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The cyclotron was invented back in the 1930th and is one of the first resonant accelerator concepts. Cost effective cyclotrons are used today in a broad variety of industrial applications with low and medium beam-powers. However, the resonant acceleration principle and the continuous wave operation mode also permit the production of very intense beams with cyclotrons. In particular the TRIUMF cyclotron with 200 kW beam power and the PSI Ring Cyclotron that generates 1.3 MW are examples of high intensity cyclotron accelerators. In this article we describe basic aspects of cyclotrons optimized for this purpose as well as practical experience gained in the PSI facility.
1.    Basic Concepts of Cyclotrons
The cyclotron is a classical example for the principle of resonant acceleration of charged particles. The classical cyclotron consists of two D-shaped hollow electrodes and a magnet producing a vertically oriented bending field. Ions generated in a central ion source are repetitively accelerated by an RF voltage that is applied to the Dee’s. First operating cyclotrons were built in the 1930’s by Lawrence and Livingston [1]. Disadvantages of the original concept are the monolithic layout and the lack of sufficient vertical focusing.
To overcome these difficulties today’s high intensity cyclotrons are realized as modular accelerators that consist of sector magnets for bending and RF resonators to accelerate the beam. Sufficient vertical focusing is achieved by utilizing two effects, the periodic variation of the bending field strength in sector magnets and intermediate gaps, and by edge focusing at magnet boundaries. Edge focusing is enhanced by introducing a spiral magnet shape. The principle of the azimuthally varying field (AVF) cyclotron was proposed by L.H. Thomas in 1938, and it was implemented already in compact cyclotrons by appropriate shaping of the single magnets pole. In a sector cyclotron with spiral magnets the squared vertical betatron frequency is given approximately by the relation:
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Here, F is the relative mean squared variation of the bending field along the circumference, the so called flutter factor and ( the mean spiral angle of the magnet boundaries. In order to allow continuous acceleration at constant RF frequency (revolution time) the average magnetic field varies with radius as 
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. This condition of isochronicity gives rise for the negative first term in (1). Without Thomas- and edge-focusing stable vertical orbits would not be possible. Besides such beam dynamics arguments the sector cyclotron exhibits several technical advantages.
2.    The PSI High Intensity Proton Accelerator Facility

2.1.    The accelerators

The PSI High Intensity Proton accelerator facility consists of a Cockroft-Walton pre-accelerator and a chain of two cyclotrons. A continuous proton beam is pre-accelerated to 870 keV. The beam is then bunched to a 50.63 MHz continuous-wave (CW) structure using a buncher cavity superimposed by a 3rd harmonic to linearize the bunching voltage [3]. The 2.2 mA of protons left after bunching and collimation are further accelerated to 72 MeV in the Injector 2 Cyclotron and then transferred to the Ring Cyclotron. The final beam energy is 590 MeV at a beam current of 2.2 mA in standard operation in 2009. The beam power amounts to 1.3 MW which is at present the highest average beam power generated by any proton accelerator. In both isochronous cyclotrons the revolution time of the particles is kept constant throughout the acceleration process, although their velocity is changed significantly. In consequence, the orbit radii vary strongly, e.g. from 2.1 m to 4.5 m in the PSI Ring Cyclotron. Vacuum chamber and dipole magnets have to accommodate this large lateral variation of the beam position. This fact is often considered as a disadvantage of the cyclotron concept in comparison to a synchrotron. For high power beams it actually presents also an advantage because it allows the individual turns to be separated and to continuously extract the beam from the cyclotron. For the purpose of extraction the electrode of an electrostatic deflector is placed in-between the orbits of the last two turns. Scattering of protons from beam tails in this electrode is the most severe loss mechanism in a high power cyclotron.

2.2.    Targets and experimental facilities

At PSI the 590 MeV beam is used to produce pions and muons by interaction with two graphite targets. After the second target, with a thickness of 40 mm, a fraction of 30% of beam current is lost because of nuclear reactions, Coulomb scattering, and subsequent collimation. The remaining beam is transferred to the neutron Spallation source SINQ to produce neutrons in a target that contains lead filled Zircaloy tubes. The research based on the PSI proton accelerator covers a broad range of applications involving neutron scattering experiments, muon spin resonance spectroscopy and particle physics experiments. [image: image5.wmf]For the purposes of neutron production a high beam power is particularly important to maximize the neutron flux. The total electrical power consumed in the PSI facility is 10 MW when the full beam power of 1.3 MW is produced. From that the overall efficiency of the PSI facility is approximately 13%. At zero beam current but with magnets and RF systems in operation there are still 8 MW drawn from the grid. Many of these magnets and other auxiliary systems contributing to the power balance are not needed for the basic accelerator operation.
2.3.    Performance and limitations of the PSI-proton accelerator

