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Electron Accelerator Lattice Design 
for LHeC With Permanent Magnets

Abstract: We present a new 'green energy' approach to the 60GeV electron
Energy Recovery Linac (ERL) of LHeC using a single beam line made of
combined function permanent magnets, using a Fixed Field Accelerator
(FFA) design with very strong linear gradients. We are basing our design on
recent successful commissioning results of the Cornell University and
Brookhaven National Laboratory ERL Test Accelerator “CBETA” in 2019-20.

Dejan Trbojevic, J. Scott Berg, Stephen Brooks (BNL, Upton, New York), 
Georg H. Hoffstaetter (Cornell University (CLASSE), Ithaca, New York), 

Alex Bogacz (JLab, Newport News, Virginia)



• Future Electron Ion Colliders (EICs) could be ‘green energy colliders’ as Energy 
Recovery Superconducting Linacs (ERLs) can be used to make energy fully recovered.
• Electron beam is brought back to the linac by a single permanent magnet beam 
line without requiring electric power, reducing the estimated wall power of 100 
MW in the present LHeC design to a negligible power for arcs.
• The single beam line transports all electron energies at once using the Fixed Field 
Alternating Gradient (FFA) principle with very strong focusing. 
• The design is based on experience from the successful commissioning of the 
Cornell University and Brookhaven National Laboratory Energy Recovery Test 
Accelerator – “CBETA”.
• The green EIC of the CERN Large Hadron Collider - LHeC is presented, as well as an 
alternative design for the PERLE ERL.
• The FFA non-linear gradient design is a racetrack shape, where, as in CBETA, the 
arcs are matched by an adiabatic transition to the two straight sections.
• Two 10 GeV superconducting linacs are placed on both sides of the Interaction 
Region (IR) to reduce the power of synchrotron radiation loss significantly.
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INTRODUCTION



OUTLINES

Proposal is based on: 
- Already experimentally and theoretically shown examples 

CBETA, EMMA, BNL ATF experiment AE-79
- High quality combined function permanent magnets 
- CBETA proof of principle for FFA adiabatic transitions.

Examples of the new FFA lattice designs for: LHeC and PERLE 
lattice designs

SUMMARY:  A new combination of the FFA accelerators with the 
ERL’s shows a novel and very promising combination for multiple 
applications.

RLA or ERL’s advantages for EICs:  
- Smaller beam-beam effect in a single pass during every collision, 
- Reduced total synchrotron radiation power 
- Disruption of stored electrons is not so important, lower operating and 

building cost. 
- Lowest dump energy.
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What is 
CBETA?

• It’s a 4-turn energy-recovery linac (ERL)
– CW operation with superconducting RF

• The return loop uses FFA (fixed-field accelerator) technology 
with permanent magnets
– Returns energies of 42-150MeV in same pipe
– “Non-scaling FFA” (linear field) focussing

• Small dispersion (few cm), short cell length (~45cm)
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Main linac is a 1.3GHz SCRF 
module with six 5-cell cavities 

±36MeV

6MeV 6MeV

42-150MeV

42,78,114,150MeV

Layout & Parameters

Source

Injector cryomodule
Main linac cryomodule
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Arc B
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Cornell University Brookhaven ERL Test Accelerator ‘CBETA’
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Fixed-Field Return Loop Optics
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• Beams with 4x rigidity range 
transmitted through same overall
radius of curvature in arcs

• Adiabatically merged to zero 
curvature, separation in straights

• Beam cell tune decreases as a 
function of energy






CBETA girder and High Quality Permanent Magnets
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CBETA girder and High Quality Permanent Magnets



Magnet Types and Parameters

Dejan Trbojevic, WEOXGD2, IPAC 2022 11

Magnet Dipole (T) Quad (T/m)

Good 
field 
radius 
(mm)

Aperture 
radius 
(mm)

Max 
field (T) 
(good 
region)

Max field 
(T) 
(aperture)

QF 0 -11.5624 25 43.1 0.2891 0.4983
BD -0.3081 11.1475 25 40.1 0.5868 0.7551
BDT2 -0.2543 11.1475 25 44.938 0.5330 0.7552
BDT1 -0.1002 11.1475 25 49.085 0.3789 0.6474
QD 0 11.1434 25 40.1 0.2786 0.4469



Layout and Magnet Counts
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Permanent magnet total: 216 QF: 107
BD: 32
BDT2: 20
BDT1: 28
QD: 27

QFH: 1 (half length)
BDH: 1



Merging of the orbits at the CBETA project
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The orbits in the FFA Arc are Adiabatically merged into one
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The orbits in the FFA Arc are Adiabatically merged into one



Measurements of Orbits in the CBETA FFA Cells
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Path length and time of fight 
in the CBETA arc cell as a function of energy.
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Comparisons of the displaced Halbach with open gap with Combined Function
Defocusing magnet by keeping the beam more towards the center of the aperture

