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The Task of Working Group 2 was the discussion of acceleration of Protons (and of some heavier ions) in Fixed-Field Alternating-Gradient Accelerators (FFAG). There have been two sets of presentations made. The first set included programmed presentations that are listed in Table 1. During the progress of the Workshop other presentations were made as a result of the discussion and of work in the group. The list of presentations of the second set is given in Table 2. 

The main topics of discussion were primarily:

- Energy Production   (KURRI)

- Neutron Production  (KURRI)

- Harmonic Number Jump

- Medical Accelerators

- Electron Models

- Proton Drivers

- Ionization Cooling

At the Kyoto University Reactor Research Institute (KURRI) there are two major projects involving the use of FFAG accelerators: 

(1) The Kumatori Accelerator driven Reactor Test (KART) project. The primary goal of this project is the demonstration that is possible to produce nuclear power by driving a sub-critical core made of a mixture of elements: to produce neutrons, and to generate fission reactions in a controlled fashioned. The project emphasizes the safety of the method. A proton beam of sufficiently high intensity and energy would impact on the core and, by generating neutrons, sustained a chain reaction that can be immediately stopped by turning off the beam accelerator. Without the beam the chain of reaction cannot be sustained because the amount of neutrons otherwise present in the system is not large enough and does not reach criticality. The KART project is a scaled down facility where no much nuclear power is actually created (~ 1 Watt) but it serves to study the properties and the best configuration of the material in the nuclear core, and to investigate methods for optimization of neutronics. At the present the project aim is to impinge a 150 MeV beam of modest intensity (few µA) with the core in the KURRI reactor. The accelerator is made of a 100 keV ion source followed, one inside the other, by a 2.5 MeV Injector, a 20 MeV Booster and a Main Ring (150 MeV). The Injector is a Spiral FFAG, and the others Radial FFAG. The project is essentially completed. The transport of the beam to the core is also completed and the entire facility is being commissioned. It is important for the KART project that the beam energy is varied between 20 and 150 MeV. For this purpose to allow variable energy, the magnet field profile of the Booster Ring is programmed accordingly. This approach is novel and it has been proposed also for other projects where also the energy variation is a requirement, like for instance medical FFAG accelerators. In a second phase a 1.0 GeV FFAG will be accommodated in the KURRI facility to demonstrate production of nuclear power at higher level. In that phase the FFAG is made of spiral magnets. 

(2) The second major project that at KURRI makes use of a FFAG accelerator is the Emittance-energy Recovery Internal Target (ERIT) for the production of low energy Neutrons. There is actually no acceleration, and the ring is used in storage mode. A 10-MeV proton beam crosses periodically an internal target of Beryllium, 50 µm thick, for the production of Neutrons using the reaction  p + 9Be -> n + B. The circulating proton intensity is 50 mA. The main application is the Boron Neutron Capture Therapy (BNCT) for cancer therapy. Nevertheless, as the beam scatters with the target, there is associated a continuous beam depletion, an energy loss and a growth of emittance and energy spread caused by single and multiple Coulomb scattering in the target. It estimated that the beam would be completely lost in about a thousand turn, that can be compensated by replenishing continuously the beam at the rate of 50 µA (injection is done by charge exchange of negative ions). The energy loss can also be compensated by a 200 kVolt rf cavity that re-accelerate the beam. Ionization Cooling is being proposed to check the growth of both emittance and energy spread. The Be target itself is used at that purpose with a wedged shape and located in a location at large dispersion. To provide damping in both directions there is need of coupling between transverse and longitudinal motion. Because of the large energy spread in the beam the use of a scaling FFAG is thought more convenient. The project is under construction and will be completed during the summer of 2007. 

