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Abstract 
At the Belgian company Ion Beam Applications (IBA), 

several in-house developed computational tools are used to 
simulate beam dynamics from a range of proton and elec-
tron accelerators. The main beam dynamics simulation tool 
is the “Advanced Orbit Code” (AOC), which integrates the 
equations of motion in any 2D or 3D magnetic field map 
with superimposed time variable or fixed electric fields. 
CLORIBA is the in-house closed orbit code for cyclotrons, 
which provides the tunes and isochronicity conditions for 
the isochronous cyclotrons. A tool developed especially for 
the super conducting synchro-cyclotron (S2C2) is the 
phase space motion code, which tracks energy, RF phase 
and orbit centre coordinates in the synchro-cyclotron. The 
calculation tools are described briefly and some examples 
are given of their applicability on the IBA accelerators.  

INTRODUCTION 
The computational tools at IBA are oriented towards 

three main categories of accelerators. The first types are 
isochronous cyclotrons, which operate at a fixed RF fre-
quency. The three most common isochronous cyclotrons 
are the 18 MeV proton cyclotron called the Cycloneâ 
KIUBE, used for production of radioactive F-18 [1], the 70 
MeV proton cyclotron called the Cycloneâ 70, mainly 
used for production of radiopharmaceuticals other than F-
18 (for ex. Sr-82) and the 230 MeV proton cyclotron the 
Cycloneâ 230. The latter is used in proton therapy sys-
tems. The second type of accelerator is the superconduct-
ing synchro cyclotron (the S2C2) [2], which is so far the 
only superconducting cyclotron at IBA and operates at a 
variable RF frequency (from 90 to 60 MHz). This acceler-
ator delivers a pulsed (1 kHz) 230 MeV protons beam with 
pulse lengths of 10 µs.  The last type of accelerator which 
will be covered is the rhodotron electron accelerator, which 
is a special arrangement of magnets around an accelerating 
cavity. This accelerator typically delivers a 10 MeV elec-
tron beam [3]. 

 
CALCULATION TOOLS 

The main beam tracking code used at IBA is the “Ad-
vanced Orbit Code” (AOC) [4]. This code was originally 
developed by W. Kleeven and solves the equations of mo-
tion for a range of particles (protons, electrons, etc...) rele-
vant to IBA accelerators. The independent integration var-
iable is the RF phase advance (t), which is related to time 
in the following way: 

	

𝜏 = 𝜔% & 𝑓(𝑡′)
,

%
𝑑𝑡., 

 

where 𝜔% is the angular RF frequency and 𝑓(𝑡.) is an arbi-
trary function of time. For isochronous cyclotrons 𝑓(𝑡.)=1. 
The differential equations are solved with a 4th order Runge 
Kutta integrator with variable step size. As input AOC can 
handle 2 or 3D static magnetic field maps, 3D potential 
maps on which a RF frequency is applied and static electric 
potential maps. In case of a 2D static magnetic field map, 
the magnetic field can be expanded around the median 
plane up to 3rd order. AOC is mainly used in studies related 
to extracted beam emittances, resonance studies and to op-
timize magnetic designs.  

At IBA an in-house closed orbit code called CLORIBA 
was developed. This code is available in both C++ and py-
thon (pyCLORIBA). The code uses the established algo-
rithm developed by Gordon [5] to determine the tunes and 
phase slip.  

A last computational code is called “phase space mo-
tion” and was developed especially for the S2C2. This code 
tracks the energy, RF phase, orbit centre coordinates and 
the vertical beam motion of protons in a synchro-cyclotron. 
It uses a 4th order Runge-Kutta integrator with adaptive 
step size and takes as input the harmonic components of 
the magnetic field map, the frequency sweeps as a function 
of time and the voltage profile as a function of time. 

The utilization of these three calculation tools will be il-
lustrated in the following paragraphs.  

