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large surface/volume observatories .
& 4 powerful accelerators
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age universe lifetime top quark

4.4108s large surface/volume observatories 51025 s
obstervable visible with quarks
universe our own eyes <10m
8.8 10%m

~1°'000°000 000 000 000 000 000 000 000 meter
~ 0.000 000 000 000 000 000 01 meter

distance to _
galactic center distance
Earth-sun
distance light biological cell proton
travels in one year neutron
lifetime duration farthest human object lifetime lifetime
star supernova & GRB  from Earth (Voyager 1) atoms proton kaon (K*)

1013-10%¢ s 0.1-100s >310%s 1.210%s



Develop a model to describe how objects behave in this space and time



Develop a model to describe how objects behave in this space and time

Basic

Principles

FROM INTUITION

e.g. the locality principle:
all matter has the same set of constituents

e.g. the causality principle:

a future state depends only on the present state

e.g. the invariance principle:
space-time is homogeneous

FROM LONG-STANDING OBSERVATIONS
the wave-particle duality principle

the quantisation principle no obvious reason for

the cosmological principle these long-standing

the constant speed of light principle observations to be what
they are...

the uncertainty principle

the equivalence principle J



Develop a model to describe how objects behave in this space and time

MATHEMATICAL FRAMEWORKS HOW OBJECTS BEHAVE

Ba SIC @ General Relativity (for gravity)
Prl nci ples @ Quantum Mechanics + Special Relativity = Quantum Field Theory
(for electromagnetic, weak and strong forces)

FROM INTUITION Fundamental

e.g. the locality principle: .
all matter has the same set of constituents Theo ries

e.g. the causality principle:
a future state depends only on the present state

e.g. the invariance principle:
space-time is homogeneous

FROM LONG-STANDING OBSERVATIONS
the wave-particle duality principle

the quantisation principle no obvious reason for

the cosmological principle these long-standing

the constant speed of light principle observations to be what
they are...

the uncertainty principle

the equivalence principle J



Develop a model to describe how objects behave in this space and time

MATHEMATICAL FRAMEWORKS HOW OBJECTS BEHAVE

FROM INTUITION Fundamental
Theories

Concrete
Models

FROM LONG-STANDING OBSERVATIONS
APPLY MATHEMATICAL FRAMEWORKS ON OBJECTS

Standard Model of Cosmology
Standard Model of Particle Physics

need to be valid into even the tiniest cracks of space and time
and for all energies or masses of the objects... even at the extremes
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~1°000°000 000 000 000 000 000 000 000 meter
~ (0.000 000 000 000 000 000 01 meter

observations how observations how
large objects small objects
behave in our behave in our
universe laboratories
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A century of scientific revolutions
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The quest for understanding physics

“Problems and Mysteries”

l- -;gﬁ” e.g. Abundance of dark matter?
+ ¥ +he

* e b Abundance of matter over antimatter?

+Rgf V) 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?...

14



The quest for understanding physics

“Problems and Mysteries”

= P e.g. Abundance of dark matter?

*fiigb; Abundance of matter over antimatter?

+Rgf V) 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?
oy How do quarks and gluons give rise to properties of nuclei?...

N \ Girs, -
A EiNsTEIN

Observations of new physics phenomena and/or deviations
from the Standard Models are expected to unlock concrete
ways to address these puzzling unknowns
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higher energy interactions

in the lab
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higher energetic phenomena

in the universe
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higher energy interactions

in the lab
higher energetic phenomena

in the universe
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The landscape of particle physics colliders

~15-20B EUR

r

.

pp (and AA/pA)

Ecms >> 14 TeV (LHC)

\

High-field magnet technology

J
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The landscape of particle physics colliders

7

.

e*p (and eTA)
ERL technology (E.~ 30-60 GeV)

Ecms > 1 TeV

ERL: https://indico.ijclab.in2p3.fr/event/9548/

~\

~15-20B EUR

J

~1B EUR

pp (and AA/pA)

\

High-field magnet technology

.

