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Einstein’s field equa:ons of gravity from which the Friedmann equa:ons are derived to model the evolu:on of the universe
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observa)ons how 
small objects 

behave in our 
laboratories 

e.g. creation of 
chemical elements

e.g. nuclei built from 
quarks and gluons

A century of scien7fic revolu7ons

building blocks of life on the human scale
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The quest for understanding physics
“Problems and Mysteries”

e.g. Abundance of dark matter?
Abundance of matter over antimatter?
What is the origin and engine for high-energy cosmic particles?
Dark energy for an accelerated expansion of the universe?
What caused (and stopped) inflation in the early universe?
Scale of things (why do the numbers miraculously match)?
Pattern of particle masses and mixings? 
Dynamics of Electro-Weak symmetry breaking?
How do quarks and gluons give rise to properties of nuclei?
Resolution of the structure and dynamics inside hadrons? …
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The quest for understanding physics

Observa1ons of new physics phenomena and/or devia1ons 
from the Standard Models are expected to unlock concrete 

ways to address these puzzling unknowns

“Problems and Mysteries”
e.g. Abundance of dark maLer?

Abundance of maLer over an-maLer?
What is the origin and engine for high-energy cosmic par-cles?
Dark energy for an accelerated expansion of the universe?
What caused (and stopped) infla-on in the early universe?
Scale of things (why do the numbers miraculously match)?
PaLern of par-cle masses and mixings? 
Dynamics of Electro-Weak symmetry breaking?
How do quarks and gluons give rise to proper-es of nuclei?
Resolu-on of the structure and dynamics inside hadrons? …
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Innovate Technology

to make the invisible visible
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From the legacy of HERA to 
high-energy electron-proton collisions

when DIS physics becomes
general-purpose physics
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Key explora+on to answers: the structure of ma6er
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From the legacy of HERA to 
high-energy electron-proton collisions

when DIS physics becomes
general-purpose physics

Key exploration to answers: the structure of matter
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High-intensity electron beam

beam current × beam energy  =  beam power

 (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

From HERA to LHeC

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

LHeC  ∼ 1 GW beam power
equivalent to the power delivered by a nuclear power plant



16

beam current × beam energy  =  beam power
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High-intensity electron beam
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where do we use power
where do we lose power
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par-cle 
produc-on

beam 
prepara-on

beam 
accelera-on

experiment beam
dump

Basic structures of a par7cle accelerator

most of the power consumption
from the power-grid provide power to the beam

(for lepton accelerators)
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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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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 genera7on
efficiency ~30-60%

cryogenics

GRID

dissipated heat
∼ 1/Q0 performance

∼ (300K – T) / T

beam power 
dumped 

or 
radiated

RF power demand
by detuned caviIes

∼ 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 4.4K è 3x less cooling power needed

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

recover the energy 
from the beam

e.g. ERL reaching 
100% recovery

performance
∼ (300K – T) / T

beam power 
dumped 

or 
radiated

RF power generation

From Grid to Beam

GRID RF power demand
by detuned cavities

∼ Dw2

dealing with microphonics
e.g. Fast ReacIve Tuners

mi-ga-on with 
novel technologies



improve amplifier efficiency 
e.g. solid state amplifiers for oscillaIng power demands
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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 4.4K è 3x less cooling power needed

performance
∼ (300K – T) / T

RF power genera7on

From Grid to Beam

GRID
recover the energy 

from the beam
e.g. ERL reaching 

100% recovery

beam power 
dumped 

or 
radiated

Accelera:ng par:cles will always require a large amount 

of energy, hence achieving a minimal energy consump:on is 

our unavoidable challenge and duty for future colliders

Thought for an overall R&D programme for 

“Sustainable Accelera7ng Systems”

less energy, less cooling, less power loss, recover beam power

ALARA = As Low As Reasonable Achievable
principle enforced for nuclear safety,

also for energy consumption ?



European Accelerator R&D Roadmap
for par'cle physics

European Accelerator R&D Roadmap: CERN Yellow Rep. Monogr. 1 (2022) 1-270 and arXiv:2201.07895 
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavi-es is given 

to the par-cle beam
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavi-es is given 

to the par-cle beam

experiment 100%
par,cles

>99.9999%
particles
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The principle of Energy Recovery
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
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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 par-cle beam 

goes back to cavi-es

beam dump     
at low energy

>99.9999%
par,cles

100%
par,cles

energy recovered to accelerate   
the next parEcle beam①

②
phase-shi6

180o
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The principle of Energy Recovery

ACCELERATOR CAVITIES

ACCELERATE
energy in cavi-es is given 

to the par-cle beam

experiment

DECELERATE
energy of par-cle beam 

goes back to cavi-es

>99.9999%
particles

100%
par,cles

beam brightness is 
maintained from

the injector

energy recovered to accelerate   
the next particle beam①

beam dump     
at low energy②

③

phase-shift
180o
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The principle of Energy Recovery

