
Non-Scaling FFAG for:
the proton acceleration: 200 MeV – 1.5 GeV,  

KEK muon acceleration 10-20 GeV, and 
electron acceleration in eRHIC

• Basic cell: 
– Betatron functions at the central energy
– required bending fields and gradients

• Orbits at each energy PTC results
• Tunes vs. momentum
• Maximum orbit offsets
• Difference in the path lengths at each 

momentum during acceleration.





16Scaling or non- scaling FFAG, Minimum emittance lattice or FODO?

Scaling FFAG properties:
! Zero chromaticity.
! Orbits parallel for different energies.
! Large momentum acceptance.
! Relatively large circumference.
! Relatively large physical aperture.
! RF:large aperture-follows the energy.
! Tunes are fixed for all energies.
! Negative momentum compaction.
! Orbits of the high energy particles are 

at high field, low energy particles at 
low field.

Minimum emittance FFAG properties:
! Chromaticity is changing.
! Orbits not parallel.
! Large momentum acceptance.
! Relatively small circumference.
! Relatively small physical aperture.
! RF:small aperture-at the crest.
! Tunes move 0.4->0.1 in basic cell.
! Momentum compaction changes.
! Orbits of the high energy particles 

are at high field, low energy 
particles at low field.

FODO or minimum emittance lattice? 
! For the same magnet properties larger circumference and larger Xco.
! For the same dispersion [ ∆x=Dx∗ dp/p ] and the same magnet smaller field and 

larger circumference. 
! The FODO has larger available free space.





Proton Acceleration 0.2-1.5 GeV

-76.27465-76.27465
117 mm

67 mm

dp/p = -52 % - +52 %





Electron Acceleration from 3Electron Acceleration from 3--10 GeV 10 GeV 
with a nonwith a non--scaling  FFAG latticescaling  FFAG lattice

• eRHIC non-scaling triplet FFAG lattice
– Courant-Snyder functions in the basic cell at the central energy, 

magnet lengths and required apertures.
– Courant-Snyder functions during acceleration:

• Orbit offsets
• Tunes vs. energy
• Amplitude functions vs. energy
• Momentum compaction vs. energy
• Path Length variation vs. energy

– Synchrotron Radiation and requirements for the RF cavities.



∆∆∆∆x = Dx δδδδp/p = 0.07 m * 0.50 = 35 mm
∆∆∆∆x = Dx δδδδp/p = 0.07 m * 0.50 = 35 mm









ε= 5 πmmmrad
σ2 = (11m * 5 πmmmrad/ 6 π βγ)
σ3GeV ≅ 16 µm

Magnet apertures and fixed fields:

~5 cm~2 cm

BMB = 0.52 T
BOPP= 0.36 T 

10 cm

~0.5 - 1 cm

GF = 0.36 T/ 1.68 cm = 21.2 T/m

GD =  10.1 T/m





Betatron Function during Acceleration



LQD = 1.66 m LQF=0.43 mLQF=0.43 m

Electron path during acceleration within the basic cell
C=1277 m, 273 cells, L=4.68 m

-19.8 mm

47.0 mm



KEK lattice design for 10-20 GeV muon acceleration







14.09 mm

22.18 mm

1.8 m 0.75 m

PTC – Orbits at each momentum
1250 m

6.41 m







Orbits at fixed negative γt – -50% - +50%
Large path length difference KEK 120 cells

1 m 2 m 1 m

42 mm52 mm

-9 mm

52 mm

B = 3.8 TB=2.5 T


