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Abstract

The use of the medical cyclotron COMET for FLASH
proton therapy requires a high beam transmission from the

= ion source through the central region apertures. This paper

first presents a model of the COMET cyclotron featuring a
rotatable ion source, a movable puller, and an adjustable
first fixed slit (FFS), implemented with the OPAL frame-
work. The electromagnetic field is individually created to
match each specific configuration. The beam optics param-
eters, especially beam position and beam size upon ap-
proaching and after passing FFS, have been studied in de-
tail. The OPAL simulations demonstrate that an optimal
configuration of the ion source, the puller and the FFS is
key to achieve a high beam transmission. An experimental
test gave a 2.8 times higher intensity within COMET cy-
clotron with the modifications derived on the basis of the
simulations: a 0.57 mm shift of puller and a 5.6° rotation
of ion source. The simulations indicate that, with these
modifications, the beam can still be centered and acceler-
ated to the extraction energy of 250 MeV. Next step is to
investigate the influence of such modifications upon the
acceleration and the extraction, again with an iterative ap-
proach combining simulations and experiments.

INTRODUCTION

The compact superconducting cyclotron COMET deliv-
ers a 250 MeV beam for proton therapy at PSI [1-2]. The
central region of the cyclotron, consisting of the ion source,
the puller and the first fixed slit (FFS) as shown in Fig. 1,
has been under investigation and development throughout
the stages of design, commissioning, and routine opera-
tion [3-7]. It was recently reported that the beam transmis-
sion from the ion source passing through the FFS could be
increased up to 60% after a puller shift of 0.56 mm towards
the centre [8]. A high FFS transmission is an important step
towards extracting beam of high intensity desirable for
FLASH proton therapy as well as for patient treatment in a
shorter treatment time in order to mitigate problems of or-
gan motion during the treatment. Simulation may lead to a
quantitative understanding on the factors correlated with
FFS transmission, and to explore improvement potential.
OPAL, a parallel open source tool developed at PSI for
charged-particle optics in accelerators and beam lines [9],
is suited not only for high intensity machines like PSI Ring
Cyclotron operating up to 2.4 mA, but also for the medical
cyclotron COMET extracting a beam well below 1 pA [6].
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OPAL SIMULATION
Model of Central Region of COMET Cyclotron

As shown in Fig. 1, three key components in the central
region, namely the chimney of the ion source, the puller,
and the FFS, are approximated with multiple rectangular
pieces, the only form to specify a collimator inside a cyclo-
tron for OPAL simulation. In OPAL input, the chimney
may be rotated around its axis, and the puller may be
shifted towards the centre. We considered rotation angles
0 in the order of a few degrees and displacements s in the
sub-millimetre range. Furthermore, the position of the FFS
may be shifted while its aperture may be varied. In practice,
it is rather cumbersome to adjust the position of the real
FFS. However, an FFS with an aperture of 0.16 mm,
0.18 mm, or 0.2 mm, has been applied for routine patient
treatment. An FFS of 0.2 mm aperture is mostly used for
both simulation and operation. In OPAL the model of
COMET cyclotron is a mirror image of the real machine.

201

10

y (mm)

-10 ~%
Chimney
=20+
-10 0 10 20 30
X (mm)

Figure 1: OPAL model for central region of COMET.

Field Maps for Particle Tracking

OPAL features particle tracking through multiple field
maps, 2D and 3D, electric and magnetic, static and time
varying, separated and overlapped, which is essential for
the simulation of the central region of COMET cyclotron.
Figure 2 shows the static magnetic field map in the median
plane, while Fig. 3 shows the magnitude of the E compo-
nent of the RF field in the median plane.
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Figure 2: Map of static magnetic field in median plane.
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Figure 3: Map of E-magnitude of RF field.
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Start Position for Particle Tracking

The so-called reference particle starts from the centre of
a zero potential surface at the chimney opening, which is
determined with the finite element (FE) method applying
the program ANSYS. The peak voltage V, of the puller is
approximately 80 kV [10], and the voltage V of the puller
varies with the time t according to

V = —Vycos(wt + ¢g), @)

where ® =2nfand f=72.61 MHz for OPAL simulation.

The zero potential surface and the electrostatic field in
the central region is individually calculated for a specific
configuration defined by the parameters (0, s, ¢p). V =
—80cos(¢o) kV is applied at the puller which is the most
central part of Dee 1, as well as on Dee 3 which is opposite
to Dee 1. V=480cos(¢o) kV is applied on Dee 2 and Dee 4
which are at 180° RF-phase with respect to Dee 1 and
Dee 3. The FFS lies entirely within Dee 2 having little in-
fluence on the field calculation. ¢y is the initial RF phase
when the tracking starts at t = 0, and must be in the range
between -90° and 0°, so that the protons can be pulled out
of the chimney and be further accelerated to the FFS.
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Figure 4 shows zero potential lines in the median plane
corresponding to ¢ = -80°, -60°, -40°, -20° and 0° for the
original configuration. Figure 5 shows the E-field map be-
tween the chimney and the puller in the median plane for
the configuration of 5.6° chimney rotation and 0.57 mm
puller shift.
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Figure 4: Zero potential lines in chimney opening for dif-
ferent puller voltages (i.e. RF phases).
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Figure 5: Map of E field in the median plane between chim-
ney (left) and puller (right), (6, s, ¢o. Vo) =(5.6°, 0.57 mm,
-60°, 80 kV).

