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Main Components & Challenges,  
        … what is needed to provide e-p Collisions at LHC ?? 

Electron Acceleration:  
compact, efficient, “green”  — > ERL 

IR-region:      Electron mini-beta 
                 Beam separation   
                 Proton mini beta  

Individual optics   for p-p collisions  
    and e-p collisions 

—>  colliding p-beam 
—>  non-colliding proton beam 

Beam-Beam Effect & Luminosity:   limits & impact for p & e beam 

Synchrotron Radiation & MDI

concurrent  
& 

alternating 
e-p /p-p Operation 



LHeC: The ERL

Design of an ERL based Linac to accelerate electrons  
and  collide with one LHC proton beam 

*  limited size of the electron “ring” 
* beam-beam limit pushed far up 
* synchrotron radiation limited to “one turn” 
* beam energy recovered in the deceleration branch

  100 MW

Parameter Electrons

Energy (GeV) 50

Np /bunch (1011) 2.2

Ne /bunch (109) 3.1

bunch distance (ns) 25

Ie (mA) 20

Emittance (nm) 0.31

Beam size @ IP (µm) 8 / 8

Length (m) 6665

Luminosity (cm-2  s-1 ) 3*10 33

wall plug power
court. A. Stocchi

Prototype Design: PERLE / Orsay



ERL: Energy Recovery Linac
Instead of recirculating the  
electron beam (Storage Ring) 
(loosing brightness & energy) … 

… recirculating the beam energy  
for new acceleration  
(high brightness, low radiation  
losses, high efficiency)

LHeC: Where are we ?

LHeC

PERLE

ESPP	R&D	Accelerator	RoadMap:	
h5ps://arxiv.org/=p/arxiv/papers/2201/2201.07895.pdf

https://arxiv.org/ftp/arxiv/papers/2201/2201.07895.pdf


LHeC Main Components: sc. RF System

turn 1  … 3 acceleration
phase shift after collision 
- via path length of arc 6 -

turn 4 … 6 de-acceleration  
& energy recovery

ERL operation as  
“built-in” concept 
in the Accelerator Design

Prototype design of 5 cell sc. cavity (J-lab) 

Required Acc Gradient: 20 MV/m 
Frequency: 801.58MHzcourt. J-lab

High Q sc. RF system



Return Arcs: … a piece of Art 

FMC cell to optimise for low / high energy arcs: 
* low energy: keep bunches short  for optimum phase “spread”

U

t isochronous  
optics arc 1,2,3

court. A. Bogacz

—> keep the bunch length short

Simulation for the PERLE-ERL 

long bunches “see” the non-linear rf field  
and distort in phase space

Develop a focusing structure for constant revolution time,  
independent of the particle energy



Return Arcs & Spreaders 

FMC cell to optimise for low / high energy arcs: 

* high energy: v = const, keep radiation effects small

ε0 = Cq
γ2

jx

I5

I2

I5 = ∮
ℋx

ρ3
ds

ℋx = γx(ηx)2 + 2αxηxη′ x + βx(η′ x)2

I2 = ∮
1
ρ2

ds ≈
2π
ρ

low emittance  
optics arc 4,5,6



Distribute / re-combine the beam before / after each linac to the corresponding arc 
structure  
Challenge:  minimise emittance dilution … in the vertical plane  —> Hy 

• Non-dispersive (i.e. “achromatic”) vertical deflection system 
• Gently matched beam optics between Linacs and Arcs 
• Optimised for smallest impact on εy 

Between Arcs and RF structure: Beam Spreader / Re-Combiner

ERL beam optics: spreader, 
                     dispersion suppressor
                     arc structure & re-combiner

ℋx = γx(ηx)2 + 2αxηxη′ x + βx(η′ x)2

court. A. Bogacz, K. André



The Interaction Region 
Separation Scheme of the Electrons

*

QA1                  QA0           Q0D      Q0F        B0         IP      B0             Q0F       Q0D         QA0           QA1

court. Kevin André

Δx = 106 mm

the complete magnet structure is used to  
provide soft bending of the electron beam  
for minimum emitted synchrotron light.

