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Vertical Orbit-Excursion FFAGs 
(VFFAGs) for applications 
ŀΦƪΦŀΦ ŎƻƳǇǳǘŜǊǎ ŀƴŘ ǎǳǇŜǊŎƻƴŘǳŎǘƛƴƎ ƳŀƎƴŜǘǎ ǿŜǊŜƴΩǘ ƳǳŎƘ ƎƻƻŘ ƛƴ мфсл ōǳǘ ƴƻǿ ǘƘŜȅ ŀǊŜ 

I. Smaller Hadron Therapy Magnets 

II. Neutrino Factory, ISIS Upgrade 

III. Transmutation, Antimatter(?) 
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I.  Principle & Magnetic Fields 
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Horizontal SC magnet problem 

ÅGetting vertical B field requires same-direction 
current windings (nearby) 

 

 

 

 

 

ÅBy proportional to x/(a2+x2) 
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Horizontal SC magnet variation 

ÅGetting horizontal B field requires opposite 
current windings and is easier 

 

 

 

 

 

ÅBx proportional to a/(a2+x2) 
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Vertical SC magnet 

ÅBut now the field is in the 
wrong direction! 

ÅThat's OK, rotate the magnet 

ÅThe dipole field is there 

ÅBut what sort of focussing 
does this magnet give? 
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ά{ŎŀƭƛƴƎέ ±CC!D ƳŀƎƴŜǘ 

ÅDipole field should increase moving up the 
magnet, so set By = B0e

ky on axis (x=0) 

ÅSubtracting dipole component leaves the field 
of a skew quad: 

April 2013 Stephen Brooks, PASI 2013 & BNL seminar 7 

ÅExponential is good because moving 
upwards just scales the field and all 
gradients 

ÅThus closed orbits at different 
momenta are exactly the same 
shape, just translated upwards 

ÅVFFAG = Vertical orbit excursion FFAG 



Scaling VFFAG Field & Scaling Law 
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FODO Scaling VFFAG Machine 

ÅFirst VFFAG tracking simulation, for HB2010 

ï2D, zero space charge, nonlinear magnets 
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Å150mm.mrad 
egeom input beam 

ÅProton-driver-like 
but nasty 
circumference 
factor! (C=17) 
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Scaling VFFAG Tracking 
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VFFAG Acceleration 
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2D Winding Model for Magnet 
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t!a9[!Ωǎ ƳŀƎƴŜǘ 
(to scale) 



Application: Hadron Therapy? 

ÅLow intensity but high rep-rate 

ïFixed field is a plus, space charge not too bad 

ÅSmall beams 

ïThe VFFAG magnet can be a narrow vertical slot 

ïLess stored energy, smaller windings required 

ÅFixed tune allows slower acceleration, less RF 

ÅDisadvantage: we still have the FFAG 
extraction-from-an-orbit-that-moves problem 
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II.  Proton Driver Study 
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Motivation: ISIS Energy Booster 

ÅFFAG of some sort (but with 2-4m drifts) 

ÅSuperconducting magnets 

ÅEnergy: 800MeV ς 12GeV 

ÅRing radius 52m (2x ISIS) could do 2.5x,3x 

ÅMean dipole field in magnets 0.47 ς 4.14T 

Å30% RF packing factor, 20% magnets 

ÅWarm 6.2 ς 7.3MHz RF 

ÅHarmonic number 8 (10,12 in larger ring) 
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Why 12GeV? (= 2.5MW at 208uA) 

ÅExisting 2RF is 2x11kV in 1.9707m module 

ï11.16kV/m * 20ms * c = 67GeV 

ÅAssume 30% ring RF packing factor 

ï67GeV * 30% = 20GeV 

ÅAssume <cos f> = 0.7 (f ~ 45°) 

ï20GeV * 0.7 = 14GeV 

ÅFinally, velocity goes from 0.84c to ~0.99c 

ï14GeV * 0.9 = 12.6GeV 
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Scaling (V)FFAG disease 

ÅDefocussing is locked to reverse bending, as in 
scaling FFAGs Ą large circumference factor 

Å{ŜŀǊŎƘŜŘ ŦƻǊ άƭƻǇǎƛŘŜŘέ ǎŎŀƭƛƴƎ ƭŀǘǘƛŎŜǎ ǿƛǘƘ 
good dynamic aperture [HB2010] 

