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Abstract

Conventionally, FFAG accelerators have allowed the beam orbit to move horizontally into regions of higher average bending field as the beam energy increases, allowing acceleration to occur in a machine with fixed (possibly superconducting) magnets.  A vertical orbit excursion is also possible, which requires a novel magnet geometry and skew focussing as explained in [1].  For machines with an orbit excursion larger than the beam size, this allows the magnetised volume to be reduced to a slot containing the range of orbits (a horizontal slot with vertical field is much less efficient to achieve in the superconducting case).  Proton/ion cancer therapy machines similar to the PAMELA [2] proposal would be likely to benefit from this reduction in magnet size.
A proof-of-principle electron model of the VFFAG is proposed since both the beam dynamics and the magnets used in such machines are unusual and so far untested.  A lattice has been found that circulates the ALICE 10MeV electron beam used in EMMA, re-using the RF components, external injection line, support structure and septum magnets, which reduces the cost relative to building an entirely new test accelerator.  This lattice is a fixed-tune “scaling” version of the VFFAG (non-scaling versions also exist), which would potentially allow slow acceleration similar to that used in proton machines.  The EMMA vertical aperture allows a factor of 1.5 to 2 in energy gain with these optics.
The Case

Applications & Technological Potential

FFAG accelerators have shown promise in applications where pulsing the ring magnetic fields as in a synchrotron would be impractical, either for superconducting magnets above ~Hz frequencies or conventional magnets at ~kHz.  The constant field also allows continuous mode acceleration for near-isochronous FFAGs, similar to that found in cyclotrons.  Both of these properties are of use in new high average power or compact superconducting rings and the VFFAG shares them.
Allowing the beam to move vertically has two additional advantages.  It allows the magnetised volume for superconducting magnets to be shrunk considerably in cases with an orbit excursion much larger than the beam, which includes FFAG cancer therapy machines.  It also allows the orbit length to be changed independently of inter-orbit separation, which can be used to reduce gradients and allow longer drift spaces in a lattice, both of which can be very useful in constructing isochronous machines for high power use (transmutation, ADSR, exotic particle sources, etc.)
EMMA Component Reuse
The example VFFAG lattice given later in this report keeps the cell length and number of superperiods (42) the same as EMMA so the ring should be able to fit on the same support structure.  Although the VFFAG does not have a time-of-flight parabola like EMMA, the existing 1.3GHz RF is sufficiently strong that the beam can be accelerated to energies exceeding 20MeV, thus the RF should be reused and cavities will also fit in the lattice 23cm long drift (2cm longer than EMMA).
The new magnets will have a slotted aperture roughly 8mm wide by 35mm high; the width restriction in particular may mean the existing magnet vacuum vessels will not fit and new ones will need to be made.  VFFAG magnets tend to benefit from the magnet coils being near the beam, so it may be favourable make the magnet and vacuum vessel as a single piece, though this needs further examination by an engineer.

The primary success metric will be the beam centroid moving vertically upwards as a result of acceleration, something that the existing beam position monitors should be capable of.  Some diagnostics may be rotated by 45 or 90 degrees to match the planes of focussing and orbit excursion.

The injection and extraction schemes will have to be different from those in EMMA, where the beam after the septum travels through some magnets far off-axis before being corrected onto the central orbit by a kicker in a later drift space.  The VFFAG magnets will not be wide enough for this, so the septum and at least one kicker will have to be fit into a single drift space, although the same septum magnets can be reused.  More favourably, the VFFAG orbit does not move horizontally, so the septum could be much closer to it than in EMMA and the kickers would be moving the beam less far.
Much other infrastructure (external injection line, vacuum pumps, etc.) can also be reused.  New magnet power supplies are likely to be needed, or at least the existing ones used very differently.

