Vertical Orbit Excursion FFAGs

The 80 years since the development of the first cyclotron would seem ample time to find the ideal magnetic field arrangement for a circular accelerator, but the journey has not been without surprises.  The synchrotron massively increased the energy range accessible without having to build magnets the width of the entire accelerator, while the invention of alternating-gradient focussing allowed magnet costs to be further reduced by reducing the beam size.  The time-varying fields used in synchrotrons dominated accelerator technology for the late 20th century.  However, the emergence of superconducting technology is now calling for our assumptions to be re-examined.
Superconducting magnets as they exist today are unable to ramp dozens of times per second, which would be required of magnets in a modern high-power synchrotron.  The first fruit of reassessing circular accelerators in this light was the rediscovery of the FFAG (Fixed-Field, Alternating Gradient) machine, originally proposed in the 1950s when it lacked an obvious advantage over the synchrotron.  Now, however, the ability to accelerate a synchrotron-like energy range with fixed-field magnets much narrower than a cyclotron’s is a good fit to superconducting magnet technology.  The FFAG magnets work this magic by having large quadrupole gradients in their “dipole” magnets, providing a wide range of magnetic field strengths to bend beams of different energies.
The ASTeC Intense Beams Group’s work on the Vertical Orbit-Excursion FFAG (VFFAG) questions another assumption of accepted accelerator wisdom: why does the beam orbit have to move horizontally (i.e. with increasing radius from the machine centre) as the energy increases?  The beam’s “closed orbit” in the machine is an equilibrium phenomenon, so in theory it could move in any direction provided the correct bending fields to close the orbit were present.
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The magnetic field above is an example of a field in which the bending force on the beam increases as the beam moves vertically.  It also includes a (skew) focussing quadrupole component that can be used to focus a beam in a FODO-style alternating gradient arrangement.  In fact, with the field equation given, the tune of the machine is even constant with energy (something that is true of synchrotrons but only “scaling” FFAGs), which is very important to avoid losing particles via resonances, especially in high power beams with a large amount of space charge.

The advantage of this field arrangement relates again to superconducting magnet technology.  In normal-conducting magnets, the field is usually shaped by iron pole pieces and the field lines travel from the “North” pole to the “South” pole.  So a magnet with a horizontally-slotted aperture and a pole above and below it produces a strong vertical field (horizontal bending) in the aperture.  However, superconducting magnets operate at fields beyond the saturation of iron and without iron, the field is shaped by the current-carrying coils only.  It is thus strongest near the coils themselves, which produce field at right-angles to the current direction.  Horizontal bending in a horizontal slot magnet now becomes much harder to achieve because coils placed immediately above and below the slot will produce primarily horizontal fields, not the vertical required.  On the other hand, horizontal bending in a vertically-slotted magnet becomes easier because the field direction can be parallel to the slot direction with coils placed near the beam.  This is illustrated below.
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Caption: A superconducting VFFAG magnet designed for an 800MeV-12GeV proton ring taking the ISIS output beam as input.  Fields lines are parallel to the magnet aperture (left) and the low and high energy beam locations are given (centre).  (Bottom right) shows part of the circular coil layers needed to produce bending with the horizontal beam excursion in the PAMELA machine, which requires the whole circular aperture surrounding the beam orbit excursion to be energised.
A possible practical application of such a machine was presented at the HB2010 conference[1] for an upgrade ring for the ISIS accelerator.  The fixed field both reduces the superconducting magnets’ energised volumes and coil thicknesses and also allows the accelerating RF to be on for the full 50Hz cycle rather than half of it as in the current ISIS synchrotron (in ISIS the magnetic fields are falling for half the cycle).  This style of magnet could also find applications in medical hadron therapy machines because it retains the advantages of the FFAG while allowing the magnet to be shrunk to fit the beam in the horizontal direction.  In medical machines the beam tends to be small, so this could be a significant cost saving.
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Caption:  Simulation of a proton beam of the size produced by ISIS being accelerated in the VFFAG machine to 15 times its original energy.  Simulations such as these make sure the nonlinearities in the VFFAG magnets do not make the usable aperture of the machine too small.
Finally, it should be mentioned that the VFFAG, like the FFAG, is not strictly a new idea.  It was mentioned in a theoretical context in a 1960 paper by A.T. Fateev in the Russian journal Atomnaya Energiya, where it was called the “ring cyclotron” (a term that now means something else).  The physics has not changed in the 50 years since, but our technology has.
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