
Abstract:

The future Electron Ion Collider (EIC) LHeC will be able to collide electrons with
protons/ions, while the eRHIC will have additional ability to collide polarized electron
with polarized proton/He3+to study origin of the proton spin. Electron acceleration is
based on a concept of Energy Recovery Linacs (ERL) with maximum energies of 60
GeV for LHeC and 20 GeV for eRHIC. It will almost completely recover electron
energy during deceleration to the initial energy. We present: LHeC, eRHIC, an ERL
at Cornell University the eRHIC prototype. An example of the LHeC with almost
doubling a reduction in size of the linac, from 2 x 10 GeV to 2 x 5.345 GeV from
the present LHeC solution, using two NS-FFAG’s beam lines. This would reduce the
three beam lines to two, and raise the luminosity for 34% as the electron current of
6.6 mA  8.9 mA, due to the synchrotron radiation limit of 15 MW. For the LHeC
FFAG solution with 2x5.345 GeV linacs the total synchrotron radiation loss for 25 mA
is 36.4 MW. The eRHIC NS-FFAG is as well limited by the synchrotron radiation (limit
set up to up to 3 MW). The Cornell ERL with the NS-FFAG should provide energy
enhancement of four times.

A Novel Use of FFAGs in ERLs - in Colliders: 
eRHIC-LHeC and a Prototype at Cornell University

Dejan Trbojevic
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LHeC-eRHIC and 
CBETA

LHeC-eRHIC and 
CBETA

Relativistic Heavy Ion Collider

Why to build eRHIC and LHeC 

What is NS-FFAG?

LHeC design and NS-FFAG proposal

eRHIC NS-FFAG ERL proposal 

NS-FFAG eRHIC Design

Cornell as eRHIC Proof of Principle

Conclusion

CBETA: 
Cornell 
Brookhaven National Laboratory 
ERL 
Test 
Accelerator
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LHeC Physics
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“.. the LHeC there is an opportunity for energy frontier deep
inelastic scattering to return to CERN in order to enrich the physics
which has been made accessible by the Large Hadron Collider.
Using a novel high energy electron beam scattered off LHC protons
and also ions, the LHeC would represent the cleanest high
resolution microscope in the world, based on new principles
which deserve to be developed”...

.. “CERN with international partners is now evaluating ways of 
cooperation towards technical designs of the highest energy 
electron linac, with power recovery, and of a new detector which 
would enable ultra-precise, large acceptance deep inelastic 
scattering measurements”…



WHY BUILD A NEW POLARIZED ELECTRON –
PROTON/He3 AND HEAVY ION COLLIDER (eRHIC)?
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WHY BUILD A NEW POLARIZED ELECTRON –
PROTON/He3 AND HEAVY ION COLLIDER (eRHIC)?

Most Compelling Physics Questions
(courtesy from Elke Aschenauer)

spin physics

what is the polarization of gluons at
small x where they are most abundant

what is the flavor decomposition of
the polarized sea depending on x

determine quark and gluon contributions
to the proton spin at last

what is the spatial distribution of
quarks and gluons in nucleons/nuclei

imaging

possible window to
orbital angular momentum

understand deep aspects of gauge
theories revealed by kT dep. distr’n

how do hard probes in eA interact with the medium

quantitatively probe the universality of
strong color fields in AA, pA, and eA

understand in detail the transition to the non-linear 
regime of strong gluon fields and the physics of saturation

physics of strong color fields
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A Microscope for Gluons
AN ULTIMATE QCD LABORATORY

(courtesy from Thomas Roser)
Protons are fundamental to the visible universe (including us) and their properties are 
dominated by emergent phenomena of the self-coupling strong force that generates 
high density gluon fields:

-The mass of the proton (and the visible universe)
- The spin of the proton
- The dynamics of quarks and gluons in nucleons and nuclei
- The formation of hadrons from quarks and gluons