  
ISOCHRONOUS CYCLOTRONS 

Closed Orbit Program 
The first step after the mechanical and electrical assem-

bly of an isochronous cyclotron is a magnetic mapping to 
ensure the isochronicity of the magnetic field, so that a con-
stant RF frequency can be applied and the beam is acceler-
ated up to full energy without beam losses. These measured 
2D maps serve as input to CLORIBA. A python script was 
developed which calculates the tune curves, the phase slip 
and the needed magnetic shimming which needs to be per-
formed to make the cyclotron isochronous. An example 2D 
magnetic map from the Cycloneâ KIUBE with the closed 
orbits on top of it is shown in Figure 1. The yellow regions 
in the centre of the poles are the regions where the “pole 
insertions” are placed. These are removable pieces of iron 
which can easily be machined to obtain isochronicity of the 
machine. The amount of machining of these pole pieces is 
directly calculated in pyCLORIBA based on the closed or-
bit analysis and magnetic perturbation maps calculated 
with the OPERA3D software. 
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Figure 1: (Upper) measured 2D field map of the Cyclone 
KIUBE with closed orbits shown in black. (lower) top view 
on lower half of the Cycloneâ KIUBE.  

Extracted Emittance Calculation 
AOC is often used to calculate the extracted beam emit-

tance from the cyclotrons. As an example, a typical layout 
of the Cycloneâ 70 cyclotron with associated beam lines 
is shown in Figure 2. 

 
In this figure, two closed orbits at 60 and 70 MeV are 

plotted together with the reference extracted beam path cal-
culated with AOC. Since this cyclotron accelerates H- ions, 
the extraction happens by stripping. The stripper position 
is optimized in AOC to have the extracted beam directed 
towards the switching magnet which is shown in the bot-
tom part of the figure. From the front of the switching mag-
net, envelope calculations of the horizontal and vertical 
beam are performed with the TRANSPORT code [6]. Cru-
cial for these envelope calculations are the input emittances 
at this position. Figure 3 shows the extracted beam emit-
tance from the Cycloneâ 70 at the level of the switching 
magnet as calculated with AOC. The calculated emittance 
is compared with measured emittances. The measurement 
was performed in one the beam transfer lines with the var-
iable quadrupole method. The comparison is fair for the 
vertical emittance, whereas the measured horizontal emit-
tance is much larger and can probably be attributed to a 
degraded stripper foil at the moment of the measurement, 
which is influencing to a large extent the horizontal quality 
of the extracted beam. 

 

 
Figure 2: (Upper) 3D view on the Cycloneâ 70 cyclotron 
with 1 switching magnet and 3 transfer beamlines at each 
side. (lower) top view on the cyclotron with in blue and red 
the closed orbits at 60 and 70 MeV. The red dot indicates 
the stripper position, the yellow line is the simulated ex-
traction path and the small green dot in front of the switch-
ing magnet is where the optics calculations with 
TRANSPORT start. 

 

 
Figure 3: Horizontal (top) and vertical (bottom) emittances 
out of the Cycloneâ 70. The red ellipse is fitted to the cal-
culated distributions and the black ellipse is the measured 
emittance. 
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THE SYNCHRO-CYCLOTRON (S2C2) 
Main Characteristics 

The S2C2 [2] (shown in Figure 4)  is a superconducting 
synchro-cyclotron with a central field of 5.7 T, accelerating 
protons up to 230 MeV. The RF frequency sweeps from 
around 90 MHz at injection to 60 MHz at extraction over a 
period of 500 µs. During another 500 µs the RF frequency 
sweeps the other way around, leading to a repetition rate of 
1 kHz. The beam pulses have a temporal length of about 
10 µs. In order to ensure longitudinal phase stability, a 
small acceleration (dee) voltage is applied of maximum 10 
kV. The intensity of the beam pulses is regulated by chang-
ing the dee voltage from 7 to 10 kV. 