Ecms >> 14 TeV (LHC)

J
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https://indico.ijclab.in2p3.fr/event/9548/

The landscape of particle physics colliders

7

e*p (and eTA) h

ERL technology (E, ~ 30-60 GeV)

~7-12B EUR _EC_MS_. > 1 Tev ~15-20B EUR
( e+e- K ERL: https://indico.ijclab.in2p3.fr/event/9548/ J \
RF technology 1B EUR pp (and AA/pA)
Eavs ~ 10 GeV (flavour) High-field magnet technology
Ecus ~ 90-360 GeV (Z/W/H/top) Ecvs >> 14 TeV (LHC)
_ Fovs>500 GeV y \ y
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The landscape of particle physics colliders

7

e*p (and eTA)
ERL technology (E. ~ 30-60 GeV)

r

Ecvs > 1 TeV

~\

\ ERL: https://indico.ijclab.in2p3.fr/event/9548/ J \

ete-
RF technology

Ecms ~ 10 GeV (flavour)
Ecws ~ 90-360 GeV (Z/W/H/top)
\ Ecms > 500 GeV

pp (and AA/pA)
High-field magnet technology
Ecvs >> 14 TeV (LHC)

l!+l !-
first time ever collider
Ecvs ~ 3-10 TeV

J

plasma wakefield
first time ever collider
many applications

Accelerator R&D Roadmap prioritizes progress on these technologies to enable
future particle accelerators in a timely, affordable and sustainable way

CERN Yellow Rep. Monogr. 1 (2022) 1-270, https://cds.cern.ch/record/2800190?In=en

21


https://indico.ijclab.in2p3.fr/event/9548/

The landscape of particle physics colliders

This talk will focus on the Energy
Recovery Linac technology to improve

e*p (and eTA)
ERL technology (E. ~ 30-60 GeV)

the performance of these colliders
Ecvs > 1 TeV

ERL: https://indico.ijclab.in2p3.fr/event/9548/

FOCUS

ete
RF technology
Ecms ~ 10 GeV (flavour)
Ecvms ~ 90-360 GeV (Z/W/H/top)
Ecvs > 500 GeV

pp (and AA/pA)

\

High-field magnet technology

Ecms >> 14 TeV (LHC)

l!+I !-
first time ever collider
ECMS ~3-10 TeV

J

plasma wakefield
first time ever collider
many applications

Accelerator R&D Roadmap prioritizes progress on these technologies to enable

future particle accelerators in a timely, affordable and sustainable way

CERN Yellow Rep. Monogr. 1 (2022) 1-270, https://cds.cern.ch/record/2800190?In=en
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particle physics ambition
high-energy & high-current beams

(energy x current = power)



particle physics ambition
high-energy & high-current beams

(energy x current = power)

caveat
power requirements of future colliders

focus on electron/positron accelerators

24



Basic structures of a particle accelerator

particle beam beam experiment beam
production preparation acceleration dump

25



Basic structures of a particle accelerator

particle beam beam experiment
production preparation acceleration

cryogenic cooling

beam
dump
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Basic structures of a particle accelerator

particle beam beam experiment beam
production preparation acceleration dump
~50%

magnets ~10%
cryogenic cooling others ~35%

~5%

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

example FCC-ee@250GeV

FCC CDR, Eur. Phys. J. Special Topics 228, 261-623 (2019)

27



o

Linear colliders

..‘

dump >99.9999% of
the beam power

N

Circular colliders

radiation

ACC
- s o @

radiate away very quickly
the beam power
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o

Linear colliders

..‘

dump >99.9999% of
the beam power

N

Circular colliders

radiation

ACC
- s o @

FCC-ee@250 =300 MW

~2% of annual electricity
consumption in Belgium

radiate away very quickly
the beam power
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o

Linear colliders Circular colliders

radiation

o _o
-7 TS

N
— ACC .
dump >99.9999% of radiate away very quickly
the beam power the beam power

FCC-ee@250 =~ 300 MW

~4% of annual electricity
consumption in Belgium

Energy consumption is reducing in Europe,
not excluded with % by 2050-2060
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o

Linear colliders

..‘

Circular colliders

radiation

ACC
- s o @

dump >99.9999% of

the beam power
FCC-ee@250 =~ 300 MW

~4% of annual electricity
consumption in Belgium

radiate away very quickly
the beam power

Energy consumption is reducing in Europe,
not excluded with % by 2050-2060
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Linear colliders Circular colliders

rayVv V

. ry quickly
the beam power
-ee@250 =~ 300 MW

a
~4% of annual electricity bout half o

this js
consumption in Belgium Or lost ¢ye o /‘ad'dumped
iatiop,

Energy consumption is reducing in Europe,
not excluded with % by 2050-2060
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The energy efficie

ncy of present and future

accelerators [...] 1S 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

33



Key building block for beam acceleration: the SRF cryomodule

SRF: Superconducting Radio Frequency
g— cryogenic cooling

RF power

Transferring grid power to the particle beam
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Key building block for beam acceleration: the SRF cryomodule

SRF: Superconducting Radio Frequency
g— cryogenic cooling

RF power

Transferring grid power to the particle beam
EVERY NEW BEAM REQUIRES NEW RF POWER
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Key building block for beam acceleration: the SRF cryomodule

