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Abstract.  The variable energy extraction is necessary for medical applications of the FFAG accelerators. We discuss the possible solutions for variable energy extraction both in scaling and nonscaling medical FFAGs. Then we propose a accelerator chain consisting of a cyclotron with extraction energy adjustable via H- stripping and a spiral FFAG, which has a property of a variable energy operation. Finally we present the parameters for the spiral medical FFAG.   
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Introduction

Accelerators for hadrontherapy are being operated and constructed worldwide. There are several proposals for medical applications of the FFAG (Fix Field Alternating Gradient) accelerators [1]. In the FFAG type accelerator magnetic fields remain constant with time but beam moves towards outside of the ring during acceleration. This implies that different energies correspond to different extraction radii, see Fig 1. The fact that magnetic fields are static enables  higher repetition rate compared with conventional synchrotrons. It is believed that FFAG type of medical accelerator can work in the so called active scanning mode, employing the so called bunch to pixel principle with the repetition rate about 100 Hz. Any accelerator complex for hadrontherapy requires a possibility to change the final energy as beam penetration inside a human body and in particular the depth of the Bragg peak, which should be located inside the irradiated tumor, depends on energy. The issue of variable energy operation for medical FFAG is of primary importance.
Proposals for Variable Energy Operation
Several solutions for the variable energy operation for the medical accelerator complex may be considered: 

· Phase shifter (energy degrader) - material which intercepts the beam extracted from a fixed energy accelerator. The variability of energy is achieved by changing the thickness of the material.
· k change in the scaling FFAGs - defined by the formula 
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. This parameter governs the machine optics and in particular the radial orbit excursion with energy. Beam is injected at the constant energy and radius and every extracted energy corresponds to different k, which implies different optics  (tunes).
· Change of magnetic field together with change of injection energy such that the ratio of magnetic rigidities at injection and extraction remains constant. 
· Extraction system with variable kick strength and possible with variable bump.
· Extraction in the vertical plane.


The application of the phase shifter as the only method of the energy change  leads to an increase of the energy spread of the beam. This affects the treatment precision and should be avoided. Nevertheless a modest phase shifter (less than 20 MeV) used on top of  the variability of extraction energy may still be of interest. In such a scenario extraction energy is tuned for the maximum required penetration and a modest depth scan is made by the phase shifter. Beam degradation is limited due to the small absorber thickness and the variable energy operation is simplified. In particular it may be very fast.
The use of the extraction system with variable kick strength may completely remove the need for a phase shifter and enable the variable energy extraction pulse by pulse. This scheme is of particular interest for nonscaling FFAGs due to  very small orbit excursions.

Both scenarios where a change of the magnetic field is taken into account (k change or change of the B field together with the injection energy) seem to be rather slow and are not supposed to allow pulse by pulse variability. 
The extraction in the vertical direction would be very difficult in scaling FFAGs due to relatively large orbit excursions.
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Figure 1.  Visualization of  the variable energy extraction problem – different energies correspond to different radii.

change of magnetic field

The change of the field index k may be used to achieve variable energy operation in scaling FFAGs. The injection energy and radii both for injection and extraction are fixed. The disadvantage of this method is the change of the machine optics (tunes). This leads to a change of the phase advance between kicker and septum in the extraction system, makes injection more difficult and may have an impact on beam dynamics. In particular, the change of tunes may not allow for continuous energy variability as tunes approach the resonance conditions. On the contrary, machine would rather be operated at discrete working points on the tune diagram.  
The scenario with simultaneous change of the magnetic field and the injection energy in such a way that the ratio of magnetic rigidities at injection and extraction remains constant, keeps the machine optics unchanged. This means that the machine operates at the same working point for all energies with the same phase advance per cell. The radii at injection and extraction are fixed, but both injection and extraction energies vary. This method may be applied for both scaling and nonscaling FFAGs. In the case of scaling FFAGs, the change of the magnetic field corresponds to a variability of B0 in the fundamental formula:
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The disadvantage of this scheme is a need for the variable energy injection. In the case of a protontherapy machine, this problem may be solved by placing a H- cyclotron as the injector for the FFAG. The variability of the injection energy for the main FFAG ring  may be easily achieved by applying the charge exchange extraction from the cyclotron [2, 3] with a movable foil. The radial position of the stripping foil in the  cyclotron is used to select the energy and its axial position together with the setting of the bending in the downstream transfer line, is used to match the beam position and divergence. 

The magnetic fields in the cases of k and B0 change in the scaling FFAG, are shown in Fig. 2.
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Figure 2.  Magnetic field in a scaling FFAG for 3 different extraction energies in the case of the variable k (red, dashed lines) and the variable B0 (blue, solid ones), respectively.
Spiral FFAG for protontherapy
The spiral type of FFAG seems to be of particular interest for protontherapy applications. The simple structure of the periodic cell in the spiral FFAG consisting of a single magnetic element with a positive bending only and the vertical focusing achieved with a help of spiral edges, makes this type of accelerator very compact and cost effective.
We study the spiral FFAG for protontherapy  applications with maximum extraction energy of 180 MeV. We assume that the variability of energy can be achieved by combination of B0 change simultaneously with varying the injection energy using a  H- cyclotron  as an injector, as described in the previous section. Moreover the modest phase shifter and the extraction system with variable kicks may be used to achieve  pulse by pulse energy variability.
 The parameters of  the machine consisting of 6 cells are listed in Table 1 and Twiss functions for this particular solution are shown in Fig. 3. The linear optics in the spiral FFAG is calculated with the help of the matrix method with the Enge model used for the edge focusing [4]. The 6 cell solution turns out to be very compact, which may already sets strong requirements for extraction kicker rise time. The relatively low vertical tune is dictated by the need to limit the spiral angle (.  The search for optimized solutions with 6 ,8 and 10 cells are under study.  
[image: image5.jpg]5 [m]

°><\

s [m]

2.5




Figure 3.  Lattice functions for the spiral FFAG for medical applications.

	TABLE 1. Parameters of the 6 cell spiral FFAG.

	k
	3

	(
	46(

	Rmax
Rmin
(Qx, Qy)
Bmax
Packing factor

Injection energy

Extraction energy
	2.45 m
1.81 m
(2.72, 0.82)

1.6 T

0.5

8-17 MeV
88-180 MeV


SUmmary

We propose the chain of the spiral FFAG with a H- cyclotron with the variable energy charge exchange extraction used as an injector. Simultaneous change of the proton beam injection energy and the magnetic field in the FFAG will allow for the variable energy extraction at the constant radius of the final beam for the proton therapy treatment. Applicability of the beam produced by such facility for medical applications is under investigations.
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