 

 
Figure 4: Side view of the S2C2 

Simulation Challenges 
Because of the small energy gain per turn in a synchro 

cyclotron, the number of turns from injection to extraction 
is about 40000. To simulate the beam dynamics from the 
injection to extraction, a full detailed tracking in AOC 
would be very time consuming (e.g. a full tracking of 1 
proton takes about 20 minutes). Therefore the simulation 
was split into three parts. The injection part, where losses 
in the central region and the phase acceptance in the RF 
bucket are determined is simulated in detail with AOC, 
typically up to 5 MeV. The acceleration part, from 5 MeV 
up to close to the extraction energy (typically 225 MeV) is 
performed with a code called ‘phase space motion’. This 
code primarily tracks the energy, RF phase and the orbit 
centre coordinates. From these parameters, the RF bucket 
and the emittance can be evaluated at high energy (225 
MeV). In the tracking the following equations are inte-
grated: 

 
𝑑𝐸
𝑑𝑡

= 𝑒𝐹34𝑉34 sin(𝜑), 
𝑑𝜑
𝑑𝑡

= 2𝜋<𝐹34 − 𝐹>?, 
𝑑𝑥A
𝑑𝑡

,
𝑑𝑦A
𝑑𝑡
, 

  
where 𝐹34 and 	𝑉34 are the RF frequency and voltage, 𝜑 is 
the RF phase, 𝐹> is the particle revolution frequency (de-
pending on its energy and the average magnetic field) and 
𝑥A,	𝑦A are the orbit centre coordinates. These equations are 

integrated with time steps of 0.1 µs, which makes the inte-
gration much faster compared to a detailed tracking with 
AOC (about 5000 steps instead of several million).  

Finally, the extraction process is simulated again in de-
tail with AOC, where the input parameters for the beam are 
taken from the output beam parameters in the phase space 
motion code. 

In the following paragraph, the phase space motion code 
is described a bit more in detail.  

The Orbit Centre Coordinates 
Figure 5 shows the orbit centre coordinates of the closed 

orbits in the S2C2. The orbit centres of the accelerated pro-
tons will oscillate around these orbit centres.  

 
Figure 5: Closed orbit centre evolution in the S2C2. 

 
The equations of motion for the accelerated proton orbit 

centre coordinates are derived from the following Hamil-
tonian (see [7]): 

 

𝐻(𝑥A, 𝑦A) =
1
2
(𝜈F − 1)(𝑥AG + 𝑦AG) +

𝑟
2
(𝐴K𝑥A + 𝐵K𝑦A)

+ (𝐷N𝑥A + 𝐷O𝑦A)(𝑥AG + 𝑦AG)

+
1
4Q𝐴G +

1
2𝐴G

. R (𝑥AG − 𝑦AG)

+
1
2Q𝐵G +

1
2𝐵G

.R 𝑥A𝑦A

+
1
48𝑟 T𝐷K<4𝑥A

N − 3𝑥A(𝑥AG + 𝑦AG)?

+ 𝐷G(3𝑦A(𝑥AG + 𝑦AG) − 4𝑦AN)V + 𝜗, 
 

where the factor A, B, C and D are related to the harmonics 
of the magnetic field. The sub-indices are related to the har-
monic number and the ′ indicates a radial derivative. De-
tails on these parameters can be found in [7]. A more intu-
itive picture of this complex Hamiltonian is illustrated in 
Figure 6, where the Hamiltonian is plotted as a potential 
energy surface. As can be seen at 220 MeV, far below the 
extraction energy of 230 MeV the orbit centre coordinates 
are trapped in a potential well and the orbits are stable, 
whereas closer to the extraction energy (at 229.6 MeV), or-
bit centre coordinates can become unstable if they are far 
from the global minimum. This global minimum coincides 
with the orbit centre of the closed orbit, which is shown 
with the black dot. The small difference between the black 
dot and the global minimum in the coloured surface is due 
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to the fact that the closed orbit calculation takes into ac-
count all harmonics, whereas the Hamiltonian only up to 
the 3rd harmonic was taken into account. The main conclu-
sion from these plots is that when the accelerated orbits are 
too much off-centred (far from the closed orbit centre), the 
beam can be extracted at a lower energy. 

