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The Standard Model of particle physics has alarming symptoms… 
and at the same time it is perfectly healthy.

Great theory that matches all our observations related to fundamental interactions

Yet, we are puzzled with the dominance of matter over anti-matter, with the dominance 
of dark matter in the universe, with the flavour structure of our theory, with the fine-

tuning of the parameters in the theory, … and, it is not clear where we will find answers

If we cannot make great strides into the unknown with current methods, we should 
concentrate on developing new methods

A paradigm shift: high-energy electron-proton collions
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at high energies
electron-proton colliders provide 

a General-Purpose experiment 
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Collision energy above the threshold for EW/Higgs/Top
from mostly QCD-oriented physics to General-Purpose physics

Compared to proton collisions, these are reasonably 
clean Higgs events with much less backgrounds

The real game change between 
HERA and LHC/FCC

at these energies, interactions with all particles in 
the Standard Model can be measured precisely

1000 fb
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The ep/eA landscape
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For ep/eA physics, the 2030’ies will be 
the decade of the EIC

The next ambition for the community will 
be to enable ep/eA physics both at higher 

luminosities and at higher energies

The LHeC and FCC-eh programs represent 
great strides into uncharted territories

a great stride 
orders of magnitude
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A paradigm shift: high-energy electron-proton collions

new electron accelerator

existing/future 
proton accelerator
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A paradigm shift: high-energy electron-proton collions

new electron accelerator

joint interaction region 
for pp and ep

Tiziana Von Witzleben

joint detector 
for pp and ep

Yuji Yamazaki

Energy Recovery Linac
high-power electron beam

Walid Kaabi

technology synergies
with other colliders

Maria Chamizo Llatas

existing/future 
proton accelerator
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The energy efficiency of present and future 

accelerators […] is and should remain an area 

requiring constant attention. 

A detailed plan for the […] saving and re-use of 

energy should be part of the approval process 

for any major project. 

European Strategy for Particle Physics 2020
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A paradigm shift: high-energy electron-proton collions

new electron accelerator

joint interaction region 
for pp and ep

Tiziana Von Witzleben

joint detector 
for pp and ep

Yuji Yamazaki

Energy Recovery Linac
high-power electron beam

Walid Kaabi

technology synergies
with other colliders

Maria Chamizo Llatas

existing/future 
proton accelerator

sustainability
SRF accelerators
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The LHeC program

J.Phys.G 48 (2021) 11, 110501
updated CDR LHeC

BSM
Higgs
top
EW

precision
QCD

non-linear
QCD

low x high x

LHeC (>50 GeV electron beams)
Ecms = 0.2 – 1.3 TeV, (Q2,x) range far beyond HERA
run ep/pp together with the HL-LHC (≳ Run5)
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The FCC-eh program

low x high x

FCC-eh (60 GeV electron beams)
Ecms = 3.5 TeV, described in CDR of the FCC
run ep/pp together: FCC-hh + FCC-eh

J. Osborne, W. Bromiley, A. Navascues

FCC-eh
8 point FCC: point D 
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Future flagship at the energy & precision frontier

LHC

NbTi
8T

HL-LHC@CERN

Nb3Sn
few 11T magnets

10y @ 14 TeV (3-4ab-1)

25y @ hh 100 TeV (30ab-1)
@ eh 3.5 TeV (2ab-1)

FCC-eh/hh@CERN [3.5/100 TeV]

≳ 16T magnets

FCC-ee

4y @ MZ (150ab-1)
1-2y @ 2xMW (10ab-1)
3y @ 240 GeV (5ab-1)
5y @ 2xmt (1.5ab-1)

Current flagship (27km)
impressive programme up to ~2040

Future Circular Collider (FCC)
big sister future ambition (100km), beyond 2040
attractive combination of precision & energy frontier

num
bers assum

e 2 IPs for 
each collider (only one for FCC-eh)