ï10000 particles were tracked for 1km 

ï{ǳǊǾƛǾŀƭ ǊŀǘŜ ǇƭƻǘǘŜŘ ƻƴ ŀȄŜǎ ƻŦ ƭŜƴƎǘƘǎ ƻŦ άCέ ŀƴŘ 
ά5έ ǘȅǇŜ ƳŀƎƴŜǘǎ 

ïThis reveals both the lattice stability region and 
resonance stop-bands 
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Lattices can't be very lopsided 

ÅUnfortunately in all cases the region of 
dynamic stability sticks very close to the F=D 
diagonal line 

ÅThe 2nd FDF stability region as used in PAMELA 
does not have enough dynamic aperture 

ÅSo basic scaling VFFAGs will always be big, 
with much reverse bending 

ïCould edge focussing avoid reverse bends? 
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[HB2012] 
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VFFAG with Edge Focussing 
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y 

z 

z=0 z=L 

q 

t = tan q 

z = z ï ty 

Scaling law: 



Spiral Scaling VFFAG Magnet Field 

Å5GeV design 
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Field Enhancement Factor 

ÅFor 3,5GeV designs with k=2.01m-1 
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Cell Beta Functions 

ÅDoublet focussing nature 

ïVisible in u,v planes 

ÅFfD 

ïDoublet controlled by t 

ïSinglet controlled by k 

ÅRing tune sensitivity:  
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12GeV VFFAG RF Programme 
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Compare with ISIS 1st harmonic RF 
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Longitudinal Intensity Effects 
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ISIS (1st harmonic) Intensity Effects 
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VFFAG Bunch Duration Evolution 
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Dtrms=1.64ns 

Nearly isochronous as v Ą c 

Application: Neutrino Factory! 



VFFAG Bunch Energy Spread 
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DEtotal=Ñ41.1MeV 



Proton Driver VFFAG Next Steps 
ÅRF programme promising 

ï.ǳǘ ŎŀǾƛǘƛŜǎ ǿƻƴΩǘ Ŧƛǘ ƛƴ ŘƛŀƎƻƴŀƭ-shaped drifts! 

Å!ŘŀǇǘ ¸ƻǎƘƛ aƻǊƛΩǎ ƛŘŜŀ ƻŦ ƛƴǎŜǊǘƛƻƴǎ ƛƴ ǎŎŀƭƛƴƎ 
FFAGs [Mori, FFAG11] to scaling VFFAGs 

 

 

 
 

ïArc section using magnets with edge focussing 

ïStraight section using FODO lattice, long drifts 

ÅThen 2+1/2.5D simulation with space charge 
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III.  Isochronous Machines 
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Tilted Orbit Excursion 
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ă Teichmann (1962) also had idea 



Analysis without Weak Focussing 
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Lower Velocity Bound 
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Lower Energy Bounds for Protons 

 

 

 

 

ÅFor muons or especially electrons, things are 
much easier! 

Å/ŀƴΩǘ join a cyclotron smoothly onto a scaling 
isochronous VFFAG with a different tune 
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Minimum Proton Energy b Maximum R/S = bg2 

100 MeV 0.428 0.52 

200 MeV 0.566 0.83 

500 MeV 0.758 1.78 

1 GeV 0.875 3.73 

2 GeV 0.948 9.29 



Orbit Excursion Shape (R/S=2) 
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Staged Example 
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ÅLŦ ƛƴƧŜŎǘƻǊ ƛǎ t{LΩǎ нΦнƳ! рфлaŜ± ŎȅŎƭƻǘǊƻƴΣ 
this two-VFFAG booster yields 13.2MW CW 
protons at 6GeV 



Prospects for Isochronous VFFAGs 

ÅL ŘƻƴΩǘ ǎŜŜ ǘƘŜǎŜ ōŜŀǘƛƴƎ ŎȅŎƭƻǘǊƻƴǎ ŀǘ Җ м DŜ± 

ïΧŦƻǊ ǇǊƻǘƻƴǎΦ 

ïElectrons: alternative to RCS? 

ïMuons: alternative to non-scaling FFAGs? 

ÅProtons at many GeV are potentially 
interesting for exotic particle factories 

ïE.g. pbars, in terms of raw yield, though I believe 
most capture schemes assume a non-CW beam 
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IV.  Three-Lens Horizontal FFAGs 
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Two Magnet Families Only 
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