 

 
Figure 6: Illustration of the Hamiltonian describing the or-
bit centre motion in terms of a potential energy surface for 
2 energies: 220 MeV (far from extraction: stable orbit cen-
tre) and close to extraction at 229.6 MeV (orbit centres can 
become unstable for large off-centrings with respect to the 
closed orbit) 

Experimental Observations 
Some experimental observations were made when the 

S2C2 was attached to the proton gantry, which is a rotata-
ble beam line taking the proton beam from the accelerator 
up to the patient (see [8] for details). The gantry is a large 
spectrometer, where the dispersion is maximized near the 
end of the beam line and an energy selection can be made 
with a momentum slit. The proton gantry is an extremely 
sensitive equipment which shows small fluctuations in 
beam energy and intensity. 

A first experimental observation which was made on the 
prototype S2C2 is related to small energy changes of the 
proton beam when the dee voltage is changed. Figure 7 
shows the beam optics in the proton gantry at 230 MeV 
from the exit of the S2C2 up to isocenter. The green dashed 
lines are quadrupoles, the red shaded areas are dipoles and 
the blue lines are slits. The proton trajectories are color 
coded according to their energy. As can be seen, the disper-
sion is maximized on the last slit. At that place in the gantry 
we have a dispersion of about 140 keV/mm.  

 
Figure 7: Proton trajectories in the dispersive plane of the 
proton gantry. See text for details. 

The measured beam profiles at the level of the momen-
tum slit for two different dee voltage settings is shown in 
Figure 8. 

 
Figure 8: Beam profiles on the momentum slit in the dis-
persive plane. An energy shift is present for different dee 
voltages. 
 

 It is clearly seen that a small energy shift is present of 
about 200 keV. This effect could be explained by an inac-
curate cantering of the proton source at the centre of the 
S2C2. From simulations with AOC and phase space mo-
tion, it was seen that for different dee voltages, the orbit 
cantering at injection depends on the dee voltage when the 
source is not precisely positioned. Since it is clear from the 
right part of Figure 6, different off-centrings for different 
dee voltages can lead to a different extracted beam energy 
(since the orbit centres become unstable at a different mo-
ment of the acceleration) When the source is accurately po-
sitioned, this effect is largely suppressed. 

A second observation is shown in Figure 9. The upper 
figure shows the frequency sweep near the extraction fre-
quency as a function of time. The lower figure shows the 
“normal” situation, where the beam pulse is extracted at the 
extraction frequency. The middle figure shows extracted 
beam pulses which are observed before and after this ex-
traction frequency. These observations were made with a 
highly sensitive diamond detector. 

The origin of these beam pulses was found from the 
phase space motion code. Figure 10 shows the origin of the 
problem. It concerns protons which are lost from stable RF 
bucket very close to the extraction frequency. This can be 
seen in the middle figure, where a proton is lost at 228 
MeV. The phase space motion code can track this proton 
for another RF period. Fast energy oscillations are ob-
served and at times when the proton revolution frequency 
coincides with the RF frequency, a short acceleration (or 
deceleration) can be observed before the fast energy oscil-
lations set in again. Another resonance effect is seen in the 
orbit centre coordinates at a RF frequency fY = fZ±(υ\ −
1)fZ where fZ is the protons revolution frequency and υ\ is 
the horizontal tune. This resonance condition can be under-
stood from the structure of the equation of motion of the 
orbit centre coordinate: 
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𝑑𝑥A
𝑑𝜃 = (𝜈F − 1)𝑦A + (…) + 𝛽G𝑥A + (… ), 

 
where the term 𝛽G	𝑥A is responsible for this resonance: 
𝛽G	oscillates with the same frequency as the energy: 
	(𝑓 − 𝑓>) and 𝑥A	oscillates with the frequency	(𝜐F − 1)𝑓>.  

