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PRELIMINARY RESULTS OF ION TRAJECTORY TRACKING
IN THE ACCELERATION REGION OF THE VINCY CYCLOTRON
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In an accelerating region of a cyclotron, an ion makes a large number of turns; thus, its
tracking requires fast as well as highly accurate computation. A computer code based
on the Runge-Kutta method of the fourth order with the adaptive time step has been
developed. The accuracy requirement is simultaneously set on position and momen-
tum calculation. Magnetic fields, used as inputs, have been evaluated in terms of the ra-
dial fluctuations of the orbital frequency, i. e. their isochronisms. Ion trajectorX track-
ing has been performed for the following four testbeams: H™, Hj, *He*, and OArO*.
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INTRODUCTION

In cyclotron design and beam dynamics anal-
ysis, it is common to treat separately the central, ac-
celeration and extraction regions. This is because
each of these regions imposes different require-
ments and challenges. In the acceleration region,
ions travel through an isochronized magnetic field,
tracing a spiral orbit. A very large number of turns
are performed, resulting in a substantial trajectory
length. As a consequence, the crucial requirement
is to improve computational speed while preserv-
ing high accuracy, along the long numerically inte-
grated trajectory. The VINDY software package,
primarily tailored to accommodate extraction re-
gion beam dynamics and analysis, has been devel-
oped previously, as shown in [1, 2]. It has a modu-
lar structure and is organized in such a manner as
to enable easy adjustments and implementation in
similar beam dynamics problems. A beam trajec-
tory in the extraction region is several hundreds
times shorter than the one in the acceleration re-
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gion. Also, in the extraction region, a beam trajec-
tory is shaped solely by the magnetic field, while in
the acceleration region the fundamental, i. e. accel-
erating effect, comes from the electric field. The
elaborate code changes necessary to address these
two difterences were made and, as a consequence,
the newly developed part of the VINDY package
intended for beam dynamic simulations in the ac-
celeration region, arose from the extraction region
portion of the package. Note that the acceleration
region part of the VINDY package could be easily
applied to the central region as well, if the numeri-
cally calculated electric field maps are used as an in-
put and if the procedures describing the obstacles
in the central region (such as posts) are integrated
with the rest of the code. Our goalis to describe the
simulation and analysis method and assess its etfi-
ciency. The results of the simulation for the four
test beams are given as an illustration of the trajec-
tory tracking computational method.

THE VINCY CYCLOTRON

The VINCY Cyclotron [3] is a multipurpose
machine whose function is to accelerate light and
heavy ions with specific charges ranging from n =
= 0.15 to n = 1. The cyclotron magnet has four
straight sectors per pole, a pole diameter of 2 m, a sec-
tor-to-sector gap of 36 mm, and a valley-to-valley gap
of 190 mm. The maximum magnetic induction in the
machine center is 1.97 T.
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The isochronized magnetic fields in the me-
dian plane used as input are calculated according to
Gordon’s procedure [4, 5] and based on the mea-
sured magnetic field maps, as well as on the simu-
lated magnetic field maps obtained using MER-
MAID - the finite element software package [6].

The test ion beams of the VINCY Cyclotron
are 65 MeV H~, 30 MeV per nucleon H,*, 7 MeV
per nucleon *He™, and 3 MeV per nucleon *°Ar®*
beams. These four ion beams have been chosen to
check the four acceleration regimes, employing ac-
celeration with harmonic numbers 1, 2, 3, and 4, re-
spectively. The corresponding RF frequencies and
peak dee voltages are shown in tab. 1. For each of
the four test ions the calculated, frgcyle, and nomi-
nal, frgnom, RF frequencies, as well as the maximum
deviation of orbital frequencies due to the fluctua-
tions of the given magnetic fields are given. The
nominal orbital frequency is the one used as an in-
put in the isochronous magnetic field calculation.
Also given are the harmonic number, /2, and the am-
plitude of the acceleration RF voltage, V), e