Higgs Factory

EW/Top Factory

ep-option with HL-LHC: LHeC
10y @ 1.2 TeV (1ab-1)

updated CDR: J.Phys.G 48 (2021) 11, 110501
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 better

x4

x2
x1.5

first
time

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision better than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interaction physics

o as precision of 0.1%
o low-x: a new discovery frontier

DIS scattering cross sections

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC
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for EW/Higgs/top physics

improvement factor from 

LHC à HL-LHC similar to HL-LHC à LHeC
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 better

x4

x2
x1.5

first
time

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision better than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interaction physics

o as precision of 0.1%
o low-x: a new discovery frontier

DIS scattering cross sections

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC

for EW/Higgs/top physics

improvement factor from 

LHC à HL-LHC similar to HL-LHC à LHeC

A joint ep/pp interaction region with the same detector 

would correlate results and reach the ultimate precision

e.g. DmW ∼ 1 MeV might be within reach

Eur.Phys.J.C 82 (2022) 1, 40
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 better

x4

x2
x1.5

first
time

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision better than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interaction physics

o as precision of 0.1%
o low-x: a new discovery frontier

DIS scattering cross sections

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC

In addition, unique potential with LHeC/FCC-eh 

to search for new physics phenomena

e.g. what if features appear in 

the interactions between leptons and quarks
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Some physics highlights of the LHeC (ep/eA@LHC)
on several fronts comparable improvements between LHC à HL-LHC as for HL-LHC à LHeC

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)

Higgs physics

x3.5 better

x4

x2
x1.5

first
time

x2
1%

EW physics

o DmW down to 2 MeV (today at ~10 MeV)
o Dsin2qW

eff to 0.00015 (same as LEP)

Top quark physics

o |Vtb| precision better than 1% (today ~5%)
o top quark FCNC and g, W, Z couplings

Strong interaction physics

o as precision of 0.1%
o low-x: a new discovery frontier

DIS scattering cross sections

o PDFs extended in (Q2,x) by
orders of magnitude

improvement wrt LH-LHC

A high-energy electron-proton experiment is 

a general-purpose experiment

i.e. H/EW/top/QCD/search factory
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Complementarity for Higgs physics between ee/eh/hh colliders
(Higgs coupling strength modifier parameters ki – assuming no BSM particles in Higgs boson decay)

(expected relative precision)

[J. de Blas et al., JHEP 01 (2020) 139]

ALL COMBINED

only FCC-ee@240GeV only FCC-hh

Complementarity of different colliders in the FCC program
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Complementarity for Higgs physics between ee/eh/hh colliders
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ALL COMBINED

only FCC-ee@240GeV only FCC-hh

adding 365 GeV runs adding FCC-ep

Complementarity of different colliders in the FCC program
Complementarity for Higgs physics between ee/eh/hh colliders

(Higgs coupling strength modifier parameters ki – assuming no BSM particles in Higgs boson decay)
(expected relative precision)



Complementarity for Higgs physics between ee/eh/hh colliders
(Higgs coupling strength modifier parameters ki – assuming no BSM particles in Higgs boson decay)

(expected relative precision)

Complementarity of different colliders in the FCC program

21[J. de Blas et al., JHEP 01 (2020) 139]

ALL COMBINED

only FCC-ee@240GeV only FCC-hh

adding 365 GeV runs adding FCC-ep

examplecomplementarity between 

e+e- Higgs Factories 

and 

high-energy pp & ep colliders

Ultimate Higgs Factory = {ee + eh + hh}
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Empowering the FCC-hh program with the FCC-eh

pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinematic range Parton Distribution Functions

low x

high x

J.Phys.G 48 (2021) 11, 110501

higher energies
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pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

~1% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinematic range Parton Distribution Functions

low x

high x

J.Phys.G 48 (2021) 11, 110501

higher energies

Empowering the FCC-hh program with the FCC-eh
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pp @ 100 TeV

~5-7% uncertainty 
on the s(W,Z,H)

~1% uncertainty 
on the s(W,Z,H)