The study of the high density gluon field, which is at 
the center of it all, requires a high energy, high 

luminosity, polarized Electron Ion Collider
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eRHIC peak luminosity vs. COM energy 

• eRHIC design covers whole Center-of-Mass energy range, including 
“EIC White Paper Upgrade” region

• Small beam emittances and IR design allows for full acceptance 
detector at full luminosity
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βy

Dispersion
0.3 m

βxmin

Dxmin

To minimize the dispersion function H the BENDING MAGNET 
(DEFOCUSING) should be in the centered in the cell with a 
minimum of   βxmin=Ld/2√15 and Dxmin=θ*Ld/24 @center
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βy

Dispersion
0.3 m

βxmin

Dxmin

To minimize the dispersion function H the BENDING MAGNET 
(DEFOCUSING) should be in the centered in the cell with a 
minimum of   βxmin=Ld/2√15 and Dxmin=θ*Ld/24 @center

“FFAG Lattice Without Opposite Bends”
Dejan Trbojevic*, Ernest D. Courant* and Al Garren
Presented in September 1999
CP530, “Colliders and Collider Physics at the Highest Energies: 
HEMC'99 Workshop”, edited by B. J. King
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Non-scaling FFAG for Muon Acceleration

47.8 mm

-29.5 mm

N=66

QF
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Non-scaling FFAG for Muon Acceleration
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- Large energy acceptance
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Scaling FFAG – Non scaling FFAG

Scaling FFAG properties:
• Zero chromaticity.
• Orbits parallel for different δp/p
• Relatively large circumference.
• Relatively large physical aperture 

(80 cm – 120 cm).
• RF - large aperture
• Tunes are fixed for all energies no integer 

resonance crossing.
• Negative momentum compaction.
• B =Bo(r/ro)k non-linear field
• Large acceptance
• Large magnets
• Very large range in Δp/p= ±90%
• could be isochronous CW operation

Non-Scaling FFAG properties:
• Chromaticity is changing.
• Orbits are not parallel.
• Relatively small circumference.
• Relatively small physical 

aperture (0.50 cm – 10 cm).
• RF - smaller aperture.
• Tunes move 0.4-0.1 in basic cell 

resonance crossing for protons
• Momentum compaction changes.
• B = Bo+x Go  linear field
• Smaller acceptance
• Small magnets
• Large range in Δp/p=±60%
• Very difficult to be isochronous

B = Bo+r GoB =Bo(r/ro)k

Dejan Trbojevic, CYCLOTRON 2016 – Zurich September 12-16, 2016 9



SCALING VS. NON-SCALING FFAG

Δx = Dx ∗ δp/p
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SCALING VS. NON-SCALING FFAG

Δx = Dx ∗ δp/p

Linear magnetic field: 
B = Bo+ r Go

To reduce the orbit offsets to ±4 cm range, 
for momentum range of δp/p ~ ± 50 %
the dispersion function Dx has to be of the 
order of:

Dx ~ 4 cm / 0.5 = 8 cm

D magnet = reverse bend
Magnetically inefficient
VERY BAD for synchrotron 

radiation (10MW)
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EMMA the first NS-FFAG

ELECTRON 
ENERGY 
RANGE 
10-20 MeV

“Electron Model 
for Many 
Applications”
built at 
Daresbury 
Laboratory
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Kaon Factory FFAG proposal 
Rick Baartman and Mike Craddock (1979)
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Layout of the LHeC-LHC-SPSFrom Oliver Brüning
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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

The baseline 60 GeV ERL option proposed can give an e-p luminosity of 1033 cm-2s-1

(extensions to 1034 cm-2s-1 and beyond are being considered)

© F. Zimmermann
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NS-FFAG LHeC Recirculator with ERL 

LHC 54.547 GeV
43.641 GeV

NS-FFAG
High energy 
NS-FFAG

10.906 GeV
21.829 GeV
32.735 GeV

NS-FFAG
LOW energy 
NS-FFAG

60 GeV

Dejan Trbojevic, CYCLOTRON 2016 – Zurich September 12-16, 2016

Thomas Roser’s idea
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NS-FFAG LHeC ERL 

