2024 W =N B\
Aal 3y SGAO FR2dzZAGYSY U ag2 N 58
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https://www.sciencedirect.com/science/article/pii/S0168583X2300071X

CESA: Centre of Excellence In
Sustainable Accelerators



What iIs CESA?

AOur vision is that CESA isemtre of masdor Ukbased accelerator R&D with a
specific mission tonake accelerators significantly more sustainable

A Receives sufficient funding for a coherent and targd®&D programmeenabling a step change in
the rate of progress at a timescale relevant to our future pipeline

A Collaborating directly witindustry so that new products can be procured commercially as they
are developed and proven, enhancing the UK economy and return from CERN

A Has a small core team who provide training to engineers, technicians and sciensisssaiimable
design practice®acked up by providing access to sustainabsidftware toolsand databases

A Works collaboratively witinternational partners

AWe need to invest now to ensure we are ready in time for the potential Rpeggects
which are on the horizog such as ISi8, UK XFEL, and FCC

A 1t will take many years to demonstrate new technologies
A2S aigAatt KIFEI®GS GAYS o0dzi ySSR G2 3ISG 32Ay3 I a
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Initial R&D Scope

Wakefield Fast Reactive
Accelerators Tuners

Technology
High
Efficiency
Klystrons

Machine
Learning

PM-based
magnets
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CESA Technology R&D Areas: @age overview

CAl CA2 CA3 CA4 CAS

CAbB CA7
Thin Film SRF Fast reactive High Efficiency Permanent HTS Magnets Machine Learning  Plasma Wakefield
cavity tuners for SRF Klystrons Magnets for and Al applied to Accelerators
development cryomodules

beamline magnets
and klystrons

Cost ®®®
WL B3 0O B 00O B OO

accelerators

Lab space = = = oo oo oo ;ll;ll;ll ;ll;ll;ll none 56 B B
CO, and opex S D DD
savings NN N S NN A OO ol SO ATA

Other

benefits* 5&9 5& 583 5&9 5%3 83 5&3

partnership wskhlladde®ddgpvpmepment / exBleonabalteronf oorf otPher green te



CESAOs Objecti ves

R&D inkey technology areaso drive sustainability improvements for
current and next-generationaccelerators

Tools, expertise and support to measure and optinifseycle carbon
emissions Yy adzLJLI2Z NI 2F ! YWLQ&A bSO %SNEP

Develop strongnternational collaborationswith other international
accelerator institutes, and industrial partners

Trainingfor new and current accelerator designerssumstainable design
knowledge sharing

Education and outreaclon the themes of sustainablility and accelerator
technology
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WETIEIS
11 GWh

Cryogenics 70 GWh SRF 32 GWh

¢ 2 U I f _ ,ll\lﬂ]lﬁl Ijn‘} §IVS ﬁjjﬁ-‘m{m,\m [ﬁ Thin film SRF1.8KA 4.2K;x3 reduction ircryo power
A: é 7\/)/93?1:2 S @ S f 2 LJS R \d S O FRTshigher QA x10 reduction in RF power

HTS / PMx10 reduction in magnet power
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Options for CESA

A Initial options analysis carried out

A Evaluated each option against
key criteria
A Delivery of core R&D
A New lab space
A Innovation & collaboration
A Workforce development
A Value for money
A Net Zero targets
A UK leadership
A Deliverability within 5 years

A and also againstelivery of core R&D

o

Preferred Option

New building

wAt DL or RAL

wSpace reserved <]
by Estates

Distributed centre

wAcCross several
different sites

wWl dzo F y R

Repurpose existing
building
wAt DL or RAL

Virtual entity

Engage with
International effort

wCollaborate with
other sustainability
groups
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Questions? Feedback? Want to get involved?

C ESA N EXt Ste pS Contact usben.shepherd@stfc.ac.uk

Coming soonvww.cesa.ac.uk
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http://www.cesa.ac.uk/

Accelerator Carbon Footprint;
RUEDI



CRADLE GATE GRAVE
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AHard to find an accurate and definitive answer
AEspecially before the design is complete
ABut this is the critical time to do it

ACan we provide some guidance though?
ALook for the biggest possible gains
Alnfluence the design to minimise overall lifetime emissions



https://ruedi.uk/
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ARelativistic Ultrafast Electron Diffraction and Imaging
ACL OAtAGe G2 06S odaatd Id {¢c/ Qa 5 [

A 4 MeV; diffraction at 100 fs; imaging at 2000 nm;fG-pC bunches
ATDR was completed early 2024

A Not published yet; available on request ‘ﬁRU-’DF iy, SR
. -’ ‘ i - S
A£124m for constructiomnnouncedMarch 2024 ’ LR R
A 2022:Conceptual Design Review (C ‘, = o=
% A 2023:Technical Design Review (TDF — %}
™ and capital funding bid * Y. =
A 2024:Final detailed design '?”'l'wmoi-%;ilr’:'l'wl 'l ololrenn
A 25-26:Procurement B === -
A 26-29:Construction and assembly - elel =

A 28-29: Technical systems commissioning
A 29-30: Science commissioning and initial user programme
A 31-35:First fiveyear operational run
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https://www.ukri.org/news/major-research-and-innovation-infrastructure-investment-announced/
https://ruedi.uk/

s Steel
w Magnets g
m Copper

g / Z2LIL

| Magnets
Carbon inventory: methodology
ABreak accelerator down intsubsystems — A'Uminiu
Diagnostic

A Mirrors organisational structure of our department g lasers pu  Steel

AFor each one, make a guess at wpatts are needed
A Not always specified in detail
A Makes it harder but also more valuable