(3) A main topic that was presented and discussed during the workshop at different times and for several applications was the new concept of acceleration in a FFAG accelerator by Harmonic Number Jump (HNJ). The concept is indeed novel and published in Physical Review, Special Topics Accelerators and Beam 9, 100101 (Sept. 2006). It is worth to report here the abstract of this paper that explains the motivation, the main application and the method: “We have recently considered acceleration of protons and heavy ions in a Fixed-Field Alternating-Gradient (FFAG) accelerator with Non-Scaling Lattice and Linear Field Profile.  To avoid the problem of frequency modulation for acceleration of low-energy beams over a too short period of time, and to boost the acceleration rate, the method of Harmonic Number Jump (HNJ) was proposed. This method allows the use of constant frequency acceleration, for instance using superconducting cavities, despite the fact that the beam velocity may vary considerably. Of course in this case the accelerating voltage and RF phase will need to be programmed accordingly as we shall show. We shall study first the motion of Synchronous particles, and then of those with deviating initial conditions.  We estimate the area and height of the RF buckets that are to contain the beam bunches with the added condition of the HNJ. We finally investigate methods to allow the program of energy gain as required by the HNJ method, including the effect of the cavity Transit Time Factor (TTF).” The new method has already been applied to the case of high-power proton drivers, medical accelerators, and even acceleration of muons. The method applies strictly, as originally proposed, to the acceleration of protons that otherwise, because of the variation of their velocity during acceleration, need acceleration with frequency modulated cavities. A good feature of FFAG is that the magnets are not ramped so that in principle they do not pose any limitation on the rate of acceleration as in Rapid Cycling Synchrotrons (RCS). This limitation is now set by the accelerating system itself. Typically modulation of ferrite loaded cavities cannot exceed few MHz/ms. Higher repetition rates, like in fast proton drivers, that need to be operated in the kHz range, need a frequency sweep as large of few tens of MHz. The HNJ method allows a considerably faster acceleration rate, even exceeding 1 kHz, at constant rf, eliminating the need of ferrite or of other sweeping techniques. Even a Continuous Mode of operation may be possible. But several issues still need attention, for instance how to achieve the required energy gain profile.

(4) Medical Accelerators. The technology of FFAG accelerators is mature enough, both with practical demonstration and theoretical studies, to encourage the application for relatively low-energy use as medical accelerators, as for instance for cancer therapy or detection. Several projects have now been proposed with few of them actually even being built. The ERIT project, described earlier, is indeed just one example of them. Few presentations were made during the workshop dealing with such accelerators. E. Keil described the design of a medical facility complex made of three concentric non-scaling FFAG rings, one to accelerate protons from 8 to 31 GeV, a second one primarily for acceleration of protons to 250 MeV, but also for acceleration of ions of Carbon from 9 to 69 MeV/u,  and the last one for the acceleration of ions of Carbon to 400 MeV/u. The intermediate ring is made of 48 FODO cells each about 0.9 m long. The design seemed to be too compact with very little space left for insertion of beam components and for rf cavities. At the time of the presentation acceleration by HNJ was considered but found very difficult to apply in practice. Other presentations were made for similar applications of FFAG accelerators to medical use. Few projects have been proposed both in France and UK. Two main features were pointed out: (1) the use of spiral magnets instead of sector magnets, with design tools developed by F. Meot, (2) and the demonstration of an adjustable field profile in a scaling lattice that would allow variable extraction energy from the ring as it is indeed required by the medical application. During the last day of the Workshop a communication came from Fermilab (C. Johnstone) and a presentation was made by D. Neuffer for the purpose. It dealt with a “Tune-Stabilized, Linear-Field FFAG” also for as a medical accelerator. It seemed to owe a lattice very relaxed (only 14 cells), with plenty of straights, but details were not available because of a patent pending on the project. 

