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Abstract 
A high power cyclotron is a good candidate as a driver 

of the accelerator driven system for the transmutation of 
long lived nuclear wastes. In this work, a simulation code 
has been developed for describing the beam dynamics in 
the high power cyclotron. By including higher order terms 
in transverse transfer matrix and space charge effects, we 
expect to describe the beam motion more accurately. The 
present code can describe equivalent orbit at each energy, 
calculate the tunes, and also perform multi-particle track-
ing. We report the initial results of the code for the simu-
lation of a 13 MeV cyclotron. Lastly, an upgrade plan is 
discussed to add more features and to increase calculating 
efficiency. 

INTRODUCTION 
In Korea, nuclear energy occupies about 40 percent of 

the electric power production. It can be a solution to the 
energy problem that we are facing these days before 
commercializing nuclear fusion energy. But one of the 
difficulties is that expanding nuclear power plant as the 
nuclear power is dangerous when natural disaster occurs, 
thus, high-level radioactive waste that has a half-life of a 
few hundred thousand years is created. To transmute from 
high-level radioactive waste to short-lived radioisotope, 
development of high power cyclotron which is part of 
ADS (Accelerator Driven System) is very desirable. 

 
Figure 1: 13 MeV cyclotron. 

As benchmark study for the simulation code, we simu-
late beam dynamics in KIRAMS 13 MeV Cyclotron 
(Fig. 1). The KIRAMS 13 MeV Cyclotron has four sector 
magnets and a RF cavity where it has its frequency of 
77.3 MHz, Ion sources are producing proton beam and the 
beam current is 80 μA. The EO Code (Equilibrium Orbit 
Code) including beam tracking function is written by 
Matlab to demonstrate equilibrium orbit of multi-particle 
beam. This code uses Runge-Kutta Gill method to solve 
integration of the canonical equations of motion. This 
code does not yet include acceleration effect, but the con-
ventional way of adding small energy is adopted. So the 
present code can describe equilibrium orbit at each energy 
level, and we can analyze various physical parameters 
such as equilibrium orbit, phase space, phase error, beta-
tron tune, resonances and Twiss parameters. 

In the future, we will add acceleration effect and algo-
rithm of space charge effect in EO Code. 

BEAM TRACKING 
The magnetic field distribution (Fig. 2) is designed by 

OPERA-3D.   

 
Figure 2: Magnetic field distribution with respect to r and 
θ. 

The characteristic of EO Code is based on the integra-
tion of the canonical equations of motion [1]. EO Code 
uses Runge-Kutta Gill method to calculate differential 
equations of motion. EO Code consists of several steps. 
First, this program calculates equations of motion which 
are r, pr, x and px as a function of θ. Second, this program 
checks whether closed orbit is made or not. If closed orbit 
is not made, the program increases r and pr of particle and 
iterates to find closed orbit of particle. If a closed orbit is 
made, the program then calculates the equations of mo-
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tion in the z and pz. Third, the program proceeds to the 
next orbit of the iteration process by increasing energy of 
particle. This process repeats until our target energy. Fi-
nally, we can calculate various physical parameters when 
this iteration process ends. = ,                                     (1) = ( − ) ,                        (2) = + ,                             (3) = − − + ,                  (4) = ,                                  (5) = − .                        (6) 

 
Figure 3: Equilibrium orbit of beam. 

DATA ANALYSIS 
Using the EO code, we can analyze a variety of physi-

cal parameters (i.e., equilibrium orbits, phase space distri-
butions, betatron tunes and resonances, etc.)  

Phase Space 
We are tracking particle motion in phase space along 

degree and radial direction by the transfer matrices in 
Eqs. (7) and (8). The x coordinate represents radial direc-
tion, and z coordinate represents vertical direction. The 
EO Code distributes 2000 particles by Gaussian distribu-
tion. We can see how the particle distribution in phase 
space changes for each angular and radial position of the 
orbit. =  ,                     (7) =  .                     (8) 

 

Figure 4 shows the phase space particle motions in ver-
tical plane at two different angles (blue dots at 2 degree 
and red dots at 300 degree) but same turn number (both in 
first turn). 

 
Figure 4: Distributions of particles in phase space for 
vertical direction. 

Betatron Tune and Resonance 
Betatron tune is defined as the number of the betatron 

oscillation during one closed orbit [2]. We can calculate 
betatron tune by transfer matrices in Eqs. (7) and (8). In 
Eqs. (9) and (10), νx and νz are betatron tunes of radial 
direction and vertical direction. cos = + ,                        (9) cos = + .                      (10) 

Figures 5 and 6 show turn excursions with respect to 
beam energy for radial plane and vertical plane, respec-
tively. 

Resonance is an important factor in accelerator. Ampli-
tude of betatron oscillation is increased when resonance is 
occurred and increase of the amplitude causes beam loss. 
Furthermore, cyclotron has serious damage when beam 
loss occurs. Therefore, betatron tune must avoid major 
resonance to decrease such damage. Calculated tunes are 
compared with the major resonance lines in Fig. 7. 
Around first few turns, the beam passes through the inte-
ger radial tune. This is due to the small field bump applied 
near the center in order to focus beam vertically. Howev-
er, it is not so harmful to the beam because the beam 
passes through this resonance quickly due to the rather 
large turn separation. Excepting this region, calculated 
tunes in vertical and radial planes are between integer 
tune and half integer tune. 

Proceedings of Cyclotrons2016, Zurich, Switzerland MOP09

Theory, Models and Simulations

ISBN 978-3-95450-167-0

69 C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 5: Radial tune variation with respect to beam ener-
gy. 

 
Figure 6: Vertical tune variation with respect to beam 
energy. 

 
Figure 7: Operating point on tune diagram. 

 

FUTURE PLANS 
Now the interest of high power cyclotron is increasing 

in the world. In Korea, based on the success of 13 MeV 
and 30 MeV KIRAMS Cyclotrons [3], small project to 
develop simulation code is carrying out. Main purpose of 
simulation code is to describe beam dynamics on high 
power cyclotron. 

Currently, we work including acceleration effect in EO 
Code. And we will add higher order term of beam physics 
in EO Code by the end of 2016. Space charge effect algo-
rithm which must be considered to simulate high power 
cyclotron will be inserted in EO Code later.  In 2018, we 
will design high power cyclotron using developed EO 
Code. 

CONCLUSION 
EO Code is beam tracking code using Runge-Kutta Gill 

method. This code doesn’t include acceleration effect, but 
current program adds small energy when one closed orbit 
is formed. We can analyze various physical parameters by 
simulating EO Code. In the future, we will add various 
effect term which are acceleration effect, higher order 
term and space charge effect for simulating high power 
cyclotron. 
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