Electro-Weak region

Kinematic range Parton Distribution Functions

low x

high x

J.Phys.G 48 (2021) 11, 110501

higher energies

FCC-eh essential to unlock FCC-hh science potential

Empowering the FCC-hh program with the FCC-eh
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New mandate from the CERN Directorate (Oct 2022) 

Following the publication of the updated LHeC CDR, CERN continues to support 

studies for the LHeC and the FCC-eh as potential options for the future and to 

provide input to the next Update of the European Strategy for Particle Physics. The 

study is to further develop the scientific potential and possible technical realization 

of an ep/eA collider and the associated detectors at CERN, with emphasis on FCC.
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high-intensity electron beam

beam current × beam energy  
=  beam power

From HERA to LHeC/FCC-eh

3 orders in magnitude in luminosity
1 order in magnitude in energy

LHeC/FCC-eh  ∼ 1 GW beam power
equivalent to the power delivered by a nuclear power plant

The challenge

 (GeV)s10 210 310
)-1

 s
-2

Lu
m

in
os

ity
 (c

m

3110

3210

3310

3410

3510

3610

3710

3810

3910

LHeC/CDR

LHeC/HL-LHC

LHeC/HE-LHC
FCC-he

HERA (ZEUS/H1)

JLAB/CEBAF
6 12

HERMES

SLAC

NMC

BCDMS

COMPASS
HIAF-EIC

EIC

ep Facilities & Experiments:

Past Colliders

Collider Concepts

Past Fixed Target

Ongoing Fixed Target

EIC Project



27

high-intensity electron beam

beam current × beam energy  
=  beam power

From HERA to LHeC/FCC-eh

3 orders in magnitude in luminosity
1 order in magnitude in energy

LHeC/FCC-eh  ∼ 1 GW beam power
equivalent to the power delivered by a nuclear power plant
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With the planned R&D on Energy Recovery Linacs we 

will prepare the path to provide 

a 1 GW electron beam with only 100 MW power
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavities is given 

to the particle beam
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavities is given 

to the particle beam

experiment 100%
particles

>99.9999%
particles
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavities is given 

to the particle beam

experiment

DECELERATE
energy of particle beam 

goes back to cavities

>99.9999%
particles

100%
particles

phase-shift
180o
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavities is given 

to the particle beam

experiment

DECELERATE
energy of particle beam 

goes back to cavities

energy recovered to accelerate   
the next particle beam

>99.9999%
particles

100%
particles

①

phase-shift
180o
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavities is given 

to the particle beam

experiment

DECELERATE
energy of particle beam 

goes back to cavities

beam dump     
at low energy

>99.9999%
particles

100%
particles

energy recovered to accelerate   
the next particle beam①

②
phase-shift

180o



33

The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavities is given 

to the particle beam

experiment

DECELERATE
energy of particle beam 

goes back to cavities

>99.9999%
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100%
particles

beam brightness is 
maintained from

the injector

energy recovered to accelerate   
the next particle beam①

beam dump     
at low energy②

③
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34

The principle of Energy Recovery

>99.9999%
particles

experiment 100%
particles

ACCELERATE
energy in cavities is given 

to the particle beam

DECELERATE
energy of particle beam 

goes back to cavities

ACCELERATOR CAVITIES

multiple turns towards higher energies

energy recovered to accelerate   
the next particle beam①

beam dump     
at low energy②

beam brightness is 
maintained from

the injector

③

phase-shift
180o
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The principle of Energy Recovery

>99.9999%
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experiment 100%
particles

ACCELERATE
energy in cavities is given 

to the particle beam

DECELERATE
energy of particle beam 

goes back to cavities

ACCELERATOR CAVITIES

multiple turns towards higher energies

other beam for collisions

energy recovered to accelerate   
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the injector

③
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The principle of Energy Recovery

>99.9999%
particles

experiment 100%
particles

ACCELERATE
energy in cavities is given 

to the particle beam

DECELERATE
energy of particle beam 

goes back to cavities

ACCELERATOR CAVITIES

multiple turns towards higher energies

other beam for collisions

energy recovered to accelerate   
the next particle beam①

beam dump     
at low energy②

beam brightness is 
maintained from

the injector

③

phase-shift
180o

instead of re-circulating the beam (and loosing brightness), 

the power is re-circulated (achieving optimal brightness with the next beam)