(5) Electron Models. Already in previous workshops it was stressed the need to develop an electron model for the demonstration of Non-Scaling FFAG lattice. The major concern with this is the multiple resonance crossing that cannot be avoided and that may cause beam loss and distortion. Two proposals for an Electron Model have been advanced. Both accelerate electrons in a scaled down version of FFAG in a reduced range of energy. One version (EMMA) has the main goal to demonstrate acceleration of muons in the energy range between 10 and 20 GeV. To simulate that, the electron beam has an energy between 10 and 20 MeV. In this case the beam velocity is always close to the speed of light (b = 1), and constant rf cavities are only needed for acceleration. This project, at the moment of writing this summary, has already got approval for construction by UK funding agency. The second proposal deal with the solicitation made through DOE for SBIR in the States. The main purpose here is the demonstration of acceleration of protons in a non-scaling FFAG under condition of strong space charge effects at injection, and with various modes of acceleration. The energy range of the electron model in this case is between 200 and 900 keV with the beam velocity variation b = 0.6-0.9 that could simulate acceleration of protons between 200 MeV and 1.5 GeV. Three companies in the States have been awarded funding for explorative research on the feasibility and design of this Electron Model. More funding is expected for the following year. 

(6)  Proton Drivers. FFAG accelerators are ideal for acceleration of very intense beams of protons in the few energy range and for beam power of few MW. They compete reasonable well with both Rapid-Cycling Synchrotrons (RCS) and Super-Conducting Linacs ( SCL). Their main features are the absence to ramp magnetic fields and to require considerably lees rf cavities. Yet the beam acceleration can be made reasonably fast, of few hundred revolutions, especially with the use of the HNJ method. Moreover a Continuous Mode of operation may also be possible. Mostly notably there is a Proton Driver for a Neutrino Factory with the following requirements: an energy between 5 and 10 GeV, an average beam power of 4 MW, and a repetition rate of 50 (60) Hz. There are other requirements concerning number of bunches and population per bunch. Demonstration of feasibility of such Proton Driver with the use of FFAG accelerators has recently been done (Rees, Ruggiero). A high-energy Proton Driver (around 40 GeV) can also be used for generating a Neutrino Super-Beam to study Neutrino Oscillation (CERN, BNL, Fermilab). Also an intermediate-energy FFAG accelerator around 1 GeV with an average beam power of 10 MW has also been studied (Ruggiero). Such accelerator is useful for neutron production, energy production, nuclear waste transmutation, and similar. In the low-energy range of few 100’s MeV a Scaling FFAG is likely the ideal approach as it has been demonstrated at KEK and KURRI. But for larger energies, 1 GeV and higher, a Non-Scaling FFAG is most preferred because of the compactness of the magnets. 

(7) Ionization Cooling. This has been also a major topic of discussion during the workshop. Several projects indeed make us or propose such a technique in combination with FFAG accelerators. The performance of the ERIT project at KURRI clearly is based on such a technique. Ionization Cooling is also the only method available to reduce the muon beam phase space for the neutrino factory. It has also been proposed recently by C. Rubbia in connection to Beta beam ion production, a topic that was presented by D. Neuffer in the course of the Workshop.

Table 1. Scheduled Presentations

K. Mishima  
ADS Project at KURRI

Y. Mori
Development of FFAG

E. Froidfond
Magnet Design Studies for RACCOM

A. Takagi
150 MeV Proton FFAG

F. Meot
Numerical Tools for Spiral FFAG Design

A.G. Ruggiero
RF Acceleration by Harmonic Number Jump

J. Pastemak
Towards the variable energy extraction 



from a medical FFAG

E. Keil
Medical FFAG rings

G. Rees
Electron Model for a 3-10 GeV FFAG proton driver

A.G. Ruggiero
Recent work at BNL on FFAG accelerators for protons

K. Okabe
FFAG-ERIT R&D



Table 2. Ex-Tempore Presentations

D. Neuffer
Fermilab Proton Drivers

C. Prior
ISS requirements for NF PD

T. Yokoi
Variable Inj. & Ext. Energy in EMMA



S. Berg
EMMA

A.G. Ruggiero
SBIR

D. Neuffer
Low-Energy Ionization Cooling

A. Sato
FFAG projects at Osaka

E. Keil
Comment on HNJ

C. Johnstone
Constant-Tune Medical FFAG