Scope & Scheduling

As the VFFAG requires existing quadrupole magnets to be replaced by new, nonlinear ones, this project should wait until all applications of the EMMA ring that use the existing linear magnets are complete.  It will hopefully be able to reuse the existing RF, diagnostics, vacuum pumps and septum magnets with little modification, so these should not be removed prior to this project, nor should the ALICE-EMMA injection line or ALICE itself!
VFFAG Beam Optics

Principle

The field in any alternating gradient ring accelerator requires a dipole component to close the ring and a varying quadrupole component to focus the beam.  The VFFAG provides a vertical magnetic field By on the vertical (y) axis, which varies with y to provide a suitable dipole bending field for a range of particle momenta, each having a closed orbit at a different height.  The variation of the field itself provides a (skew) quadrupole gradient, which can be used for focussing.  Clearly, there must be at least two different such magnets in the cell so that alternating gradient focussing can be used.  
A particularly simple optics results from the “scaling VFFAG” machine in which By = B0eky on the vertical axis, for some base field B0 for each magnet and scale coefficient k with units of inverse length for the whole ring.  If the beam momentum increases by a factor A, shifting all particle orbits upward by y = ln(A)/k will increase all the fields by a factor of A and therefore give exactly similar paths, optics and identical tunes at the new momentum.  The machine therefore has a constant tune like a conventional scaling FFAG.
The field on the x=0 plane vertically above and below the closed orbit determines the field everywhere in space by Maxwell’s equations.  For a scaling VFFAG magnet that is long (no z variation of the field), the field components within the aperture are given by:
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...which are plotted to the left of the diagram below.
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Linearising the field around x=y=0 yields
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...which is a skew quadrupole of gradient B0k superimposed on a vertical dipole of strength B0.  The skew quadrupole field and resulting skew elliptical shapes of a beam being focussed by its alternating gradient are shown on the right of the diagram.  Defining axes u=(x+y)/√2 and v=(y-x)/√2 allows the focussing to be thought of as a normal quadrupole in (u,v) space, although the dipole field is now diagonal.
If the beam in a VFFAG is accelerated adiabatically, the beam tracks the location of the closed orbit that is moving upwards.  “Centrifugal force” will not make the beam orbit enlarge because although the beam temporarily moves outwards, it goes into regions where there is a horizontal Bx component, which then pushes the beam upwards, restoring equilibrium (tracking confirms this).
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The reason why VFFAG may be technologically favourable for superconducting magnets is shown above.  If the beam excursion aperture resembles a slot, then situation (a) shows how nearby coils may produce a vertical dipole field on a horizontal slot.  The coils must be put in destructive interference and only produce field further away.  If one of the currents is reversed, situation (b) results, with constructive interference but the field is now horizontal.  Rotating the entire situation gives situation (c), which is an VFFAG magnet that can use nearby conductors constructively.
Reference [1] goes into more detail on a scaling VFFAG and magnet design, though it is for a much larger proton beam at higher (GeV) energies.

Example Lattice

An example VFFAG lattice is described here, although as the design develops, a different lattice may eventually be chosen.  This lattice retains the 42 period structure and 0.394481m cell length of EMMA (the “EMMA polygon”) to reduce disruption to girders etc.  It is also a doublet type lattice with unequal drifts (FoDO) and the longer 23cm drift is large enough to fit the existing RF cavities.  It is a scaling type VFFAG and the B0 and k parameters refer to the field equation in the last section.
	Element
	Length (m)
	B0 (T)
	k (m−1)

	F magnet
	0.053000
	0.183944
	30

	Short drift (o)
	0.030000
	
	

	D magnet
	0.081481
	−0.183944
	30

	Long drift (O)
	0.230000
	
	


In initial simulations, good results were obtained by injecting a beam into the middle of the long drift (O) with upright phase spaces in both planes and a Twiss beta of 0.185m.  The ALICE Gaussian beam with an RMS transverse emittance of 3 mm.mrad was used in both planes.
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Cell and beam seen from above, with +/− 4mm magnet apertures.

In the skew phase spaces (u,u’) and (v,v’) where the quadrupolar focussing takes place, the cell tunes are Qu = 0.396 and Qv = 0.102, although some particles with large amplitudes have their tunes depressed by nonlinear magnetic field components.
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Beam sizes throughout the cell, in x and y as well as u=(x+y)/√2 and v=(y-x)/√2 skew planes.
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Left: acceleration of the beam in real space.  Small grids are 1mm and large grids 1cm.  The 10MeV beam is circular exactly as input to the simulation.  The +/− 4mm magnet aperture is shown in red.