SRF: Superconducting Radio Frequency
g— cryogenic cooling

RF power

Transferring grid power to the particle beam

ENE RGY RECOVE RY s RECOVER THE ENERGY FROM THE USED BEAM
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The principle of Energy Recovery

e EEEETE

ACCELERATE
energy in cavities is given
to the particle beam

37



The principle of Energy Recovery

>99.9999%  experiment  100%

particles . particles

e EEEETE

ACCELERATE
energy in cavities is given
to the particle beam
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The principle of Energy Recovery

>99.9999%  experiment  100%

particles . particles

phase-shift
- .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam

to the particle beam goes back to cavities
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The principle of Energy Recovery

>99.9999%  experiment  100%

particles . particles

phase-shift
- .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

@ energy recovered to accelerate

the next particle beam 0



The principle of Energy Recovery

>99.9999%  experiment  100%

particles . particles

@ beam dump
phase-shift at low energy
- .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

energy recovered to accelerate
@ the next particle beam
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The principle of Energy Recovery

) beam brightness is
>99.9999%  experiment  100% maintained from

particles articles ..
. £ the injector

@ beam dump
phase-shift at low energy
- .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

@ energy recovered to accelerate

the next particle beam .



The principle of Energy Recovery

) beam brightness is
>99.9999%  experiment  100% maintained from

particles articles ..
. £ the injector

multiple turns towards higher energies

@ beam dump
phase-shift at low energy
= '
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

energy recovered to accelerate
@ the next particle beam



The principle of Energy Recovery

other beam for collisions

) @ beam brightness is
>99.9§999% experiment 1oq% maintained from
pa particles ..
. the injector

multiple turns towards higher energies

@ beam dump
phase-shift at low energy
= '
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

energy recovered to accelerate
@ the next particle beam



The principle of Energy Recovery

other beam for collisions

; @ beam brightness is
>99.9999% experlmen 100% Telirneiined fen

particles

the injector

br:ghtnesS)
am (and loosing
instead of re- _circulating the be rightness With the nex
\

t beam)
timal b
d (achieving oP
is re-circulate
the power 15

ACCELERATE DECELERATE
energy in cavities is given

energy of particle beam
to the particle beam goes back to cavities

@ energy recovered to accelerate
the next particle beam
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The principle of Energy Recovery

other beam for collisions

. @ beam brightness is
We”ment 10;7014 maintained from
Technology is proven in 2 . e the injector

operational facilities
with lower energies

and lower beam power multiple turns towards higher energies
@ beam dump
phase-shift at low energy
= .
ACCELERATE DECELERATE
energy in cavities is given energy of particle beam
to the particle beam goes back to cavities

energy recovered to accelerate
@ the next particle beam
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Ongoing & Upcoming facilities with ERL systems

worldwide several facilities are operational or are emerging

ongoing ongoing

in progress

in progress

Y (cBETA

s-DALINAC 7u parmstadt. Germany
two pass operation demonstrated

Cornell University, USA

highest number of passes achieved in SRF ERL

cERL KEK, Japan

highest gun voltage (500 keV) (
—— Recuperator

highest current (10 mA)

BINP, Russia

(M ESA

darkMESA

U Mainz, Germany
complete ERL facility for particle and nuclear physics

N\

4 N
EIC Cooler BNL, USA

electron cooling with ERL

rCEBAF 5-pass JLab, USA

highest energy & highest number of passes

Recirculation -‘
0.5-GeV Linac Ares
(20 Cryomodules) v
0.5-GeV Linac
56-MeV Injector (20 Cryomodules)
(2 14 Cryomedules) \.&

4

7
i, ‘Ql-.’xlmrh'nn

Elements

Stations
14

ongoing

ongoing

in progress

Upcoming: bERLinPro & PERLE

More facilities in design

« DIANA (STFC, UK)
* DICE (Darmstadt, Germany)
* BriXSino (Milano, Italy)
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Energy in MeV

nuclear power plant
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Average current in mA

Energy Recovery demonstrated

great achievements on all aspects
and large research infrastructures

based on Energy Recovery systems
have been operated successfully
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Energy in MeV

nuclear power plant
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bERLinPro & PERLE

essential accelerator R&D labs with
ambitions overlapping with those of
the particle physics community

towards high energy & high power

Energy Recovery demonstrated

great achievements on all aspects
and large research infrastructures

based on Energy Recovery systems
have been operated successfully
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ERL to enable high-power beams that would otherwise

require one or more nuclear power plants

Energy in MeV

nuclear power plant
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technology

3uijeos

Future ERL-based Colliders
H, HH, ep/eA, muons, ...