Comparisons of the displaced Halbach with open gap with Combined Function
Focusing magnet by keeping the beam more towards the center of the aperture

A square dimensions are  1 cm
Newest Permanent Magnet Designs For Light Sources



Layout of the LHeC-LHC-SPS
From Oliver Brüning, Andrei Seryi, and Silvia Verdu-Andres
Frontiers in Physics, 25 April 2022, Electron-Hadron Colliders: EIC, LHeC and FCC-eh
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Linac-Ring Option − LHeC Recirculator

LHC p

1.0 km

2.0 km

10-GeV linac

10-GeV linac injector

dump

IP

comp. RF

e- final focus

tune-up dump

0.26 km

0.17 km

0.03 km

0.12 km
comp. RF

10, 30, 50 GeV

20, 40, 60 GeV

total circumference ~ 8.9 km
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LHC

Acceleration:
17.142 GeV
34.286 
51.429

Recovery:
51.429 GeV
34.286 
17.142
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The 2 x 8.5714 GeV 
linacs

FFA LHeC Recirculator with Energy Recovery 
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FFA Arc Lattice Design 

17.143 GeV

34.286 GeV

51.429 GeV
Magnet Properties:

Defocusing magnet
LBD = 0.696 m
GD = 106.605 T/m
BD =  -0.16343 T 
BDmax = -0.532 T

Focusing magnet
LQF = 2.0 m
GF = -61.9214 T/m
BF = -0.16343 T
BFmax = 0.272 T

6.95993E-01



FFA LHeC Recirculator with ER 
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Arc Orbits
17.14286  GeV
34.28571  GeV
51.42857  GeV
Three times 
Energy acceptance

Recovery
51.42857
34.28571
17.14286

‘PERL’ Injector 
950 MeV  

Electron 
Energy 
(GeV)

R@QF R@BD
Power 
lost in 

QF

Power 
lost in 

BD

Total 
Synchrotron 
Power loss 
for 6.6 mA

51.429 -682.06 -535.13 5.5110 0.0458 5.5568
34.286 746.77 -277.89 0.0054 2.3237 2.3832
17.143 447.35 -117.12 0.1604 0.8144 0.9748

8.9195

Previous LHeC design set the SR loss limit of 15 MW

REDUCING THE SYNCHROTRON RADIATION:
8.92 MW, with 6.6 mA to be compared to 15 MW!

For the new LHeC limit of 
20 mA instead of 45 MW 
synchrotron  radiation loss  
the FFA losses 27 MW !
Gain in luminosity is from 
20 mA  33.6 mA = x 1.68 



Magnets for the FFA LHeC arc
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7 cm

9 
cm

NdFeB grade N42EH Br=1.3T material
17mm diameter aperture
8mm open midplane slot
R=5.67mm good field region (blue circle)

Defocusing Magnet
LBD = 0.696 m
GD = 106.605 T/m
BD =  -0.16343 T 
BDmax = -0.532 T

3 cm

4
cm

Focusing magnet
LQF = 2.0 m
GF = -61.9214 T/m
BF = -0.16343 T
BFmax = 0.272 T

Area = 34.8 cm2

Max radius = 49.2 mm
Area = 5.89 cm2

Max radius = 25.2 mm



Expected Magnet Harmonics
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Focusing Combined Function Magnet Defocusing Combined Function Magnet



PERLE Present Design
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Fixed Field Arc for PERLE – similar to CBETA 
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12.6 m

44.6 m

Linac 150 MeV

NS-FF #1
155 MeV
455 MeV
755 MeV

NS-FF #2
305 MeV
605 MeV
905 MeV

8.0

5 MeV
Injector

8.0

16
.0

0

Linac 150 MeV

8.0 8.0



Fixed Field Arc for PERLE 155-755 MeV – like CBETA 
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A single right-side arc covering the 
energy range between 155-755 MeV 
with the betatron and dispersion 
functions for all three energies



‘PERLE’ 155-755 MeV FFA arc 
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755 MeV

404 MeV

155 MeV

Orbit Offsets and 
Lattice functions for the 
single right side arc cell.



Fixed Field Arc for PERLE 305-905 MeV– like CBETA 
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905 MeV

605 MeV

305 MeV



• Lattice solutions are proposed for the PERLE design with a 
single arc line and for LHeC.

• A new LHeC proposal replaces the 2 x 10 GeV linacs and 
three arcs, with 2 x 8.57 GeV linacs and one arc per side
• This is a cost-effective solution

• No magnet power, power supplies or cabling
• Single arc to transport all three energies
• 14% less linac

• It reduces the synchrotron radiation in arcs
• 8.9MW instead of 15MW for 6.6 mA current
• Hence provides 1.68 times larger luminosity for the same limit on the 

total power loss from synchrotron radiation.
• At 45 MW limit, instead of 20 mA the FFA solution can provide 33.6 mA

CONCLUSION
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