>99.9999%
particles

experiment 100%
par,cles

ACCELERATE
energy in cavi-es is given 

to the par-cle beam

DECELERATE
energy of par-cle beam 

goes back to cavi-es
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The principle of Energy Recovery

>99.9999%
particles

experiment 100%
par,cles

ACCELERATE
energy in cavi-es is given 

to the par-cle beam

DECELERATE
energy of par-cle beam 

goes back to cavi-es
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The principle of Energy Recovery

>99.9999%
par,cles

experiment 100%
par,cles

ACCELERATE
energy in cavi-es is given 

to the par-cle beam

DECELERATE
energy of particle beam 

goes back to cavities

ACCELERATOR CAVITIES

mul0ple turns towards higher energies

other beam for collisions

energy recovered to accelerate   
the next parEcle beam①

beam dump     
at low energy②

beam brightness is 
maintained from

the injector

③

phase-shi6
180o

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

the power is re-circulated (achieving optimal brightness with the next beam)
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The principle of Energy Recovery

>99.9999%
par,cles

experiment 100%
particles

ACCELERATE
energy in cavi-es is given 

to the par-cle beam

DECELERATE
energy of par-cle beam 

goes back to cavi-es

ACCELERATOR CAVITIES

mul0ple turns towards higher energies

other beam for collisions

energy recovered to accelerate   
the next parEcle beam①

beam dump     
at low energy②

beam brightness is 
maintained from

the injector

③

phase-shi6
180o

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

the power is re-circulated (achieving op@mal brightness with the next beam)

Technology is proven in 
operaAonal faciliAes 
with lower energies 

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

experiment

ACCELERATOR CAVITIESINJECTORSOURCE DUMP
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experiment

ACCELERATOR CAVITIESINJECTORSOURCE DUMP

HIGH-POWER SRF TECHNOLOGY
towards 4.4K opera>on

HIGH-CURRENT 
ELECTRON SOURCES

for higher intensi>es

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

HIGHER-ORDER MODE DAMPING
heat load extrac>on from cavi>es

DUAL AXIS CAVITIES
for two beamlines, e-e+ collisions

strategic

Iden7fied the key aspects for an Energy Recovery accelerator
towards high-energy & high-intensity beams to be used at par'cle colliders
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Translated into the main R&D objec7ves 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 Reac>ve Tuners (FRT)
• deploy in beam-test facili>es
• towards 4.4K opera>on reduces the capital 

investment for the cooling plant (*)
• coa>ng 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 mi,gate coherent 
synchrotron radia,on, 
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, emiHance, energy)
• develop & test op,cal systems for beam imaging
• develop & test beam posi,on monitoring systems 

incl. a mul,-turn beam arrival monitor system
• very good beam loss and beam halo monitoring



39

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 Reac>ve Tuners (FRT)
• deploy in beam-test facili>es
• towards 4.4K opera>on reduces the capital 

investment for the cooling plant (*)
• coa>ng SC compound materials on substrates (*)

DUAL AXIS CAVITIES
• advance both op>ons: single cavity 

with two beam tubes and two 
cavi>es joined by a power bridge

• packing the cavity in cryomodule
• connec>ng 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 mi,gate coherent 
synchrotron radia,on, 
wake fields, beam 
breakup, …

Most R&D objecAves 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

With the planned R&D we should be able to 

demonstrate Energy Recovery for high-power beams 

and prepare the path to provide 

a 1 GW electron beam with 50 MW power



The future of ERL-based colliders
With stepping stones for innova@ons in technology 
to boost our physics reach

2020-2030’ies

2020’ies

PERLE

bERLinPro

2030-2040’ies

high-power ERL
demonstrated

high-power ERL
e- beam in collision

(ep/eA @ LHC program)

2040-2050’ies
ERL-based Higgs Factory

with high-power ERL
e+e- Higgs Factory
(Z/W/H/top program)

ERL applicaIon
electron cooling

EIC

1 ERL beam

2 ERL beam
s



The future of ERL-based colliders
With stepping stones for innova@ons in technology 
to boost our physics reach

2020-2030’ies
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demonstrated
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e- beam in collision

(ep/eA @ LHC program)

2040-2050’ies
ERL-based Higgs Factory

with high-power ERL
e+e- Higgs Factory
(Z/W/H/top program)

ERL applicaIon
electron cooling

EIC

1 ERL beam

2 ERL beam
s

a roadmap developed
on the shoulders of giants
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In 2018, I had a very interes0ng conversa0on with a very wise scien0st…

Today, I am grateful for his leadership as scientist and friend

Big thanks to Max Klein for his leadership

I was not aware that in 2022, I would be invited to walk in his footsteps
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