bERLinPro & PERLE

essential accelerator R&D labs with
ambitions overlapping with those of
the particle physics community

towards high energy & high power

Energy Recovery demonstrated

great achievements on all aspects
and large research infrastructures

based on Energy Recovery systems
have been operated successfully
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Identified the key aspects for an ERL accelerator
towards high-energy & high-intensity beams to be used at particle colliders

experiment

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

51


https://inspirehep.net/literature/2106268

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

experiment

HIGH-CURRENT

ELECTRON SOURCES
for higher intensities

SRF photoinjectors have the greatest potential to generate high-brightness CW electron beams
with a continuous reliable injection of high-charge, low-emittance bunches into a LINAC. Future
systems must go more than an order of magnitude beyond the state-of-the-art.
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Identified the key aspects for an ERL accelerator
towards high-energy & high-intensity beams to be used at particle colliders

experiment

HIGH-CURRENT e” SOURCES
» develop photocathode materials with
high quantum efficiency
* design of electron gun with high
cathode field & high vacuum

SRF photoinjectors have the greatest potential to generate high-brightness CW electron beams
with a continuous reliable injection of high-charge, low-emittance bunches into a LINAC. Future
systems must go more than an order of magnitude beyond the state-of-the-art.
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Identified the key aspects for an ERL accelerator
towards high-energy & high-intensity beams to be used at particle colliders

experiment

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

Very low levels of beam loss and a high degree of beam control will be essential for energy
efficiency, radiation protection and machine protection. Here novel beam diagnostics are
essential, with a dynamic range of many orders of magnitude for beam commissioning or to
discern “wanted” beam from “unwanted” beam (such as beam halo).
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Identified the key aspects for an ERL accelerator
towards high-energy & high-intensity beams to be used at particle colliders

experiment

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

SOURCE INJECTOR ACCELERATOR CAVITIES DUMP

Very low levels of beam loss and a high degree of beam control will be essential for energy
efficiency, radiation protection and machine protection. Here novel beam diagnostics are
essential, with a dynamic range of many orders of magnitude for beam commissioning or to
discern “wanted” beam from “unwanted” beam (such as beam halo).
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Identified the key aspects for an ERL accelerator
towards high-energy & high-intensity beams to be used at particle colliders

experiment

To accelerate a very high average beam current without compromising the beam quality, the
LINAC will require Higher-Order Mode absorbers that are able to extract up to kWs of HOM
power efficiently to minimize the beam disruption due to wakefields.

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

56



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

experiment

To accelerate a very high average beam current without compromising the beam quality, the
LINAC will require Higher-Order Mode absorbers that are able to extract up to kWs of HOM
power efficiently to minimize the beam disruption due to wakefields.

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

57



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

experiment

HIGH-CURRENT

ELECTRON SOURCES BEAM DYNAMICS & INSTRUMENTATION

for higher intensities for high-power beams at different energies & currents

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

ENABLE EFFICIENT ENERGY RECOVERY
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Identified the key aspects for an ERL accelerator
towards high-energy & high-intensity beams to be used at particle colliders

experiment

HIGH-CURRENT

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

for higher intensities

SOURCE INJECTOR SC RF CAVITIES DUMP

HIGHER-ORDER MODE DAMPING HIGH-TEMPERATURE SC TECHNOLOGY FRT/RF power source

efficient HOM extraction w/o increasing cryoload towards 4.2 K operation efficient RF operation

ENABLE EFFICIENT ENERGY RECOVERY & FURTHER REDUCE POWER REQUIREMENTS



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

experiment

HIGH-CURRENT

ELECTRON SOURCES BEAM DYNAMICS & INSTRUMENTATION

for higher intensities for high-power beams at different energies & currents

SOURCE INJECTOR

HIGHER-ORDER MODE DAMPING HIGH-TEMPERATURE SC TECHNOLOGY FRT/RF power source

efficient HOM extraction w/o increasing cryoload towards 4.2 K operation efficient RF operation

ENABLE EFFICIENT ENERGY RECOVERY & FURTHER REDUCE POWER REQUIREMENTS
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From Grid to Beam

