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LHeC: e-p Option was already Considered from the Start of  LEP

Lausanne 
ECFA-CERN
Workshop
1984

LEP 
Design
Report
1984

➔ L = 1032cm-2s-1 ➔ L = 1033cm-2s-1
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LHeC options: RR and LR
RR LHeC:

new ring in 

LHC tunnel,

with bypasses

around 

existing

experiments

RR LHeC
e-/e+ injector
10 GeV,
10 min. filling time

LR LHeC:
recirculating
linac with
energy 
recovery,
or straight
linac
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CDR Study assumptions:

-Assume parallel operation to HL-LHC / FCC-hh

-ERL configuration adopted for both LHeC and FCC-eh

-TeV Scale collision energy for LHeC

➔ 50-150 GeV Beam Energy

-Limit power consumption to 100 MW

➔ (beam & SR power < 70 MW)

➔ 60 GeV beam energy

-Int. Luminosity > 1000 * HERA 

-Peak Luminosity > 1033 cm-2s-1

Higgs @ 125GeV

Technical Challenges of  the e-h design

➔ < 150MW

➔ > 50GeV

➔ > 1034 cm-2s-1 & Cost Study
arXiv Number 2007.14491
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LHeC Proposal endorsed by ECFA (30.11.2007)

As an add-on to the LHC, the LHeC delivers in excess of 1 TeV to the electron-
quark cms system. It accesses high parton densities ‘beyond’ what is expected
to be the unitarity limit. Its physics is thus fundamental and deserves to be
further worked out, also with respect to the findings at the LHC and the final
results of the Tevatron and of HERA.

First considerations of a ring-ring and a linac-ring accelerator layout lead to an
unprecedented combination of energy and luminosity in lepton-hadron
physics, exploiting the latest developments in accelerator and detector
technology.

It is thus proposed to hold two workshops (2008 and 2009), under the
auspices of ECFA and CERN, with the goal of having a Conceptual Design
Report on the accelerator, the experiment and the physics. A Technical Design
report will then follow if appropriate.

Unanimously supported by rECFA and ECFA plenary in November 2007
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Out of  2 initially requested workshops grew over 10!

Plus many participations to 
FCC and EIC Workshops!
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Physics Motivation: LHeC/FCC-eh as the most powerful  microscope:

Finest microscope with resolution varying like √1/Q2

DIS Frontier       

e+e-

hh

eh →

→

→

X
Max Klein
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Quarks

Quark
Gluon
Dynamics

Higgs
BSM

Stanford

SLAC

FNAL

CERN

HERA

LHeC

FCC-he

Complementarity 

of ee,eh, hh:       

Raison(s) d’etre of ep/eA
at the energy frontier

Cleanest High Resolution 
Microscope: QCD Discovery

Empowering the LHC 
Search Programme

Transformation of LHC into
high precision Higgs facility

Discovery (top, H, heavy ν’s..) 
Beyond the Standard Model

A Unique 
Nuclear Physics Facility
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Very high 
precision 
x section
predictions
for LHC

Side remark:
HERA data 
taking ended
in 2007, we 
now elect(ed) 
new spokes..
15 years later.

Plus LHeC / FCC-eh as 
highly performant 

energy frontier 
Electron Ion Colliders!

PDFs for small X as input 
for HL-LHC and FCC main 

experiments!
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Higgs with LHC/LHeC and ILC – high precision PDFs/xsection and Higgs 

Couplings

(sub) per cent level determination of Higgs couplings in pp/ep and ILC500
High precision control of pp→ H 
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Physics Motivation: LHeC as a Higgs Factory

or

-Cross section of 200fb @ LHeC

-Clean bb final state (S/B ≈ 1)

-e-h cross calibration ➔ precision

-Pile-up in ep @ 1034cm-2s-1 is 0.1

-pile-up in pp @ 5 1034cm-2s-1 is 140 
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Variations in the ERL Configuration:
Super Conducting 3-turn Recirculating Linac with Energy Recovery operation