Table 1. Orbital frequencies

H- Hir et 40, 6+
h 1 2 3 4
V,re [KV] 75 70 65 65

Jrepom [IMHZ]| 20.037 | 28.019 | 20.714 | 18.168
Jregac IMHZ] | 20.058 | 28.0234 | 20.7033 | 18.1652
Af [%] +0.065 | +0.045 | +0.040 | +0.025

METHOD DESCRIPTION

The charged particle motion inside a cyclotron
may be described by the following equations:

dr(t) _ 1 1—[m]2p(t) (1)
C

dt m
and
2
LGOI 1—[”)j p(t)xB(r)| (2)
dr my ¢

where r represents the position of the particle, p is
the momentum and v is the velocity intensity. The
rest-mass of the particle is m g is the electric charge
and c is the speed of light. The electric field inside
the cyclotron is E and magnetic induction is B.
An algorithm with the adaptive time step is
proposed for tracking beam trajectories in the accel-
erating region. The previously developed computer
code for the extraction region utilized the fourth or-
der Runge-Kutta ODE integration scheme. It is of-
ten used in problems of trajectory tracking for its
simplicity, good accuracy, as well as stability. With-

out the adaptive time step, however, it would result
in intolerably long computation times and, conse-
quently, in an insufficient accuracy. Thus, the above
equations are solved using the adaptive time step
Runge-Kutta method of the fourth order. The cho-
sen time steps have to comply with the two accuracy
requirements — the local position calculation error
must not exceed the required maximal position er-
10f, Xy, While the local error of the momentum cal-
culation must not be greater than the maximal mo-
mentum €rror, P, given as a fraction of the initial
momentum. In addition to the described main pro-
cedure, other changes have been made and a set of
auxiliary procedures has been developed.

Magnetic field maps used as an input give the
values of the magnetic induction in the median
plane with the radial resolution of 1 cm and angular
resolution of 1°. The magnetic induction and its de-
rivatives at an arbitrary point in the median plane
are calculated using the linear interpolation of the
values in the four surrounding grid points. The
magnetic induction outside the median plane is de-
termined using V-B = 0, Vx B = 0, Taylor’s expan-
sion of the second order, and numerical derivatives
of the magnetic induction in the median plane (the
central difference formulas of the fourth order). The
electric field can be calculated by means of an analyt-
ical approximation, or numerically, using electric
tield maps. The latter is similar to magnetic induc-
tion calculations just described; it is better than the
analytical approximation, but requires previously
calculated electric field maps. An electric field calcu-
lated using the analytical approximation [7] is only
valid in the acceleration region. Due to the current
unavailability of electric field maps, analytical ap-
proximation of the electric field inside the accelerat-
ing RF gaps is used. Note that the electric field out-
side the four accelerating gaps is taken to be zero.
The utilization of the numerically calculated electric
field maps as an input would enable the application
of the code to central region beam dynamics.

The level of isochronism of the given magnetic
tield maps is evaluated in order to determine the opti-
mal RF frequencies. This analysis is done prior to the
utilization of the field maps in beam dynamics calcula-
tions. It is intended to check the extent of magnetic
field fluctuations which originate, partially, from the
imperfections in machining and assembling of the cy-
clotron magnet parts but, for the most part, from the
discrete number of ten trim coils used to adjust the
isochronized fields to their calculated ideal values. Or-
bital frequencies are calculated for a number of static
equilibrium orbits (SEO) for each of the magnetic
fields. The one to one correspondence between the
equilibrium orbit, ion energy, and mean orbit radius is
used to represent the results, as the dependence of the
ion gyration frequency on the mean equilibrium orbit
radius. The optimal RF frequency for the beam in
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question is then calculated as an average orbital fre-
quency in the user-defined range of radii, multiplied
by the harmonic number. These adjusted RF frequen-
cies often yield better results in beam dynamics than
the nominal values.