37

The principle of Energy Recovery

>99.9999%
particles

experiment 100%
particles

ACCELERATE
energy in cavities is given 

to the particle beam

DECELERATE
energy of particle beam 

goes back to cavities

ACCELERATOR CAVITIES

multiple turns towards higher energies

Technology is proven in 
operational facilities 
with lower energies 

and lower beam power

other beam for collisions

energy recovered to accelerate   
the next particle beam①

beam dump     
at low energy②

beam brightness is 
maintained from

the injector

③

phase-shift
180o



European Accelerator R&D Roadmap
for particle physics

ERL one of five impactful avenues for Accelerator R&D
CERN Yellow Rep. Monogr. 1 (2022) 1-270 and arXiv:2201.07895 

Extensive ERL report: arXiv:2207.02095 

First Community Report of the implementation of the Accelerator R&D Roadmap 
Frascati, 12-13 July

https://agenda.infn.it/event/35579/

https://agenda.infn.it/event/35579/
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experiment

SC RF CAVITIESINJECTORSOURCE DUMP

HIGH-TEMPERATURE SC TECHNOLOGY
towards 4.2 K operation

HIGH-CURRENT 
ELECTRON SOURCES

for higher intensities

BEAM DYNAMICS & INSTRUMENTATION
for high-power beams at different energies & currents

HIGHER-ORDER MODE DAMPING
efficient HOM extraction w/o increasing cryoload

FRT/RF power source
efficient RF operation

Identified the key aspects for an Energy Recovery accelerator
towards high-energy & high-intensity beams to be used at particle colliders



40

Translated into the main R&D objectives for Energy Recovery
geared towards high-energy and high-intensity accelerators incl. synergies with industry

ACCELERATOR CAVITIES

HIGH-CURRENT e- SOURCES
• develop photocathode materials with 

high quantum efficiency
• design of electron gun with high 

cathode field & high vacuum

INJECTORSOURCE DUMP

HIGH-POWER SRF TECHNOLOGY
• SRF system design for very high beam currents
• develop & test Fast Reactive Tuners (FRT)
• deploy in beam-test facilities
• towards 4.4K operation reduces the capital 

investment for the cooling plant (*)
• coating SC compound materials on substrates (*)

DUAL AXIS CAVITIES
• advance both options: single cavity 

with two beam tubes and two 
cavities joined by a power bridge

• packing the cavity in cryomodule
• connecting dual axis cryomodules
• integrate HOM couplers in design

HIGHER-ORDER MODE DAMPING
• understand HOM powers for cryomodules
• design of HOM (on-cell) couplers
• modelling of high-frequency wakefield

strategic

(*) part of the RF R&D program

SIMULATION & 
EDUCATION

beam dynamics studies 
to mitigate coherent 
synchrotron radiation, 
wake fields, beam 
breakup, …

Most R&D objectives part of the 
bERLinPro and PERLE programs 

BEAM DIAGNOSTICS & INSTRUMENTATION
• develop & test beam profile wire-scanners with a 

high dynamic range (power, emittance, energy)
• develop & test optical systems for beam imaging
• develop & test beam position monitoring systems 

incl. a multi-turn beam arrival monitor system
• very good beam loss and beam halo monitoring
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Energy Recovery – 50 years of innovation
from previous to current and future facilities as stepping stones for R&D

previous &
current

would be the required external power 
supply without Energy Recovery

Power = Energy x Current

ERL-based HEP colliders
Energy Recovery

great achievements on all aspects 
and large research infrastructures 
based on Energy Recovery systems 

have been operated successfully

nuclear power plant
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Energy Recovery – 50 years of innovation
from previous to current and future facilities as stepping stones for R&D

previous &
current

bERLinPro & PERLE
essential accelerator R&D labs with 
ambitions overlapping with those of 

the particle physics community

towards high energy & high power

operating a high-power HEP collider with only a small 
fraction of this power consumption