➔ CDR 2012 option with 

9.3km [1/3rd of LHC];  

60 GeV

➔ CDR 2018 with smaller version:

5km [1/5th of LHC]; 

50 GeV

Operation in parallel with 

LHC/HE-LHC/FCC-hh

• TeV scale collision energy 

➔ 50-60 GeV electron beam energy

• power consumption < 100 MW

O. Brüning, M. Klein and LHeC and PERLE Collaboration

Topical Review Exploring the energy frontier with deep inelastic scattering at the LHC

Journal of Physics G: Nuclear and Particle Physics, Volume 46 #2; November 2019



Oliver Brüning, CERN 11111th Plenary ECFA Meeting, CERN Geneva, 17th November 2022

LHeC / FCC-eh ERL Configuration: Layout Options & Scaling

Configurations and Cost Scaling: 

Cost scaling study based on comparisons with completed projects: on XFEL, LCLS-II budgets
These estimates also fit well with estimates from CBETA and ESS studies

➔SRF is the main cost driver up to energies of 70GeV!!!

The E4 dependence on the arc length only becomes dominant for 
beam energies above 75GeV!

[Unless the SRF cost becomes significantly lower!]



Oliver Brüning, CERN 12111th Plenary ECFA Meeting, CERN Geneva, 17th November 2022

FCC-eh Studies

Tunnels:
• 9.091 km of 5.5m dia. 

machine tunnel.
• 2 x 1.04 km of 5.5m dia

RF tunnel.

Shafts:
2 x Service shafts:
9 m dia. x 175 m 
depth

Small Experimental Caverns
• 30 m x 35 m x 66m

Junction Caverns
• 16.8 m x 15 m x 100 m
• 25  m x 15 m x 50 m 
• 16.8 m x 15 m x 90 m 

Service Caverns
• 25 m x 15 m x 50 m

FCC-he initially considered Point ‘L’ 
since FCC Week in Berlin
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ERL eh Collider Configuration
Configuration:

Modular design elements:

-30 to 60 GeV ERL configuration with 3 re-circulations for the ‘e’ beam

documented in the LHeC CDRs

applicable to LHC, HE-LHC and FCC ➔ varied sizes possible; 

-IR configuration with head-on collisions

➔ without Crab Cavities (vs EI in US)!

➔ SR acceptance in detector and beam separation

➔ Dipole integrated into detector

➔ Novel IR magnet design ➔ b* reach versus e-beam current!

Challenges:
-SRF Cryomodule design with couplers ✔
-Front-End simulations for beam stability ✔
-IR design and b* reach ✔
-High Current multi-turn ERL ➔ PERLE & CBETA !
-IR SC magnet design and R&D!!!

-802MHz SRF: synergy between LHeC, FCC-eh, FCC-ee and FCC-hh

Could also be used as injector with Top-Up 
Capabilities up to W production for FCC-ee

[when being operated in
Recirculating-Linac mode]

➔

Infrastructure Investment for
Future FCC 
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Advancing the ERL Concept

Need to demonstrate 
scalability!
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ERL Evolution:First Idea:

M. Tigner 1965

1960 1970 1980 1990 2000 2010 2020 2030 2040

First Demonstration

SLAC SCA / FEL 1987

JLab First MW beam power operation

FEL Demo [1999] & Upgrade [2000]

Multi-turn Operation

BINP FEL 2004 [NC]

HEP / NP ERL application

LHeC; FCC-hh; ep and eI;  

Multi-turn SRF, multi-MW

PERLE@Orsay 2025 

ALICE

JEARI ERL

Multi-MW Operation

bERLin-Pro 2020

Multi-turn SRF

C-Beta 2019-2020

We missed two important major milestones 

ahead of PERLE!

No demonstration of >> 1MW beam power

Missing demonstration of high beam current 

multi-turn operation

➔ Increased urgency to demonstrate 

these aspects asap!