The initial coordinates of the central ion in a
test beam are estimated and the other test ions in a
beam randomly generated around it, because the ac-
tual data regarding the central region beam dynamics
was unavailable. Obviously, the data used as an input
for the accelerating region beam dynamics simula-
tions should be obtained from the central trajectory
data and beam emittances around it resulting from
the central region beam dynamics simulations. In-
stead, the central ion could be taken to be the one
traveling along the accelerated equilibrium orbit
(AEO). However, finding the accelerated equilib-
rium orbit is a complex and time consuming optimi-
zation problem. Secondly, there is not much use for
acceleration region trajectory tracking correspond-
ing to optimal acceleration, if it is not matched to ac-
tual central region particle trajectories. Even a small
offset in the central ion orbit centering can yield sig-
nificantly different simulation results. In the future,
the AEO will be studied by means of an optimization
procedure, in order to determine how far from the
optimal is the archieved acceleration.

For the time being, the initial central trajec-
tory starting point is, in the first approximation,
taken to be on the static equilibrium orbit. The
tracking of the trajectory is performed from the
chosen initial point to the given final radius and azi-
muth of the extraction stripping foil. In order to ob-
tain results which would be realistic at least to some
extent, the information on energy gain is used to
evaluate the motion of the centers of the curvature
barycenter. The result is used to further adjust the
starting point position, through an iterative pro-
cess, in order to minimize the distance between the
center of the curvature barycenter and the machine
center. Since part of the input data is estimated
rather than taken from the real central region simu-
lation output, the results obtained are not expected
to be fully realistic. However, the aim is to establish
the simulation procedure and check the operation
of the newly developed software

Finally, the trajectories corresponding to a
number of ions around the central ion that represent
the beam are simulated and the data is recorded in
time steps corresponding to those of the central ion
trajectory.

RESULTS

As an illustration of trajectory tracking analy-
sis, the behavior of the four referent ion beams is an-

alyzed. These are H-, H,*, *He*, and *°Ar®*. Dif-
terent acceleration regimes of the VINCY Cyclo-
tron use the harmonic numbers ranging from one to
tour. Acceleration regimes with the harmonic num-
bers 1, 2, 3, and 4 are used to accelerate H-) Hy ™,
*He*, and *°Ar®" test ions, respectively. Note that
the *He* ion beam can also be accelerated using the
harmonic number & = 4. The final extraction ener-
gies for these ions are expected to be 65 MeV for
H~, 30 MeV per nucleon for H,", 7 MeV per nu-
cleon for*He™, and 3 MeV per nucleon for *0Ar6+.

The acceleration mechanism in an isochronous
cyclotron 1s based on the synchronization between
particle gyration and electric field frequency. Ideally,
the isochronous magnetic field should provide con-
stant gyration frequency of a test ion, while in reality,
the smaller the deviation of the gyration frequency,
the better. The frequency of the RF resonators
should be equal to or a multiple of the ion orbital fre-
quency. Therefore, for each of the isochronous fields
corresponding to the four test ions, the dependence
of orbital frequency on ion energy is investigated.
The orbital frequency of a test ion is calculated for a
number of static equilibrium orbits, denoted by cor-
responding ion energies. The ion energy increment is
taken to be 0.5 MeV. The optimal RF frequency for
the beam in question is then calculated as an average
orbital frequency in the user-defined range of radii,
multiplied by the harmonic number. The radial range
from 300 mm to 840 mm is chosen because it corre-
sponds to the acceleration region. Radii smaller than
300 mm correspond to the central region area. The
upper limit of 840 mm is equal to the extraction ra-
dius.

Plots of the calculated orbital frequencies vs. the
average orbital radii and relative orbital frequency oft-
set from an optimal frequency estimate for H™ and
H, " ions are given in fig. 1 and fig. 2, respectively. The
results for all four test ions are summarized in tab. 1.
The orbital frequencies that correspond to difterent
radii fluctuate around the mean value. This is to be ex-
pected, as the isochronized magnetic fields are ob-
tained by adjusting the values of the ten trim-coil cur-
rents. Stll, we get a good agreement between the
estimated and nominal frequencies.