Power = Energy x Current
planned

ERL-based HEP colliders
Energy Recovery

great achievements on all aspects 
and large research infrastructures 
based on Energy Recovery systems 

have been operated successfully

The Development of Energy-Recovery Linacs
arXiv:2207.02095, 237 pages, 5 July 2022technology

scaling

https://inspirehep.net/literature/2106268


Upcoming facilities for Energy Recovery R&D
complementary in addressing the R&D objectives for Energy Recovery

43

bERLinPro @ Helmholtz Zentrum Berlin
generic accelerator R&D with several aspects 
as stepping stones towards HEP applications

bERLinPro – Berlin Energy Recovery Linac Project
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bERLinPro

• focus on commissioning injector 
with SRF gun + diagnostic line 

(map out the reachable parameter space)
• installation of the Booster module
• recirculation, when LINAC funding 

is secured

First beam of bERLinPro@SEALab
to be expected in 2023

SEALab facility
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Upcoming facilities for Energy Recovery R&D
complementary in addressing the R&D objectives for Energy Recovery

PERLE @ IJCLab
international collaboration bringing all 

aspects together to demonstrate readiness of 
Energy Recovery for HEP collider applications

Target Parameter Unit Value
Injection energy MeV 7
Electron beam energy MeV 500
Normalised Emittance 
γεx,y

mm 
mrad

6

Average beam current mA 20
Bunch charge pC 500
Bunch length mm 3
Bunch spacing ns 25
RF frequency MHz 801.58
Duty factor CW

first multi-turn ERL, based on SRF 
technology, designed to operate 
at 10MW power regime

PERLE – Powerful Energy Recovery Linac for Experiments [CDR: J.Phys.G 45 (2018) 6, 065003]

3-turn ERL
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Upcoming facilities for Energy Recovery R&D
complementary in addressing the R&D objectives for Energy Recovery

PERLE @ IJCLab
international collaboration bringing all 

aspects together to demonstrate readiness of 
Energy Recovery for HEP collider applications

Target Parameter Unit Value
Injection energy MeV 7
Electron beam energy MeV 500
Normalised Emittance 
γεx,y

mm 
mrad

6

Average beam current mA 20
Bunch charge pC 500
Bunch length mm 3
Bunch spacing ns 25
RF frequency MHz 801.58
Duty factor CW

first multi-turn ERL, based on SRF 
technology, designed to operate 
at 10MW power regime

PERLE – Powerful Energy Recovery Linac for Experiments [CDR: J.Phys.G 45 (2018) 6, 065003]

3-turn ERL

More in the upcoming talk of Walid Kaabi
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The energy efficiency of present and future 

accelerators […] is and should remain an area 

requiring constant attention. 

A detailed plan for the […] saving and re-use of 

energy should be part of the approval process 

for any major project. 

European Strategy for Particle Physics 2020

Technology synergies emerge between 

the R&D for ERL at PERLE and bERLinPro

and the ambition for high-performant e+e- Higgs Factories
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Where do SRF H-factories use power ?
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particle 
production

beam 
preparation

beam 
acceleration

experiment beam
dump

Basic structures of a particle accelerator
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particle 
production

beam 
preparation

beam 
acceleration

experiment beam
dump

cooling @ 2K

Basic structures of a particle accelerator
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Basic structures of a particle accelerator

particle 
production

beam 
preparation

beam 
acceleration

experiment beam
dump

cooling @ 2K

Typical power consumption for an electron-positron Higgs Factory 
the highest priority next collider for particle physics

∼50%

∼5%

magnets ∼10%
others ∼35%

example FCC@250GeV
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Basic structures of a particle accelerator

particle 
production

beam 
preparation

experiment beam
dump

cooling @ 2K

Typical power consumption for an electron-positron Higgs Factory 
the highest priority next collider for particle physics