A This is the best time to dodt
not afterwards when all the decisions are made

AUse this to build up enaterials inventory
A Make an educated guess about sources of materials
A Concentrate on biggest items (by mass)
A Assume smaller things have less of an impact

AFor each material, establishcarbon intensity(l 3/ I kg)S
A Use published literature Z &
A Try to find multiple sources
A Build up database makes the process easier next time
A Open data: available to share on request

eeeee
ppppp
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Included and excluded

Raw materialg yes
A BUT not everything
A Biggest contributors by mass

®¥ _ X Processing at factonsno
ec|SE A Often proprietary data, or too hard for manufacturers to estimate
A BUTc got some interesting info from magnet manufacturersee later

X Transport to our sit& no
A Not easy to estimate distances
A Probably small compared to materials extraction anyway

NV Operationsg yes
A Electricity use only
A Grid of 203040 assumed 50% greener than today; 2500 operating hours per year

@
K X Maintenance and repar no
QoY
&S

A Too hard
A Probably not significant

X End of lifeg no
A Too many questions about where materials end up



Results
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https://bit.ly/ruedi-sus

Recommendations

1.

Reuse shieldingrom previous projects
A New blocks to be standardised and made from-ltavbon concrete

Temperature stability
A Consider variablspeed drives, free cooling

Permanent magnets
A Tricky but possible for solenoid lenses?

Consolidate cooling
A Integrate + centralise laser system cooling

Reuse waste heat
A Use heat removed from the accelerator to heat offices in winter

Demand shifting
A Schedule heavy energy use for windy or sunny periods

Submetering
A Look for energy consumption hotspots



xfel.ac.uk
[=]7 =]
Next steps i

ALiaise with RUEDI team and implement recommendation

AOutline carbon accounting fdyK-XFEL design study
ABaseline: 8 GeV, 1.3 GHz SC RF linac, 1.1km length

A Definitely not LCAtandard!
Make a set of assumptions, produce rough figures for comparisonss

ADesign is evolving
AAim: embed sustainability into decisions about facility design

MMMMM
T s Councl

Spreader
; - oS a L —
25m with 0.75m —= e AR T R TN ® S,
Smgap —N# 34 -—-—>’ r—1 o T NCLENC_ T
N# 25 —3 é _._,‘_,# Aty ERn—na® ® L= ;
g A -~ .
SCREF Li P ol SR e A ® am&n§ - y
Gun & Photo-injector inac @1MHz rep rate +8.5GeV - +11.5GeV ——> FEL2-1.25m with 0.75m gap —N# 50
95333 s gy s o P g G Gt Ul Gl U T - G S L S LB A = e
- — Kicker Acceleration Boost NCRF Linac (100Hz) ——> FELL-2mwithOSmgap  --N# 27,35,38 (20,30,40keV variant)
X 150kW Beam Dumps
_
0km +~1.1km +~1.35km +~1.5km
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https://xfel.ac.uk/

Science and
Technology
Facilities Council

S U m m ary ASTeC Institute of Physics

AOur accelerators are vital tools for science
AWe need to ensure they operate in the most efficient way
AASTeC aims to be tlge-to placefor sustainable accelerator technology

AWe are developing cuttiredge green technologies,
as well as tools to understand our footprint

AWe have an ambitious plan to build a global Centre of ExcellSESA
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https://www.flaticon.com/free-icon/brick-wall_1887007
https://www.flaticon.com/free-icon/air-source-heat-pump_10483141
https://www.flaticon.com/free-icon/magnetic-field_9994310
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https://www.flaticon.com/free-icon/recycling_3658345
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Shielding

AConcrete: almost the ideal shielding material e R, out
A Absorbs gammas and neutrons well -
A Longlasting and durable
A Easy to manufacture
A Acts as a structural material

ABUT: big carbon impact , Shielding
A High temperatures involved in cement production (12GP A
A Concrete production accountsfys's 2 F 3Jf 20l f / hi SYA&aaAzya

AFor RUEDI, need 0.7m thick walls, plus roof

A Using existing building, no need for new floor
A Total 927 tonnes of concre€ 137 tonned hi S

ACan we do better?
A Reuse old blocks (long history of this at ousy@@r old lab)
A Use concrete with additives in place of 100% cement
A Including 50% GGBS can reduce carbon intensity of concrete by 42%
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https://www.nature.com/articles/nmat4930

Heating and cooling

“Image creditATEIdure
ASome systems (RF, magnets, laser) have water caplingis -
counted as an overhead for those areas (rule of thumb: 35%)

Aln addition, need to keep the accelerator hall stable t°G.1

ltem Count | Power Operating | Energy Carbon
demand | hours per | usage emissions
[KW] year [MWh/year] | [U / Hyieds]
11

Air
handling
units

36.5 8766 320 24.8

3;3 Heating/cooling: 586 tCO,e

Chillers 11 96.1 2500 240 18.6
Pumps 2 22.5 8766

15.3

197
Toa | i | |78 lsas
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Magnets

Image credit: Danfysik

ARUEDI is a low energy mach(@eMeV)

ANeed a few dipoles and quadrupoles
to transport the beam (52 magnets, total 600W,

ABiggest impact is solenoid focusmg Ienses
A9 magnets, tota77 kw = T EE

AHard to replace with alternatives o L
A PM solenoidg, not easy to build YU DEAG = LIRS OSE L
accelerator quadrupole. Emissions for

A Quadrupole focusing introduces more aberrations e TR AT e Al SEeE.
Credit: Tesla Engineering, UK.

ANote that due to low energy, RF is a tiny fraction of emissions
A Photoinjector, TDQ@echirperc no linacs Total24kW
A Would be very different for a Gelével facility (synchrotrons, FELS)