LHC 43.644 GeV
54.550 GeV

NS-FFAG
High energy 
NS-FFAG

32.735 GeV
21.829 GeV
10.906 GeV

NS-FFAG
LOW energy 
NS-FFAG

60 GeV
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Betatron Functions for Ec=50 GeV, 2 x 5.453 GeV linacs 

βy

βx
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4.2/2=2.1

θD=2.4063 mrad θF=4.594/2  mrad
ρD=914.286 m

x(mm)

θF=4.594 /2 mrad

0.0

ρF=914.286 m ρF=914.286 m

GF= 30.299 T/m GD=-40.127 T/m

7.00 m (897.5 cells = 2π∗1000 m)

0.
30

 m

BF= 0.182 T BD= 0.182 T

43.600 GeV-2.26

1.33 

LHeC ARC– 2 x 5.453 GeV linacs:  
Orbits in the basic cell of the High energy NS-FFAG  54.55 - 43.644 GeV

4.2/2=2.1 m

54.550 GeV

0.
30

 m

GF= 30.299 T/m
BF=0.182 T

50.0 GeV

2.2 m 
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TO REDUCE 
SYNCHROTRON RADIATION



Betatron Functions for Ec=29 GeV, 2 x 5.453 GeV linacs 

βy

βx
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4.2/2=2.1

θD=2.4063 mrad θF=4.594 mrad
ρD=914.286 m

x(mm)

θF=4.594 /2 mrad

0.0

ρF=914.286 m ρF=914.286 m

GF= 8.576 T/m GD=-13.935 T/m

7.00 m (897.5 cells = 2π∗1000 m)

0.
30

 m

BF= 0.1058T BD= 0.1058 T

24.006 GeV-9.8

16.3 

LHeC-ERL with 2 x 5.453 GeV linacs
Orbits in the basic cell of the Low energy NS-FFAG  10.923 - 32.735 GeV

4.2/2=2.1 m

36.004 GeV

0.
30

 m

GF= 8.576 T/m
BF=0.1058 T

ECEN=29 GeV

2.2 m 

10.923 GeV-24.3
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Synchrotron Radiation in LHeC with 2 x 5.453 GeV linacs 
Two NS-FFAG 43.6-54.6 GeV and  10.9-32.7 GeV

Maximum Collision Energy 60 GeV

E(GeV)
Total Power 

(MW)
8.87 mA

Total Power 
(MW)

6.6 mA

54.550 7.5779 5.6383

43.644 4.2080 3.1310

32.735 1.3902 1.0344

21.829 1.2881 0.9584

10.923 0.5359 0.3987

TOTAL 15.000 11.1608
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The Non Scaling FFAG (NS-FFAG) lattice enables multiple passes of the electron beam
with different energies in a single strong focusing recirculation beam line by using the
superconducting RF (SRF) linac multiple times. The FFAG-ERL moves the cost
optimized linac and recirculation lattice to a dramatically better optimum.
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Proceedings of EPAC 2004, Lucerne, Switzerland
ELECTRON ACCELERATION FOR E-RHIC WITH NON-SCALING FFAG* 
D. Trbojevic, M. Blaskiewicz, E. D. Courant, A. Ruggiero, J. Kewisch, T. Roser, and N. 
Tsoupas, BNL, Upton, N.Y. 11973, USA 
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eRHIC Simulation
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eRHIC Magnet Design
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High Energy  eRHIC NS-FFAG Cell

θD=3.366 mrad 

BDo = 0.181 T, 
GD = -34.42 T/m
xDoffset=+5.26 mm

ρD=300.01 m

x(mm)