RF power generation

GRID

cryogenics

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

RF power generation

GRID

cryogenics

Picture adopted from M. Seidel (IPAC 2022)

beam
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From Grid to Beam

GRID

power-inefficiency

RF power generation
efficiency ~30-60%

RF power load
by detuned cavities
~ AP beam power
dumped
or
radiated
. beam
cryoge nIcs dissipated heat
efficiency ~1/Q,
~T/(300K-T)
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From Grid to Beam improve amplifier efficiency

e.g. solid state amplifiers for oscillating power demands

RF power generation recover the energy

s = from the beam
efficiency ~30-60% e.g. ERL reaching

100% recover
G RI D RF power load ’ very
by detuned cavities

~ Ac? beam power
dealing with microphonics durgfea'
e.g. Fast Reactive Tuners radiated
. beam
cryogenlcs dissipated heat
efficiency ~1/Q,
mitigation with ~T/(300K=T)

novel technologies operate cavities at higher T & improve Q, of cavities

e.g. Nb;Sn from 2K to 4.4K = 3x less cooling power needed
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Three key innovation directions

energy savings

from the RF
RF power generation

efficiency ~30-60%

energy savings
from the beam

RF power load
by detuned cavities
~ Aa?

beam power

\ dumped
or

radiated

‘ . ” beam
¢ ryoge nIcs dissipated heat
efficiency ~1/Q,

~T/(300K-T)
energy savings
from the cryogenics
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«gystainable Acc

achieving an ALARA principle for p
ALARA = As Low As

Requires a coherent R&D programme on

elerating Systems”

ower requirements of SRF accelerators

Reasonably Achievable




Requires a coherent R&D programme on
«gystainable Accelerating Systems”

ALARA principle for power requirements of SRF accelerators

achieving an
ALARA = As Low As Reasonably Achievable

r Sustainable Accelerating Systems (iSAS)

b.in2p3.fr/event 9521
rint of SRF accelerators

Innovate fo
https: indico.ijcla

ambition: significantly reduce the energy footp



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

INNOVATE TECHNOLOGIES TOWARDS

A SUSTAINABLE ACCELERATING SYSTEM I

NEW DESIGN OF
SRF CRYOMODULE




DEVELOP ENERGY-SAVING TECHNOLOGIES
ESSENTIAL TO INTEGRATE IN THE DESIGN OF A
SUSTAINABLE LINAC CRYOMODULE

TA#1: energy-savings from RF power

R&D Pathfinders
for new
energy-saving
technologies

TA#2: energy-savings from the cryogenics

TA#3: energy-savings from the beam

TA: Technology Area



DEVELOP ENERGY-SAVING TECHNOLOGIES
ESSENTIAL TO INTEGRATE IN THE DESIGN OF A
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INT#3: accelerator turn-key solutions with breakthrough applications

DEVELOP ENERGY-SAVING TECHNOLOGIES WIe therapy
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7 . . ~mext highest
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TA#3: energy-savings from the beam 'S ‘
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iISAS organisation

Spread over 4 years: ~1000 person-months of researchers and ~12.6M EUR
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High-power ERL technology timeline

2020’ies

bERLinPro

high-power ERL
demonstrated



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

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

G e
. T
- v »
X . .
A5 === cy,

N g

iy \
- ‘!
oY [am—

(_ 4

= N\

'. Ry Ay Gl & iy
BUe.

BERLinPro: Main Project Parameters

Total beam energy, MeV 50
Maximum average current, mA 100
Bunch charge, pC 77
Bunch repetition rate, GHz 1.3
Emittance (normalized), # mm mrad £1.0
Bunch length (rms), ps 2.0 or smaller

5
axi osses (relati <10
bERLinPro — Berlin Energy Recovery Linac Project Maximum Losses (relative) 76



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

bERLinPro @ Helmholtz Zentrum Berlin
addressing HEP related challenges

bERLinPro ready for operation at 10 mA
contingent on additional budgets upgrades to 100 mA and

ERL at 50 MeV can be planned to be operational by 2028

new 1.3 GHz LINAC module
three 7-cell cavities & design for FRT tests

|

100 mA booster assembly 2024

commissioning in 2025

G
beam dump

f/w S T

recirculation tests
with 10 mA beam onwards

develop
first SRF gun

with high-current
incl. cathode development

77



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




Demonstrate readiness of ERL technology for high-power applications in HEP

PERLE @ JCLab multi-turn ERL based —
o international collaboration on SRF technology
o all ERL aspects to demonstrate readiness (3-turns)
o design, build and operation this decade
o for e*e and ep/eA HEP collider applications

o
e

O opportunity to include and test
several additional energy saving
technologies

o opportunity to test FCC-ee
cryomodules in a real high-power
beam (801.58 MHz cavities)

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



Organising the European R&D for ERL in HEP
strengthen collaboration across the field to reach the HEP-related R&D objectives together



Organising the European R&D for ERL in HEP
strengthen collaboration across the field to reach the HEP-related R&D objectives together

Lab Directors Group (LDG)

I ( ERL Coordination Panel \

Chair: Jorgen D’Hondt
Deputy: Max Klein
Jens Knobloch (bERLinPro)
Achille Stocchi (PERLE)
Andrew Hutton (R&D oversight)
K Maud Baylac (liaison RF & ERL panels) j