More on this in the presentation by Jorgen D’Hondt
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New LHeC / FCC-eh Study Mandate given by CERN in November 2022
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LHeC / FCC-eh Study Mandate by CERN
LHeC & FCC-eh Summary

• Full infrastructure exploitation of the existing LEP tunnel and the LHC / HL-LHC 
components / investment

• Unique DIS and Higgs physics program, complementary to HL-LHC, FCC-ee and 
FCC-hh

• High precision enabler for HL-LHC and FCC-hh – e.g. small and very high X 
PDFs

• Compelling electron – Ion collider program – extension of kinematic range by 
3-4 orders of magnitude [2-3 wrt EIC in the US]

• Technology driver for future projects: e.g. SRF, ERL, e+e- collider, ERL, sources, 
IR magnets

• Ideal bridge project at fraction of the cost of the next flagship project: Total 
accelerator cost of ca. 1BCHF

• Lepton accelerator can be used as injector for FCC-ee with W energy top-up 
capability
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Cost and Configuration Option

Motivation: look for a configuration where the ERL cost comes down to 1BCHF

Approach 1:

With the SRF as the primary cost driver: reduce SRF system by 50% ➔ 30GeV

Costing:

Provide cost estimate for initial 30GeV version plus the required additional 

funds for an upgrade to 50GeV beam energy

Approach 2:

Keep remaining infrastructure compatible with a later energy upgrade

➔ Design the arcs, linac tunnel, cryo etc for a beam energy of 50GeV
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FCC-eh Configuration: Layout & Civil Engineering
Nominal 60 GeV Configuration: 30GeV to 50GeV Variation: 

➔ The scaled ERL circumference corresponds to 1/5th of the LHC circumference: 5.4km
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Consistent HL-LHC Performance Projections for ep:

Oliver Brüning, John Jowett, Max Klein, Dario 
Pellegrini, Daniel Schulte, Frank Zimmermann

EDMS 17979910 FCC-ACC-RPT-0012 V1.0, 6 April, 2017, 
“A Baseline for the FCC-he”

Three Operation scenarios for LHeC:

1) Parasitic        2) Pushed          3) Dedicated

?
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Electron ERL & Proton Synchrotron Configuration:
Example LHeC: 3-turn Recirculating SRF Linac and ERL operation

➔ 2 1km long SRF linacs

➔ 3 separate return arcs at each end of the linac, 

matched for the beam energies

➔ Each beam passes 6 times through the SRF:

3 passes with acceleration and 3 with passes deceleration ➔ 6 times Ie in SRF!

Operation in parallel with LHC/HE-LHC/FCC-hh

• TeV scale collisions ➔ 50-60 GeV e-beam energy

• power consumption < 100 MW

* LHeC CDR, arXiv:1206.2913

courtesy H.Burkhardt, BE-ABP CERN     ( layout scaled ! )
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Performance Optimization for ERL Configurations

Synchrotron Radiation Power:

➔ Can not be avoided for the racetrack configuration ➔ requires scaling of the

return arcs with beam energy! But can reduce SRP by about 50% wrt ring

Beam-Beam interaction:

➔ Not a limit similar to linear colliders ➔ can increase Ibunch

➔ Beam size defined by source [like in a LC] and thus can be optimized

➔ But beam size can not be pushed as extreme as in LC as the beam still needs 

to pass through the SRF without losses during the deceleration phase

Lattice and Optics design of return arcs:

➔ Novel lattice design requirements for return-arcs!!!
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Summary of  Key Challanges
Source Concept: 

Need to demonstrate high current operation with good lifetime ➔ underway in Orsay

Magnet challenges:

Interaction Region design and Synchrotron Radiation

Asymmetric magnet designs with high peak field in coils ➔ need magnet R&D now!

