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INTRODUCTION  

A cyclotron accelerates charged particles along a spiral path from the 

center to the extraction radius. The increase of speed takes place in the 

acceleration gap while the circular path comes from the magnetic field in 

the hollow electrode chambers (Figure 1). One type of cyclotrons are the 

"Isochronous cyclotrons". "Isochronous" means that the particles reach the 

acceleration gap always after the same time interval. This can be obtained 

by compensating the relative mass increase with a radial increasing B field.  

COMET - the isochronous "Compact Medical Therapy" - cyclotron 

which is used for proton therapy at the Paul Scherrer Institute in Switzerland 

has an extraction energy of 250 MeV. The energy variation of the extracted 

beam is done by a degrader which reduces the energy into a range of 70 to 

250 MeV. The reduction comes to a few side-effects: Increase of emittance, 

decrease of transmission, more activated components and a higher dose for 

the staff. If it is possible to extract a lower-energy beam from COMET, less 

degrade would be necessary. 

 

 
Figure 1. Schematic structure of a cyclotron [1] 
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The compounded B field is the sum of the B field made by the coil 

(red dotted line) and the B field made by the iron (blue dotted line). The 

shape of the resulting B curve is depending mainly from the shape of the 

coil's B field (Figure 2). For this reason a second coil was used for a lower-

energy beam simulation. 

 

 

Figure 2. Composition of the B field as a function of radius r of the 

isochronous cyclotron COMET. Bcoil = dotted red line, Biron = dotted blue 

line, Bcompound = solid line 

 

MATERIAL AND METHODS  

The B field distribution was simulated with the two-dimensional 

finite-element programs Mesh 6.1©2008 and PerMag6.5 ©2007 (Field 

Precision) based on detailed geometry of the COMET cyclotron. As a first 

step the existing coil geometry was simulated. The B field results in the 

angular velocity    of the protons by 
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The phase shift per turn between the high frequency field of the 

electric acceleration gap and    can be calculated by  
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The goal was to find a beam with E<250 MeV at extraction radius 

with a minimal phase shift Φ: 
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The energy spread of the resulting beam was minimized by tuning the 

starting phase. According to Blosser [2] one gets the minimal energy spread if 

∫    ( ( ))    
 

 
       (4) 

Having found a result for the 250 MeV beam, the coil pair was split 

into two (Figure 3). There are four different ways to realize a B field under 

isochronous conditions with two main coils.  

1. Variation of the coil position: There is an ample scope for the location 

of the coil pairs. It is necessary to find the best position by changing 

their distance to the borders of the iron, their dimensions and their 

amount. 

2. Variation of the current ratio: If it is possible to have two different 

currents like a small and a great one, smaller changes in the profile of 

the beam curve are possible. 

3. Variation of the total current: The variation of the total current comes 

to the increase or decrease of the total magnetic flux density. 

4. Variation of the high frequency: A small variation of the high 

frequency fits the simulated B curve to the ideal one and to the second 

simulated B curve. 

 

 

Figure 3. Schematic view on one quarter of COMET with tangential splitted 

main coils. The purple middle line symbolizes the beam plane (symmetry 

axis) and the arrows the analysed B field direction. The area within the 

dotted box is zoomed in Figure 4. 
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RESULTS  

The best result for a 250 MeV beam which is isochronous to a lower 

energy beam was found by a tangential split of the existing coil pair, 

reduction of the dimensions and postponing a few centimetres away from 

the beam plane. The following simulation (Figure 4) shows the old position 

of the coil pair (dotted) compared to the positions of the two "new" coil 

pairs. 

 

 

Figure 4. Zoom into the area mentioned in Figure 3. Dotted line shows the 

position and dimension of the coil in the existing COMET (for extraction of 

250 MeV). Purple and red lines define the two new coil positions 

 

Reducing the current in the upper coil by ~20 % and increasing the 

current in the lower coil by ~9 % comes to a beam with 240.1 MeV at 

extraction radius. The resulting B curves as a function of r are shown in 

Figure 5. 

 

 

Figure 5. The magnetic flux density of a 250 MeV beam in comparison to 

the magnetic flux density of a "new" 240 MeV beam over radius 



 

536 

 

The resulting phase (Figure 6) between these two beams comes to a 

range of -25° to +38°. With this result the particles should be accelerated 

until the extraction radius.  

 

 
Figure 6. Phase shift as a function of energy 

 

The minimal energy spread of 
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   = 0.066     (5) 

was found with a starting phase of 11.4°. 

 

SUMMARY AND CONCLUSION  
The goal was to find B field conditions for an isochronous cyclotron 

which has a lower extraction energy at the same radius as the 250 MeV 

beam. This study shows a way to extract a second beam with small changes 

in the design of COMET. For more precise results it is necessary to repeat 

the simulation with a 3D-capable software with higher spatial resolution 

including the coil heating influence. That would be the next step in this 

feasibility study which would also include the simulation with extraction 

energies in a range of 230-235 MeV. 
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At Paul Scherrer Institute, Villigen, Switzerland, protons are 

accelerated for the proton therapy by a 250 MeV isochronous cyclotron. As 

for radiotherapy less energy is required (about 70 MeV) a carbon degrader 

reduces the extracted beam energy. This involves the increase of emittance, 

decrease of transmission, more activated components and a higher dose for 

the staff. By extracting a lower energy beam from the cyclotron, less 

degrade would be necessary and the above mentioned side-effects could be 

minimized. A possible solution could be to extract two energies from the 

cyclotron, 250 MeV for very deep located tumours and 230-235 MeV for 

others. A technically easy and affordable solution for this problem might be 

a two-energy cyclotron controlled by just two pairs of main coils. The 

feasibility of this solution has been analysed in this study. 

The compounded magnetic flux density B is the sum of the coil's and 

the iron's flux density. The amount caused by a coil is mainly responsible 

for the shape of the compounded flux density. Therefore a split of the coil 

pair was simulated to obtain more possibilities in the adjustment of a lower-

energy beam to its ideal isochronous shape. The result is a simulated 

isochronous 240 MeV beam which was found with an tangential split of the 

coil pair, their repositioning and the increasing of current in the first coil 

pair and decreasing in the other one. The tangential split seemed to reduce 

the problem of the irons linear share of B. This feasibility study is seen as a 

first step before using 3D-capable software which considers a higher spatial 

resolution and the influence of temperature. 
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