Initial coordinates of the central ions are on
the static equilibrium orbits corresponding to the
initial kinetic energies of 7.5 MeV, 7.5 MeV, 3.5
MeV, and 15.0 MeV for H, H,*, *He*, and
*0Ar6* jons, respectively. These energies corre-
spond to the equilibrium orbits with the average
radii of about 300 mm. Accuracy requirements for
particle trajectory tracking calculations are set to
Xee = 1 pm, pey = 2 ppm.

The particle trajectory tracking procedure is
executed from the estimated initial point to the ex-
traction radius R, = 84 cm. The data obtained for
the four test beams is summarized in tab. 2, where



32 Nuclear Technology & Radiation Protection —1/2006
201 T T T T T T ™ Table 2. Summary of simulation results
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Figure 1. Orbital frequencies vs. average orbital radii
(upper plot) and their difference from an average fre-
quency estimate (lower plot), for H- ion
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Figure 2. Orbital frequencies vs. average orbital radii
(upper plot) and their difference from an average fre-
quency estimate (lower plot), for H3 ion
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Figure 3. A quarter of the median plane trajectory for
40Ar6+ central ion
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Figure 4. Kinetic energy increments for 4°Ar%* central
ion
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As examples of beam simulation, the radial
and axial motions for several ions are shown in fig. 5
and fig. 6. Detailed analysis of beam emittances and
acceleration region acceptances is ongoing.
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Figure 5. Radial motion for the first three turns for
twenty-one “°ArS+ jons

t[107s]

Figure 6. Axial motion for the first three turns for
twenty-one 4°Ar¢+ jons

CONCLUSION

Problems typical of acceleration region beam
dynamics simulation and analysis were addressed.
We have described the computer code developed for
this purpose and explained several steps that were
used to obtain relevant data. The results of the anal-

ysis for the four test beams have been presented as
an illustration of beam dynamics analysis. We have
shown that the magnetic fields, used as input, have
been well designed.
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Amnbennja XK. WIINh, Jacua Jb. PACTHh-BYPOBHUh, Cama T. hUPKOBUh

NPEJIMMNHAPHU PE3YJITATU NPAREBA JOHA Y
YBP3ABAJYREM PETMOHY HUK/IOTPOHA BUHCHU

Y aknenepalioHOM PEernoHy HUKIOTPOHA Opoj oOpTa joHa je BeNuKH; cTora, mpaheme joHcKuX
Tpa]eKTOpI/I]a 3axTeBa He caMmo Op3 mpopauyH, Beh m Beimky padyHcky mperusHocT. Ca THM IUIBEM
pas3BujeH Je nporpam 3acHoBaH Ha Meroiu Pynre-Kyra derspror pefa ca ajanTHBHEM KOPakoM
WHTerpanyje. AanTuBHEA KOpaK MHTerpanuje ofpebyje ce Tako 1a 6yje NOCTUTHyTa 3a1aTa TAYHOCT KaKO
moJioXaja Tako 1 mMIyJica dyectrre. Kao yima3Hu moatak KOpUCTe ce MarHeTCKa IoJjba, Koja Cy IPEeTXOTHO
UCIIUTAaHA Ca CTAHOBUINTA CBOje W30XPOHOCTH, OJHOCHO paIII/I]aJIHI/IX cpnyKTyauH]a OpOuTATHAX
yuecranoctu. TpajekTopuje cy npopauynate 3a uetupu tecT jona: H™,Hy, *He* u *“Ar®*

Kwyune peuu: yukaoipot, joHCKU CHOT, GpopavyH MWpajekiiopuja, aoaituéHU Kopax utitiezpayuyje,
MAZHeUICKa UOo/bad, USOXPOHOCUL