ERL Community Forum
open forum

https://indico.ijclab.in2p3.fr/event/9548/

Seminars & Newsletter Topical R&D bERLinPro (RI) PERLE (RI)

organized by the ERL Coord Panel transversal topics relevant for HEP HZB
ERL-based Colliders

assisted by Julien Michaud & Luc Perrot Sustainable SRF (iSAS)

International Coll.
Axel Neumann Walid Kaabi

RI: Research Infrastructure


https://indico.ijclab.in2p3.fr/event/9548/

Potential impact of ERL technology

demonstrate
multi-turn high-power ERL

2020’ies

bERLinPro

high-power ERL
demonstrated



Potential impact of ERL technology

demonstrate
multi-turn high-power ERL

2020’ies

bERLinPro

high-power ERL
demonstrated

electron cooling



Potential impact of ERL technology

demonstrate
multi-turn high-power ERL

2020’ies

Ready for high-energy
and high-luminosity
ep/eA collisions

bERLinPro

high-power ERL
demonstrated

electron cooling



ERL-based ep/eA colliders at CERN



paradigm shift with ERL
high-energy & high-luminosity electron-proton collisions

p3.2 P33

new electron accelerator

with Energy Recovery Linac technology in
the design it would be a major step
addressing the energy sustainability aspect

existing/future

proton accelerator
LHC and/or FCC
(LHeC and/or FCC-eh)
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adapted from PECFA talk Nov. 2018 of A. Deshpande

—1 0% E
T h e c h a I I e n ge qu EJLAB/CEBAF ep Facilities & Experiments:
S0 e £ B Fast Coliiders
High-intensity electron beam B s o [] colider Concepts

- Past Fixed Target

From HERA@DESY tO LHEC@CERN \: Ongoing Fixed Target

Luminosity (cm
S

HERA (ZEUS/H1)

10% ;—
3 orders in magnitude in luminosity -
. . . 35|
1 order in magnitude in energy 107
- LHeC/HE-LHC
34| EIC FCC-he D
beam current X beam energy 107E LHeGIHL-LHC
= beam power ol !
10 E-  cowmpass
= LHeC/CDR
- HIAF-EIC
10%2 :_ BCDMS
LHeC ~ 1 GW beam power - . I I
equivalent to the power delivered by a nuclear power plant 10°"-  HERMES NMC

2 3
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adapted from PECFA talk Nov. 2018 of A. Deshpande

HERMES NMC

ep Facilities & Experiments:

- Past Colliders
—

HERA (ZEUS/H1)

10

102

10°

Vs (GeV)

88



Future flagship at the energy & precision frontier

Current flagship (27km) Future Circular Collider (FCC)
big sister future ambition (100km), beyond 2040

attractive combination of precision & energy frontier
A

FCC-eh/hh@CERN[3:5/100 Ti
CC-eh/ @CERN[3 5‘43\“(\%9“&/]

10y @ 14 TeV (3-4ab?) [

impressive programme up to ~2040

N\
”

(Ya-224 40f auo Ajuo) 4apijjoa yana
J0f sd| z awnssp siaquinu

10y @ 1.2 TeV (1ab™) 2
c updated CDR: J.Phys.G 48 (2021) 11, 110501
A 89



The LHeC program

LHeC (>50 GeV electron beams)
E...=0.2—-1.3TeV, (Q%x) range far beyond HERA
run ep/pp together with the HL-LHC (= Runb5)

p3.2 P33
. NG INFRASTRUCTURES

@ HL-L

LHeC

Not to scale

10

- ] FCC-he /
- EX LHeC
- [ HERA < BM
- B EIC Higgs 2
_ [] BCDMS top
- [] NMC
£ SLAC
precision °
7 non-linear
L QCD /]
Ll . Ll y Tl ' A ) . ]
1007 10 10 ¥_—= 2 v 10~
low x M r = high x

X igi

90



The FCC-eh program

FCC-eh (60 GeV electron beams)

E.ms = 3.5 TeV, described in CDR of the FCC
run ep/pp together: FCC-hh + FCC-eh

FUTURE CIRCULAR COLLIDER (FCC) - 3D Schematic
Underground Infrastructure
John - William B y - Angel

—— FCC Tunnels
—— Exporimental points
S Access points

E— Service caverns

e
—
s Connection tunnels A
— Eloctrical alcoves
Klystron galleries
_—— Tunnol widening
FCC-oh ring
S LHC

dJ. Osborne, W. Bromiley, A. Navascues

FCC-eh
8 point FCC: pointD *

T T T

T

T

T T

N> :HHHI Lo R IR rrrm rrr rrrm ! HHHf
S107L
%, | L] FCC-he
s EJ LHeC
107 [ HERA
- [ EIC
“ 105 [ ] BCDMS
- [ | NMC
1040 - SLAC