∼5%

magnets ∼10%
others ∼35%

example FCC@250GeV

recover this 
energy

beam 
acceleration
∼50%

reduce most of 
this energy

beam 
acceleration
∼50%
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Key building block for beam acceleration: the SRF cryomodule
SRF: Superconducting Radio Frequency

Transferring grid power to the particle beam

beam

power

cooling
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From Grid to Beam

RF power generation

cryogenics

GRID

Picture adopted from M. Seidel (IPAC 2022)
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From Grid to Beam

RF power generation

cryogenics

GRID

Picture adopted from M. Seidel (IPAC 2022)
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From Grid to Beam

RF power generation
efficiency ~30-60%

cryogenics

GRID

dissipated heat
∼ 1/Q0 efficiency

∼ T / (300K – T)

beam power 
dumped 

or 
radiated

RF power load
by detuned cavities

∼ Dw2

power-inefficiency
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efficiency ~30-60%

dissipated heat
∼ 1/Q0 

cryogenics

operate cavities at higher T    &   improve Q0 of cavities 
e.g. Nb3Sn from 2K to 4.2K è 3x less cooling power needed

improve amplifier efficiency 
e.g. solid state amplifiers for oscillating power demands

recover the energy 
from the beam

e.g. ERL reaching 
100% recovery

efficiency
∼ T / (300K – T)

beam power 
dumped 

or 
radiated

RF power generation

From Grid to Beam

GRID RF power load
by detuned cavities

∼ Dw2

dealing with microphonics
e.g. Fast Reactive Tuners

mitigation with 
novel technologies
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Innovate for Sustainable Accelerating Systems (iSAS)

https://indico.ijclab.in2p3.fr/event/9521/

(ambition: significantly reduce the energy footprint of SRF accelerators)

Energy-saving technologies widely applicable in SRF cryomodules:

synergies between R&D at PERLE/bERLinPro 

and implementation in FCC-ee/eh/hh

https://indico.ijclab.in2p3.fr/event/9521/
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iSAS develops, prototypes & validates SRF energy-saving technologies 

TA#1: energy-savings from RF power 
The objective is to significantly reduce the RF 
power sources and wall plug power for all SRF 
accelerators with ferro-electric fast reactive 
tuners (FE-FRTs) for control of transient beam 
loading and detuning by microphonics, and with 
optimal low level radio frequency (LLRF) and 
detuning control with legacy piezo based 
systems. iSAS will demonstrate operation of a 
superconducting cavity with FE-FRTs coherently 
integrated with AI-smart digital control systems 
to achieve low RF-power requirements. 

LoadAccelerator
Reference 

Signal

Mechanical/Piezo
cavity tuning

Input RF
Solid-
state
amp.

LLRF 
Controls

Integrated iSAS approach to save grid power for RF
• Digital AI/ML-assisted field and detuning control
• Reduced detuning by piezo and new FE-FRT tuners
• Smart amplifier control

Ferroelectric
tuning

(FE-FRT)

Feedback signal proportional to cavity field and phase

Input coupler

Pickup
probe

Beam

Re
fle

ct
ed

RF

Schematic overview to compensate detuning with new FE-FRTs avoiding large power 
overhead and to compensate with AI-smart control loop countermeasures via the LLRF 
steering of the RF amplifier the disturbances in SRF cavities that impact field stability
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TA#2: energy-savings from cryogenics 
The objective is focused on the development of 
thin-film cavities and aims to transform 
conventional superconducting radio-frequency 
technology based on off-shelf bulk niobium 
operating at 2 K, into a technology operating at 
4.2 K using a highly functionalized material, 
where individual functions are addressed by 
different layers. iSAS will optimize the coating 
recipe for Nb3Sn on copper to optimize tunability 
and flux trapping of thin-film superconducting 
cavities and to validate a prototype beyond the 
achievements of the ongoing Horizon Europe 
I.FAST project. 