	Energy (MeV)
	Momentum Ratio
	Vertical Orbit Shift (mm) for k=30m−1 

	10
	1
	0

	12
	1.190692
	5.818

	15
	1.476637
	12.992

	15.070
	1.483308
	13.142 = 2 × (Cavity pipe half height – 4mm) [3]

	18
	1.762520
	18.891

	20
	1.953088
	22.314

	22.919
	2.231202
	26.751 = Cavity aperture diameter – 2 × 4mm [3]

	25
	2.429462
	29.589

	30
	2.905798
	35.557


Above: orbit displacements for various accelerated beam energies starting from 10MeV.

Below: RF acceleration of extremities (4 sigma) and centre of the ALICE bunch over 10 turns, assuming RF is synchronous at the 10MeV injection energy.
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As the beam closed orbit has the same circumference at all energies in a scaling VFFAG, the time-of-flight for electrons in the ring simply scales as 1/velocity.  Although this is further from isochronicity than the parabolic TOF dependence of the current EMMA model, the 1.3GHz RF can still accelerate the beam by at least a factor of two in energy before the phase slips too far.
In the plot above, a situation with 2.1MV of peak RF voltage per turn (less than the current 2.3MV installed in the ring [4]) accelerates a 10MeV electron starting 60 degrees ahead of the RF to a maximum energy of 23.17MeV before the RF becomes decelerating again.  This is assuming the RF is synchronous to the 10MeV revolution time: better solutions may be found with other phasings.
The RMS (1 sigma) values of the bunch length and energy spread were assumed to be 10ps and 50keV respectively [4], which were quadrupled to give the +/− 4 sigma extremities plotted.  Clearly the bunch is smeared out somewhat in this situation, although this should not affect the operation of the VFFAG since each particle will track the central orbit corresponding to its own energy.

Injection/Extraction

The injection system will need to be modified from that used in EMMA because it is unlikely an off-axis beam will be transmitted through a VFFAG magnet in order to be corrected by a kicker in a later drift space.  The septum and at least one kicker must be in the same drift.  This may place difficult constraints on the kicker because it must be short in length but with a high enough field to deflect the injected beam directly onto the central orbit without any “help” from lattice magnets.

A detailed study of injection (and its inverse process extraction) is yet to be done but some possible ways to mitigate the kicker problem have been identified.
· Moving the septum closer to the orbit is possible as there is no horizontal orbit excursion in a VFFAG so no reason to move the beam far across the aperture using kickers.
· A lattice with fewer cells would likely have longer drift spaces, at the expense of a lower energy range because the orbit moves further with energy.  Superperiods of 21 or 14 would divide evenly into EMMA’s 42-gonal geometry.

· Scaling down the beam momentum and magnetic fields would leave the optics unchanged and require proportionally less kicker field, although the geometric emittance from ALICE would be relatively worse.
Other Options

Generally speaking, there exists a vertical analogue of each type of horizontal orbit excursion FFAG considered to date.  This means a few completely different approaches to the VFFAG electron model are possible, though may be more difficult in practice than the basic scaling version.
· A scaling triplet VFFAG in the 2nd stability region of Hill’s equation.  This would reduce the amount of reverse bending needed (i.e. the size of the ring in a practical application) by having a more lopsided ratio of F to D magnet in the ring, achieved by making the phase advance in one plane greater than 180 degrees.  This is the approach used in the PAMELA design study of a traditional near-scaling FFAG for hadron therapy.  As found in [1], the second stability region has a much smaller dynamic aperture than the first, so requires a smaller beam than either the ISIS beam studed there, or the 3 mm.mrad ALICE/EMMA beam, which is still quite large compared to the ~2cm orbit excursion in the electron model.

· A non-scaling VFFAG.  It may be possible to eliminate reverse bending entirely at the top energy of a VFFAG by abandoning the scaling law and either allowing the tune to vary or keeping the tune fixed but allowing the phase advance to be redistributed between magnets.  As the orbit shape will change with height, this could require some very peculiar magnet geometries.  The fixed-tune option for non-scaling machines is still under theoretical development and will likely require more than two magnetic elements per cell.