Ll

—
(e}

K
10

10
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the physics impact



Log(ep>HX)

Collision energy above the threshold for EW/Higgs/Top

DIS Higgs Production Cross Section

3
: 1000 fb
LHeC
1 200 fb
200,000 H’

o HERA ’

-1

-2
-3
-4
-5

l EIC
6 assuming unpolarized electron beams at EIC and
HERA, versus polarized (P=-0.8) at LHeC and FCC-eh

70 1 2

3 4
cms energy /TeV

The real game change between
HERA and LHC/FCC

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

at these energies and luminosities, interactions
with all SM particles can be measured precisely
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Some physics highlights of the LHeC (ep/eA@LHC)

g Higgs physics

. improvement wrt HL-LHC
8kx/%

x3.5 better

bb ww g8 Tt cc
EHL-LHC ®LHeC M pp+ep

first

time

2z

w

EW physics

o Amy down to 2 MeV (today at ~10 MeV)
o Asin20,,£T to 0.00015 (same as LEP)

Top quark physics

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

DIS scattering cross sections

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

Strong interaction physics

O o, precision of 0.2%
o low-x: a new discovery frontier

The Large Hadron-Electron Collider at the HL-LHC, J. Phys. G 48 (2021) 110501, 364p (updated CDR)
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Some physics highlights of the LHeC (ep/eA@LHC)

Higgs physics EW physics

improvement wrt HL-LHC first

.00
8kx/%
3.50

iment
The LHeCis a general-purpose experim
i.e. H/E W/top/QCD/search factory

HL-LHC similar to HL-LHC 2 LHeC

EW/Higgs/top: improvement from LHC 2

couplings

DIS scattering cross sections Strong interaction physics
o PDFs extended in (Q2,x) by o 0o, precision of 0.2%
orders of magnitude o low-x: a new discovery frontier

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

e
(2]

0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
-0.5

Empowering the FCC-hh program with the FCC-eh

pp @ 100 TeV

B PDF4LHC15
NFCC-eh

102

10°

10*
Mx [GeV]

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

no FCC-eh

Kinematic range Parton Distribution Functions

LN 1 1 2011 AL B B AL A LA L

MONE R

FCC-he
LHeC
HERA
EIC
BCDMS
NMC
SLAC

L B B 1 B L) e e AR e AR

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

96



Empowering the FCC-hh program with the FCC-eh

pp @ 100 TeV

o
(2]

0.4 & B PDF4LHC15
0.3 4 NFCC-eh

0.2
0.1

0.1
0.2 E
03
-04
0.5 E

Relative uncertainty
o

M, [GeV]

FCC-eh essential to unlock

FCC-hh science potential

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

' no FCC-eh

with rcc-en

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

Kinematic range Partan Dlstrlbutwn Functions

Q%/GeV?
>
~

T

MONE R

FCC-he
LHeC
HERA
EIC
BCDMS
NMC

SLAC

]P/Z\ ( 4\(

w‘ T
21) ll ll(h{)l ]

-17
10 T R




Complementarity for Higgs physics in the FCC program

(Higgs coupling strength modifier parameters x; — assuming no BSM particles in Higgs boson decay)
(expected relative precision)

dJ. de Blas et al., JHEP 01 (2020) 139

P N P N _
kappa-0-HL [ HL+FCC-eesso )| HL+FCC-ce | HL+FCC-ee (41P) HL+FCC-ee/hh | HL+FCCel/hh|| HL+FCC-hh HLAFCC-oo/eh/hh)

K [%6] 0.86 0.38 0.23 0.27 0.17 0.39 0.14
%2 %] 0.13 0.14 0.004 0.13 0.27 0.63 0.12
icg %] 1.1 0.88 0.59 0.55 0.56 0.74 0.46
icy (%] 1.3 1.2 1.1 0.29 0.32 0.56 0.28
Kzy[%] 10. 10. 10. 0.7 0.71 0.89 0.68
ke[ %] 1.5 1.3 0.88 1.2 1.2 - 0.94
K [%] 3.1 3.1 3.1 0.95 0.95 0.99 0.95
Ky [%] 0.94 0.59 0.44 0.5 0.52 0.9 0.41
iy %] 4. 3.9 3.3 0.41 0.45 0.68 0.41
K [%] 0.9 0.61 0.39 0.49 0.63 0.9 0.42
Tr (%] 1.6 | 087 0.55 0.67 | ol 1.3 0.44