θF=3.927mrad
ρF= 302.3 m

BFo= 0.181 T,  
GF= 34.42T/m
xFoffset= -5.26 mm

20 cm

6.6

BDmax,min=[0.443,0.046] T

BFmax,min =[0.446,-0.225] T

1.01 m

-7.6 -5.26 

7.7

-11.8

F-Quad center
12.96

10

-10

QFBD

D-Quad center1.3 

0

8.345 GeV

Synchrotron Radiation:
for 10 mA 20 GeV      3.32 MW
for 10 mA  15 GeV      1.62 MW
for 10 mA  16.67 GeV 1.95 MW

BF=BFo + GFxBD=BDo + GDx

L = 2.797  m

6.54

5.26 ECEN=16.198 GeV

13.34   GeV

18.34 GeV

11.68 GeV
10.01   GeV

20.00   GeV

6.68   GeV

15.005 GeV

16.67   GeV

20 cm20 cm

x(mm)
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Studies in the eRHIC NS-FFAG lattice

Dejan Trbojevic, CYCLOTRON 2016 – Zurich September 12-16, 2016 62

Magnet misalignment, gradient errors, magnetic field variation due to 
temperature, reproducibility of the magnetic fields.Chuyu Liu

Chuyu Liu



eRHIC Layout

1.665  GeV LINAC
Injector 20 MeV

Energy 
#1  1.685 GeV
#2  3.350 GeV
#3  5.015 GeV

x 2.976

50 mA 
Linac 1.67 GeV
#1     6.680  GeV
#2 8.345  GeV
#3 10.010  GeV
#4   11.675  GeV
#5   13.340  GeV
#6   15.005  GeV

6.685 – 15.005 GeV  

x 2.99
12 passes through the 

Linac 

Option #2
10 mA 

Linac 1.67 GeV
#1   6.680 GeV
#2 8.345 GeV
#3 10.010 GeV
#4 11.675 GeV
#5 13.340 GeV
#6 15.005 GeV
#7 16.670 GeV
#8 18.335 GeV
#9 20.000 GeV
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eRHIC FFAG Orbits Magnified x1000 

64

Orbits exaggerated transversely 5000x, shape of hexagonal RHIC is evident

© Stephen Brooks
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Merging FFAG arcs to the straight section in eRHIC
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eRHIC prototype: NS-FFAG ERL at Cornell

C-βeta will comprise the first ever Energy Recovery Linac (ERL) based on a Fixed Field
Alternating Gradient (FFAG) lattice.
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⑧Extracted high 

energy beam
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Bunche dynamics in 3D field mapsTracking electron beams  with four different energies through 
the Cornell Demonstration NS-FFAG ERL ( by Stephen Brooks)
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Cornell Injector
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Cornell Injector
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Cornell Injector
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Cornell superconducting Linac
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Betatron functions for 4 energies in CBETA
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The prototype of eRHIC will be built at Cornell
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• A cost effective LHeC (almost twice reduction of the proposed linac size with 
enhanced luminosity) and eRHIC designs with 1.6 GeV linac and maximum energy 
of 20 GeV, as well as the 250 and 150 MeV ERL with NS-FFAG at Cornell University,  
are shown.

• At LHeC a proposal for replacement of the 2 x 10 GeV linacs and three arcs, with 2 
x 5.453 GeV linacs and two NS-FFAG arcs, respectively. This would be a cost-
effective solution with lower synchrotron radiation, hence 34 % larger luminosity 
for the same limit on the value of 15 MW for the total loss from synchrotron 
radiation.

• At eRHIC the previous 6 separate beam lines are replaced with two NS-FFAG lines 
reducing the linac energy and with permanent magnets more effective power 
consumption makes additional savings in operating cost and price.

• The ERL with NS-FFAG arcs at Cornell University will be a first ERL of that type. 
Advantages at Cornell University are already existing  6 MeV injector, 
superconducting linac 45-70 MeV making possible to obtain with the NS-FFAG 
maximum energies of 150-250 or higher MeV. This will be a proof of principle fot
the new concept: merging FIXED FIELD ALTERNATING GRADIENT beam lines with 
the Energy Recovery Principle.

CONCLUSION
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