· A non-scaling VFFAG with linear magnets is not ruled out theoretically and would have magnets very similar to those in EMMA.  Such a machine has never been simulated, so its optical properties are as yet unknown.

· A tilted isochronous VFFAG.  If the beam velocity is close to the speed of light, as it is in EMMA, only a small change in orbit circumference is needed to make each revolution take exactly the same time (isochronicity).  In a VFFAG this may be achieved by using a tilted, curved orbit excursion path that also expands the orbit as it moves vertically.  The full range between horizontal and vertical orbit excursions is possible with various angles of partially-skew focussing.  Full isochronicity is interesting because it allows fixed high-frequency RF over large energy ranges and possible cyclotron-like continuous acceleration, which may be useful for high average power applications such as ADSRs.
VFFAG Magnets

The lattice described above requires magnets that produce a vertical B field component of 0.18T at the low-energy orbit and 0.41T at the high energy orbit (23MeV case), approximately 27mm higher up.  The horizontal full aperture should be approximately 8mm to avoid scraping the beam.  The maximum magnetic gradient (at the high-energy orbit) is 12.3T/m and this is a skew gradient.
Producing the exponentially varying vertical field is an unusual magnet challenge.  Using iron pole tips shaped like the magnetic isopotential lines is difficult for long slotted apertures because it requires poles at the top and bottom of the magnet, with the field lines fanning out between, though such an approach might be possible for the relatively short magnet of the VFFAG electron model.  The efficiency of the vertical field configuration is greatest for superconducting magnets, rather than iron dominated ones.
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Three possible ways of producing the field are shown above.  On the left, field shaping using the iron poles is attempted, with the flux driven by a single large (probably water-cooled) coil at the top of the magnet and returned through the iron frame.  In the centre is a normal conducting analogue of the superconducting magnet, which is the most flexible configuration if the pairs of copper coils are powered independently.  Unfortunately the small copper coils may get quite hot, so it is suggested a water cooling channel be placed in the iron adjacent to them.  On the right, shaped blocks of permanent magnet provide most of the field, with smaller corrections being made by coils on a printed circuit board magnet inside.

The decision on magnet design is best left to the experts and it is hoped that some of the expertise at Daresbury laboratory in designing wiggler and other small magnetic structures could be made use of.  Once built, the magnets will need their fields carefully mapped and again equipment exists at DL that can be used for this purpose.
Note that there are 84 magnets and if each has at least a dozen independently powered coils, that makes over a thousand currents that must be controlled.  The power supplies and the way in which current is distributed to the magnets should be planned with care.

For reference, the paper [1] contains a picture of a bare coil superconducting magnet that was optimised to achieve the exponential field to high accuracy in the slot aperture.

Subtasks & Costing

See the included spreadsheet for a very rough attempt at a cost estimate.  Note that the contingency, staff salary and overhead are all editable.  Currently the total cost is £1.6M comprising £800k of capital and 9 person-years of effort.  Some more comment on the subtasks is given below.
	Type
	Task
	Comments

	Theory
	Beam optics/lattice
	Probably an extension of the work SJB has already started.

	Engineering design
	VFFAG magnet
	Includes some theoretical field modelling work as well as final design.

	Engineering design
	Vacuum vessel and integration
	New beam pipe sections where necessary.

	Engineering design
	Diagnostics changes
	

	Engineering design
	New injection and extraction
	Includes beam tracking work and possible design of upgraded kickers.

	Component build
	Magnet prototype
	

	Testing
	Magnet prototype field quality
	Might not be good enough the first time, contingency to build more prototypes.

	Component build
	Build all magnets
	Biggest capital item, estimated at £300k.

	Component build
	Vacuum vessel and integration
	

	Component build
	New injection and extraction
	Placeholder until studies are complete.

	Component
	New/modified magnet power supplies
	Requirements depend on magnet design, so this cost is currently quite uncertain.

	Machine build
	Disassemble EMMA ring (remove quads)
	

	Machine build
	Reassemble VFFAG EMMA ring
	

	Operations
	Commissioning
	Magnet alignment could be quite difficult here, so contingency also required.

	Operations
	Beam physics
	

	Theory
	Results analysis and write-up
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