Initial Conditions for Particle Tracking

The initial energy and the initial momentum of the refer-
ence particle is set to 1 eV and 43319 eV/c, respectively
[4]. The opening of the chimney is 0.5 mm wide (horizon-
tal direction x) and 3 mm high (vertical direction z). 10000
protons are generated from a Gaussian distribution with oy
= 0.083 mm, oy = 0, 6, = 0.5 mm, and Gpx = Gpy = Op; =
30631 eV/c. y is basically the longitudinal direction and
parallel to the direction of the reference particle at t = 0.
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Beam upon Reaching FFS

Beam position and shape upon reaching the FFS are de-
pendent on 6, s, ¢o and V. Figure 6 shows the particle dis-
= tribution on the front surface of the FFS plate for ¢o from
—85° to —25° in 5° step, while (6, s) = (0, 0). A photo of the
FFS with irradiation trace is inserted on the top left corner
of the figure.
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Figure 6: Proton distribution on the front of FFS.

In order to quantify the beam position and size upon
reaching the FFS, an axis is defined by the intersection of
the FFS front surface and the median plane. The axis points
outwards and the origin is the projection of the centre of
the FFS aperture on the axis. The average position d meas-
ured on the axis and its RMS o4 can be derived for chosen
do and Vy. In Fig. 7, d and o4 are plotted against ¢o for two
configurations (0, s) = (0, 0) and (0, s) = (5.6°, 0.57 mm),
while Vo = 79.6 kV. The FFS of 0.2 mm aperture is at its
original position, and marked by two dashed green lines on
the plot.
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Figure 7: Beam position and size upon reaching FFS.
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Transmission Passing FF'S

For chosen (6, s, ¢o, Vo), the number of protons passing
through the FFS can be readily derived from particle track-
ing. In Fig. 8 this is plotted against ¢, for (6, s) = (0, 0) and
(5.6°, 0.57 mm), while Vo =79.6 kV and a FFS of 0.2 mm
WEAOQOT
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aperture is at its original position. The total FFS transmis-
sion may be calculated by an integration over ¢y, equiva-
lent to an integration over time. The ratio of the integrated
FFS transmissions for the above two configurations is
around 1.72.
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Figure 8: Protons passing FFS with respect to ¢o.

The integrated FFS transmission from OPAL simulation
may be plotted against Vo, as shown in Fig. 9 for (0, s) =
(0, 0) and (5.6°, 0.57 mm), respectively. In general, the in-
tegrated FFS transmission is practically zero if V is so low
that the proton is not sufficiently accelerated to reach the
FFS aperture. When Vj increases, the FFS transmission in-
creases and peaks at a certain value V. However, the FFS
transmission starts to decrease when Vj is increased fur-
ther, as the protons are accelerated to a radius higher than
the FFS aperture.
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Figure 9: Integrated FFS transmission with respect to Vy.

EXPERIMENT

In order to catch the proton beam passing the FFS, the
radial probe is moved to the inner most position, that is
310 mm to the machine centre [1, 7], and the beam path
between the FFS and the radial probe is completely cleared
out. With a FFS of 0.16 mm aperture a beam current of
368 nA was detected with the radial probe. Then the puller
was shifted 0.57 mm towards the centre and the chimney
was rotated 5.6° clockwise (anticlockwise in simulation).
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This modification was performed in parallel with the in-
stallation of a new FFS of 0.2 mm aperture as required by
the following patient treatment. Subsequently 1310 nA
were collected at the radial probe, while the arc current and
voltage of the cold cathode ion source were kept un-
changed [7]. This corresponds to improvement of the FFS
transmission by a factor of 2.8.

Furthermore, the beam current on the radial probe was
measured as a function of the RF voltage after reducing the
arc current from 80 mA to 50 mA. Figure 10 shows the plot
of the beam current RMIJ:IST1:2 in nano-Ampere against
CMIJLL:SOLA:2 in Volt, which is the average of voltages
on pickups inside the Dees, and is 8.4 V during normal op-
eration. A comparison between the measurement and the
simulation suggests that CMJLL:SOLA:2 = 8.4 V corre-
sponds to a voltage Vy around 79.6 kV [7]. This is in good
agreement with the X-ray spectral measurement [10].

Figure 10 shows that the FFS transmission is almost at
the peak when the Dees are running at the operation point,
which implicates that the new configuration is almost opti-
mal for the FFS transmission.
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Figure 10: Beam intensity collected by the radial probe
against the average of voltages on pickups in the Dees.

DISCUSSION AND CONCLUSION

It is a simplification to assume a constant V, over the
puller. Nevertheless, it is a normally used and accepted
method to investigate the central region of a cyclotron with
an electrostatic approach [3-4]. There also seems to be ev-
idence that the plasma boundary bulges out of the chimney
aperture when a negative electrostatic voltage on the puller
is approaching zero [3]. Therefore we not only take the
zero potential surface as the plasma boundary, but further
assume the oscillation of the plasma boundary with RF fre-
quency.

It might be reasonable to assume that the reference par-
ticle starts from the centre of the zero potential surface, that
its initial direction is perpendicular to the zero potential
surface, and that the initial energy is around 1 eV. Never-
theless, the initial distribution is likely not Gaussian. More-
over, the proton beam current is likely not constant but ra-
ther dependent on many factors like the puller voltage [3].
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In spite of the uncertainties of the initial conditions for
particle tracking, the OPAL simulation still delivered re-
sults that were comparable with experimental observations.
The beam distribution from particle tracking agrees well
with the image of irradiation trace on the front surface of
the FFS. Both simulation and measurement demonstrate
that the FFS transmission may be significantly improved
by a 5.6° chimney rotation combined with a 0.57 mm
puller shift.

Our results show that the reference orbit can still be cen-
tred with this modification of the central region. The con-
figuration may be further optimized to achieve even higher
FFS transmission. In future work we will verify whether
the beam of higher intensity inside the cyclotron can be ex-
tracted out of the cyclotron with sufficiently high effi-
ciency, again with an iterative approach combining simu-
lations and experiments.
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