! FCC-ee prospect FCC-hh/eh prospect X ALL COMBINED

only FCC-ee@240GeV only FCC-hh

Ultimate Higgs Factory = {ee + eh + hh}
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Potential impact of ERL technology

enables the ultimate

. demo_nstrate upgrade of the
multi-turn high-power ERL LHC program
2020’ies

2030-2040’ies

wbaq 143 T

bERLinPro

high-power ERL

high-power ERL
demonstrated

e beam in collision
(ep/eA @ LHC program)

ERL application
electron cooling



ERL-based H/HH Factories



Energy Recovery applications for HEP e*e" colliders
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Energy Recovery applications for HEP e*e colliders

CERC: ERL-based circular 100km e*e- Higgs Factory

Y

o
o
I

C
S
Ue

-

o
L
T

Luminosity/Power [1 0*em?s! MW'1]
o
N

Collider Implementatic;n Task Force
Snowmass Report
arXiv:2208.06030v1
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Refs for CERC: PLLB 804 (2020) 135394 and arXiv:2203.07358
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Energy Recovery applications for HEP e*e" colliders

Y
o
o

-
o
L

Luminosity/Power [1 0*em?s! MW'1]
o
N

CERC: ERL-based circular 100km e*e- Higgs Factory

Collider Implementatic;n Task Force
Snowmass Report
arXiv:2208.06030v1
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Energy Recovery applications for HEP e*e" colliders

7 CERC: ERL-based circular 100km e*e- Higgs Factory
ThIS pIOt suggests that Wlth 0 | Collider ImpIementaticBn Task Force
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Energy Recovery applications for HEP e*e" colliders

7 CERC: ERL-based circular 100km e*e- Higgs Factory

This plot suggests that with
an ERL version of a Higgs
Factory one might reach

Collider ImpIementaticBn Task Force
Snowmass Report
arXiv:2208.06030v1
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Energy Recovery applications for HEP e*e" colliders

This plot suggests that with
an ERL version of a Higgs
Factory one might reach

Y

o
o
I

x10 more H’s

-
o
L

or

x10 less electricity costs

-

Ol
N
T

NOTE: several additional
challenges identified to realise
these ERL-based Higgs Factories

Luminosity/Power [1 0*em?s! MW'1]

1078

CERC: ERL-based circular 100km e*e- Higgs Factory

Collider Implementatic;n Task Force
Snowmass Report
arXiv:2208.06030v1

Rey i Snapshot of lots of work in progress
full scrutiny of ERL-based proposals yet to come |
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Factory in thel

Can weé dream 1O have an ERL—based Higgs
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Potential impact of ERL technology

With stepping stones for innovations in technology
to boost our physics reach

enables the ultimate

. demo.nstrate upgrade of the
multi-turn high-power ERL LHC program
2020’ies

2030’ies

wbaq 143 T

high-power ERL
e beam in collision
(ep/eA @ LHC program)

high-power ERL
demonstrated

ERL appl/cat/on
electron cooling

2040- 2050ﬂes

2070'ies
ERL ch-emmm

143 asna.

Swpaq 143 T

high-power ERL for
e*e  Higgs Factories
(Z/W/H/top/HH program)

increases the performance of
the next major colliders



Energy Recovery Linacs (ERL): R&D plans and impact

o ERL is an enabling technology for our most prominent future ep/eA and e*e
colliders, delivering breakthrough performances on an interesting timeline

o The engine of our curiosity-driven exploration with particle physics is society’s
appreciation for the portfolio of technological innovations and knowledge
transfer that we continue to realize: ERL technology delivers on this front

o To achieve the best physics for the least power, we connect leading European
institutions and industry to expedite the development of sustainable
technologies that are essential to realize the ambition expressed in the
European Strategy for Particle Physics
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Energy Recovery Linacs (ERL): R&D plans and impact

o ERL is an enabling technology for our most prominent future ep/eA and e*e"
colliders, delivering breakthrough performances on an interesting timeline

o The engine of our curiosity-driven exploration with particle physics is society’s
appreciation for the portfolio of technological innovations and knowledge
transfer that we continue to realize: ERL technology delivers on this front

o To achieve the best physics for the least power, we connect leading European
institutions and industry to expedite the development of sustainable
technologies that are essential to realize the ambition expressed in the
European Strategy for Particle Physics

https://indico.ijclab.in2p3.fr/event/9548/

The potential impact of ERL is so appealing that we must foster this R&D path

HIGH-ENERGY PHYSICS
RESEARCH CENTRE

Thank you for your attention!

fW o Jorgen.DHondt@vub.be



https://indico.ijclab.in2p3.fr/event/9548/
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