iSAS develops, prototypes & validates SRF energy-saving technologies 

Supercond. Sci. Technol. 30 (2017) 033004

The higher critical temperature (Tc) of Nb3Sn allows for the maximum value of quality 
factor Q0 for 1.3 GHz cavities to be achieved at operating temperatures of about 4 K 
compared to 2 K for Nb (left figure). The graph on the right shows the efficiency of a 

cryogenic plant (COP) as a function of temperature achieving about 3 times higher COP 
efficiency when operating at a temperature of 4.2 K than at 2 K. This suggests that 
operating a cryogenic plant at 4.2 K with Nb3Sn SRF cavities, can lead to significant 

better performances and energy savings.
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TA#3: energy-savings from the beam
The objective is to reduce the total power 
deposited into the cryogenics circuits of the 
cryomodule of the Higher-Order Mode (HOM) 
couplers and fundamental power couplers 
(FPCs) leading to a significant reduction of the 
heat loads and the overall power consumption. 
iSAS will improve the energy efficiency of the 
FPCs and HOM couplers by designing and 
building prototypes that will be integrated into 
a LINAC cryomodule capable of energy-recovery 
operations and to be tested in accelerator-like 
conditions. 

iSAS develops, prototypes & validates SRF energy-saving technologies 

experiment

SC RF CAVITIESINJECTORSOURCE DUMP

HIGH-TEMPERATURE SC TECHNOLOGY
towards 4.2 K operation

HIGH-CURRENT 
ELECTRON SOURCES

for higher intensities

BEAM DYNAMICS & INSTRUMENTATION
for high-power beams at different energies & currents

HIGHER-ORDER MODE DAMPING
efficient HOM extraction w/o increasing cryoload

FRT/RF power source
efficient RF operation

towards full high-power energy recovery



iSAS organisation
Spread over 4 years: ∼1000 person-months of researchers and ∼12.6M EUR 

(of which 5M EUR is requested to Horizon Europe)

+ industrial companies: ACS Accelerators and Cryogenic Systems (France), RI Research Instruments GmbH (Germany), 
Cryoelectra GmbH (Germany), TFE Thin Film equipment srl (Italy), Zanon Research (Italy), EuclidTechLab (USA)
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Innovate for Sustainable Accelerating Systems (iSAS)

https://indico.ijclab.in2p3.fr/event/9521/

News from Horizon Europe is expected in July-August 2023

https://indico.ijclab.in2p3.fr/event/9521/


o The high-energy electron-hadron programme at the LHC and FCC are truely 
general-purpose experiments reaching beyond current knowledge in QCD, 
Higgs, EW and top quark physics and with its own BSM discovery potential

o At the same time, these programmes empower the current research in ATLAS 
and CMS, and are vital to unlock the full physics potential of the FCC program

o And surely, when we look deeper into the proton we significantly move the 
low-x frontier and in this terra incognita we do not know what to discover

o The engine of our curiosity-driven exploration is society’s appreciation for the 
portfolio of technological innovations and knowledge transfer that we continue 
to realize: Energy Recovery Linac systems deliver on this technology front

Electron-proton collisions at the core of particle physics



Electron-proton collisions at the core of particle physics

66666666666666666666666666666666

Thank you for your attention!
Jorgen.DHondt@vub.be

o The high-energy electron-hadron programme at the LHC and FCC are truely 
general-purpose experiments reaching beyond current knowledge in QCD, 
Higgs, EW and top quark physics and with its own BSM discovery potential

o At the same time, these programmes empower the current research in ATLAS 
and CMS, and are vital to unlock the full physics potential of the FCC program

o And surely, when we look deeper into the proton we significantly move the 
low-x frontier and in this terra incognita we do not know what to discover

o The engine of our curiosity-driven exploration is society’s appreciation for the 
portfolio of technological innovations and knowledge transfer that we continue 
to realize: Energy Recovery Linac systems deliver on this technology front
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From HERA onwards to high-energy proton beams

Front. Phys. 10 (2022) 886473
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Organising the European R&D for Energy Recovery in HEP
strengthen collaboration across the field to reach the HEP-related R&D objectives together

Lab Directors Group (LDG)

ERL Coordination Panel
Chair: Jorgen D’Hondt

Deputy: Max Klein

Jens Knobloch (bERLinPro)

Achille Stocchi (PERLE)

Andrew Hutton (R&D oversight)

Maud Baylac (liaison RF & ERL panels)

ERL Community Forum
open forum

ERL International 
Advisory Committee

chairperson

Topical R&D
transversal topics relevant for HEP

ERL-based Colliders

Sustainable SRF (iSAS)

bERLinPro (RI)
HZB

Axel Neumann

PERLE (RI)
International Coll.

