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Abstract

MedAustron is a synchrotron based hadron therapy and
research center in Wiener Neustadt, Austria, which currently
is under commissioning for the first patient treatment. The
High Energy Beam Transfer Line (HEBT) consists of mul-
tiple functional modules amongst which the phase-shifter-
stepper PSS is the most important module located where the
dispersion from the synchrotron is zero and upstream of the
switching magnet to the first irradiation room. The PSS is
used to control the beam size for the downstream modules
and for this scope rotates the beam in horizontal phase space
by adjusting the phase advance. This functionality is used in
this study to measure beam profiles for multiple phase space
angles which act as input for a tomographic reconstruction.
Simulation and measurement results are presented.

INTRODUCTION

The third order resonance slow extracted beam has a bar-
like, non-gaussian phase space distribution in the plane of
extraction (horizontal) called "bar of charge’ while in verti-
cal phase space it has the usual distribution [1]. This particle
distribution then propagates through the HEBT up to the
PSS which is composed of six quadrupole magnets powered
by independent power supplies. Its ’phase shifter’ function-
ality adapts the horizontal phase advance u, keeping 3, at
the end of the module (Fig. 1) constant while its ’shifter’
function at the same time sets the needed variation of g, .
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Figure 1: Adjusting the horizontal beam size [2].

Up to the entrance of the PSS the normalized strengths of
optical components are independent of the required beam
size at the beam line exit. Downstream the PSS ’telescope’
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modules project the adjusted beam size from the end of the
PSS to the isocenter in the treatment room. This way the
beam size is adapted to the required for patient treatment.

Using the PSS to rotate the bar in horizontal phase space
and measuring the profiles downstream the module, the parti-
cle density distribution can be computed by a reconstruction
techniques called tomography known from SPECT to com-
pute the particle distribution at the monitor.

Figure 2 shows the horizontal and vertical S-functions
for different horizontal phase advances and different g, .
In horizontal phase space the S-function at the PSS en-
trance and exit are identical. For medical purposes only
four phase advance settings (representing 4mm, 6mm, 8mm
and 10mm spot size at the isocenter in vacuum) are foreseen.
For this study, MADX [3] was used to compute additional
PSS magnet settings representing horizontal phase space
rotation angles over a range of 180° (half a rotation) keeping
By constant. Applying the different settings to the PSS, a
scintillating fiber monitor SFX (64 fibers, Imm resolution)
downstream the PSS measured the different beam profiles.
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Figure 2: By and B, for different beam sizes

RADON TRANSFORMATION

In modern medical diagnostics the computed tomography
CT is a well-developed technique to recover information of
the inner structure of the body. Density projections of a 2D
’slice’ of the object of interest onto a 1D detector (the Radon
transformation of the slice) performed from multiple angles
around a perpendicular axis of rotation are taken as mea-
surements and the inverse Radon transformation problem
is solved to reconstruct an image of the inner structure. A
medical CT performs the measurements by rotating an x-ray
source and a detector around a patient who remains in place.
In this study, this priciple is inverted using the PSS to rotate
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A
g the beam in phase space while a fixed downstream monitor
@ 5 measures the projections of the beam onto the monitor plane.
Z Z The 2D figure presenting the series of 1D projections for
lefferent measurement angles is called sinogram.
—5 Two different techniques were used to compute the inverse
£ Radon transformation: filtered back-projection FBP and si-
£ multaneous algebraic reconstruction technique SART [4].
5 FBP back-projects the measured 1D data along the initial
= projection axis onto a virtual, empty 2D area. Performing
,;; this from all measurement angles and summing the projected
% data pixel-wise reconstructs the initial phase space. To min-
£ imize blurring, the measurement data is filtered before back-
gprojection. SART is an iterative technique that calculates
o the image in multiple iterations. Starting from a first guess
g of the 2D distribution, in each iteration it applies corrections
5 to the distribution and verifies that the computed projections
'ﬁ converge towards the measured projections. The additional
§computational effort of SART results in a noise-reduced
'S phase space image compared to FBP.

SIMULATION RESULTS

The software WinAGILE [5] was used to track a simu-
lated slow extracted particle distribution of 10k particles
from the entrance of the HEBT to the exit of the PSS. A
: python script [6] then computed the sinogram (100 angles
2 over 180 degrees, 64 histogram bars) and the corresponding
% reconstruction. Figure 3 shows the tracked particle distribu-
2 tion at the SFX and the corresponding sinogram is shown in
% Fig. 4. One density projection on the monitor plane repre-
zsents one ’line’. The different lines illustrate the projections
< from the different measurement angles.
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Figure 3: Simulated horizontal phase space.

SART (Fig. 5a) and FBP with a ramp filter (Fig. 5b)
were used to reconstruct the phase space distribution. The
reconstruction is consistent with the initial distribution and
therefore indicates the correctness of the python software.

MEASUREMENT RESULTS

The commissioning of the MedAustron accelerator cur-

ent from this work may be used under the terms of the CC BY 3.0 licence (© 2015).
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g proton beam is available in the PSS module. One hundred
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Figure 4: Sinogram of the simulated phase space distribu-
tion.
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Figure 5: Reconstruction using a) FBP and b) SART
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PSS module quadrupole magnets settings were computed
with MADX [3] matching equally distributed horizontal
phase advances in a range of 180 degrees and keeping the
B-functions at the downstream beam position monitor EX-
01-003-SFX constant. These settings were applied to the
accelerator components consecutively by a dedicated mea-
surement software [8]. The downstream SFX acquisition
was set up to a frame rate of 20 frames per second and an
exposure time of 25ms to avoid saturation effects.
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Figure 6 shows the sinogram of these measurements. The
trajectory has not been corrected before these measurements
were performed resulting in a variation of the beam position
for different PSS settings. The beam positions were cor-
rected prior the tomography by shifting the center of gravity
of the profile to center position to mitigate this effect.
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Figure 6: Sinogram of the measured projections

The most narrow beam profile can be identified at approx.
an angle of 50° which indicates an upright position of the bar-
of-charge in horizontal phase space while the widest beam
profile at about 140° corresponds to a horizontal orientation
of the bar-of-charge. Extracted beam intensity fluctuations
have to be accepted as the RF channeling as a counter mea-
sure was not implemented.

Figure 7a shows the reconstruction of the measured sino-
gram using SART while for Fig. 7b FBP was used. The
blurring effect known from FBP in Fig. 7b is very strong
compared to Fig. 7a. The shape and orientation of the two
reconstructed distributions are similar and correspond to the
simulations. As the synchrotron RF jump was not executed
and therefore the momentum spread not increased to the
design, the length of the bar-of-charge does not correspond
to the simulation.

CONCLUSION

The shown results provide an empirical proof of principle
for the PSS concept of rotating the horizontal phase space
in the HEBT. The reconstruction of a bar-of-charge like par-
ticle density distribution from the measured beam profiles
indicates the proper functionality of the designed extraction
mechanism, gives a good agreement between simulations
and measurements as well as an estimate of further acceler-
ator components settings and beam parameters. The results
will be used for the commissioning for the accelerator and
may act as input for medical physics simulations. However,
the measurements for this study were only performed once
and cannot make a statement on the reproducibility.

Future improvements of the analysis script could head
towards intensity normalization of the input data or distribu-
tion changes over extraction time. The method could also be
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Figure 7: Reconstruction using a) FBP and b) SART.
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used to optimize the extraction to match the Hardt condition
of the slow extraction or the reconstruction of the spiral step
distribution. Furthermore different extraction mechanisms
and settings can be investigated and compared.
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