The intensity limitation of the PSI facility is given by the beam losses that cause activation and potentially limit the serviceability of the accelerators. Intensity upgrades were realized only if the relative beam losses could be lowered in proportion, thus keeping the absolute losses constant. Over the long term history of the accelerator the typical collective radiation dose received by the personnel during maintenance and modification of the accelerator was continuously decreased. With respect to activation the critical components in a high power cyclotron are the extraction elements and the magnets in the subsequent beamline. The electrostatic deflector channel of the PSI Ring Cyclotron employs an inner electrode that consists of 50 (m thick tungsten foils, which are placed between the last and the second last turn. Protons in the beam tails may hit the tungsten foils and as a result of scattering and energy loss these particles are separated from the beam core and hit components in the extraction beamline. The activation levels in this region amount to several mSv/h with a local peak value of 9 mSv/h. Under optimized conditions the losses in the extraction beamline are at the level of 2·10-4 relative to the total beam current. In order to keep those losses at a minimum the generation of beam tails originating from space charge effects is minimized. Joho has argued convincingly that the extraction losses are a strong function of the number of turns in the cyclotron, and in fact they scale with the third power of the number of turns [4]. Under the constraint to keep the absolute losses constant, the beam current was raised in inverse proportion to the third power of the number of turns in the Ring Cyclotron, as shown in Fig. 3b.

[image: image3]Evidently, the number of turns can be decreased by raising the gap voltage of the accelerating structures, i.e. the RF-cavities. Hence, the most important upgrade of the PSI-proton accelerator in order to reach higher beam currents is the installation of more powerful resonators. During the shutdowns between 2004 and 2008 the 4 original aluminium resonators were successively replaced by 4 new structures made of copper. The new resonators allow higher gap voltages and thus a reduction of the turns from 202 to only 186 at present. This has led to a significant reduction in the extraction losses by a factor of 2 (Fig. 3a).
2.4.    Operation statistics and reliability
The operation of the PSI proton accelerator is characterized by sudden interruptions, with durations ranging from 30 seconds to failures which require repair before restart. Most of the short term interruptions in the PSI-facility are caused by high voltage breakdowns of the electrostatic elements which deflect the injected and extracted beam. Other triggers of the interlock system are intermittent spikes in the loss rates or trips of the RF system. In most cases the system that triggered the interruption is automatically reset and the beam current is ramped up again within 30 seconds. Therefore, the minimum time required for recovery is determined by the ramping procedure even though triggers may only last for a few milliseconds. In order to quantify the trip statistics we have [image: image6.png]1 GeV /10 mA beam to target
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analyzed the run periods in 2007 and 2008 [5, 6].
Fig. 4 shows integrated histograms for the statistical occurrence of run and interruption periods. At the very left end of each graph the total number of interruptions a) respectively runs b) per day can be extracted. The overall availability of the PSI accelerator is defined as the ratio of delivered and scheduled run time. Over the past two years the average availability was 90% which presents a relatively good performance in comparison with other high power accelerators. The total trip rate in 2008 was (20/d versus (60/d in 2007.
2.5.    Upgrade to 1.8 MW

The PSI facility follows an upgrade path to further increase the beam power to an ultimate level of 1.8 MW at a beam current of 3 mA. Since the Ring Cyclotron has now been equipped with more powerful resonators (Fig. 5) the Injector Cyclotron will be upgraded with two additional accelerating resonators [7]. Those resonators will replace the two existing 3rd harmonic flattops. Because a short bunch length was achieved using a recently added 3rd harmonic buncher in the 870 keV injection beam line, the flattop resonators are redundant. Due to strong space charge effects the bunches will stay compact in circular shape [3]. This fact and further reduction of the turn number will enable us, also for this cyclotron, to reduce the losses and to enhance the beam quality. Analog, the installation of a 10th harmonic buncher between the Injector and the Ring Cyclotron will improve the quality of the beam injected into the Ring[image: image7.jpg]