Walid Kaabi

Seminars & Newsletter
organized by the ERL Coord Panel

RI: Research Infrastructure
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Timeline

2005: first ideas for an LHeC
2007: ECFA mandate to explore
2012: CDR of LHeC
2013: CERN mandate to further explore LHeC (M. Klein & H. Schopper)
2018: CDR for FCC, including FCC-eh
2020: updated CDR for LHeC (including ERL), arXiv:2007.14491
2021: publication updated CDR in Journal of Physics G 
2021: end of CERN mandate

picture from M. Klein
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Timeline

2022 (Aug): J. D’Hondt invited to become the new LHeC/FCC-eh Spokesperson
2022 (Oct): new CERN mandate received from CERN DG and DRC

Following the publication of the updated CDR, CERN continues to support studies for
the LHeC and the FCC-eh as potential options for the future and to provide input to
the next Update of the European Strategy for Particle Physics. The study is to further
develop the scientific potential and possible technical realization of an ep/eA collider
and the associated detectors at CERN, with emphasis on FCC.

Mandate of the LHeC/FCC-eh Coordinator (Jorgen D’Hondt)
The coordinator convenes the Coordination Panel. The coordinator provides visible
leadership, organization, and advocacy for the work towards an ep/eA collider
programme at CERN. The coordinator acts as the Spokesperson of the study to the
international community and represents the FCC-eh towards the FCC feasibility study.
The coordinator can assign a deputy.
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Timeline

2022 (Aug): J. D’Hondt invited to become the new LHeC/FCC-eh Spokesperson
2022 (Oct): new CERN mandate received from CERN DG and DRC

Mandate of the LHeC/FCC-eh Coordination Panel
The panel has the task to assist the coordinator (and deputy). The panel organizes,
coordinates, oversees, and steers an appropriate long-term organizational structure
and programme plan. The panel will report to CERN’s Director for Research and
Computing through the Coordinator and will receive advice from the International
Advisory Committee. It includes an international representation and acts as a decision-
making and prioritization body for the study.
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Timeline

2022 (Aug): J. D’Hondt invited to become the new LHeC/FCC-eh Spokesperson
2022 (Oct): new CERN mandate received from CERN DG and DRC

Mandate of the International Advisory Committee
The IAC advises the Coordination Panel and the CERN Directorate by following the
development of options of an ep/eA collider at the LHC and at the FCC. Advice may
relate to the scientific and technical direction for the physics potential of the ep/eA
collider, with emphasis on the FCC, depending on the machine parameters and a
realistic detector design. The IAC assists the Coordination Panel build the international
case for the accelerator and detector developments, and advises on the resource,
infrastructure and science policy aspects of the ep/eA collider.
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Timeline

2022 (Aug): J. D’Hondt invited to become the new LHeC/FCC-eh Spokesperson
2022 (Oct): new CERN mandate received from CERN DG and DRC

Coordination Panel members: Nestor Armesto, Maarten Boonekamp, Oliver Brüning,
Daniel, Britzger, Monica D’Onofrio, Claire Gwenlan, Uta Klein, Paul Newman, Yannis
Papaphilippou, Christian Schwanenberger, Yuji Yamazaki.

IAC members: Frederick Bordry (chair), Phil Allport, Diego Bettoni, Abhay Deshpande,
Rohini Godbole, Beate Heinemann, Karl Jakobs, Young-Kee Kim, Max Klein, Eric Laenen,
Jean-Philippe Lansberg, Tadeusz Lesiak, Dave Newbold, Vladimir Shiltsev, Johanna
Stachel, Achille Stocchi.