Integration of LHeC optics into ALICE III layout ➔ further optics and layout studies

SRF challenges:

-HOM couplers integration and FE FRT systems ➔ need cryomodule finalization

-N doping and higher Q0➔ would need R&D now

Energy Recovery Linac Concept: 

Need to demonstrate feasibility / scalability to multi-turn multi-MW beam power
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Performance limitation of  circular colliders

Beam-Beam Interaction:

Imposes a limit to the maximum acceptable bunch intensity

➔ Limits the luminosity reach of  a circular collider

Synchrotron Radiation in arcs:

Beam size increases in hor and shrinks in vert

➔ Challenge to match p and e beam size!

𝑃𝑎𝑟𝑐 =
𝑁𝑏
𝑛𝑏

𝑒2 𝛾4

6 𝜖0 𝜌

LHeC CDR; arXiv:1206.2913

➔ Reduced performance reach for higher

beam energies ➔ limits number of bunches!

Power Scales with E4 and r-1

Circular lepton collide performance is limited by:

Beam-beam

Equilibrium beam size formation

Synchrotron Radiation power
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CM Energy spread

Linac Luminosity
𝐿 = 𝐻𝑑 ∙

𝑁𝑝 𝑁𝑒

4𝜋𝜎𝑥𝜎𝑦
∙ 𝑛𝑏∙ 𝑓𝑟

𝐿 ∝ 𝐻𝑑 ∙
𝑁𝑝

𝜎𝑥
∙ 𝑁𝑒𝑛𝑏 𝑓𝑟 ∙

1

𝜎𝑦

Linac Beam Power

Beam QualityL Spectrum

Bunches are squeezed for
Maximum Luminosity

Strong E-M Fields @ IP

Particles follow curved trajectory through IP

They emit photons [Synchrotron Radiation] @ the IP
[beamstrahlung]

Luminosity reach is directly proportional to beam power, and hence power consumption!

Independent of the underlying linac technology!!!!! What matters is Wall plug Efficiency!!

D. Schulte @ 9th International School for Linear Colliders

Markus Roth TU Darmstadt; Accelerators for Medical Applications 2015; Vösendorf, Austria 

A linear Collider overcomes the beam-beam limit of a circular collider 
[as the beam does not need to remain to be stable over many passages] 

and even utilizes it for performance enhancement [pinch factor]
and minimizes the power losses through Synchrotron Radiation [no bends]

But it does so at the price of power requirements for luminosity production
and that the particles have only once the chance to collide!!!

➔Luminosity proportional to beam power [Beam Current x Energy]

And e+ production might be challenging!
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FCC-eh Configuration: Layout & Civil Engineering
Nominal 60 GeV Configuration: 30GeV to 50GeV Variation: 

➔ The scaled ERL circumference corresponds to 1/5th of the LHC circumference: 5.4km

Sanity Check ➔ apply costing model to ILC

Geoffrey Norman Taylor @ FCC Week in Amsterdam

500GeV Version with 1824, 12m long XFEL CM modules
30km accelerator with 22km SRF linacs

• Tunnel ca. 1.5BCHF [but ILC tunnel should be cheaper]
• SRF ca 8.8BCHF
• Cryo ca. 1BCHF ➔ total ca 11BCHF 

➔fits to ILC estimates [we assumed +30% for SRF scaling!]
➔ total of ca. 8BCHF quoted by Barry Barish
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Physics Motivation: Precision for Higgs @ LHC

Experimental uncertainty
H cross section becomes
0.25% (stat + uncertainty)
with LHeC

Leads to mass sensitivity

Needs N3LO calculations

arXiv:1305.2090, MPLA 2013
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Physics Motivation: LHeC/FCC-eh as the most powerful  microscope:

Finest microscope with resolution 

varying like √1/Q2

Parton momentum fixed by 

electron kinematics:       

Max Klein

Finite p Radius
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Q2

sy

Q2 = -(k - k ')2

ylab =1-
Ee '

Ee

s = 4EeEp
X

PDFs for small X as input 
for HL-LHC and FCC main 

experiments!