 Cyclotron.
3.    Proposal for a 10 MW cyclotron

With 1.3 MW power at a beam energy of 590 MeV the presently operated facility has reached a performance less than one order of magnitude below the useful range for accelerator driven systems (ADS). For a facility with 10 MW beam power the relative beam losses have to be reduced further. This can be achieved by even faster acceleration in the main cyclotron in combination with a larger extraction radius. 
In Ref. [2] a proposal has already been worked out for a 1 GeV/10 MW cyclotron which is in principle an up-scaled version of the presently operating PSI machine. The proposed cyclotron employs 12 sector magnets with 8 embedded accelerating resonators to be operated at peak gap voltages of 1 MV. The projected number of turns would then be around 140. Because of relativistic effects the energy of 1 GeV seems to be the ultimate limit for an isochronous cyclotron. On the other hand, there exist no definite limits for the beam power, although at some point technical challenges will arise from limitations in the power couplers of the accelerating resonators. The limited maximum energy would not pose a problem to an AD system based on a cyclotron because the neutron production rate in a spallation source is not a strong function of energy but scales almost linearly with beam power. In Fig. 6 the concept for a 10 MW/1GeV cyclotron is shown with only slight modifications compared to the original proposal by Stammbach et al. In comparison to the original proposal it is suggested here to use a 10th harmonic buncher in the transfer line between the Injector cyclotron and the booster cyclotron to provide a short bunch for injection into the main cyclotron. This will relax the requirements for 3rd harmonic resonators or even make them obsolete. In the case of nine accelerating cavities the average energy gain per revolution would be ~7 MeV.
[image: image8.wmf]The higher energy gain will lead to a large turn separation at extraction in an isochronous field of the 1 GeV cyclotron. In addition, the beam should be accelerated into the fringing field to further widen the turn separation. Large turn separation at the electrostatic elements will improve also their trip rate. Fault tolerance against RF trips can be achieved by an automated redistribution of the RF power, thereby guaranteeing a constant integral gap voltage even when a single resonator fails. Because of geometrical and technical restrictions the energy gain factor in a sector cyclotron is limited. For the 10 MW facility as shown in Fig. 6 we propose a three stage design, where an injector cyclotron produces a 120 MeV beam for injection into the main cyclotron. In this injector cyclotron four resonators operated at 44.2 MHz and a peak voltage of approximately 600 kV would be sufficient to push the maximum beam current up to 10 mA. Pre-acceleration of the protons will be accomplished by a radio-frequency quadrupole rather than a Cockcroft-Walton as currently used at PSI. Since wall losses scale quadratically with the gap voltage it is more efficient to distribute the total circumference voltage over many resonators. Assuming about 5 MW power for the magnets and auxiliary systems, the power conversion efficiency of the 1 GeV / 10 MW cyclotron would thus be dominated by the RF-system. If the AC to RF conversion is optimized to 75%, the overall efficiency would be around 35%.

[image: image4]
4.    Summary

The resonant acceleration principle and the continuous operation mode with constant bending fields and RF frequency make the cyclotron concept a good candidate for high intensity ion beam production. With 1.3 MW power at a beam energy of 590 MeV the PSI-facility has reached a respectable performance which can still be improved by further upgrades to 1.8 MW. This is already within the useful range for experimental AD systems. For the cyclotron based facility as well as with other accelerator concepts it will be difficult to achieve the very low trip rates of 0.01 d-1 that are desirable for AD systems. Measures like redundancy of vital systems and the operation of components at conservative parameters would improve the situation. As a next step in cyclotron development the design of a facility that provides a 1 GeV/10 MW beam with improved reliability seems feasible. 
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Table 2: Parameters for the proposed 1 GeV / 10MW proton driver in comparison to the existing PSI 590 MeV / 1.3 MW Ring Cyclotron.


Parameter�
1 GeV Ring�
PSI Ring�
120 MeV Inj.�
PSI Inj.�
�
kin. energy�
1000 MeV�
590 MeV�
120 MeV�
72 MeV�
�
max. current�
10 mA�
2.2 mA�
10 mA�
2.7 mA�
�
magnets�
12�
8�
4�
48�
�
max. field�
2.1 T�
1.1 T�
1.3 T�
1.2 T�
�
Cavities�
8 (9)�
4�
4�
2�
�
Peak voltage�
1 MV�
0.8 MV�
0.6 MV�
0.3 MV�
�
Frequency�
44.2 MHz�
50.6 MHz�
44.2 MHz�
50.6 MHz�
�
3rd harm.res.�
2(1)�
1�
���
2�
�
peak voltage�
650 kV�
460 kV�
���
40 kV�
�
harm. number�
6�
6�
10�
10�
�
inj. energy�
120 MeV�
72 MeV�
1.2 MeV�
0.87 MeV�
�
inj. radius�
2.8 m�
2.1 m�
0.6 m�
0.4 m�
�
extr. radius�
5.7 m�
4.5 m�
4.0 m�
3.5 m�
�
turns�
140�
186�
68�
86�
�
E at extraction�
6.3 MeV�
2.4 MeV�
2.3 MeV�
1.4 MeV�
�
Beam power�
10 MW�
1.3 MW�
1.2 MW�
0.2 MW�
�
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Figure 4: a) The number of interruptions per day lasting longer than t scale inversely in contrast to b) the number of run periods longer than t [5].
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Figure 6: Schematic view of a proton driver based on two isochronous sector cyclotrons. An RFQ would act as a pre-accelerator. A similar proposal for the Ring Cyclotron on the right hand side of the figure was given by Stammbach et al. [2]
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Figure 5: One of the 4 new copper resonators before installation into the Ring Cyclotron. The resonators operate at a frequency of 50.63 MHz and provide a maximum gap voltage of 1.2 MV. 
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Figure 3: a) Scaling of the beam losses as a function of current. b) Maximum beam current extracted from the PSI-Ring Cyclotron as a function of the number of turns. The linear fit within the double logarithmic diagram nicely confirms the scaling law Imax ~  n-3.
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Figure 1: View of the PSI high intensity proton facility including the experimental facilities, i.e. the secondary beamlines for meson production and the neutron Spallation source SINQ.
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