Pγ =
e2 c
6πϵ0

⋅
γ4

ρ2

emitted synchrotron radiation power

ε0 = Cq
γ2

jx

I5

I2



IR Optics for minimum  
Optics mismatch

Electron Emittance & Beam Beam Effect 

Optimise optics: Rematch including the beam-beam focusing

Performance Limit: Beam disruption 

development of tails due to  
non-linear beam beam force

Dx,y =
2 N r0 σz

γ σx,y (σx + σy)

court. K. André
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radiated power 

critical energy

The Interaction Region: 
                Synchrotron Light & Emittances  
                           

emitted synchrotron radiation 
during beam separation 

Shielding of Detector  
& sc Magnets

court. Dan Hanstock 
          Laurent Forthomme



Double Mini-Beta 
Insertion  
imbedded e-p collisions in 
LHC standard structure 

Main Systems:  Interaction Region court. T. vonWitzleben

IP1

IP2

IP5

IP8

proton optics “modular”  
within the LHC periodic  
arc structure

electron optics insertion  
within the p-final focusing 

early beam separation scheme

ΔQx,y =
N r0 β*x,y

2πγ σx,y (σx + σy)



Proton Beam Performance: two fold operation mode 

h-h operation: 
standard LHC collision optics  p-beam 1 p-beam 2

e-p operation: p-beam 2  
   —> relaxed optics 
          max aperture margin 

p-beam 1  
    —> high luminosity optics       

court. T. vonWitzleben

Create a three beam optics, with e-p collisions and one - relaxed - proton beam passing by



Finally the Luminosity: p-Bunch

e-Bunch
IP

L =
Ne ⋅ Np ⋅ nb ⋅ frev

2π σ2
1x + σ2

2x ⋅ σ2
1y + σ2

2y

⋅ ΣiHi

matched beam sizes
σpx = σex = σpy = σey

L =
Ne ⋅ Np ⋅ nb ⋅ frev

4π εp ⋅ β*p

ΣiHi ≈ 1

Electrons Protons
Energy (GeV) 50 7000
N /bunch 3.1 109 2.2 1011

bunch distance (ns) 25
I (mA) 20 1100
Emittance (nm) 0.31 0.33
Beam size @ IP (μm) 8 / 8
Luminosity (cm-2  s-1 ) 3*10 33

wall plug power:   100 MW
β*p ≈ 20 cm…55 cm

Correction factors 



Status & Next Steps: 
  

Design for prototypes of special magnet Q1:  
• sc. “field free” quadrupole

Synchrotron Radiation & Shielding 

• MDI  - inner detector 
• sc. Quadrupoles down-stream IP

Optimise e-p Performance 

• HL-LHC optics  
           —> ATS for extreme p-optics

✓

✓

✓

Design of ERL, Proton Optics 

• beam separation scheme ✓

Long Term stability 

• tracking calculations, bb effect 
           

✓



Merci



Appendix



High Energy Arcs:  Arc 4 … 6 

 v = const, keep radiation effects small 
well known problem in synchrotron light sources

ε0 = Cq
γ2

jx

I5

I2

I5 = ∮
ℋx

ρ3
ds

ℋx = γx(ηx)2 + 2αxηxη′ x + βx(η′ x)2

I2 = ∮
1
ρ2

ds ≈
2π
ρ

low emittance  
optics arc 4,5,6

Return Arcs: … a piece of Art 



and … the Luminosity Limits:
p-Bunch

e-Bunch
IP

L =
Ne ⋅ Np ⋅ nb ⋅ frev

2π σ2
1x + σ2

2x ⋅ σ2
1y + σ2

2y

⋅ ΣiHi

Liouville & Aperture

σ = εββ(L) = β0 +
L2

β0
,

Chromaticity & sextupole strength

Q′ = −
1

4π ∮ k(s)β(s)ds

Crossing Angle

Bunch Fill Factor H3  ≃ 0.8

Hourglass Factor, H1 ≃ 0.9 
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