 

 
Figure 9: (Upper) detail of the RF frequency sweep near 
the extraction time (middle) observed extracted beam 
pulses in the cases beam losses are present inside the S2C2 
close to the extraction energy. (lower) extracted beam 
pulse when the beam is accelerated up to the end without 
losses near the end. 

 
From the bottom part of Figure 10 it can be seen that 

when the resonance in the orbit centre coordinates is large 
and the proton is close to the extraction energy, the orbit 
off centering can become so large that the orbit centre co-
ordinate enters into the unstable region and the proton will 
leave the S2C2.  

 
THE RHODOTRON (TT50) 

Figure 11 shows a simulated layout of the TT50 rhodo-
tron. This electron accelerator brings electrons up to 10 
MeV. The electrons are accelerated by a central cavity and 
are bend back towards the cavity after each passage by 
magnets which are located in the circumference of this cav-
ity. There are 9 magnets in total with field level from 1000 
to 5000 Gauss. Since the most powerful magnet is located 

right next to the electron gun, where the electron has a low 
energy, any fringe field from this magnet can influence the 
trajectory of the electron beam and potentially induce im-
portant losses. Since the TT50 rhodotron deals with beam 
currents up to 10 mA, beam losses have to be avoided. At 
the same time, the TT50 magnets were made from perma-
nent magnets, which are fixed in strength. Other rhodo-
trons use electromagnets, where beam tuning can more eas-
ily be done.  This contributed to the uncertainty on the 
beam dynamics and stability during the design phase of the 
TT50. Therefore, the AOC code was updated to incorpo-
rate full 3D fields (from the permanent magnet bend di-
poles) which can be positioned in 3D space as needed. As 
such a full model was created of the TT50 and all magnetic 
effects and possible perturbations (in magnet position, 
strength, tilt, etc...) could be simulated. Full details on this 
work can be found in [3]. 

 

 
Figure 10: (Upper) 1 period of the frequency sweep (1 ms) 
with the “synchronous” extraction frequency (fs) indi-
cated. (middle) fast energy oscillations of a proton which 
is lost (desynchronized) close to the extraction frequency. 
(lower) orbit centre coordinates of the desynchronized pro-
ton. Resonances are observed at specific frequencies, coin-
ciding with the observed beam pulses. 
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Figure 11: View on the simulated TT50 rhodotron: 9 mag-
nets surrounding a central cavity, the electron gun and sev-
eral correction coils. The orange line is the simulated elec-
tron beam in AOC. 
 
BEAM LINE SIMULATIONS WITH AOC 
Thanks to the developments on the AOC code related to 

the TT50, it has become possible to construct full beamline 
models in AOC and to track particles in a sequence of full 
3D maps of quadrupoles, dipoles, steering magnets, etc... 
As such, the proton gantry was simulated in AOC. Figure 
7 shows the proton trajectories at 230 MeV from the S2C2 
exit up to isocenter. A benchmark simulation for the AOC 
model of the proton gantry consists in the scanned beam 
pattern at isocenter. In this case, the proton beam is scanned 
by two perpendicular scanning magnets in between the last 
two dipoles. As such, a pattern is built at isocenter over an 
area of about 15x20 cm2. Due to imperfections in the dipole 
field of the last bend magnet (which has a large aperture), 
the scanning pattern at isocenter is slightly distorted. This 
distortion is not clearly visible in the pattern shown in Fig-
ure 12, but careful analysis shows deviations from the re-
quired position of up to 2 mm. This effect is known as the 
“pillow effect” and can be compensated by small correc-
tions on the scanning magnets. The simulation of this pil-
low effect is a stringent test for the accuracy of the tracking 
code and the 3D magnetic field map of the last dipole. 

 

 
Figure 12: The “pillow” effect of the scanned beam at the 
isocenter, simulated with AOC. 
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